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THE WMO

The World Meteorological Organization (WMO) is a specialized agency of the United
Nations of which 125 States and Territories are Members.

It was created :

— to facilitate international co-operation in the establishment of networks of stations and
centres to provide meteorological services and observations,

— to promote the establishment and maintenance of systems for the rapid exchange of
meteorological information,

— to promote standardization of meteorological observations and ensure the uniform
publication of obhservations and statistics,

— 1o further the application of meteorclogy to aviation, shipping, agriculture, and other
human activities,

— to encourage research and training in meteorology.

The machinery of the Organization consists of the follewing bodies.

The World Metcorological Congress, the supreme body of the Organization, brings
together the delegates of all Members once every four years to determine general policies for
the fulfilment of the purposes of the Organization, to adopt Technical Regulations relating
to international meteorclogical practice and to determine the WMO programme.

The Executive Committee is composed of 21 directers of national meteorological services
and meets at least once a year to conduct the activities of the Organization and to implement
the decisions taken by its Members in Congress, to study and make recommendalions on

matters affecting international metcorclogy and the opcration of meteorological services.

The six Regional Associations (Africa, Asia, South America, North and Central America,
South-West Pacific and Europe), which are composed of Member Governments, co-ordinate
meteorological activity within their respective regions and examine from the regional point
of view all questions referred to them.

The eight Technical Commissions composed of experis designated by Members are
responsible for studying the special technical branches related Lo metcorological observation,

- analysis, forecasting and research as well as to the applications of metcorology. Techuical

Comumissions have been established for synoptic meteorology, climatology, instruments and
methods of observation, aerology, aeromautical meteorology, agricultural meteoroelogy,
hydrometeorology and maritime meteorology.

The Secretariat, located at Geneva, Switzerland, is composed of an inlernalional scientific,
technical and administrative staff under the dircetion of the Secretary-General, It undertakes
technical studies, is responsible for the numerous technical assistance and ether techuical
co-operation projects in meteorology throughout the world aimed ar contribuling Lo cconomic
development of the countries concerned. It also publishes specialized technical notes, guides,
manuals and reports and in general acts as Lhe link between the meteorological services of the
world. The Secretariat works in close collaboration with the United Nations and other

specialized agencies.
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FOREWORD

The inter-regional training seminar on the relation between metecrology and the
Desert Locust was held in Tehran from 25 November to 1l December 1963 at the kind invita-
tion of the Iranian Government. The seminar was organized by WMO under the ausplices of the
United Nations Expanded Programme of Technical Assistance and with very considerable
assistance from the Food and Agriculture Organization of the United Nations, . especlally
through the Special Fund Desert Locust Project, Invitations were addressed to all coun-
tries liable to be affected by the Desert Locust.

_ The present publication contains the texts of the lectures glven at the seminar,
together with a general report on the proceedings by Dr. R.C. Ralney of the Anti-Locust
Research Centre, London, who had been responsible for most of the technical planning of
the seminar. -

I should like to place on record my thanks to the Iranian Govermment for having
made it possible to hold the seminar in Tehran, to Dr. M.H. Ganji, Director-General of the
Iranian Meteorological Department, who served as director of the seminar, to Dr, R.C.
Rainey and his fellow-consultants and invited lecturers, and to all the participants who
have contributed towards these proceedings. Finally I wish to express my gratitude to the
Director-General of FAC, Dr. B.R. Sen, for the provision of invaluable assistance 1In
various ways, Iincluding the services of his staff, and to the Director of the Anti-Locust
Research Centre, London, Dr, P.T, Haskell, for having provided the services of Dr. Rainey
and other members of his staff. :

D.A, Davies
Secretary~General







VII

Summary

The seminar began with an introductlon to relevant aspects of the blology and
behaviour of the Desert Locust (Schistocerca gregaria Forskfl), followed by consideration '
of the evidence now avallable on the manner in which the migrations and distribution of the
locusts are dominated by meteorclogical factors, particularly the wind-fleld, on the macro-
and meso-scales. In addition to the transporting effects of wind on alrborne locusts, the
corresponding patterns of low-level convergence and divergence have been found of direct’
importance as factors in relation respectively to the concentration and dispersal of locust
populations, as well as of major indirect importance in relation to the distribution of
preclpltation, which 1s essentlal for successful locust breeding. The main material pre-
sented on these points had already been published in full in WMO Technical Note No, 54 (used
as the basic working document for the seminar) and is not repeated 1n the present Note,

Standard procedures for the study of the wind-fileld, including contours, stream-
1lines, tralectories and methods for the quantitative treatment of the dlvergence fields,
were described and applied to particular past weather situations assoclated with signifi-
cant locust developments, and experience is presented on the application and further deve-
lopment of a mamber of the techniques under a range of conditions including equatorlal lati-

tudes and elevated continental terrailn,

Reviews of the synoptlc meteorology and climatology of the whole Desert Locust
invaslon area, comprising south-western Asia and most of Africa, are presented, with parti-
cular reference to wind-fields, rainfall and temperature, In addition, & serles of synoptic
studles by participants are included, relating to specific weather situatlons assoclated
with recent locust developments affecting their own areas. Meso-scale wind-fleld systems
and relevant aspects of atmospheric turbulence are reviewed in relation to the dlsplacement,
concentration and dispersal of airborme locusts.

The extensive material now available on seasonal and longer-term changes in the
overall Desert Locust situation is briefly reviewed, and detalled evidence 1s presented on
the manner in which an exceptional troplcal cyclone, in southern Arable, appears to have
played a major part in bringing to an end the last major recession of the Desert Locust
plague, in 1948-1949, An outline 1s glven of the current strategy and tactiecs of locust
control operaticns, with particular reference to points on which meteorological guidance
is now needed and to the way in which such demands might develop in the future.




VIiI

Résumé

Le cycle d'études a tout d'abord examiné quelques aspects de la biologle et du
comportement du criquet pélerin (Schistocerca gregaria Forskal),. puls a étudié les indices
dont nous disposons actuellement sur 1'influence déterminante que les facteurs météorologli-
ques & grande et & moyenne échelle, notamment le champ de vent, exercent sur les migrations
et la répartition des criquets. On savait déJa que le vent exergait des effets de transla-
tion sur les essaims de crigquets en vol3; on a constaté en ocutre que la configuration de la.
convergence et de la divergence dans les basses couches de 1'atmosphbére Jouait directement
un réle important dens le concentration et la dispersion des populations d'acridiens, et
qu'elle revétalt fndirectement une grande importance dans ce domaine, du falt de son influ-
ence sur la répartition des précipitations qui constitue un facteur essentiel pour la propa-
gation des criquets. La plupart des informations présentées & ce sujet ont déJA été pu-
bliées Intégralement dans la Note technique N° 54 de 1'OMM (utilisée comme document de base
lors du cycle d'études) et ne sont done pas répétées dans la présente Note.

Des procédures types pour 1'étude du champ de vent (isohypses, lignes de courant,
trajectoires et traitement quantitatif des champs de divergence) ont été décrites pendant le
eyele d'études et appliquées A des situations météorologiques qui avalent €té assocides dans
le passé & des aspects significatifs du comportement des criquets. La Note donne des pré--
cisions sur 1l'expérience acquise en matidre d'application et de perfectionnement de diverses
techniques pour toute wne gamme de conditions différentes, notamment sux latitudes équato-
riales et sur terrain continental élevé.

Elle passe en revue les conditions métédrolog;ques et climatologiques dans
1l'ensemble de la zone envahie par le criquet pdlerin, qui comprend le sud-ouest de 1'Asie et
la plus grande partie de 1'Afrique, et analyse plus partlculidrement les chiamps de vent, la
pluie et la température. Elle comporte en outre une série d'études synoptiques - présentées
par des participants - sur les situations météorologiques spéciales assocides A des mouve-
ments de criquets survenus récemment dans les réglons d'oi provenaient ces participants. La
Note étudie des champs de vent & moyenne échelle et les aspects correspondants de la turbu-
lence atmosphérique, en fonction du déplacement, de la concentration et de la dispersion des
essaims de criquets. :

La Note résume bridvement 1'abondante documentation dont on dispose actuelle-
ment sur les changements saisorniers et A plua long terme qui surviennent dans la situation
générale des criquets pdlerins. Elle donne des précisions sur le r8le qu'un cyclone tropilcal

exceptlonnel semble evoir joué, dans le sud de 1'Arable, en mettant fin A 1a dernidre grande
récession du fléau des eriquets pdlerins, en 1948-1049, Elle expose les cpérations straté-
giques et tactiques actuellement mises en oeuvre dans la lutte antiacridienne, en accordant
une ettention particulidre aux probldmes dont la solution requiert des conseils météorolo-
giques et A 1'extension que pourralt prendre & 1'avenir la demande d'assistance météorolo-
glque dans ce domaine,




PE3WME

B mauane CEMMHADA OHJIA NPOUYMTaHA BBOAHAA JEKIMA O O7mOJOrMM ¥ NOBELEHKA
nycThEEGE capanuu  (Schistoceras gregaria Forskal), sarTer SLUM DPACCMOTDEHEI
BOTTPOCH], CBA3AFHELIE ¢ BJIVAHNEM METEOPONOI'MUECHUX MAKPOMACHTASHBX 1 1€30Mac—
mradELHX (AKTOPOE, B YACTHOCTH NOJS BETPS HA MWUTPAIMA M PACHpPOCTPANEENE CAD&H—
uy, Kpome BJIUAHNA BETDPA, Kok CPeACTBa NEPEROCA NEPeNeTHOR capanyu, 6puno of-
rapyseso raxe, dro HaxTOpaMy, HENOCPEACTBEHHO ONPeReNAlIMMY KOHITEHTDPALMO
paccesEne cTait caparuu ABIAITCHA COOTBETCTBENHO HONBEPTERUMA U ZUBEpPTeHIUMA B
ApU3 eMHOM CJI0€, OKAJLMAMIMEe TAKKe BAXHOE KOCBEHHO@ BO3IAeiicTBME RA Dpacmpeze-
JICEWE OCAXNKOB, BNMSNIMX HA DAIMHOXENMe capandn, QCHOBHEIE MATOPUAJEl OO ITUM
BOIpOCaM y¥e ONySIMKOBLEL moJmocTs mTexmuueckoll sammcke BMO N 54 (Ea ocHO-
BE LOTOpO# DPA3BEPHYALCH AMCKYCCHR Ha cemMRape) m B EacToamell aammcke me mo-
BTOPAKTCH,

CraEzapTEad METOZUIE E3YYEHMA NOJA BEeTPA, BIJIOYAA M3OI¥NCH, JUHUE TOKA,
Ta}y ®Xe, KAK W METOZH HOJMYECTBEHFON olewxm none# Ampepremuun, OLMIM OTMCAHB ¥
TNPVMEBANRCE, OPE ACONEAOBRHMM KOHKDPETHHX YCNOBME NOTOZpl, CBE3GHHEX CO 3HAUM~
TEeJPHEMM CHKOIMSHUAMY capoEyum; B Jamncke NPUBOSATCH TANXE NSEHEE O TPUMEHEHUN
N ZaJbHefmeM PASBRTHY METOAOB NCCAEGAOBAHUA B CAMLIX PL3JNEYHBIX YCJOBMAX, B/IO-
yad JHBATODPHAJEHLIE MUPOTH M HKOETMHEHTAJBHLE DO3BLINCEHOCTH.

B 3amncxe naercs o83op npoliey COMEONTWYECKOE METEODOJOTHME U IHAWMATONO-
rui Bcelt ofnacTm PRCHPOCTPANEHNA caparum, BHIoGammel wro-senafuymw Asuo u
Soxpmyw wacTs APDHKM, B YACTHOCTH ABHTCA CBEZEHNS O MONIX BETPA, OCAZKAX H
reMneparype. Kpome TOr'o B 3anncKe ABETCA UIMOKCHME DAAA NPOBELCHHEX YIACTHM-
IIEMY CEeNHEADE CHHONTHYECKMX MCCHEAOCAaHMA N[O KOBKDETHBM TOTOAHEM YCJOBHAM,
CBASAHEEM ¢ RalJOZanuuMMCA B NOCAEZHEE BPOMA CHONIGHAAMH CADOHIM B MX CTP&a-
goX . [Ipofaeyt! MesoMacHTASHEX CUCTEM NOJeld BeTpa N CBA3AHEHE C HMMM BONDPOCH
aTMOchepHOE TYpSYJEHTHOCTY PACCMATPHBAKTCA B CBA3W ¢ mmrpaumef, CKOMNEEWeM
I pacceAEmeM c¢Tait mepermeTHOll capaHuH.

, B 3anmcke A8eTCHS Taxxe KpaTkuii 0830p Ce30EHEX E SoJee ZOATOBPEMEHHEBIX
roxeSanu#t LMKNA NOSBJCRW# NyCTHHHOA CApPARYK ¥ T YACTHOCTH COZEpPEaTcA NoApol-
HHE CBEeZleEMA O TPONKYECKOM UNKJOHE MCKRINYUTENLHON CHMH, pas3pasuBLeMcA Ha ore
Apapuifcxoro HOJIyoCcTPOBA ¥ CLI'DABUIEM BAXHYW POME B JHHBUAGLUM NOCJIEAHErO
KPYIHOI'O CHOMJNOHMH UYCTHHHOR capakuu B 194B-490 r.r.

I:3JaraioToa CyMEcTBYMe B HACTOMMES BpeMa "cTpareruueckue”" u "pawTmiec-—
KEe" MeTOoZb SOopBOLl ¢ CApPAHYO#, I YACTHOCTH YKA3BBAKTCH OSNACTH, B KOTODHIX
TpefyeTcs NOMOUE METEOPOJOI'OB M HamMewualoTCA NePCUeKTHEH HA Syaymee,




Resumen

El seminarioc se inicis con una introduceidn sobre los aspectos particulares de
la blologia y el comportamlentc de la langosta del deslerto (Schistocerce gregaria Forskgl),
seguida de un estudio de los datos de que se dispone actualmente acerca de la manera en que
influyen en las migraciones ¥ en la distribueibn del aeridic los factores metecrolégicos,
especlalmente los sistemas de viento macroescalares y a escala media, Ademés de los efectos
del viento como agente de transporte de los enjambres en vuelo, se ha encontradc una rela-
clbn directa entre las correspondlentes caracteristicas de convergencia y divergencia que
se registran a baja altitud, con la concentracién y dispersién respectivamente, de las pobla-
clones acridianas, y se les atribuye asimismo una relacién directa importante con la distri.
bueibdn de la preciplitacién, elemento que es indispensable para la reproduceién de la lan-
gosta, La documentacién bésica que se presenté al seminarioc ha sido ya publicada integra-
mente en la Nota Técnica de la OMM No. 54 - gue sirvisé de documento de trabajo principal del
seminario - y no hay por tanto obJeto de reproducirla en la presente Nota,

Se describieron los prbcedimientos corrientes para estudiar los slstemas de viento,
con inclueibn de topografias, lineas de corriente, trayectories y métodos para el estudio -
cuantitativo de los campos de divergencia, siendo aplicados a situaciones meteorolégicas par-

Se analiza la meteorologla y la ¢limatologfa sindpticas de toda la zona de inva-
sién de 1a langosta del deslerto, inclusive el Sudoeste de Asia ¥ casi todo el continente de
Africa, refiriéndose esencialmente a los sistemas de viento, a la precipitacién ¥ a la tempe-
ratura. Se incluye ademfs una serle de estudios sobre situactiones meteorologicas determina-
das, que algunos participantes asoeian con proliferaciones reclentes que se han producido en
sus reglones, Se estudiaron los slstemas de viento a escala media ¥ clertos aspectos per-
tinentes de la turbulencia atmosférica con relacién al desplazamiento, concentracibn y dis-
persifn de las langostas en vuelo, :

La abundante documentacién disponible ahora sobre los cambios de cardcter esta-
clonal o de large plazo en la situacibn general de la langoste del deslerto es obJeto de un
breve repasc y se Presentan numerosas comprobaciocnes acerce de la manera en que un eciclén
tropical excepeional en Arabia Saudita parece haver contribuido largamente & coartar 1la m&s
reciente disminueibn de importancia de 1a plaga de langostas del deslerto, en 1948-1949, 3e
resumen la estrategia y las theticas a que obedecen hoy las operaciones de la lucha anti.
acridiana, destachndose los aspectos en los cuales es necesarlo contar c¢on orientacién meteo-
roldgica y sobre la manera en que puede evolucionar tal necesidad ulteriormente. .




XI

PROGRAMME OF SEMINAR

Opening ceremony

The seminar was opened by Dr. M.H, Ganji on the morning of 25 November 1963 at
the University of Tehran. He welcomed the participants and, after ocutlining the scope and
objectives of the seminar - including reference to personal experience of earller locust
invasions of Iran - introduced H.E. Dr. H, Shalchian, Minister of Roads and Communications.
The Minlster sald that the desert Locust had from time immemorial been a devastating plague
to the agricultural economy of Iran, where it is often known as the "Marine Locust" because
it frequently attacks from the direction of southern seas. On behalf of the Govermment of
Iran, he welcomed the sclentists and scholars, and expressed his good wishes for the success
of the seminar and for every happiness during the members' stay in Iran.

Dr, E. Esfandiari, Technical Under-Secretary of the Ministry of Agriculture,
referred to the heavy Desert Locust invasion of Iran only the previous year, particularly
in the Ostans of Khorasan, Kermanshah and Lorestan. He said that Iran was one of the coun-
tries in which the importance of weather to the migration of locusts was first recognized
by Predtechensky and his Iranian colleagues, more than thirty years ago. Iran had always
played a leading part in the development of Intermatlional co-operation against the Desert
Locust, and was at present a major contributor to the United Nations Speciesl Fund Desert
Locust ProJect. Emphasizing the support of the Ministry of Agriculture for the seminar,
he welcomed the inclusion in the programme of other practical aspects of locust control,

Dr. M.H. Mahdavi, Dean of the Agricultural College of Tehran University, reviewed
the wide scope of the Desert Locust problem, and expressed the happiness with which the
University of Tehran placed its premises and facilities at the dlsposal of the seminar.

Mr, 0.M, Ashford, Chief of WMO Research Section, speaking on behalf of the
Secretary-General of WMO, outlined the assistance which WMO had provided in the development
of the use of meteorclogy in locust control, particularly by the work of the 1955-1961 WMO
Techrilcal Assistance Mission for Desert Locust Controly and expressed appreclation for '
the invitation of the Government of Iran and for the support of the UN Technical Assistance
Board and of FAQO which had made the semlnar possible.

Mr. A.M. Mustafa, FAO Country Representative in Iran, speaking on behalf of the
Direct.or-—General of FAO, referred to the importance which FAO had always attached to the
meteorologlcal aspects of the Desert Locust problem. In the UNSF Desert Locust Project,
for example, for which FAO was Executing Agency, speclfic provision for meteoroclogical work
was made under the chapters of the Ecological Survey, the Desert Locust Information Service,
and the Operational Research Alr Unit,

Concluding the copening ceremony, Dr. R.C. Rainey, in charge of the FAQO Desert
Locust Information Service at the Anti-Locust Research Centre, London, emphasized the extent
to which uwtilization of the professional experience of forecasters in many countries had
contributed towards an understanding of the role of meteorological factors in locust migra-
tion. He recalled in particular the impressive manner in which swarm movements, which he
had himself been shown, in Kermanshah and Lorestan the previcus year, had subsequently
proved to have been associated with the passage of the frontal systems recorded at the time,
.entirely independently, on the synop‘tic charts of the Iranian Metecrological Department at
Mehrabad,




XII PROGRAMME OF SEMINAR

Technical programme

The technical programme consisted of a series of lectures by consultants, guest
lecturers and other partieipants, combined with some practical exercises and demonstrations,
The main features of the brogramme are discussed by Dr. R.C. Rainey in the following section
of this publication. Most of the lectures are published in full.

Conclusions and recommendations

In response to the wishes of many participants, the further development of appli-
cations of meteorology to locust control was discussed at the end of the techniocal Programme,
and as a result of this discussion, the following informal recommendations were agreed.

(a) There should be close lialison between the national Meteorological Services on
the one hand and the national organizations responsible for locust control on
the other; . ‘ .

(b) + A basis should be worked out for an improved exchange of information between

nelghbouring countries about the breeding and movements of locusts, not only
for anti-locust operations but also for meteorologloal researchs .

{e) Ways and means should be publicized for obtaining more complete and reliable
' information on the size, structure and movements of swarms., Wherever alreraft
are avallable for crop-spraying, they should be used to obtaln information, so
that maJor swarms do not go untracked;

(d) " Meteorological Services should be encouraged to take the following steps wherever
they have not been ta.‘g:en already :

(1) Preparation of divergence charts, on a routine basis for levels up to

: 3 km, during periods of actual or threatened infestations, Other synoptic
studles pertaining to rainfall, thunderstorms, etc. should be undertaken
80 as to establish precisely the relationship between these phenonena and
the movement and development of locust swarms. The assistance of the _

. basic meteorological observational organization should be sought for closer

reporting on swarm movements as well as the associated meteorological
situations as observed on the spot; : .

{(11) Meso- and micro-metesrological studies should be stepped up. It should -

' be considered whether 1t would be feasible to organize mobile units,
equipped with instruments, to visit infested areas and carry out detailed
observations on the spoty : : ‘

(111) Where weather radar sets are avallable, they should be used wh-éngver
possible for locust tracking, and a programme of photographing any locust
radar echoes observed should be instituted; i .

- (1v)  The phenomena known variously as the 1107, ITF, equatorial trough and the
monsoon discontinuity should be investigated more fully;

(v) The Meteorological Services of maritime countries should be reminded of
~ Recommendation 16. (CMM-III) calling for reports of locusts by shipg;

(e} The establishment of a WMO/FAO Working Group on Locust Meteorology should be
considered. The initial tasks of this group might inelude ;

(1) Recommending the most efficlent way :I.n'wt_lich Meteorological Servicea can
report locust swarms; :

(11) Preparing guidance material on the best ways for implementing the various
suggestions in sections (a), (b), (¢) and (d) above.
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At the formal conclusion of the seminar, Dr. K.U. Siddiql, Deputy-Director of
the Pakistan Meteorclogleal Department, on behalf of-participants, and Mr. O.M, Ashford and
Dr. R.C. Ralney, as co-directors, expressed appreclation to all who had contributed to the
work of the seminar, Particular reference was made to the unfailing co-cperation. of the
Iranian Meteorological Department; the hosapitality of the University of Tehrany; the In-
valuable asslistance of the Ministry of Agriculture, the Royal Iranian Air Force, and the
FAO Operatlonal Research Air Unit; and toc the "magic carpet" with which Iranian Airlines
had enabled a memorable day in Isfahan to be included in so full a programme.
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TECHNICAL REPORT ON THE SEMINAR

by
R.C. Rainey

The semlnar was planned with the primary object of helping participants to provide,
in thelr own countries, the kind of meteorological guidance which has already been found
of direct practical value in locust control operations 1n a number of different countriea
{see Chapter 4 of WMD Technical Note No. S54%*) through the medlum of national Meteorological
Services. The intermational Desert Locust Information Service likewlse utilizes current
synoptic charts to assist in interpreting and in forecasting developments of the current
locust situation over the whole area concerned (Figure 1). It was alsoc hoped that 1t would
be possible, at the seminar, to take advantage of the speclalized professional experlence
of participants to help in the analysis and interpretation of particular synoptic situa-
tions associated with specific recent locust developments concerning their own countries.

The seminar began by introducing the Desert Locust initially as a flying machine,
with a flight performance and operating limitations which can be expressed in terms simllar
to those applied to man-made aireraft. Thie was illustrated by a film by Torkel Weils-Fogh
and Martin Jensen, showing in detalled slow motion, by stroboscople photography, the flight
of an individual locust on an aerodynamic balance in a wind-tunnel. The film incorporated
a presentation of the corresponding variations in the 1ift and thrust developed by the
wing-systems in the course of a complete wing-beat cycle, indicated by superimposed vertical
and horizontal arrows varylng appropriately in length and sense, It was thereby hoped 1o
begin to provide the same kind of acquaintance with the flight performance and operating
1imitations of the Desert Locust which most participants were already likely toc have with
the corresponding characteristics of the alreraft they have long served.

Consideration of the relevant specifically blological characteristies of the locust
followed, illustrated by live Desert Locusts of all stages - eggs, wingless nymphs or
"hoppers", and winged adults - demonstrated by Ing. Gh, Farahbakhsh of the Iranian Ministry.
of Agriculture, The display included locust eggs brought from the Anti-Locust Research
Centre in London, which hatched on the last day of the seminar, some 27 days after they
had been lald in London. From this fact and the evidence avallable on the effects of soll
temperature on egg-development [ ;I_.Z [ g? , 1t 18 incidentally possible to provide an approxi-
mate estimate of 23°C for the mean temperature to which they had been subjected in the course
of thelr subsequent vieclssitudes,

Fellowing this introduction to the flight-performance and biclogy of the individual
locust, research results were presented showing the behaviour of locusts in numbers in the
field, in marching bands of hoppers and in flying swarms of adultz, with details of a number
of speclalized techniques of observation, visual and photographic,and illustrated by cine
sequences from ground and air. The results demonstrated the relative unimportance of the
orientation or heading of the individual flying locusts in relation to the displacement of

# A copy of Technical Note No. 5l - Meteorology amd the migration of Desert Locusts - had
been supplied in advance to each participant, together with a provisional French text
vhere appropriate,
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the swarm as a whole, by reason of the extreme diversity of orientation shown from point
to point and from time to time between different groups of flying locusts in every swarm
so studied.

Detailed evidence was next presented on the routes followed by individual swarms
in relation to the eorresponding wind-flelds, providing nearly fifty estimates of the instan-
tanecus velocelty of complete swarms and of the corresponding winds. These estimates demon-
strated a conslstently downwind direction of displacement, implying movement directed on
balance towards and with zones of low-level convergence of the wind-fleld. Further consi-
deration of meteorclogical implicaticns introduced streamline analysis, trajectories, and
techniques for the analysis of the divergence field. A practical exerclse in 1sogon ana-
lysis, introducing the construction of streamlines, was followed by exercises in stream-
line analysis and in the assessment of divergence, Participants carried out these assess-
ments by two different methods {one .using separate scalar analyses of northerly and easterly
wind components, and the other using miltiple trajectories), using for both methods the
data of an actual case-study (late June 1961 in Pakiastan and India). This study (in course
of preparation for publication elsewhere) has provided evidence not only of the transport
of swarms by the corresponding winds but mlso of the concentration of initially scattered
solitary-living locusts, by highly convergent wind-fields, and possibly leading to the
formation of additional swarms,

The consideration of effects of wind-fields on locusts on the meso-scale, already
introduced by detailed hour-grhour tracks of individual swarms with the corresponding winds,
led to discussionz of frontal structure and of convective and topographical effects, includ-
ing thermal bubbles, turbulence eddles and c¢lear-atir turbulence, sea-breezes and coastal
fronts, and anabatic circulations together with other aspects of the alrflow over hills and
mountains, One novel suggestion was that since locusts are constrained, often
by temperature, to fly at relatively low levels, they might tend to be concentrated in the
wake of thermal bubbles, instead of necessarily tending to be dispersed by turbulence. Pre-
vious work had directed attention to the continued cohesion of individual swarms (found in
some cases to retain thetir identity and even their approximate plan-area for periods up to
weeks and displacements up to hundreds of ldlometres - gee e.g. Figure 9 in Technical Note
No. 54}, despite potentially disruptive effects both of atmospheric turbulence and of the
diversity of orientation shown between different groups of flying locusts within the same
swarm. Direct observations, photographic and visual, provided evidence on which this con-

observed and on cther orders of magnitude involved [ 3, 27 .

Passing on to synoptic-scale effects of wind and other meteorological factors, the
synoptic meteorology of Africa and south-western Asia was reviewed, with particular reference
to low-level wind-fields, precipitation and temperature as especially significant in rela-
tion to the distribution, movements and breeding of locusts. Associated practical exercises
dealt with the synoptic analyses {(using mean sea-level isobars and streamlines of wind at
600 m above surface, together with 850 mb and 700 mb contours) of past synoptic situations
which had proved Important in relation to locusts. The situations chosen related to the
periods 25 May to 1% June 1954, 24 to 30 January 1955, and 21 to 29 March 1962, for which
the observational data had been assembled at the Anti-Locust Research Centre in lLondon with
the co-operation of WMO and of the Meteorclogical Services concerned, and plotted on working
charts at the Centre's Desert Locust Information Service under the guldance of Mr, D,H.
Johnson; a set of these Plotied working charts for two days in each of the perlods studied
was provided to each participant at the seminar for analysis, Participants were shown the
distribution of locusts at the beginning of each study-period, and, after a discussion of
the completed analyses, led by Mr. Johnson, participants were sble to see the corresponding
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changes in the locust situation which had occurred during each study-period - respectively,
movement.s of swarms, mainly from Arabia, imto the vicinity of the inter-tropis disconti-
mity in Africa; movements of swarms across northern Africa, ineluding the invasion eof
Tunisia, under the influence of an Atlas-.lee depression; and movements of swarms across
north-eastern Iran and into the Turkmeniyan 3.8.R., together with an eastward movement of
swarms across Indla, assoclated with the passage of westerly disturbances. For the first
two study-periods, the results of special synoptic anslyses undertaken by a WMO Technical
Assistence Mission, together with the corresponding locust history, appear in WMO Technical
Note No. %k, and some very useful supplementary upper-alr analyses for the second period
were prepared by one of the participants at the seminar, For the third study-period, it ia
hoped to be able to arrange for the future publication of the master-analyses undertaken
for the seminar.

Furthermore, all participants whose attendance was known in advance hdd been asked
to arrive prepared to comment on particular recent synoptic situations, selected at the
Desert Locust Information Service, when there had been significant locust movements affect-
ing their own countries, Most participants had in fact done so, and presented their mater-
ial 4in ghort talks, subsequently made avallable with the corresponding analyses for publi-
cation in these proceedings. With these participants' papers, and the chart discussions,
the seminar provided invaluable opportunities (informal as well as formal} for the exchange
of synoptic experlence by practising forecasters; and it 1s hoped that these all-too-short
‘discussions in Tehran, and these proceedings, may prove to be of general synoptic interest
even apart from thelr relevance to locust problems. In order to provide effective technical
discussion, all participants {including consultants and other lecturers) were encouraged to
express, develop and finally to publish in these proceedings their own individual ideas, on
locusts as well as on meteorclogy; the organizers of the seminar can accordingly accept
neither credit nor responsibility for the views so expressed.

On a still longer time-scale, the synoptic climatology of northern and equatorial
Africa, and of southern Asia, was reviewed, and the extensive evidence now avallable on
seasonal and longer-term changes in the overall Desert Locust situation was outlined; this
included evidence of the manner in which meteorological factors appear to have played a
major part in bringing to an end the last major recession of the Desert Looust plague, 1in

1948-1949,

In order to indicate to participants the kind of meteorological guldance needed by
locust control organizations, and the manner in which these needs might be expected to deve-
lop 1in the future, the logistics and strategy of locust control were described in a paper
presented by the Director of the International Desert Locust Control Organisation for
Eastern Africa, and the organization of Desert Locust control was described by the Chief of
the FAQ Operational Research Air Unit, with particular reference to the place of alreraft,
since 1t is especially in relation to the increasing use of aircraft, for reconnaissance
as well as for spraying, that locust control organizations may be expected to make increas-
ing demands on their national Meteorological Services.

During the planning of the seminar, the Iranian authorities had indicated the
importance which they attached to the practical aspects of these problems, Accordingly,
in addition to lectures on locust control techniques, a very successful demonstration of
ultra-low-volume spraying methods, from ground and air (which deliberately exploit bhoth
wind and atmospheric turbulence for the distribution of insecticides, and within the last
decade have become part of current anti-locust practice in many countries), was given at
Doshan Tapeh aerodrome, with the co-operation of the Royal Iranian Air Force, the Iranian
Ministry of Agriculture and the FAO Operational Research Alr Unit, and under the technical
direction of Mr, Sayer, who has made malor contributione to the development of these methods.
One of the standard exhaust-nozzle sprayers of the Iranian Ministry of Agriculture, mounted
on a light four-wheel-drive reconnaiseance vehicle, was first demonstrated. This simple
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device, designed by Mr. Sayer and successfully used in more than a dozen countries, operated
by the exhaust system of the vehicle, applies special concentrated formulations of persist.
ent 1insecticide to the sparse wild vegetation on which looust hoppers feed, in the form of

with standard agricultural boom-and.nozzle Spray-gear and flown by Y.M, Afshar, next demon.
strated standard crop-spraying practice (as in general use against other pests), spraying

185 aircraft, fitted with rotary atomiger Spray-gear and flown by Birgir Jonsson, at a height
photographically recorded as 11 to 14 metres and on a heading at right-angles to the very
light wind (about 3 kt), demonstrated an effective swathe of more than 200 m with dosages
again of the order of decllitres per hectare of concentrated oil solution in a non-volatile
solvent., Such spray-lines, applied up to 1 lon apert in FAO field trials in India and 1in
subsequent operations by the Pakistan looust control organization in 1962, were found to
represent probably the most effective method yet avallable for the control of extensive in-
festations of loocust hoppers.

. As a final exercise, participants were grouped into ayndicates and each syndicate
wag invited to envisage itself ag the technical staff responsible for Plamning air opera-
tions to deal with a particular locust situation, of which all relevant biological and opeara-
tional details were provided, Syndicates were asked to prepare an outline plan for air
reconnai ssance to assess, with minimum tlying hours, the adult locust population escaping
from the breeding area concermed (a8 the fipst step in enabling appropriate spraying opera-
tions to be mounted}, taking advantage of the high constancy of the wind-field to be expected
in the area and season concerned. The solutions were submitted for general discussion by
.the chairman of each syndicate, and showed a considerable degree of agreement with each
other and with the plan which had actually been used in the particular situation concerned
(eastern Africa in December 1953, when air contact with the leading locusts had been estab-
lished on the Juba river on the day after the reconnalssance programme had been started),
The main difference between the plans prepared by the syndicates and that adopted in prac-
tice was the larger number of moves of the mailn base which we envisaged at the seminar,

Desert Locust populations are now (December 1964) at a very low level; It 1s hoped
that the Tehran seminar will have demonstrated the vital role of the application of Synop-
tle and meso-scale meteorology in helping to maintain this situation, yarticularly in
assisting locust control organizations to establish and maintain contact with the surviving
locust populations, Moreover, there 1s reason to believe that a similar approach may well

migratory sunn-pest (Eumasber) of the Near East and even birds, for all of which the wind-
field mat at least provide an important component of their displacement relevant to the
ground. In addition, convergence or divergence of the wind-field must necessarily contri-
bute to the concentration or dispersal, respectively, of all organlisms or other material
constrained in any way to remain in the lower levels of the atmosphere,
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RELEVANT ASPECTS OF THE EIOLOGY AND BEHAVIOUR
OF THE DESERT LOCUST

by
R.C. Rainey

The lecture given under this title was an account of Chapter 1 of Technical Nota
No, 54, Meteorology and the migration of Desert Locusts (WMO-No. 138,TP.64/
Anti-Locust Memoir 7).




BEHAVIOUR OF LOCUSTS IN FLYTNG SWARMY,
WITH PARTICULAR REFERENCE TO ORIENTATION

by
H.J. Sayer

The fundamental problem of the desert looust, which makes 1t one of the most de-
vastating insect plagues, is the fact that it can appear in very large numbers at high den-
sities which can move rapidly over thousands of miles. Much work has, therefore, been under-
taken on the study of these flying swarms of locusts in order to determine (a) the mechanism
which holds them together and (b) their migration. Regarding the former, the concentrating
effect could be either the result of gregaricus behaviour, or, in certain circumstances, due
to the wind, Studies of the behaviour of locusts in swarms have shown that the movement of
swarms is controlled by the weather, the only contribution from the locusts being a daily
eycle of flight which is mainly temperature controlled.

A week or so after fledging, adult locusts become relatively strong flyers with an
endurance based on their supply of fuel, which 1s their body fat. The maximum powered fly-
ing poesible is arcund 20 hours but, of course, longer airborne periods are possible if glid-
ing is also adopted, Normally, continucus flying of the individual locusts in a swarm is
rare, except in exceptional circumstances such as bassage over the sea; there are generally
a large number of locusts temporarily settled under a flying swarm. A swarm progresses, then,
by the intermittent flight of the millions of individuals composing 1t.

The diurnal temperature cycle determines the flying time each day, since the locust
does not normally fly at all when its body temperature 1is below about 20°C. Owing to the

to the sun on the ground where there is the minirmum wind, their body temperatures can soon
be higher than the surrounding air, but the cooling effect of wind or flight will soon reduce
their temperature to near that of the air, In flapping flight, the metabolic heat produced
by flying can maintain the body temperature above that of the air, a fact which is very ob-
vious towards the end of the day when a large proportion of a swarm may still be actively
flying in air which is rapidly cooling to well below 20°C. As the temperature rises in the
morning, the number of locusts airborne and the length of individual flights gradually in-
crease until by mid-afternoon a swarm is, under normal c¢ircumstances, most actively flying.
The reverse process, that is, settling on the roost slte, takes place much more rapidly, and
sometimes very dramatically, Thus, a large swarm flying up to & thousand feet or more at
17.30 hours can be virtually all settled within one hour.

The flight performance of a locust has been studied in both the laboratory and the
field, and the cruising flying speed in both cases is about 3.8 - 4.3 m/sec (13 - 15 km/hr).
This speed of flight is often less than the wind speed, when it would be impossible for
locusts to progress upwind., But since observations on swarms together with the evidence of

If one observes the passage of a flying swarm, seversl characteristics become appa-
rent. Looking upwind towards an approaching swarm, it i{s common to be surrounded suddenly
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by descending gliding locusts heading upwind before the arrival of the leading low-flying
locusts. Looking upwards, one sees similar upwind orientated locusts, the leading edge of
8 swarm being typified by locusts gliding back towards the main body of the swarm. During
the passage of the main body of the swarm, one sees streams of locusts all flying in nearly
the same direction, each successive stream having a different orientation, and weaving in
and out across the swarm. At one moment, a stream directly over the cbserver may be moving
eastwards followed a few minutes later by a stream moving westwards. At the rear of the
swarm, there is more common orientation of dowrwind towards the departing swarm. As the
swarm passes by, the settled locusts arcund the observer take off rapidly, heading downwind
after the swarm. Under the common desert bush conditions, the passage of a swarm 1is very
eclean, there belng very few stragglers left behind. Only in those areas of dense vegetation
or tall dense grass, more typleal of non-desert vegetation, do stragglers occur in any
large numbers.

If there was only random flight of all the locusts in a swarm, under stable wind
conditions, one would expect dispersion of the locusts for two additive reasons. Firstly,
considering the locusts as inanimate particles such as dust or smoke, they would be dispersed
under the effect of wind turbulence, and secondly, random flying even under still air condi-
tions would again result in dispersion. Observations on swarms moving in a steady wind over
periods of days have shown that swarms change very little in size through the whole perilod
and certainly do not double their size every six hours of flight as might be expected from
the dispersive effects. There is clearly another factor at work.

It has been pointed out above that the locusts at the front and rear edges of a
swarm are seen to be orlentated irwards. Similarly, cbservations have been made both visual-
ly and photographically at the sides of swarms. OGroups of outward flying locusts have been
observed turning back into the swarm at the sides and a serles of vertlcal photographs taken
at 20 second intervals from three camera stations during the passage of swarms have shown a
predominance of similar inwardly directed flight at the swarm edges., This edge effect in
which locusts are seen to be turning in towards the swarm can only be attributed to their
gregariocus behaviour and is, therefore, a most lmportant factor. Under conditions of near
Zzero wind divergence, when the net effect of the wind is to disperse locusts, there is a
balance between the gregariousness of the locusts and the dispersive forces of the wind.
Under some conditions of high turbulence usually assoctated with high temperature, swarms are
so dispersed as to become unrecognizable as a swarm, whereas conversely, where the convective
turbulence is low, as on high plateaux, the swarms fly very dense and Jow.

Photographic records of flying density have shown that recognizable swarms can have
densities between 0.00l and 1.0 per cublc metre. It would seem, therefore, that locusts
generally prefer to fly not closer than about one metre to their neighbours and not much
further than ten metres. Investigations as to the mechanism of this behaviour have shown
that there is little likelihood of sound being the operative sense-organ. It has been shown
that locusts under fileld conditicns are unlikely to respond to the sound of another locust
beyond a distance of twe meires, which limits this sense-organ to the high density flight.
The locust eye has been shown to respond to a movement of a light source of 0.1° which 1s the
angle subtended by the length of a locust at 30 metres, which corresponds with the low=
density flight. A great deal of investigation is still needed into the mechanism of
gregariocusness,

Locusts have repeatedly been observed taking off and landing into wind. This would
be expected to glve a common upwind orientation of those locusts near the ground and may, in
the past, have given the impression to observers that locusts prefer to fly upwind. However,
upwind orientation is very soon abandoned after take-off and a curved flight is often assumed.
This low-altitude common orientation may explain the sometimes observed phenomenon of low-
flying swarms over highlands appearing to be flying against the wind,
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Under conditions of negative wind divergence, the gregaricusness of the locusts 1is
reinforced by the wind, and under extreme conditions exceedingly high flying densities can
oceur. At low levels the convergent winds bring the locusts together, the only dispersive
directions being upwards or along the line of convergence. Since locusts tend to cease
flapping flight with altitude owing to the lapse rate, then the main dispersion is that along
the convergence zone. Under such conditions, swarms become long and narrow with the topmost
locusts several thousand feet above ground.




DISPLACEMENT OF INDIVIDUAL LOCUST SWARMS IN RELATION TO WIND

by
R.C. Rainey

The lecture given under this title was a summarized account of Chapter 2 of
Technical Note No. 54, Meteorology and the migration of Desert Locusts
(WMO-No. 138.TP.64/ Anti-Locust Memoir T).




THE METEOROLOGICAL IMPLICATIONS OF DOWNWIND MOVEMENT

by
D.H. Johnson

1. INTRCDUCTION

From the many locust studies summarized by Dr. R.C. Rainey [ﬁ;? and from the lec-
tures which he and Mr. H.J. Sayer have given, it is seen that the weather elements play an
important part in each phase of the life-cycle of the desert locust. Meteorologlsts can
expect to be asked by locust control workers to supply information about winds, temperatures
convection and turbulence in the lowest 2000-3000 metres of the atmosphere, about tempera-
tures amongst vegetation, at the surface, and in the upper 10 om of the soll, about rainfall,
about moisture stored in the upper 10 cm of soil, about solar radiation or at least shout
sunshine and cloud, about convergence and about vertical motions. It is possible that phy-
slologlcal studles will lead in time to an interest in relative or absolute humidity as
well. The information sought may relate to the climatic normel to current condltions or to
conditions over the next few hours, or days, or even months.

2. ANATYSTS METHODS

Unce a swarm or an infestation of locusts has been reported, control operations may
require spraying aireraft to keep in touch with swarms over perlods of days or weeks. Qpera-
tional cireumstances prevent a continuous watch belng kept on the locusts themselves, and the
problem of making contact with swarms previously sighted requires their probable movement to
be estimated. This 1s a tactical problem. There are longer~term requirements as well.
Dr. Rainey has pointed ocut that every one of the 60 countries subject to invasion 1s attacked
from time to time, by swarms produced thousands of kilometres beyond its own borders, al-
though even the most frequently afflicted countries can be free of swarms for several years.
Forewarning of impending invesion 1is therefore of great importance for alerting and mobiliz-
ing the available control teams. In these circumstances we can understand the great signi-
ficance for the application of meteorology 1n locust control, of the hypothesis, tested and
substantiated by Dr. Rainey using data accumilated over the rast ten years or so, that mi-
grating locust swarms are simply displaced in the direction of the low-level wind. It will
be recalled that the swarm as a whole usually progresses at a speed which 1is substantially
less than that of the wind, because the locusts fly mainly by day and even then they spend
part of their time on the ground, If they are carried out to sea however, they have to stay
airborne until they strike land or until they fall exhausted.

It has also been pointed out that warmth is an important control on flight activity:
‘ flight activity 1s reduced if the temperature drops below about 22°C 1in ¢loudy weather or
below 15°C in sunshine. Temperature then has to be taken into account in deciding whether
the locusts will begin or continue their migration and also at what levels they may fly.

The depth of swarms varies considerably, but over low ground the locusts are usually
located between the surface and 850 mb. However, over high ground and hot places they may
extend above 850 mb, maximum height often being attained during the afterncon when the top-
most locusts sometimes approach the limit of dry convection on the ground /4 /.
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Migrating swarms respond to atmospheric motions on all scales. The seascnal and
annual patterns of their movements can be related to the general elreulation, as shown by
Professor H. Flohn and Dr. Rainey. Migrations over periods of days teke place within the
eirculation of the weather disturbances which are revealed by synoptlc analysls : the lec-
tures of Mr. J. Cochemé, Mr. S. Mazumdar and the writer, and a large part of the practical
work, are concerned with such motions. Swarms also hecome Involved in convectlon and in
meso-scale circulations, the latter being systems of diameter between 10 km and about 500 km
such as a line squall or sea breeze, which may affect some of the cbservations plotted on
& synoptic chart, but cannot adeguately be defined in the synoptlc analysls : Professor
R.S8. Scorer, Mr. H.J. Sayer and Dr. Railney deal with the effects and importance of systems
of this size.

The synoptic analysis programme at the main analysis centres within the desert
locust area normally includes charts for surface, 850 nb and 700 mb. Together with tabula-
tions showing the variation of wind with height in detail at individual stations (or wind
sheets as they are sometimes called), and tephigrams or cther thermodynamic dlagrams, these
provide material for assessing the synoptic-scale steering currents which the locusts have
encountered or are likely to encounter. For some locust studies ZE;?ian additional chart
has been introduced, which gives the wind field at a height of 600 metres above ground level,
This chart 1s particularly valuable in very low latitudes where there is no simple and gen-
eral way of deducing the wind above the surface friction layer from the surface pressure
pattern. It 1is also useful over high ground in other parts of the desert locust area, where
similar difficulties may arise due to problems of barometric reduction and due to the effects
of the mountains on wind and pressure patterns. It 1s of course quite logical in locust
meteorology to analyse the wind in a surface which follows the contours of the ground because
the paths of the migrating locust swarms must alsc follow the general level of the terrain.
Since the surface of 600 metres above ground level (AGL) does not correspond eilther to.a
constant level or to a constant pressure, the wind field must be analysed directly using a
form of streamline analysis.

3. STREAMLINE AND ISOTACH ANALYSIS

Several techniques for the direct analysis of the wind field have been devised, but
in the system most generally applied the wind fleld 1s represented two sets of isopleths,
namely, streamlines and isotachs. V. Blerknes and J.W. Sandsirtm ZEN were the first to
advocate the technique but C.E. Palmer ZEJ? hag been primerily responsible for 1ts recent use
especially in tropical meteorology. For those who have no practice in the streamline tech-
nique the remainder of this lecture will be devoted to an account of the method as given for
example by C.E. Palmer and collaborators /3 /, A.T. Bath and W.J. Gibbs /1 / and H.Rienl/B /.
It is from the first two works that the illustrations for thie lecture have been taken, 1.e.
Figures 1 to 11 from Palmer and collaborators /3 /, Figures 12 to 15 from Bath and Gibbs /1 /

3.1 The direct method

Figure 1 shows a streamline end lsotach analysis. Two sets of isopleths completely
specify the horizontal wind field. The streamlines, represented by continuous curves with
arrowheads, enable the wind direction to be deduced by interpolation at any point of the map
and the isotachs, dreawn as pecked lines, give a fleld representation of the wind speed. It
13 important to note that although the flow iz parallel to the streamlines, in this type of
streamline analysis the wind speed 1s not proportional to their distance apart. In stream-
line analysis, as in surface pressure or upper-contour analysis, there are a number of common
distinetive configurations, or models. In Figure 1 there are several asymptotes, that is
streamlines along which neighbouring streamlines tend to converge, and two kinds of singular

. points. Singular points are points into which more than one streamline can be drawn or
about which the streamlines form a closed curve. Figure 1 contains two singular points : in
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its south~-west quadrant there is a neutral point, that is a point at which two asymptotes,
one of confluence and one of diffluence, intersect; in the north, there is a cyclonic in-
draft, "eyclonie" desoribing the sense of rotation of the flow.

Figure 2 shows pure indraft, pure ocutdraft and the various types of vortex. The
bottom two are possible kinematically, but they rarely, if ever, occur in the lowest part
of the troposphere although they may well occur in special circumstances at higher levels,

The development of a low latitude wave into a oyclonle indraft is i1llustrated in
Figure 3., The wave amplifies and passes through the cusp-point stage before the vortex and
an assoclated neutral point form simultaneously and pProgressively separate as the vortex
grows, The cusp is a transitional feature, rarely properly observed.

) When a vortex is embedded in a uniform current, invariably there i3 an assoolated
neutral point. Where the neutral point lies, relative to the vortex, is a matier of simple -
geometry depending upon the direction of the uniform current and the kind of vortex. This
is demonstrated in Figure i. '

Typlcal relations between the isotach and streamline patterns are shown in Figure 5.
The major currents have elongated wind maxima near which the isotachs tend to parallel the
streamlines. At every singular point there is a speed minimum : clearly there can only he
a zero flow, that is a calm, at a point where streamlines intercept. Near a neutral peint |
the speed minima tend to be elongated along the asymptotes. When singular points occur in a
closely-spaced chain they are usually associated with a band of relatively light winds,

At most of the centres where training in tropiocal analysis is given, the construc-
tion of isogons (isopleths of wind direction)is usually recommended as a preliminary to the
drawing of the streamline field : isogon analysis 1s discussed below. However, the proceas
i8 too laborious for routine use over large areas and in day-to-day practice the so-called
direet method iz applied., The first stage consists of sketching a few key streamlines and
isotachs in regions where the observations are fairly dense, as in Figure 6, Figure 7 shows
the relation of the completed streamlines to the wind observations. There is no limit to the
number of streamlines which can be drawn, but there is no point in drawing more lines than
are sufficlent to portray the character of the flow unambiguously. It is a common tendency
of beginners to distort the streamlines so that they pass through the points of observation
and this 1s a fault to be avoided. In Figure 8 isogons have been added to the analysis,
bearing in mind the relations previously discussed. The spacing of 5 kt for the isotachs
is suitable for low levels in the tropice, but at higher levels and in the subtropics this
may be too small an interval, 10 kt or 20 kt being more convenient. As in all forms of
synoptic analysis, continuity in time and in the vertical should be maintalned.

3.2 The isogon method

Isogon analysis is a scalar method of depicting the field of wind direction. Iso-
gons are lines Joining places having the same wind direction. The isogons for 090, 180,
270 and 360 degrees are known as the cardinal Isogons. Figure O shows the cardinal isogons
sketched to the wind observations of Figure 8. Isogons are interpolated between the obser-
vations in much the same way as isobars, but they have one wery important characteristic
which lsobars, isotherms and most other i1sopleths of scalar fields do not have : 1sogons of
different values may intercept. They do this at singular points. Two speclal properties
of singular points to be noted are that each singularity 1s a point of interception of &ll
isogons, and that on passing through a singularity the value of an 1sogon changes by 1804
degrees. In Figure 10, the analysis begun in Figure O is completed. Note that the 1sogons
are drawn at intervals of 30 degrees. There are often areas of the chart where 1t is con-
venilent to add additional isogons drawn at 10-degree intervals,
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- The process of derlving a streamline field from the isogons is & simple one. Using
a ruler and proiractor, short-line elements are ruled across each isogon, in a direction
corresponding to its indicated value. The asymptoies should then easily be recognized and
streamlines can be sketched in to be everywhere tangential to the short-line elements. Fig-
ure 1l illustrates the elevation of the streamlines from the isogon pattern of Figure 10.

Singularities can be divided up into two families on the basis of the tsogon pat-~
terns. In the first family, known as positive singularities, the isogon values increase in
a clockwise direction around the singular point. Figure 12 shows the relation between
streamlines and isogons for several kinds of singularity which include cases of pure rota-
tion, pure indraft or cutdraft and intermediate states. Figure 12F shows how the type of
the singularity varies according to the quadrant in which the 360-degree 1sogon is located.
The second family consists of positive singularities in which the isogon values decrease
in a clockwise direction arocund the singular point. As Figure 13 indicates, negative singu-
larities all correspond to neutral points, and the general shape of the streamline pattern
1s unaffected by the orlentation of the isogons. The lower part of Flgure 13 shows the
streamllne patterns assoccliated with parallel lsogons; 1sogons orilentated in their own
directions are lines of convergence or divergerice.

Flgure 14 is an isogon analysis made by Bath and Gibks Z}J7 which shows the general
character of the patterns which emerge when an analyslis 18 made for a large area. Note that
positive and negative singularities occur in palrs; this correspords to the observation pre-
viously made that every vortex has an associated neutral point. Bath and Gibbs Zi_7 mention
that a good deal of reference to the surface pressure chart was made in producing this ana-
lysis, upper-wind observations within the area being too sparse to define the isogon fileld
by themselves. The corresponding streamline analysis 1s shown 1n Figure 15.

Streamline and isotach analysis are clearly capable of representing the wind field
with high accuracy, but therein lies a difficulty. Palmer and collaborators Zi;7 who were
able to work in the central Pacific with a fairly close network of radar winds, have remarked
that "The interpclatiocn (analysis) 1s complete and correct when the analyst recognizes that
every wind arrow plotted is strictly tangential to the streamlines, and that no streamline
turns too abruptly, and that there is a general smeoothness and elegance to the pattern dif-
ficult to define, but easy to reccgnize." Analysts who have attempted to make such accurate
streamline and isctach analyses for the desert locust area at low levels, where there are .
many pilot-balloon observations, have found the flows apparently complicated by an embarrass-
ing number of asymptotes, singularities and small waves, which have poor continuity with
previous and succeeding analyses, and most of which seem to have little relevance to the
pattern of weather. On most overland charts a number of wind observations are unrepresen-
tative of the general syncoptlic-scale flow to a greater or lesser degree, due to errors of
observation and transmission, or to the effects of local convection or orographic circula-
tions. Streamline analyses drawn for the desert locust area usually incorporate a degree
of smoothing. However, when assessing the effect of winds on locust movements taking place
over a few hours only, the analyst must use his experience to judge very carefully whether
apparent departures from the synoptic-scale circulation represent real small-scale circula-

tions or whether they are more likely to be the result of errors of observations.

i, LOCUST CONCENTRATION

In earlier sections the Importance for locust control operations of the hypothesis
of dowrwind displacement was discussed. Dr. Rainey'[ﬁ;7 has also pointed ocut that the
downwind movement takes place towards regions of low-level wind convergence. This process
serves to concentrate the locusts in reglons which are favourable for rain : in Dr. Rainey's
words "It accounts for the close and apparently purposeful assoclation between swarm move
ments and the distribution of rainfall which is essential for successful breeding®.
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The concept of divergence is best understood quantitatively from 1its formulation
in terms of natural co-ordinates :

Voo v 9
% 'h'as"'v'a—}'q{

The first term on the right is known as the longitudinal component of the divergence
("vergence"). The second term on the right 1z the transverse component ("fluence"). Their
significance and the meanings of confluence and difflusnce are demonstrated in terms of
Streamline and isctach representation of the wind field. It is important to note that the
two terms are usually of opposite 81gn so that the total may be an order of magnitude less
than that of the individual terms.

Mr. Cochemé deals in detail with the effects of convergence and divergence and with
methods of measuring them (p. 23).
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Flgure 1 - The streamline-isotach method of wind
analysis. BStreamlines represent only the wind
direction. Isotachs represent the speed.
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Figure 8 - A complete streamiine-isotach analysis.
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12.4 Pure indraft 12,B Pure clockwise rotation
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LOCUST MAPPING TECHNIQUES

by
Elizebeth Betts

For more thean thirty years a continuous record of the current infestation of the
principal specles of the locusts of Africa and south-western Asia has been maintained atéthe
Anti-Locust Research Centre in London. The greater part of this information has been in the
form of weekly, fortnightly or monthly reports from the agricultural departments, plant pro-
tection departments or locust control organizations of the countries of Africa and south-
western Asla, supplemented by occasional reports from travellers, and, following a recommen-
dation of the WMO Commission for Maritime Meteorology, by reports of locusts seen at sea,the
number of the latter having increased during 1961. The greater part, and indeed the most
useful part, of the basic locust record consists of lists of reports of swarms of adult
locusts, bands of hoppers (young locusts) or scattered locusts of known specles, on standard
~ forms which are now printed and distributed by the Food and Agriculture Organization. When
completed, the data on these forms include the date and time of cbservations, the locality
infested, with latitude and longitude, and estimates of the size and density of the swarms
or hopper bands. Swarm reports include information on the maturity of the locusts (pink or
immature, yellow or sexually mature), and whether layling or copulation has besn observed. In
hopper reports, the date of hatching 1s recorded if Inmown, and the insters (stage of develop-
ment) present at the time of observation, as well as the date of fledging. ZLocusts not in
SWwarms or bande are classified as isclated {seen singly) or in groups (two or more seen to-
gether). Some reports also contain references to the weather and the state of vegetation
at the time of observation, and to any control operations carried out, or damage caused to
vegetation or crops.

In order to visualize and to assess these records at the Anti-Locust Research Centre,
all such reports are plotted on topographical meps of a medium scale,1:1,000,000, 1:2,000,000
or 1:4,000,000. :

A series of conventional symbols together with the day of the month represents on
these maps all the known infestations of one specles of locust throughout one calendar month:
elther of swarms, groups of adult locusts or isolated adult locusts, with different colours
indicating their state of maturity; or, on a transparent overlay, of hopper bands, groups of
hoppers or isolated hoppers. A second basic series of monthly locust maps of the entire
Desert Locust area on a scale of 1:11,000,000 is also maintained. Desplite the inevitable loss
of detail, particularly in the better reported areas, this second series of maps allows a
comprehensive view of the locust situation throughout the whole invasion area, showing clearly
the major displacements of swarms end the onset of maturation, laying, hatching and fledging
over wide areas. :

Although this substantial body of data on, and maps of, the geographical and temporal
Incidence of locusts is probably better than that for any other species, 1t has a number of
limitations. First it is incomplete : at the height of a swarming period more than a thousand
individual swarm records may be received in a month, but In most areas this is substantially
less complete than the corresponding synoptlc data; there are, for example,some three hundred
meteorological stations, esch reporting several times daily, within the Desert Locust area,
even though the latter includes the Sahara and Arabla, where meteorclogical stations are them-
selves comparatively sparse. Large variations cccur in the number of locust reports from
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country to country; these usually reflect the level of the human population and the effi-
elency of the locust reporting organization, and not necessarily the intensity of the Infes-
tation. A dally plot of the locust records glves no indication of the extent of the locust
infestations, end shows areas which are known to be Infested, that is where swarms may have
been recorded a few days previously and are recorded again within the next few days, with no
reason to suppose that the locusts have departed and returned, as apparently completely clean

In years of heavy and widespresd infestations it is possible to draw simple diso-
chrones of the successive displacement of swarms over distances of the order of thousands of
kilometres and sometimes spread out across a width of the same magnitude. With movements of
this scale, which are usually the simplest to relate to weather changes, the missing of swarm
reports even in a substential number of localltles is not usually significant.

L ]

But in the conslderation of minor movements of locust swarms, such omissions in the
data can often be misleading, particularly if the arrival of a swarm in a new area was missed
or regarded as unconfirmed, because reported by an uneducated local person, and not seen by
a locust officlal until a day or so later. In this context too, the recorded direction of
flight has been shown to be frequently misleading; photographs teken during the passage of
a swarm have shown numerous groups of locusts, each group in the interior of the swarm flying
in an apparently purposeful but separate direction, and the ensemble of groups randomly orien-
tated within the swarm. Thus it is often lmpossible for a2 ground observer looking directly
at only a part of a swarm to determine the directlon of the whole swarm /%, 5/. Consequently,
it is necessary to stress that the meteorclogicel conditions relevant to a particular locust
invasion ere those during the period immediately prior to the arrival of the first reported
swarm, not necessarily those at the time when a swarm was first seen by & responsible member
of the locust control organization, which may not be until some days later.

But in spite of these limitations, much can be drawn from maps of locust data,which
can be presented in & varlety of ways. Major swarm displacements can be shown by isochrones,
as described above; by a serles of maps showing the total distribution of swarms during
successive periods, either as in the pentad/degree-square maps used by Ralney /3 / to provide
evidence both of the spread of swarms and of their remaining statlec, or as maps of selected
periods showing initial distribution of swarms in one or more areas, the locallties vislited
during a major migration and the final redlstribution of the swarms. In addition, the basie
locust maps have been used both in the compilation of maps of the frequency of incidence of
locust swarms and hopper bands, which have been used In the plamning of locust control stra-
tegy /1, 2/, and which can be related to climatic factors /6 7; end the basic locust maps
have also been used to classify the very varylng periods of egg-incubation and hopper develcp-
ment, which are also associated with the weather /T /.

Many problems on the relationship between locusts and weather remailn to be studled,
some during periods of locust movement and breeding, and others during periods when locusts
remain effectively static despite synoptic observations suggesting conditlons sultable for
movement.
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ASSESSMENTS OF DIVERGENCE IN RELATION TO THE DESERT LOCUST

by
J. Cochemé

An lmportant corollary of the now generally accepted thesis of the Gownwind move-
ment of locusts 1s that they accumulate in areas of horizontal convergence in the velocity
field of the winds.

Here the word convergence means negative divergence which is a term in more general
use in physics and mathematlces.

Though positive divergence 1tself may also play a significant part in the evolution
of locust infestations, convergence effects seem to be more common and important.

It should be clearly reallzed that we are here dealing with horizontal or two-dimen-
sional divergence. In three dimensions, at the scale at which we are working, divergence is
invariably nil in accordance with the equation of continuity. Thus divergence along the two
horizontal axes is compensated by alr movementg along the vertical; convergence 1s maintained
by ascending air currents which themselves lead to compensating supernatant divergence. If
the locusts followed these currents all the way they would not therefore accumulate in areas
of low-level convergence. However, through scme physliologlical mechanlism which appears to be
controlled by temperature, locusts generally remain in the lowest layers of the atmosphere
Just as if sleves of too fine a mesh for them had been put across the rising air currents,

An obvious development of this notion is to approach it gquantitatively : to measure
the divergence assoclated with known locust occasions and estimate that likely to occur
during locust developments,

‘This is all the more important since qualitative estimates resulting from merely
looking at synoptic charts or other representations of air currents may be very mach 1in
error because convergence can be due to a flowing together or confluence of the winds, which
is obvious, or to a slowing down of these winds,which 18 less obvious. The two effects may
act together or, as is frequently the case, in opposition.

These quantitative assessments of divergence are worth attempting at the several
scales in space and time at which locust movements are being studled. These studles of the
effect of wind on locust regrouping might be divided as follows :

(1) Synoptic analyses of occasions which have significaently affected the development of
locust infestatlion.

(2) Estimates of wind climatic averages or normals on a monthly or fortnightly basls to

provide a useful background against which to examine the significent ocecasions and
a tool for anti-locust strategy.

Together these two studles should make 1t possible gradually to evolve a locust
synoptic climatology which would provide classified models of significant occasions together
with the frequency of thelr ococurrence,
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Precise measurements of divergence are not easy to make since they are derived from
observations of wind strength and direction which exhibit quasi-rendom fluctuations., Further-
more, 1n the tropical and equatorial regions of the locust area, no help can be expected from
vorticity, a more conservative element and one which 1s advected and which, in higher lati-
tudes, can usefully be related to divergence.

Work done so far implies that dlvergence estimates based directly on wind observa-
tions, however crude, are providing valuable information. Much more evldence is needed,
however, and it is hoped that it will come from meteorologleal studies done in the countries
of particlpents of this seminar.,

Divergence is of dimensions T_l. It is a rate at which something is happening, At
a point it can be expressed mathematically in two weys @

(1} In terms of Cartesian co-ordinates, when
ptvV, - 9u, 2v 1
H " 3x v (1)

where b and ¥ are the component veloeities, and two partial derlvatives are their
changes elong the co-ordinate axes X and y,.

(2} In terms of streamline or natural co-ordinates, when
Div VH - 2v +v % (2)
: os n

where ¥ is stream veloclity and 8 stream distance, 2 1s the angle of stream direction
measured relative to some Fixed direction, and the second term the adveotion of the
change in that angle along a co~ordinate n at right-angles to the gtream direction.
This term expresses the diffluence of the stream whereas the first term expresses
1ts acceleration.

It can easily be verified that both these expressiocns are of dimensions T-l. They
will both yleld the same values of divergence for the same point at the same instant, but
when averaging or integration is carried out for areas and over intervals of time they differ
in the information they give on the effects of divergence, .

Physically the process in which we are interested may be visualized in two ways which
are related to the two mathematical expressions.

(1) The rate at which air is leaving an area (fixed relative to the ground) In excess of
that entering it.

{2) The rate of increase in ares of a surface bounded by ailr particles moving with the
stream, |

Both changes are expressed as fractions of the ares or original area per unit of
time,

-5 The unit most conmonly used in meteorology 1s one hundred-thousandth per second,
10 “/see.  Values of two to four of these units can be recorded in an actlve westerly
depression.

The information we need 1is integrated divergence over periods of time and repre-
sentative of selected areas or air masses. In the first manner integration with respect to
time will yleld OUTFLOW out of a fixed area and in the second EXPANSION relative to the
stream. Both these quantities are dimensionless since they are the product T1 x T,
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These integrations are not easy to achieve and a first approach will be the use of
average divergence for periods of time or even the assumption that Instantaneous values are
representative of conditions during these periods. This use of large finite intervals 1s a
device to which meteorclogists often have to resort.

Having obtained inflow or contraction we shall try to relate 1t to changes in density
of particles alrborne at a constant level, and then compare these changes with locust re-
grouping,

Different density thresholds in locusts may bring about different significant events,
some irreversible, some not. Most of these thresholds haye yet to be estimated but 1t can
already be suggested that a change .in density of about 10° would be necessary to yleld swarm
densities from scattered populations, whilst & change of 10 might be sufficient significantly
to assemble swarms. The quantitative difference between these two events 1s so great that it
is concelvable that whereas the former 1s patently achleved mechanically by convergence, the
latter is beyond the means of wind-field changes known to us.

Some methods of assessing divergence will now be described. They all have their
advanteges, their limitatlions, and thelr particuler uses in this context.

The winds at 600 metres above the ground sppear to be the most applicable. This
means that horizontel winds are used to calculate divergence along a surface which 1s not
strictly horizontal, But the gradients involved are very small indeed in almost all cases
and the errors introduced are much smaller than those inherent in the calculations.

The first method described 1s glven by J.C., Bellamy [ 1.7 In its essentlais it had
first been published by Bennet in 1907 in an eppendix to a classical paper by Sir Napler Shaw
called ™Me 1ife history of surface alr currents",

It ylelds average divergence for an area fixed relative to the ground.

It 15 an obJective method in as far as it does not involve the drawlng of lsolines,
and 1t 1s simple.

The horizontal divergence within a triangular area from the corners of which wind
cbservations are available is the sum of the ratios between the components of the winds aleng
the corresponding triangular heights and these helghts.

ptv V, = L (2e0sb) )

Where u 1is wind speed, h length of triangular height, e angle between wind direction and
triangular height and consequently u cos @ 1s the component along the helght, positive or
negative depending on whether it is directed out of or into the triangle.

It 1is assumed that variation in wind direction and speed from corner to corner 1s on
the average linear, This type of assunption 1s common to meteorology.

The fineness of the divergence pilcture obtained depends on the size of the triangles.
The best possible pattern of observations would be one giving a network of equal small equi-
lateral triangles, though the smaller the triangle the more vulherable it is to random flue-
tuations of the wind.

Figure 4 shows a collection of triangles which were measured for an estimation of
divergence along the Inter-Tropical Convergence Zone {ITCZ) in Africa. Dally velues at
1200 GMT were worked out for the month of October 1954 and from those a monthly mean pattern
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was calculated shown here together with the mean surface position of the observable front
(Figure 5),

Here the speeds are in knots and the distances in nautical miles and the answer 1is
therefore in number of times per hour, one such unit being 3l5 x 10'3/sec. I have used in
the plotting 10~2 and 10'3/hour, which correspond to 2.8 ang“07o8 x 10-5/sec,

To gain time computation tables were prepared. There are four varlables in the
calculations and three caleulations per triangle for each estimate. Two of the variables,
the length of the trisngular height and its orientation, are fixed for each triangular apex.
Thus it is possible to construct tables where the last two remaining variables, the observed
wind speed and its direction, can be entered, there being a book of three tables per triangle
(Figure 6).

These calculations can be made by computer. Programming for doing this on an elec-
tronie Mercury computer showed that if the wind data had to be punched on a tape specially
for these divergence estimates then it was jJust as quick to enter them in tables. If, on
the other hand, the winds are punched on cards as a matter of routine then there is every-
thing to be said for using a computer.

Another method of measuring average divergence within an area uses quadrilsterals
bounded by a pair of streamlines and two boundaries across the flow (Figure .

The average divergence is given by b2 v:2 - bl Y1 )

A

where by and by are the length of the boundaries, vy and vp the mean wingd speed écmss them,
and A The ared of the quadrilateral which can be measured With a grid.

This method 1s rapid especlally 1f the streamlines are drawn as a matter of routine
but it does not easlly lend itself to adding up and averaging since the areas from different
charts do not coincide,

If lines of equal divergence are drawn on each chart then these contour lines can
be added graphically, the result belng average divergence or inflow relative to the ground
and not the stream.

A method of caleulating divergence relative to the ground which is more detailed
but also more subjective is a graphical estimation and averaging of formula (1),

This method 1s described by A.G. Forsdyke Z—_27 .

First the observed winds are split into their components and the northerly and
eesterly components are plotted on two separate charts,

Then isotachs are drawn on both charts. The veloclty gradients which we need are
the slopes between these sontour lines along the ¥ exis for the northerly components and the
X axis for the easterly components,

Thes_e gradients can be measured with a reciprocal scale or by drawing cross sec-
tions. The values at significant points and at grid points are noted, The addition of these

From these point values, however they are obtained, lines of equal divergence can
be drawn.
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In Figure 8, I have shown the results of convergent estimates obtained by this
method for an area in West Pakistan and north-west Indla during a period of 1l days at the
end of June 1961 whilst locust swarms were invading the area. The velocity gradients were
in knots per degree and the resulting unit is equal to .5 x 10'5/sec approximately, taking
into account the length of a degree of longlitude at the average latitude of 25° for the area.
Inflow for the whole period 1s represented, 1t being assumed that convergence at 1200 GMT
was representative of what took place during a 10-hour period of each day. The total inflow
1s shown together with the reported positions of swarms at the end of the period. Before
the 20th no swarms had been reported from anywhere in this area and it 1s thus seen that
swarms have moved towards areas of convergence and assembled there.

Let us now see how convergence can be related quantitatively to the grouping or
density of particles alrborne at a constant level. With an area fixed relative to the ground
and out of which alr 1s not flowlng, if we start with e uniform density /30 in particles per
unit area, a constant convergence ¢, acting during time t, will bring about an inflow ct, -
increase in density ﬁo x ot and thus a new density

PBg= 3 @+et) (5)

assuming that the partlcles continue to enter the area at density ﬁo (F':I.gurg 9).

The resultant density is an average for the area within which it is not uniform
since the time during which individual particles have been acted upon by convergence varies
between t for those originally in the area and o for those in the act of crossing the boun-
dary at the end of the interval. Thus the particles in the centre of the area will be most
tightly packed and those neer the rim least.

In the case of a surface moving with a stream of steady convergence ¢, and accord-
ingly decreasing in area, it can be shown that at the end of interval t the density will be

Ps = o€ (6)

Whereupon ' c |
reup d€’=ﬁocet=ﬂsc -

d

Whilst in the first case

d - C

In hoth cases the rate of increase iIn density is proportional both to the conver-
gence and the density, recalling the contimuity equation dar” = pdiv V', but in the first

dt
case 1t 1s the original density which is involved and in the second the density achieved at
any instant, the increase being exponential.

-5 Thus with an average convergence of 1 per day of 10 effective hours (about 3 units
of 10 “/sec), a density within the stream ﬁ of 10° times the original B can be achieved
in a week. At the end of the same pericd with the same convergence the average density
within a. fixed area /Sg would only be 8 times /30, but of course, locally, much higher
densities would be obtained, .
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Moreover, in the case of a fixed area, if the inflow is & net inflow compounded of
air entering and leaving the area or, in other words, if the air 1s flowing steadily through
& convergence pattern fixed relative to the ground, /5 g = f(t) becomes constant after a
certain intervel of time when t ceases to operate as an independent variable. This can

eross-flow lines where there is no confluence and convergence 1s uniform throughout, being
due solely to the steady slowing down of the stream (Figure 11), where 81, 82 are the stream-
lines, b1, bp the cross-flow lines and v, and Yo the entrance and exit velocities. s

There, after an interval of time equal to that needed for a particle to eross the
area, the average density inside it will settle down to a constant value, the particles then
leaving the area at the same rate ag they are entering 1t, the entrance and exit densities
being inversely Proportional to their respective speeds.

It can be shown (see footnote*) that in this case
h'f
/33 = /30(;' - 2 (9)

a

which 1s independent of X and where a 1s the retardation,

The exit density /Se, inversely proportional to the exit velocity, i1s also equal to
the density obtained by considering the contraetion of a small surface crossing the areas

Pe = IQVL:-Q = pect (10)

(Figure 12), so that convergence is uniform and entirely due to confluence, the veloceity being
uniform, Then Vo = Ve and in (2) g% = 0 and the convergence ¢ = % v 15 made constant

by assuming that -g—:— is constant,
There again the average density for the whole area will eventually settle down to a

constant value, the entrance and exit densities being then inversely proportional to the
length of the cross-flow lines.

P = Por )

Let T be the time taken for a particle to eross the area, travelling distance §
along a streamline.

From (2), since % = 0, the convergence

& _ Av _ _ ar s
ds 8 T VT-%a® T V,-3at

. The density /3¢ after time T, when all the particles originally there will have
cleared the area and none of the new ones come out, will equal particles entered. Assuning
unit width area

B Vo

- fo Xl . o
Ps = £ 5 = vw

v
‘ /58 =p°c;9~

end substituting for C
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In this cese the particles are approaching each other along the cross-flow lines
whilst they remain equidistant along the streamlines, assuming uniform initial distribution,
po, whereas in the first case the ilnverse was taking place.

Patterns can be vlsuallzed where the two types of divergence are acting concurrently,
not necessarily with the same sign. If the net result is convergence, the effect will be to
increase the densgity in particles in the air traversing the patterns rather than accumulating
them progressively in the areas concerned.

Such patterns are quite common in nature and may carry locusts over density thre-
sholds, some of which may be significant or irreversible, without their remaining in the area.

Conversely, convergence patterns may move through a fleld of uniform particle den-
sity and regroup themselves in certain characteristic ways without bringing about much
general advection.

We have alrecady seen that a stationary cyclonie vortex would tend to collect par-
ticles at its centre. BSuch a vortex moving at a speed of the same order of magnitude as
that of the cireulatlon would leave a trail of more densely grouped particles parallel to
the path of its centre on the side where the wind and the centre are moving together, the
density and the position of the trail varying with the ageostrophy of the winds, and the
relative speeds of the centre and the winds,

Since the fraction locust transport/air displacement decreases as the wind increases,
the effect of convergence on locust concentration must increase with increased ageostrophy
and consequently decreased latitude.

A certaln amount of convergence and corresponding ageostrophic displacement of air
wlll be more effective at lower latitudes than at higher latitudes where such ageostrophy
will correspond to a greater movement of alr along the iscbars and consequently higher wind
speeds which the locusts will be unable to follow.

Thus an assessment of the effect of the winds of a cyclone on the regrouping of
locusts demands careful consideration of these several features.

It seems that the most informative estimates of convergence for locust studies
would be given by a method ylelding cumulative results relative to the stream provided it
were possible to locate the resultant concentrations relative to the ground.

For this a double integration needs to be carried out :
First with respect to displacement along a given streamline pattern;

Secondly with respect to change with time in the pattern itself. Symbolically

jds at

A graphical solution of this double integration can be effected by moving imaginary
particles along air trajectories. Thelr regrouping will represent changes in density and
thelr displacement transport by advection, Useful analogles c¢an thus be provided with locust
movements and concentration.

Multiple air trajectories which represent the successive changes of the streamline
pattern are needed for this graphical solutlon.
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What we can prepare in the first place are sets of streamlines and some representa-
tion of attendant air speeds for the times at which upper-alr information 1s avallable,

the work involved, easy enough with fragments of simple patterns, becomes extremely laborious
vwhen dealing with the complex features of air movements over a large area,

If a sequence of streamline charts is used then the integration with respect to time
is replaced by a consideration successively of conditions representative of finite intervals,
Using trajectories, however, the double Integration would be satisfactory, since integration
with respect to distance is reasonably accurate by this graphical method.

When using succesaive streamline patterns inspection will show if there is logiesal
Sequence and some trajectorles may be drawn to smooth out sharp transitions.

between two charts or the locust flying time, whichever was shortest, and certain assumptions
can be introduced to take into account locust flying times and to represent the complex rela-
tlon between air speed and Swarm ground-speeds to increase the analogy between the moving dots
and the locusts (Figure 13),

This method was found useful in analysing the locust invasion of India and Pakistan
in June 1961. This investigation provided the published material used at the seminar during
the practical exercises (see page 37).
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Figure 1 - Convergence at a
point, cartesian co-ordinates,

Figure 2 - Convergence at a point,
natural co-~ordinates.

Figure 3 - Average convergence within a
‘triangular area with wind observations
at aplces.
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Figure 4 - Wind triangulation of area south of the Sahara,
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FORM | VORTICITY AND DIVERGENCE IN 10-Y PER HOUR
TRIANGLE No. 89 —> GA0 -» SEGOU -» NEMA HEIGHT ..390mi |
Components for Gaoo 61 226 61 272 6l 219 ANGLE  238%*
Vorticity | Divergence Knots Divergence Vorticity
+ + 1 2 3 4 [ L] L4 [ ® — -_—
345 ) 255 2:6 | 54 77 1103 ] 128|154 79 20-5 237 ors 185

340 | 350 250 | 260 (26 (84 [T? (i102)i2afiess 7.9 ) 204250| oro | oso 160 170
335 | 383 245 [ 265 |28 |51 |76 w0 126]|152]| 177! 202227 065 | 08s 155 175
330 | 380 240 (270 |25 (S50 | 74 99| 124|149 173 | 198|223 | 060 | 0%0 150 180
325 | 005 235 275 24 |48 |72 | 961201958 169|193 217 | 088 095 148 185
320 | 0io 230 {280 |23 (46|70 93] e i5e 16-3 | 18-6 |-20-9]| 050 100 140 190
315 018 225 | 285 22 |44 /67 [ 89 U1 [133]|i158] 178|200 oas 108 138 193
310 020 220 | 290 2) |42 (63 |4 108 ]12:8]147 168/ 189 o40 | 10 130 200
305 025 215 295 20 |39 |59 |79 | 98 |we |37 87 177 | 038 ns 125 208
300 | 030 [ 210 300 (18 [ 36 (54 |73 | 94 |109] 127 145|163 | 030 120 120 210

298 038 | 208 205 117 |34 81 |e8|0s |102|ue|ixe|i5s3] o2s 125 118 213
290 | 040 | 200 | 310 I'S |29 |44 (59 (74 8810318132 020 130 HO 220
285 Q48 | 198 E1E] I3 [26 |38 |8 64|77 [ 90[103[158 ] Ots 155 105 | 228
280 030 | 190 520 22 |33 43 |54 |65 78] 67 o8] o0 140 100 230

278 035 | 188 325 0% |18 |28 |35 ] 44/ 83| 5 T0[ 79 00s 145 095 | &35
270 060 | 80 350 |07 )13 2027 [ 33 |a0] as| 83 60| 360 150 090 | 240
285 065 175 335 04109 |13 118122 (2731|386 a0 355 158 085 | 248

260 aro [ 170 340 |02 (04 (/07 |09 {19 13 6 |18 |20 ] 350 160 08g | 250
| 255 075 | 165 345 Q 0 0 3435 188 OTS | 288

Figure 6 - The stations at the corners of the triangle are given clockwise
beginning with the one to which the table applies. There are three such tables
per triangle, The angle is the azimth of the triangular height. The speed 1s
entered under knots and the direction first allocated to the half cirele which
determines the sign is then entered under divergence. The table was also used
to obtain vorticity.

S

Figure 7 - Average divergence within an area A,
bounded by streamlines Sl’ 32 and crossflow llines

bl‘ bs.
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Figure 8 - Total inflow during assumed flying times in 11 days and assoclated distributiocn
of swarms which have entered the area during the period. Black dots repreaent swarms observed

during the last two days,

Figure 9 - Average particle
density within an area fixed
relative to the ground.
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Figure 10 - Average particle density,
within a surface moving with the stream.
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Figure 11 - Convergence between parallel
streamlines due to a slowing down of the
stream.

<« VY,

<—Vo/30

/J g * constant

Figure 12 - Convergence in g stream of
uniform velocity between conv
streamlines.
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Figure 13 - Suggested schedule for the moving of locust analogue particles.
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PRACTICAL EXERCISES IN ASSESSMENTS OF DIVERGENCE

Exercise 1
Computation of convergence relative to the ground according to relation

v
Div VL = %ﬁ + 5;

Participants were supplied with chart 1, Mercator projlection, scale 6 million, of
north-west India and West Pakistan on which the northerly components, v, of wind observa-
tions at 1200 GMT on 20 June 1961 had been plotted (values framed). A grid of a mesh of
one degree was outlined on the same chart. Reciprocal scales graduated in knots per degree
and based on dimensions at 25°N were also supplied. The steps of the estimation went as
follows @

1 - Draw contour lines of Vv five knots spart.

2 - Using the scale, estimate g—t, by measuring along the meridians, that is from
north to south, the gradients being inversely proportional to the distances; the scale to
be used rather like a geostrophic scale except that i1t has to be kept strictly parallel to
the sides of the sheet. Estimated values in knots per degree in the viginity of the grid
points are. written down with due regard to sign as shown on Chart 1.

3 - Estimate % in a similar way on another chart measuring from west to east.

4 - Add the two values at respective grid polnts with due regard.' to signs, thus
obtaining point values of é_y_ + ?L , from which contour lines of divergence may be drawn
as on Chart 2. x ¥

If thought necessary, values for one of the gredients may be obtalned at special
points other than on the grid but it then becomes necessary to obtain a corresponding esti-
mate on the other sheet.

At 25°N one knot per degree 1s %ﬁ]—'g—o% or .05 x 107 5/sec

Exercise 2
Estimation of displacement and concentration of locust analogues.

Participants were supplied with Chart 3, same scale and date as Charts 1 and 2, on
which 10-hour wind displacement vectors have been plotted based on the 1200 GMT observations.
Steps were ¢

1 - Draw streamlines based on these winds as shown on Chart 3, where circles are:
used for inflowing eyelonic vortices and triangles for outflowing antlicyclonic vortices.

2 - Draw 10-hour horizonﬁa.l trajectories for particles originally at grid positions

deriving the path from the streamlines and the distance from the displacement vect.ors,
Chart 4.
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PARTICLE TRAJECTORIES IN LOW LATITUDES

by
A.H. Gordon

After meny years of neglect the methods of particle dynamics, which are based on
the integration of the primitive equations of motion rather than on the vorticity equation,
are again assuming importance. The ploneer work of Grimes [ 17, Crossley [ g7 , Forsdyke [-11_7,
Gordon and Shaw [ §7 in this fleld serves as a useful starting point for a further develop- ./
ment of such techniques. In particular, the objections of many workers that such methods are
unrealistlc and therefore of 1ittle practical value have been refuted by the results of the
transosonde constant level balloon trajectories, Such trajectories have shown specific evi-
dence of inertial oscillations and other features of the actual wind flow which are masked
by the conventional contour or streamline analysis techniques, :

With regard to the subject of the seminar, the most reliable method for analysing and
predicting the movement of locust swarms 15 to construct trajectories of the ailr streams in
which they are embedded. It 1is logical to assume that the insects will be carried along with
the air parcels themselves rather than along the contours which presuppose geostrophic or
gradient flow, or streamlines which presuppose a steady state in time, Only traJectories give
position as a function of time for unsteady motion, The simplest trajectory formula is glven
for a parcel projected horizontally from the origin of a Cartesian system of co-ordinates
along the y axis with initial velocity Vos in the absence of any pressure gradient, frictional
or other external forces, and assuming a constant Coriolils parameter.

The solution of the second order differential equation gives
v
[+]
X = T (1-cos ft)

(1)
v
o
Y -E\"'—' sin ft

The above equation defines the eircle of inertia of radius R, where R = \(—12:?.
f is the Coriolls parameter,

Now suppose we put the Coriolis parameter, f = 21 sin # = gﬁ where a 18 the radius
of the earth, a

Then the differential equations can be resolved into the form

w2y 2

a2 2

where u, v are the component velocltles along the x and ¥ axew and the subscript o refers to
the initial conditions. A strictly mathematical solution of the trajectory cannot be obtalned
from Equation (2). A solution can, however, be obtalned by numerical integration.

+ u

Qo o]

(2)
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We can first calculate the westerly velocity for different wvalues of y, say in steps
of 2%of latitude, It is then relatively simple to calculate the northward velocities from
the second relation of (2), Trajectories can then be plotted from the calculated positions
of the parcels at the 2° degree latitude steps,

ay

v
Thus = "

and Ax-% Oy

AI#EE
¥

_ vhere Ax 1= measured in degrees of longitude, which are assumed to be equal to
degrees of latitude near the equator.

2 {ug, + ug,)
xtl - xto + _____ﬁL____l_ (3)

vto + th

TrajJectories have been plotted in Figures 1-3. Flgure 1 shows & family of trajec-
torles of parcels proJjected northwards from the equator with different velocitles ranging
from 5 to 30 metres per second. Figure 2 showa a family of trajectories followed by parcels
projected northwards from different latitudes wih a fixed initilal veloclty of 10 metres per
gecond.,

The solution of the equations for parcels projected in any direction can be cobtailned
by the inclusion of the initial velocity conditiona.

The speclal case where v, = 0 and the parcel is projected with an initial velocity
due east or west 1s of particular interest. If the parcel is projected due west u_ 1s nega-
tive while if 1t 1s projected due east u, is positive. A femily of tralectories of particles
projected due east and west from different latitudes with an initlal veloeclty of 10 metres
per secord 1s shown in Flgure 3.

All of these trajJectories are a form of constant absclute vortlelty tralectory. They
are, of course, different from the usual constant absolute vortiecity trajectories which have
been computed for inltially balanced geostrophic flow.

We may now turn to the case where a uniformly horizontal and linear pressure gre-
dient exists. If the Corioclis parameter is aesumed constant,the trajectories are ecycloid
family curves glven by the expression

G 1
X = F(t-;sinft)+uot+x°
(#)
- & {1 - cos ft) + vot +
¥ £2 () ¥o

where G 1s the pressure gradient acceleration. In isobaric co-ordinates G = -g %};— where

%;E 1is the slope of the isobaric surface in the meridional direction.
¥

If the pressure gradient is radially divergent, that 1s, 1f the lsobars are concen-
tric circles around an anticyclone, equally spaced apart, the resulting trajectories emenating
from the origin are cardlold type curves., The equations in polar co-ordinates are
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4 't
T = ;E-(l-cos?—)

O a T-ft (5)
1 Op

where G--'e— E

If the parcel starts from some distance r, from the centre of the anticyclone the
equations become

. 2
Ou E-Ez- (ri-ra) + 1‘;-05 6o

2 » ' (6)
.0'.2.2(}(1'-.1'0).. 5(1‘3 +r4) _,_g.‘.’.

where the dot notation represents a first order derivative with reapect to time,

Equation (6) cannot be readily integrated except by mumerioal methods, However, the
angular and radial velocities may be computed and trajectories plotted through points at
specified intervals of r by means of the relaticn

AG:% Ar

Let us now consider the case of Equation (4) in which we allow the Corielis PAI'G=
meler to vary according to the malatlon sin # - ; .

Wa sist solve theo equatlons
a - -%_.i_l.l - O
{7)

. 2 Sl u
v +-—-a--—— =

Integration yields

1 2
u o= =P iR ey

3

2 4 ¥, '
v2=--‘1-2-(g;-roeya+3°—)+ﬂ(r-ro)+voa (8)

a

The component velocities of the trajectory motion can thus be calculated and the
trajectories found by application of Equation (3). :

Flgure 4 illustrates the family of trajectories for the case where parcels start
from rest from different latitudes travelling through a pressure gradient acceleration of
10-3 metres per sec<.
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It is interesting to note that the trajectories converge aé they move northwards,

The evaluation of these equations needs an electronioc computer for any routine cal-
culations. Such facilities are even more necessary to meet the case when the pressure gra-
dient is not meridional, In the latter case the integration of the primitive equations of
motion requires advanced mathematical techniques. '
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AFRICAN SYNOPTIC METEOROLOGY

by
D.H. Johnson

1, INTRODUCTION

One of the purpcoses of this seminar is to encourage co-operation between locust
control and meteoroclogical services in making studies of the effects of weather systems on
swarm movement and on swarm formation and dispersal., Case history studies would be of great
value, and not only for anti-locust operations or for locust meteorology. Weather systems
of the desert locust area as a whole are poorly documented and there are some parts for which
the synoptic meteorology i1s virtually unknown.

In the three lectures summarized here our knowledge of systems which affect eastern,
central, western and northern Africa 1s reviewed. Some of these are already known to be
important for locust migration, but the relevance of others has ¥et to be established,

2, THE INTER-TROPICAL. FRONT (ITF)

One of the most significant features on surface synoptic charts for Africa, north
of the equator, 1s the boundary between the hot, dry easterly or north-easterly flow on the
southern side of the North African subtropical anticyclones and the cooler, molst equatorial
alr to the south. The boundary is known in most of the countries through which 1t passes
as the inter-tropical fromt (ITF). A typlcal July sltuation is shown in Figures 1 and 2.

The ITF is a region of relatively low pressure but not al} Ssharan lows are located at the
ITF itself. On most days, the ITF can be defined readily, except near the coast, by the
difference in surface dew point between the two air masses, Above the surface, north-easterly
or easterly alr overrides the molst south-westerly current which lies in a wedge pointing
northwards, Near the boundary the southern air may be modifled considerably by convective
mixing with the drier air aloft. The ITF itself is usually a region of falr or fine weather,
and the ralny zone in which convective storms are normal begins three or four hundred kilo-
metres to the south, In areas of organized convection, the easterlies become saturated as
well as the westerlies, It is a reasonable inference that the ralny zone is assoclated with
convergence in depth, through the lower troposphere, but to maintain the well-marked surface
dew-point discontinuity desplte the vigorous convectlon due to solar heating, there must also
be perslistent, though shallow, convergence in the lowest layers at the surface poesition of
the ITF,

Flgures 3 (a) and 3 (b) (Clackson [f:£7 ) 11lustrate the range of the seasonal and
day-to-day migrations of the surface boundary of the dry northern air over West Africa, Dif-
ferences from year to year are appreciable : compare, for example, the southern limits reached
by the boundary 1in the early months of each Year. It is notable that the ITF, as we have
described it, does not follow the sun into the southern hemlsphere, French meteorclogists
working in equatorial Africa have recognized two inter-troplcal fronts, "Le front intertroplcal
(FIT) nord" and "Le front intertropical (FIT) sud". A scheme suggested by Tschirhart ZTEg?
(Figure 4) shows the positions of the ITF in the extreme seasons. During the northern summer,

when 1t is most marked, "Le FIT sud" divides the southern boundary of the humid westerlies
from the drier easterlies of the Kalahari Desert region, but 1t is generally a less well-
defined system than "Le FIT nord".
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The mean sea-level pressure patterns for Jamuary, April, July and October, com-
puted by Welckmann ZT?27, are glven in Flgure 5, The patterns must be interpreted very
carefully, since there are serlous obJjectlons to the reduction to mean sea-level of high-
level observatlons; for example, it 1z doubtful whether much weight can be given to the
analysis drawn over the Ethioplan Highlands which rise above 3,000 metres over & wide area.
Nevertheless Figures 4 and 5 illustrate certain features which are borne out by dally synop-
tlc surface and 850 mb analyses. For example, the surface trough of low pressure over
northern Africa moves southward between July and Jamuary with the ITF, but it too does not
cross the equator. A trough of low pressure exists south of the equator in assoclatlon
with "Le FIT sud" in July : 1t intensifies and moves south with the development of the
Angola - Kalahari low during July - January, but according to Tschirhart£_2§7 "Ie FIT sud"
becomes progressively more feeble during this period and he does not include it in his
scheme of fronts for the southern summer. The structure of the Angola - Madagascar trough,
which is an extension of thé oceanie inter-tropieal convergence zone, as can be seen from
Flgure 5, 1s entirely different from the structure of the North African ITF, The ITF 1s
marked by a clear-cut alr-mass boundary and the trough with which it is assoclated 1s dis-
placed equatorwards with height, normally (though not quite invarlably) reaching the
equator by 700 mb, so that the low-level westerlles are overlain by easterlles from T0OO mb
upwards. On the other hand, the air at low levels in the vieinity of the Angola - Madagas-
car trough is generally humid, there being no sharp alr-mass boundary, although there may
be an asymptote of convergence, and the trough frequently extends vertically upwards from
its surface position to TOO or 500 mb. Rain falls along the length of the southern troughy
unlike the ITF it is not a region of mainly falr or fine weather.

The author of Figure 5 has marked the Inter-Troplcal Convergence Zone (ITCZ) along
various trough-lines., This use of the term 1s much too general for day-to-day synoptlc
work, where we must recognlze the very significant dlfferences between the structures of
the ITF and the scuthern hemisphere summer trough. Tschirhart 152%57 has suggested that
the term [TCZ be used only for the primarily oceanic reglon where the trade winds of the
two hemispheres meet. In the WMO "Provislonal gulde to synoptic meteorological practices"
the name "inter-tropical discontinuity" is recommended for a discontinuity separating very
hot and dry continental air from the cooler moist air from equatorial regions. This term
has not replaced ITF in everyday use in Afrlica, so far.

The July chart in Flgure 5 i1llustrates other problems. What happens over Arabia,
where any confluence there 1is takes place between north-westerly flow from northern Arabia
and the molst south-westerlies which reach the southern coasts? The nature of the conver-
gence zZone here, 1f there 1s convergence, must be different from that of the North African
ITF and the southern hemlsphere summer trough (or ITCZ). Note also that over the Congo the
equatorial belt, which has a high rainfall, 1s occupled by relatively high surface pressure
throughout the year.

Very 1little has been written about the perturbations of the ITF. According to
Clackson 4.3 , day-to-day changes in its location may be due either to a bodily north-socuth
movement or to an east-west movement of a disturbance along it. An example of bedily move-
ment 1s given in Section 4 below. Nevidre zf?{i? has reported a diurnal movement of the ITF,
which evidently tends to shift southwards during the morning and northwards in the after-
noon, *

. DISTURBANCES IN THE ZONE TO THE SOUTH OF THE ITF

The best-known of the disturbances which contribute to the weather of the rainy
zone to the south of the ITF are the disturbance lines (ligges de grains). They have fea-
tures In common with squall lines encountered in several parts of the troplcs., The West
African variety consists of a line of thunderstorms orientated roughly north-south moving
westwards agalnst the low-level molst south-westerlies. A short way ahead of the line
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weather is usually normal for the time of day and season but as it approaches the wind falls
to a calm and soon afterwards the squall itself, due to ocutflow from the Cumulonimbi, comes
from a direction between north-east and south-east. Near the coast, gusts in the squall are
of order 30-4%0 kt, but they reach up to 60 kt in the north, where with a dry surface they
sometimes raise a curtain of dust similar to that encountered in the Haboobs of the Sudan.

A few minutes after the squall, thunderstorms with very heavy rain begin and the cloud base
lowers. At this stage 1t 1s often reported as Stratus or Nimbostratus of base about 120 m.
Cloud tops are usually above 6 ¥m and sometimes reach 15 km, The period of heavy rain lasts
for about an hour before the cloud base rises and rain decreases. Slight rain may continue
to fall from medlum cloud for several hours, durlng which the wind direction remalns easterly
before the wind and weather return to normal. In the latitudes of the West African coast,
the most vigorous squalls occur in May - June and September - Qctober, beilng rare in July
and August. Purther north, for example in the Lake Chad area, peak frequency 1s reached in
July.

Flgure 6 shows part of the synoptic chart for 1200 GMT on 19 May 1959 when a dis-
turbance line was crossing Nigeria. Typlcally, it was assoclated with high pressure; there
may be a Jump of several millibars in the barograph trace at the passage of the squall, At
present, forecasting the passage of line squalls relies primarily upon recognizing their
development at an early stage, from the observations, and then tracking them with the help
of deterioration and improvement reports. They seem nearly always to move at a speed of
about 25 kt, which is greater than that of the easterlies in the lower and middle treposphere.
Thelr average length is 300-500 km, but the intensitles of the thunderstorms vary both with
time and with distance along the line. Disturbance lines have been discussed by Hamilton and
Archbold /10/, Dhonneur / %/, Eldridge / 5/ and Tschirhart 27/,

A larger-scale gystem than the disturbance line has recently been shown to occur
falrly commonly over West Africa by Gllchrist and Mathews Zﬁé?: It consists at 850 mb of
a westward moving low (Flgure 7) with a well-defined cyclonic eirculation., It is not easy
to trace in the surface pressure pattern exeept 1n intense cases. The closed 850 mb elrcu-
lations are overlain at higher levels by an open wave pattern in both contours and stream-
lines, the amplitude of the wave decreasing with height until at 300 mb it is difficult to
detect. This structure requires a weak cold pool in the lowest 1,000-2,000 m to be surmounted
by a warm core aloft. Erickson 15257 has described the development into a hurricane of one
such low as 1t moved ocut over the Atlantic. According to Gilehrist and Mathews 17357 the lows
are accompanled by a high lewel of thunderstorm activity and they are often, but not always,
preceded by a squall line as indlicated by the dash-dot line in Figure 7. With the passage
of the 850 mb lows, the moist south-westerly current over southern parts of West Africa
deepens, and the deepening of the westerlies, as discussed by Gllechrist, is generslly accom—
panied by outbreaks of the so-called "monsoon rain". The morning monsocon. rain 1s notable
for lts steadiness and non-convective character; 1t falls from widespread layered cloud
usually reported as Nimbostratus or Altocumilus/Altostratus, The weather shown in Figure 2
is typlcal, During the day the layered clouds break up and thunderstorms builld, especlally
inland, The area affected during the morning of 28 July 1960 1s cross-hatched in Figure 7.

A correlatlon between the zonal component of the tropospheric wind and rainfall has been
reported for several parts of the tropilcs, as dlscussed by Flohn [17 and others,

In the scheme illustrated in Figure 4, Tschirhart [ 287 has marked a feature which
he terms "Le front équatorial africain (FEA)". It 1s indicated as dividing molst westerlles
{Atlantic air) from moist easterllies, It has also been called the boundary of the monscon
(Jeandidier and Rainteau /11/)and it could no doubt be identified with a line sometimes
drawn by East African analysts to mark the "boundary of Conge air", 1In each of these terms
there 1s the impllication of the existence of an alr-mass boundary. Jeandidier and Ralnteau
state that thundery systems often develop near this boundary, but occasionally they ocecur
within the westerly flow as a result of a surge in the monsoon (strengthening of the wester-
lies). PFigure 8 (Johnson 45357) shows the evolution of an eastward-moving thundery disturbance
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which crossed the Conge region during 21-23 March 1960, Comparing especially the three

1200 GMT charts, it can be seen that during 21-22 March an isallobaric low, as indicated by
the dotted 24-hour 1sallobars drawn at intervals of 1 mb/2l4 hour, developed to the east of
the trough which lay over the eastern Congo at the beginning of the sequence, At the same
time an Ineciplent Isallobaric high appeared to the rear of the trough, the whole system being
mobile, At 1200 GMT on 22 March the fsallobaric low was a region of failr weather and high
temperatures but to the rear of the trough thunderstorms had developed, assoclated low noon
temperatures belng typlcal of a wldespread outbreak, From 22 to 23 March the system conti-
mied to move eastwards, the lsallobaric low declining and the isallobaric high growing along
with the assoclated ridge, The thundery outbreak spread eastwards quickly, the storms leav-
ing in thelr wake overcast skies of layered cloud from which slight rain fell (illustrated
best at 0600 GMT on 23 March). It seems reasonable to suppose that developments of this
kind are responsible for the eastward-moving Congo rainfall patterns first described by
Bultot / 1/,

Between 1200 GMT on 22 March and 1200 GMT on 23 March thunderstorms spread east-
wards at a rate of 10-15 m/sec., It 1s significant that westerly winds of that speed were
not reported at any of the standard upper levels; in fact winds aloft in the vieinity of
the disturbance were easterly except iIn a band south of the equator at 850 mb. The evidence
shows that the thunderstorms were not simply carried along in an eastward-moving monaocon
alr-mass, but rather that some form of perturbation propagated through the air itself, The
involvement in the thundery system on 23 March of air which during 22 March was travelling
westwards in the region of fair weather was probably important for the maintenance of the
vigour of the disturbance, since conditional Instability in such air 1s normally high, where-
as the aftermath of an intense thundery outbreak is a more stable, saturated troposphere
with lapse-rates near moist adiabatic and skles of dull, layered aspect, screening insola-
tion. The mechanism by which such systems are propagated awalts investigation but it may
be that once a relatively small thundery ocutbreak has heen triggered, it spreads of 1ts own
volition in favourable c¢lrcumstances at a speed related to the intensity of the cold outflow
from peripheral storms or to the surface pressure gradients created by the build-up of a
low-level ccld dome in the thundery area. The same suggestion might be made, of course, in
respect of the cold-low line-squall system shown in Figure 7.

As often happens, it is not easy to locate precisely the boundary of the surface
westerlies on each of the charts of Figure 8. Jeandidier and Rainteau remark that this is
best done by reference to winds at a few hundred metres above the surface. However, north
of the equator 1t probably coincides with the trough lines at 1200 GMT on 22 and 23 March.
Examination of synoptic situations of the kind just described suggests that the front equa-
torial afrlicaln, even when it is well-defined, is better regarded as a dynamical feature
similar to a stream-line asymptote, which may be translated relative to the air, than a front
in the normal alr-mass sense,

L, DISTURBANCES OF THE ZONE TO THE NORTH OF THE ITF

The evlidence so far avallable suggests that movements of locusts northwards away
from the nelghbourhood of the ITF, which take place especially in October, eastward movements
of locusts across North Africa during the northern winter and the northward movements of
locusts from Ethlopia and Somalia,which take place in May, are all brought about by disturb-
ances which develop and travel eastward or north-eastwards with troughs in the upper-sub-
tropleal westerlies.

Figure 9 shows a development reported by Mathews Zfégf. It 1s essentially middle-
latitude 1n character, although it cccurred in a reglon which is beyond the southern edge
of the temperature-latitude analysts' normal working chart, A surface depression developed
on the forward slde of a well-marked upper trough and ran north-eastwerds, A substantial
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antleyelone built up to the rear of the trough as it moved from the west. The dotted curves
in Figure 9 are isallobars drawn at intervals of 2 mb/24 hours. These events took place,

of course, over a region where the air-flow at low levels is normally controlled by the sub-
tropical high-pressure cells. During 24-26 December the ITF shifted several hundred kilo-
metres northwards of lts average seasonal position, towards the developing Saharan low and
unseasonable thunderstorms broke out over northern Nigeria and over the Sahara as the upper-
cold trough approached. On.Z27 December, the surge of pressure to the north drove the ITF
southwards again until during 28-29 December it moved clear of the West African coast. Accord-
ing to Mathews the Increase of thundery activity over Nigeria with the passage of troughs in
upper westerlles to the north 1s a fairly frequent occurrence in the winter months, The Decem-
ber 1960 case must be a falrly extreme one since we have already seen that in some winters

the ITF does not cross the Nigerian coast at all.

The passage of baroclinic waves across northern Africa is most likely during those
winter perlods when the temperate-latitude westerlies are blocked over Eurcpe. In many cases
the assoclated surface lows track eastwards over, or a little to the south of, the Mediter-
ranean and the surface belt of subtroplcal high pressure mey be weakened but not broken down,
At 500 mb too, 1t 1s perhaps more typical for the troughs not to penetrate south of the 20°N
parallel, so that high pressure 1s maintained in latitudes 10°N to 20°N. These higher lati-
tude progressions facilitate the eastward movement of locusts along and inland from the North
African coast. Incldentally, they are alsc still impertant for West African weather; the
tendency for pressure to bulld to the rear of the troughs (as in Figure 9) and for the pres-
sure gradient to strengthen to the north of the ITF frequently results in the onset of Har-
mattan haze over northern Nigerla and adjacent territories (Gilchrist /r§§7). Burns ZT§7 has
shown that the surface pressure gradlent across the southern Sahara, or more directly—%he
speed of the surface wind, 1s critlecal for the ralsing of Harmattan dust,

During 21-24 March 1960 a low-latitude upper trough moved over the Sahara from
the Atlantic and activated a Saharan heat low., The normal structure of the ITF broke down,
the dry surface north-easterlies beilng replaced for two or three days by molster westerlies
from the Atlantic. Alr which originated in the lower troposphere to the south of the ITF
flowed northwards over the Sahara. Developments of this type are probably of great signifi.
cance for swarm movements. It has been deseribed in detall elsewhere (Johnson 17157 ).
During the same perloed a notable development of the same kind took place over Arabis ashead
of a downstream trough. Rainey‘éféﬁ? has analysed the movement of locusts northwards from
eastern Ethiopla in mid-March 1962, He concludes that the movement began during a brief
spell of warm southerlies, Interrupting cooler northerlies, associated with the passage to
the north of disturbances of the type described above for 21-23 March 1960, Figures 10 and
11 show the relevant 700 mb situation and locust reports.

5. WEATHER OVER EAST AFRICA : WIND AND PRESSURE FIELDS

East Africa is the only region in which locusts are known frequently to cross the
equator, This fact alone suggests that the synoptlc meteorology and climstology of the area
are different from those of the other tropical regions with which we have been concerned so
far. Before analysing the wind and weather systems of eastern Africa, however, it 1s neces-
sary to discuss the relations between alr-flows and pressure fields near the equator.

Although the practical difficulties in mapping the upper-pressure flelds in low
latitudes has led In past decades to a concentratlion on methods of analysing the flow using
wind observations alone, most troplecal meteorologists have acknowledged the theoretical
desirability of making upper contour analyses and the need for knowledge of the interactions
between the flow and pressure flelds at levels above the surface friction layer, Even though
the geostrophic approximation has less general validlty near the equator and the wind-fileld
cannot be inferred from the pressure pattern by the methods in use in higher latitudes, we
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sti1ll must recognize that the development of weather, and changes in the wind-field, depend
upon interactions between the wind and pressure fields in the tropies no less than they do
in higher latitudes.

Following the improvements in the Africen radlosonde network at about the time
of the International Geophyslcal Year (IGY) daily contour analyses were attempted in East
Africa for a reglon which includes all Africa and part of Europe. Streamlines were added
as necessary in low latitudes. Dally experience of the upper-alr analyses led to the
recognition of a number of typical synoptic states or models. The 700 mb level was found
to be particularly suitable for studying low-latitude contour wind relations over equatorial
Africe because it 1s the lowest standard level which is free from small-scale, orographic-
ally tled distortions of the flow; 1t 1s reached by many of the pilot-balloons; and the
rendom and systematic errors in the radiosonde observations are not generally so large as
to mask the broad-scale contour patterns when well-organized flows prevail.

Cne of the commonest and most important models 1s the equatorial duct, illustrated
in Figure 12A. In this case there are large subtropical anticyclones in each hemisphere
with the lowest pressure in any given longitude at the equator itself, In such situations
the broad-scale flow approximately parallels the contour lines, There 1is a reglon of con-
fluence in the east and diffluence in the west but the flow 1s nearly zonal in central long-
1tudes, The meridional pressure or contour gradlent decreases towards the equator. The
V-shaped appearance of the contour lines which cross the equator 1s a natural geometric
consequence of the relatively small zonal component of contour gradient along the equator
and there is no implication that the trough in the meridional-pressure profile 1s sharp.
Johnson and Mdrth ZEB, 12?’have poilnted out that for zonal flow to approximately parallel
the contours in a steady state, the pressure and Coriolis forces must be of the same order
of magnitude down to very low latitudes, and it is suggested that in the case of the duct,
the geostrophic approximation provides a useful gulde to the pressure gradlents 1in the
free atmosphere to within at least three or four degreeés of the equator. Tschirhart ZT2§7
has made much the same deductlon and observation from studles made independently in coun-
tries of former French Equatorial Africa : Filgure 13 is a diagram taken from his paper. Thils
does not apply, of course, in the layer affected by mechanical surface friction where, near
the equator, the winds blow sharply across the isobars. Figure 14 shows the bowl-shaped
meridional pressure profiles proposed for the duct model; the pressure gradlents vanlish at
the equator. Palmer et al. Zré4 have drawn attention to some six-day mean surface pressure
profiles across the central Pacific trades which are similar to those given in Figure 14,
and have demonstrated from a study of radar and rediosonde data in the central Pacifilc
during June 1956 that for monthly mean flow at least, the pressure and Corlolis forces are
of the same order down to 4°N.,

Filgure 12B shows a second case in which flow can parallel the contour lines, Over
Africa, at high levels it is not so common as the duct but it is belleved to occur occasion-
ally at high levels when deep troughs in the westerlies of the two hemlspheres penetrate
similtanecusly and in the same longitude, to the equatorial zone. There is evidence that it
is a common state at TOO mb over the Indian Ccean in July-August. The meridional pressure
profile for this case would take the form of a broad ridge, flat at the equator.

The third possibility for low-latitude quasi-geostrophic flow arises if the merl-
dional pressure profile has an inflexion at the equator, where the pressure gradlent vanlshes
and the flow is zonal. This model, called "step", is illustrated in Figure 12C., It very
rarely occurs at low levels over Africa, although, as will be seen, situationa in which there
is a subtropical high cell in one hemisphere and a low-latitude low at the same longitude
in the other hemlsphere are commonplace,

What is commonly cbserved when there is a high to the north of the equator and
a low to the south 1s shown in Figures 12D to 12F. The model given in Filgure 12D is the
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simple cross-equatorial drift. The flow in this case 1z far from geostrophic near the
equator; 1t leaves the nerthern hemisphere as a north-easterly current and r'ecurves south
of the equator into a westerly, Johnson and Mdrth /i§7 have suggested that in the simple
drift there 1s a marked meridional pressure gradient at the equator which is absent 1in the
quasl-geostrophic cases. They have shown that, for a linear variation of pressure with lati-
tude, zonally orientated isobars, and initial zonal flow, for a given pressure gradient
there 1s a eritical latitude equatorwards of which any small geostrophic departure is suffi-
clent to cause aip particles to stream across the equator. From Figure 12D it will be seen
that the flow crossing the equator from the north forms a confluence with the flow from

the south., In the east of the pattern the two currents meet as far south as 10°S to 15°g
and the northern flow has an east component at 5°8. Flgure 12E shows another type of dpift
in which the confluent westerlies are located nearsr to the equator and the recurving flow
from the north acquires g West component before 1t reaches 5°8, It will be shown later

that it 1s important to distinguish between the two variations when considering equatorial
weather., The latter case appears to arise when the southern flow is strong and especlally
when there is a component of pressure gradient at the equator directed from west to east,

In Figure 12E the low pressure south of the equator takes the form of a closed low with a
zonal trough extending westwards; Figure 12F shows how a similar situation arises when there
is a meridional trough to the south,

There is a stage intermediate between the duct and the drift when the trough,
which lies along the equator In the case of the duct, 18 displaced polewards, but not suffi-
clently far for drift flow to occur. This stage is 1llustrated in Figure 12G:; this state
might be desceribed as a "displaced duct" although between the equator and the trough is a
region of highly ageostrophic flow., If the poleward displacement of the trough were conti-
nued, the shear line type of flow 1llustrated in Figure 128 might be expected to oceur,
There are some cases vwhich can be analysed in this Way over limited regions but usually the
zonal trough 1s broken up into cells which allow meridiocnal components of flow, as shown
in Flgures 12D to 12F.

Very commonly, the various kinds of duct and drift oeccur in adJoining longitudes,
and it 1s most instructive to see how the models then fit together, Figure 12I shows a
common form of duet exit with a meridional trough to the south-west, The north-easterly
flow, which occupies the centre of the figure, 1is flowing parallel to the contour of the
high in the east, but 1t consists of ageostrophic flow of the drift type 1n the west, Mgure
12J 1llustrates a synoptic situation which has drift flow in the east, and a kind of well.
displaced duect entrance in the west : in this case, as in the previous examples, 1t is not
diffieult to see where the asymptotes would be drawn in a contimious streamline analysis
of the wind-field,

In the example of Flgure 121, a bridge lies to the east of a duct entrance, but
the duct entrance differs from that shown in Figure 12A in having a relatively large zonal
component of pressure gradient at the equator. In the cage illustrated in Figure 12A, 1t is
the Coriolis force which deflects the flow into an easterly current as it moves into the
duct entrance, although there may be some lateral exchange of momentum between the currents
of the two hemlspheres at the equator itself, In the Flgure 121, example, however, due to
the zonal component of pressure gradient, the air tends to approach the equator, to the
east of the high bressure, at an obtuse angle and the pressure force gains an ascendancy,
deflecting the meridional current eastwards into the entrance of the bridge. The problem
of how much zonal gradient can be imposed at the duct entrance before the typlcal flow breaks
down, and westerlies appear, 1s solved by the atmosphere each year st 700 mb over East Africa
and the Indian Ocean : during early April, when ducts are a common feature, they take the
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Figures 15 to 20 show how the models which have bheen discussed arise in the course
of the evolution of the upper flow and pressure fields of the troplcs and subtropics. In
Day 1 (Figure 15), the subtropical antieyclones are well-developed, forming a duct over eastern
Africa. The northern anticyclonic belt 1s broken by a confluent trough with tilted axis and
alr-streams across the equator to the socuth of Lake Chad, By Day 2 the northern trough has
relaxed and contour height has risen in the northerm antiecyclonic belt, removing the break
in the zonal flow along the eguator, The trough over South Africa on Day 1 has moved east
and tllted by Day 2 and a sympathetic weakness has developed to the north. On Day 3 an exten-
sive anticyclone is well-established in latitude 10°N, but south of the equator contour
height has fallen in the col between the two high cells so that a low has formed over central
Africa and the eastern cell of high pressure has degenerated; there is a drift over eastern
Africa, A ridge has built eastwards across South Africa in the rear of the moblle trough.
North of the equator on Day 4, the old trough in the westerlies which had been relaxing has
redeveloped, perhaps sympathetically with the trough-ridge pair in the west, South of the
equator the drift has consolldated and the low pressure is now zZonally orientated. The high
pressure over South Africa on Day 3 continues to extend eastwards on Day 4, the subtroplecal
high-pressure belt having been effectively dlsplaced southwards by events during the period
Day 1 to Day 4. On Day 5 there 1s continued mobility in the subtropilcal wave-train., South
of the equator the zonal trough has split into two but the cross-equatorial flow contirmues.
By Day 6 a significant development has taken place south of the equator, the splitting of the
zonal trough on Day 5 belng a precursor to the growth of a small high cell which interrupted
the drift and set up confluent easterlies over Lake Victoria. Meanwhille the progressive separa-
tion of the high celle in latitude 35°8 has allowed a fresh link to be formed between the
_southern westerlies and the low off Madagascar. PFlgures 15 to 20 are based upon actual situa-
tions, but they were drawn to 1llustrate as many features as pessible 1n a limited number of
diagrams. The pace of development is quick, but not unrealistically so {see for example,
Johnson.éfié?). The sequence shows how contour analysis potentially can provide a bagis for
a synoptic method of forecasting changes in the low-latitude wind-flelds analogous to those
in use in middle latitudes, Followlng the initlal analysis the probable changes in the tem-
pergte and subtropical contour patterns mist be assessed using tendencies, trends, wavelength
indications, middle latitude models and the guidance provided by the subjective or numerical
forecast analyses issued by higher latitude centres. The reactlons on the troplcal contour
patterns are then gauged, agaln with the help of tendencies, extrapolatlion and synoptic
experience, Finally, application of the low-latitude contour-wind models enables the probable
future low-latitude streamline patterns to be assessed. The method clearly calls for a good
deal of experience in its application, experlence, that 1s, in forecasting middle latitude
developments as well as a ¥nowledge of the behaviour of the subtroplical cells.,

6. EAST AFRICAN WEATHER : SYNOPTIC SITUATIONS AND LOCUST MOVEMENTS

Disturbance lines and moblle systems of the scale encountered in West Africa con-
tribute little to the weather of the eastern parts. Study of the synoptic-scale rainfall sys-
tems of Bast Africa has shown that they are malnly quasi-stationary. They develop in the
course of two or three days over areas of radius 300 to 600 m, perhaps persisting for another
two or three days before shifting rather abruptly elsewhere or declining 1n situ, Experlence
has shown that there 1s a useful correlation between the rainfall patterns and synoptic types
illustrated in the previous section,

Figure 21 shows the locatlion of various geographlc features to whlch reference 1is
made below, The term "East Africa®™ is used in the present context to comprise Kenya, Uganda,
Tanganylka and the offshore islands.

From late May to early October, East Africa 1s overlain at low levels by a persis-
tent diffluent alrstream which flows from the south-east. Flgure 22 shows an 850 mb chart
for 24 September 1959 which i1s typlcal of the perlod. The ridge extending from the south
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over Tanganyika, the Uganda low and the low pressure to the north-east, over Arabia, are all
permanent features. One branch of the south-easterly stream crossed the equator to recurve -
over Somallia as a south-westerly, a second branch turned westwards towards the Congo, whils:
the remalnder of the current flowed on each side of the Kenya Highlands (which rise - above
850 mb) into the Uganda low. The northerly flow from the Sudan into the Uzanda low is &
rather less persistent feature and may be replaced by a southerly at times when the Uganda
low becomes a trough extension of & deeper low over the southern Sudan. Small east-west
shifts in the coastal ridge and changes in the orientation of the south-easterly over the
Indian Ocean are believed to be related with occasional outbreaks of rain on the Tanganyika
coast, but these associations have yet to be studled systematically. Showers occur in
Uganda throughout this season and also In the Kenya Highlands, which rise above the influ-
ence of the diffluent 850 mb flow, but elsewhere the weather 1s predominantly dry. Figure &
shows that at 700 mb on 24 September 1959 there was a large-scale duct with an entrance in
longltudes about *5°E; this feature is typlcal of September - November rather than June -
Mhugust. A very different type of situation could be seen on the charts for 25 June 1959
displayed at the seminar, In the case shown In Flgure 23, part of the south-easterly stream
from Madagascar recurved over Scmalia in sympathy with the 850 mb flow, although a north-
easterly stream from Arabla flowed to the east of the Ethiopian Highlands. This Jjuxtaposi-
tion of the two flows frequently occurs at 70O mb in May to September and aircraft pllots
confirm that there 1s a sharp wind shear between them,

During late September and early Octcober contour height rises at 850 mb over Arabia.
Flgure 24 shows the situation at 850 mb on 12 October 1959. A high cell had already re-
placed the September low over Arabla and there were north-easterlies over the Gulf of Aden.
The ridge over Tanganylka persisted, however, and part of the south-easterly flow from the
south Indian Ocean still recurved across the egquator into westerlies. Thus a shear line
had developed over the Horn of Africa. This situation persisted until 18 October when the
recurving westerlies over Somalis became disorganized, and by 21 October (Figure 25) a con-
fluence was established in latitude 5°N over eastern Africa. The location of the ridge over
Tanganyika was unchanged despite a substantlal shift in the locatlon of the southern high
centre between 12 and 21 October. The establishment of the confluence over Somslia and
East Kenya within a few days of 20 October appears to be a normal seasonal feature, As long
as the 850 mb south-easterly current crosses the equator and recurves over Somalia, the
weather remalns dry over east Kenya. In 1959 and 1960 the first outbreaks of the second
rains occurred over northern Kenya simultaneously with the establishment of the confluence.
The persistence of the confluence is unrellable, however, and If pressure falls again to
the north the recurving flow may be re-established. This happened in both 1959 and 1960
and in consequence the rain over Kenya stopped. The success of the second rains over east
Xenya requires that the ridges of high pressure from north and scuth should achieve a nice
balance. IFf the establishment of the northern high pressure is too fitful, or if the
southern ridge recedes too soon, substantial rains are unlikely.

Note the persistence of low pressure and convergent winds over Uganda, It is to
this low pressure that Uganda owes its economy and the Nile its source., The low ltself 1is
probably partly thermal and partly orographic in origin. Sansom [ 2§7 has shown that 1t
tends to shift diurnally towards the Kenya Highlands during the day,

The persistence of low pressure over Arabla and to the east, untll late September,
is important for the climate of Somalia, Monthly mean rainfall charts show that the Horn
of Africa remains dry during September, although to the west over the Congo the rains are
shifting south. It is not until October that rain falls over Somalia.

' Once high contour height is permanently established to the north of East Africa
at 850 mb and 700 mb there follows a season from November to April when the rainfall patterns
over East Africa are sufficlently well correlated with the TOO mb contour and wind-flelds
for the models described in Section 5 above to have a useful weather forecasting value.
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Flgure 26 shows a duct at 700 mb on 23 November 1959, This case has been dis-
cussed in detail by Johnson and Mdérth [ 297 . There was a confluence over East Africa. At
850 mb (Figure 27) a ridge extended south-westwards from the Arablan high and a second ridge
extended northwards from the high over South Africa. Contour height was low over the Lake
Victoria basin and there was a well-developed east Congo high. The latter cell presents a
considerable problem, (High-level statlions which report 850 mb contour heights instead of
mean sea-level pressures are indicated hy dots in Figure 27 : there are many of them and 1t
is to these that the detalled pattern is drawn.) It is a seml-permanent feature, well sub-
gtantliated by reported surface pressures,but the relative levels of pressure between the
Lake Victoria basin and the Congo may not be correct; the gradient between the high and
low colneclides with a mountaln range which is alsc a boundary between two networks of observa-
tions. The Important feature iIn the present case 1s the confluences at the equator in the
flow over East Africa,

Figure 28 shows the rainfall distribution over East Africa for 23 November 1959,
There was a large rain area near the equator along the axis of the 700 mb duct and the 850 mb
confluence, During the period November to April TO0O0 mb ducts are typlcally asscclated with
rain near the equator, Johnson and Mirth (in preparation) have classified the 700 mb patterns
of December 1958 to April 1959 and November 1959 to April 1960 into a number of synoptic
types, and derived the corresponding mean-rainfall patterns, The rain was very frequently
not distributed symmetrlcally as that shown in Figure 28; the type of flow ccourring at
850 mb has a considerable influence on the rainfall distribution as . might bhe expected,
Markedly diffluent flow at 850 mb 1s usually assoclated with a much reduced rainfall. It
15 always necessary to consider the flow and contour patterns throughout the lower tropo-
sphere when trying to assess thelr significance for East African weather, The appearance
of control by the 850 mb patterns at the time of onset of the Kenya second rains described
earlier 1s to some extent misleading because a favourable 700 mb pattern, in the form of
a simple duct entrance, is normally already established early in October. The charts for
11 November 1959, displayed at the seminar (Figures 29 and 30), show another duct situation,
briefly described and compared in WMO Technical Note No, 64 (Vol. II, pp. 21-22).

Returning to Figure 12A, which shows the equatorial duct schematically, it will
be apprecliated that the acceleration of air into the duct entrance requires a component of
flow across the contours towards the equator. True convergence (and not merely confluence)
thereby results. This 1s one reason why the duct ls favourable for rain near the equator,
but any form of frictlional effect, perhaps caused by the vertical transport of momentum
in the convection cells, may also result in & component of flow towards the equater, and
thus convergence, The potential for rain is greatest when pressure rises within the sub-
tropical anticyclones, increasing the pressure gradients and unbalancing the geostrophlc
control, with resultant flow, agaln towards the equator. Simultaneous rises of pressure
to north and south of East Africa have long been taken to foreshadow rain,

The weather assoclated with the displaced duct (Flgure 12G) is similar to that
of the duct, except that, as would be expected, the rainbelt is cn average shifted somewhat
south. Duct exits are assoclated with very low railnfalls,

Weather over East Africa with TOO mb equatorial drifts varles according to the
location of the confluent westerlies. In the synoptice classification of Johnson and Mdrth
(Figure 12), the drifts were divided into two categories depending upon the direction of the
flow at 5°8. The drifts in which the flow was east of north at 5°S, as in Figure 12D, were
assoclated with notably dry weather except in southern Tanganylka. The drifts in which the
flow was west of north at 5°S, as in Figures 12E and 12F, were much wetter by contrast. A
number of these drifts, assoclated with appreclable, meridional components of pressure gra-
dient, had westerlies along parts of the equator, The ducts have more significance for
coastal rain than the drifts.
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A synoptic example of a drift is glven in Figure 31, which contains the 700 mb
contour chart for 15 January 1959. A very narrow ridge, well substantiated by the winds
and by the heights reported from Addis Ababa and Nairobi, extended across Ethiopia and Soma-
lia. There was a deep trough over Madagascar, and a characterless area of slack Pressure
gradients over Angola and the Fhodeslas. OCutflow from the northern ridge streamed across
the equator, down gradient, meeting little opposing flow from the south., Winds were generally
north-easterly at 5°S, and well organized. At 850 mb, the patterns over East Africa were
much more confused than at 700 mb, but along the coast there was slmple recurvature of the
flow. Figure 32 is the rainfall chart for this case, '

Synoptic charts for the drift of 20 January 1960 displayed at the seminar (Flgures
33 and 34) are briefly described in WMO Technical Note No. 64 (Vol. II, p.22).

The situation shown in Figure 12J » Wwhen 1t arises at 700 mb, 1s associated with
even drier conditions than the drift. There is some tendency to confluence in the south-
west and care should be taken to distingulsh between cases of the Figure 12J kind, in which
the econfluence is well south, with others in which the south-western high pressure is better
developed and the confluence is near the equator; the latter cases often glve considerable
rain in the west of East Africa, although the east remains dry.

Flgures 35 A-J give the distribution of the Desert Locust in selected months of
1953-1954, During April - May 1953 the locusts were evacuated from East Africa with the
low-level monsoon flow, They returned with the north-east monsoon between October 1953
ard February 1954, A similar cycle was observed in 1954 but in that year the locusts did
not all leave East Africa : many remained in the Kenya Highlands and in eastern parts of
Uganda. It 1s significant that they remained in the region of East Africa affected by
the Uganda low, where low-level convergence and rain is experienced during May - September.
It may be even more significant that they were located meinly in the Highlands region since,
as mentioned above, the morning Uganda low shifts diurnally towards the higher grourd in
the east : locust flight activity would be confined to the afternoon in this region, where
the nights are cold. Why the locusts remained in East Africa in one year and not in the
other remains unexplained. This example of unexplained swarm behaviour* 1s one of many
which would provide material for investigation, the results of which would be of benefit
in locust control and meteorology alike,

*  During March-September 1954 the locusts not only remained in East Africa but passed
through two successive generations of breeding, instead of evacuating thig area as in
1953. .
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Figure 1 - Large-scale surface synoptie situation, 1200 GMT, 22 July 1959.
The broken line extending from West Africa to the Red Sea is the_Inter-
Tropical Front {Inter-Tropical Discontinuity)., After Gilchrist v §7

M

Figure 2 - Monsoon rain. Surface chart for parts of West Africa, 0900 GMT,
22 July 1959. The broken line is the Inter-Tropieal Front (Inter-Tropical
Discontinuity). After Gilchrist / 8/.
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Southern winter - The Northern and Southern FIT
are very far to the North; the Southern FIT is
very marked during this period. The "front
équatorial africain" oscillates around a longi~
tude far to the East. The Atlantic alr masses
flowing, in the lowepr layers, over Gabon and
Middle Congo are very stable (radiative type).
These territories have a major dry season.

Southern summer - The Northern FIT is at its
most southerly position in the Year, The
Southern FIT is indistinct. The "front équa-
torial africain” oscillates around longitudes
far to the West.

The FIT ocoupy intermediate positions, slowly
shifting southwards from September to December,
and northwards from February to July. The "front
équatorial africain" osecillates very widely in
the centre of Equatorial Africa, which has a

rainy season.

Figure 4 - Tschirhart's scheme of three African fronts ({Tschirhart, é-2§7 ).
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Figure 5 {(a) - Mean sea-level pressure, patterns for January
computed by Weickmann / 29/.
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Figure 5 (b) - Mean sea-leyel pressure, patterms for April
computed by Welckmann / 29/,
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Figure 5 (e¢) - Mean aeé—lelel pressure, patterns for July
computed by Welckmann / 29/.
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Figure 5 (d) - Mean sea-level pressure, patterns for October
computed by Weickmann / 29/.
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Figure 6 - Disturbance line. Surface chart for parts of West Africa,
1200 GMT, 19 May 1959, The broken line 1s the Inter-Tropleal Front
(Inter-Tropical Discontinuity).  After Gllechrist / 8&/.
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Figure 7 - 850 mb contour analysis, morning, 28 July 1960. Crosses
mark the positions of the 850 mb low at 12-hourly intervals during
26-28 July. Monsoon rain fell within the area hatched. The dash-
dot curve shows the surface position of a disturbance line. Based
upon Gilchrist and Matthews / 9/.
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Figure 8 - The passage of a thundery disturbance seross the Congo region, 21-23 March 1960.
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Figure 9 - Synoptic situation for the Nigeria storms of Christmas, 1960,
The dotted curves in Figures 9 (c) and (d) are isallobars drawn
at intervals of 2 mb/day. After Matthews / 22/.
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Figure 12E - Cross-equatorial drift Figure 12F - Cross-equatorial drift

Figure 12 - East African synoptic models formulated by Johnson and M3rth /217
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Figure 12 - East African synoptic models formulated by Johnson and Merth / 217.
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Figure 13 - Tschirhart's example of equatorial flow with winds
blowing along the contours. After Tschirhart / 2‘_?7 .
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Figure 23 - 700 mb contour chart, 2i4 September 1959.
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Figure 27 - 850 mb contour chart,
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Figure 28 - East African rainfall,
. 23 November 1959. The figures give
the percentage, in tens of per cent,
of stations reporting rain for each

' marked area, according to the 24-hour

rainfall totals.

Flgure 32 « East African rainfall,
15 January 1959. The figures give
the percentage, in tens of per cent,
of stations reporting rain Tor each
marked area, according to the 24-hour
rainfall totals. :
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Figure 29 - 700 mb contour chart, 11 November 1959.
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Figure 31 - 700 mb contour chart, 15 January 1959.

Figure 32 - See page 81.
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Figure 35 A-J - The distributlion of the Desert Locust during 1953-1954,
Crosses denote swarms and circles locate hoppers or eggflields,

Flgure 35A

Figure 3SB

MOVEMENTS OF THE DESERT LOCUST, 1953-1954

SWARMING LOCUSTS

O Egglaying or eggrields

Hoppars

Agdults - immaoturae
Aduits - mature or partly mature
Adults—maturity not reported

+ % X 0
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{)} In groups
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[] Unspecitiad

FEBRUARY 1953

MAY 1953
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Figure 35D
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THE STRUCTURE AND BEHAVIOUR OF THE
INTER-TROPICAL CONVERGENCE ZONE (ITCZ)

by

H.W. Sansom

1. INTRODUCTION AND NOMENCLATURE

There are few topics more likely to cause controversy amongst meteorologists than
the so-called Inter-Tropical Front (ITF) or Inter-Tropical Convergence Zone (ITCZ). At one
time most tropical meteorologlists were believers in the concept of an ITF or ITCZ, but now,
in many parts of the world, there has been a strong reaction, end while only a few meteoro-
logists will go so far as to deny 1ts existence, the majority recognize that it is only of
limited value in day-to-day forecasting.

The terms Inter-Tropical Front (ITF), Inter-Tropical Convergence Zone {ITCZ) and
Equetorisl Trough will appear frequently in this peper. At the onset, we will define these
terms, following the definitions given in the "Glossary of meteorology" (Huschke /8 /).

Inter-Tropical Front

A front presumed to exist within the Equatorial Trough separating the air of the
northern and southern hemispheres.

Tt has been generally agreed that this front, 1f one exists, cannot be explained in
the same terms as the front of higher latitudes, However, the extent to which
frontal theory is to be modified and the nature of the modifications are as yet very
controversial questions.

Inter:.-Trgpicai Convergence Zone

The axis, or a portion thereof, of the broad trade-wind current of the troples.
is sxis i1s the dividing line between the gouth-east trades and the north-east
trades {of the southern and northern hemispheres, respectively).

At one time 1t was held that this was & convergence line along its entire extent.
Tt is now recognized that actual convergence occurs only along portions of this
line.

Equatorial Trough

The quasi~-continuous belt of low pressure lying between the subtropical high pressure
belts of the northern and southern hemispheres. This entire region 1s one of very.
homogeneous alr, probably the most ideally barotroplc region of the atmosphere, Yet,
humidity is so high that slight variations in stability cause major variations in
weather.

The position of the Equatorial Trough is fairly constant in the eastern portions of
the Atlentic and Pacific, but it varles greatly with season in the western portion
of those oceans and in southern Asis and the Indian Ocean., It moves into or towards
the summer hemlsphere.
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It has been suggested that this name be adopted as the one general term for this
reglon of the atmosphere. Thus, the Equatorial Trough would be sald to contain
regions of doldrums, portions of it could be described ag inter-tropical conver-
gence zones; and within it there might be detected inter-tropical fronts. However,
one weskness of this nomenclature is that it alludes apecifically and only to the
exlstence of a trough of low pressure. Perhaps an even more general term might be
preferable, for example, "a.tmospheric equator™.

These definitions will be adhered to as far as possible within this peper; thus
"Equatorial Trough" will be used as a general term, and when the pressure trough 15 the main
distinguishing feature; "Inter-Tropical Convergence Zone" (ITCZ) will be used only when
there 1s evidence of low-level convergence between the easterly trades of the two hemispheres;
and "Inter-Tropical Front" (TTF) will be used only when there 1s an obvious air-mass dis-
continuity. The shortcomings of these definitions will become apparent later on, and some
proposed new terminology is gilven in the Appendix.

2. HISTORICAL SURVEY

Thompson éE}/ describes the concept of the ITP as being "the child of the enormous
enthusiasm which followed the successful application of the frontal theory in extra-tropical
latitudes soon after the First World War". In a detailed review of the development of tropi-
cal meteorclogy, Palmer [:L-g/ shows that the idea of & front in the tropics was firat pro-
pounded by Brooks and Braby 5_7 who described a zone of convergence between the two trade
winds in the western south Pacific, and suggested, in a footnote, the name "equatorfal front"
by analogy with the polar front which had very recently been described by Bjerknes.

At this stage synoptic meteorology in the tropics was in its infancy, and climato-
logical data (as opposed to synoptic data) was used to develop the concept. It is certainly

Trough. To the north of this front there are warm, dry north-easterly winds, wheress to the
south of it there are cool » molst south-westerlies. The typlecal climatological charts for
different months (see Figures 1, 2), after Sawyer ZJ_.Q/ clearly suggested that there was an
annual migration of this front following the movement of the sun, end there_seemed to be some
correlation between the position of the front and the seasonal occurrence of rain., Soliman
421.7 has pointed out some of the errors in the plcture, particularly for the southern sumuer.
Thompson 42}7 emphasizes the point that the whole concept of the ITF was based on "a sketchy
climatological interpretation of unstudied pressure systems and surface winis" together with
"little knowledge of upper-level ailrflows or of the nature and detail of tropical rain and
allied synoptic processes”. The generalized conelusion that the ITF encireled the globe and
was the explanation of the seasonal rainfall pattern of the tropics, was accepted, more or
less without question, until the Second World War, which brought many meteorologists into
the tropics for the first time.

During the war 1t soon became apparent in Africe and elsewhere that the simple theory
of the ITF left much to be desired. In the northern summer 1t was usually quite easy to de-
teet the ITF as an air-mass discontinuity on synoptic charts, but 1t was usually not as-
soclated with any rainfall, At other seasons it was seldom easy and often impoesible to dGe-
tect the ITF at all, except in West Africa where the air-mass discontinuity still existed.
The result was that different forecasters used different techniques for locating the front,
and there seemed to be little or no continuity in its movement or in its relation to the
weather. 1In many areas a double front seemed to exist, in others none at all. Palmer (loec.
elt.) quotes some of the many conflicting statements about the TTF which were published
during the 1940's, but although confidence in the usefulness of the ITF as a forecasting
tool rapidly waned, the concept was not abandoned entirely. It was realized that there was
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not always eny significant temperature discontinuity across the front, and Garbell [T 7stetes:
"mme discontinulty between the two tropical alr masses coming from the two hemispheres usually
consists not so much in a difference in surface temperatures as in a difference mainly In the
vertical distributions of temperature, moisture, stebllity and wind velocity between the two
easterly air streams." At this point it is worth recalling that in their classic peper some
twenty years ago Brooks and Braby 5_7 had remarked on the evident absence of any temperature
contrast across the equatorial front in the Pacifie. Attentlon now turned more to the wind
flow, end 1t was assumed that horizontal convergence of the trade winds was the maln factor
ocourring at the ITF. This led to the gradual asdoption of the term Inter-Troplcal Conver-
gence Zone as an alternative to Inter-Tropical Front. The name might equally well have been
suggested by Broocks and Braby whose original paper had been entitled "The clesh of the trades
in the Pacific™. It must be noted, however, that, by definition, the term ITCZ 1s restricted
to the trade-wind régime, whereas there are quite often westerlles on the equatcrward side

of the Equatorial Trough.

The growing emphasis on wind flow and the need to locate zones of convergence led
to streamline analysis being widely adopted in tropical meteorology, and at the same time the
realization that there must be a three-dimensionel study of the tropical atmosphere led to
attention being focused less and less on the surface pasition of the ITF, which need not
necessarily be a line of convergence, Streamline analysis also showed that although the
mean asymptote of confluence found on maps of average winds coincides closely with the Equa-
torial Trough, this is by no means always true on day-to-day synoptic charts. La Seur ﬁy,
for example, states that "On synoptic charts an asymptote of confluence may or may not exist
in the reglon of the Equatorial Trough".

‘Me wartime period enabled one or twe meteorologists to make detailed analyses of
the day-to-day structure of the Equatorial Trough in parts of the world where there was a
reasonably dense upper-alr observaticnal network (e.g. Sawyer Z]-@/ ); see Section 4.2 below.
The growing volume of climatologlcal data avallable also enabled meteorologlists such as
Flchn 5_7 to deduce some important facts regarding the mean structure of the Equatorlial
Trough. Section 4.1 describes this work.

The vastly improved network of radliosonde stations over Africa has now led to the
adoption in East Africa and some other equatorial countries of contour analysis, as described
by Johnson and Mtrth /O and 10/, instead of streamline analysis, but there has been little
new detalled study of the ITF as such. Except during the northern summer i1t may not even
appear on the daily synoptic charts prepared in many meteorological offices, and little or
no use is now made of the concept as an aid to short-pericd weather forecasting in the tro-
pics. In fact, were it not for the important work of Ralney élﬁ/, who showed the marked as-
soclation between the occurrence of locust swarms and the position of the ITF, the ITF might
no longer be worthy of consideration. It 1s noteworthy that Riebl's textbook on Tropilcal
Meteorology 5§/ lists only a single mention of the ITCZ or ITF in its subject index, and
this only in a review of earlier theories. Palmer et al. /13/ in their "Practical aspect
of tropical meteorology"” give it even more scenty mention. They do, however, admit that the
Equatorial Trough 1s shown up on mean streamline patterns as "a line of convergence in the
streamlines in the vicinity of the equator”.

3. RELATION OF EQUATORYAL TROUGH TO LOCUST SWARMS

Rainey [.157 was the first to discover the marked assoclation between the occurrence
of locust swarms and the TTCZ. He postulated that locusts, whose still-alr flying speed 1s
only 7 to 11 mph, and which are therefore essentially wind-borne insects, should be blown
from areas of divergence towards areas of convergence. The hypothesis was tested by a com-
parison of swarm records with the corresponding synoptic charts, and a remarkable assocla-
tion between reports of locust swarms and the surface position of the ITF was found (see
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Flgure 3). Although Rainey used the term TTCZ, this is not in accordance with the current
definition, since in the example illustrated the convergence is not betwsen the NE and 8E .
trades., ‘

4. THE STRUCTURE OF THE EQUATCORIAL TROUGH

4.1 Climatological studies

dw 1l dp
3t “p az -~ 2 +20 cos g

where the symbols have heir usual meening, In this equation, the term 2 cos § has 1ite
maximum at the equator {# =0, and although the term 2 O qos f.u 'is small 1n megnitude in
compariscn to the other terms, 1t may hevertheless be of real significance when compared to
the small difference between the bressure gradient ang gravity terms which almost cancel one
another out. A positive u, 1.e, wind blowin.g towards the east, thus tends to Produce g
vertical upward acceleration, whereas a negative u, 1.e. wind blowing towards the west, tends
to produce a downward acceleration.

the Equatorial Trough, the convergence observed at the surface changes everywhere into diver-
gence at a height of 1.3 to 1.8 km whereas south of the trough the convergence is not only
stronger, but alse extends upwards to a greater height {35 Xm), Figure 5 represents his
results. It can be seen that the vertical wind component 1s at its maximum some 500-600 km
south of the Equatorial Trough.

Flgure 6); but the simple oceanic pattern is, however, only borne out when the trough 1is
within 5° latitude of the equator. The normal flow over the Indian Ocean, where the Equa-
torlal Trough moves 2 considerable distance on either side of the equator, resembles that
depicted by Sawyer /19/ in Figure 7.

Soliman 4‘5;7 suggested that the term ITR should be used over land areas, where there
may be a genuine air-mass difference, while the term ITCZ should be reserved for the gceanic
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areas where there 1s little or no air-mass difference, but where there may be real conver-

gence between the trades. Although it is probably quite true that over the open oceans the
ITCZ seldom, 1f ever, has any frontal structure there is, however, certainly not always any
significant air-mass difference over the continents.

Thompson @ﬁ? by studylng monthly mean charts for standard pressure levels over the
whole of Africa was sble to produce a rather more detailed vertical plcture of the structure
of the Equatoriel Trough over the African continent. Figure 8 shows the mean surface chart
for July and Figure 9 shows a cross-sectlon along the Greenwich meridlan between the equator
and 30°N during July. It is seen that the axis of the Equatorial Trough, which,as the wind-
field reveals, 1s here also a definite convergence zone, 1s situated on the surface at ap-
proximately 22°N, whereas at 850 mb it is 15°N, and at 700 mb at epproximately 5°N. This
represents a mean slope of about one in 500. To the north of the trough winds at all levels
are easterly, whereas to the south of It the low-level winds are south-westerly or westerly.
The mean rainfall for July is negligible at the latitude of the surface trough but increases
southwards from 18°N to a maximum at about 109N. The corresponding charts for January are
shown in Figures 10 and 11. The cross-section in this case is along the 25°E meridian and
differs from the July chart in that surface pressure data cannot be given, since the African
plateau is at a level close to the 850 mb pressure surface. The mean January surface pres-
sure chart (Figure 12) shows the ITF quite clearly defined in the Equatorial Trough near 5°N
between the west coast of Africa and 30°E, and it reappears south of the Equator east of
35°E. On the vertical cross-section the Egquatorial Trough at 850 mb 1s situated at about
15°3, and slopes northwards (at approximately one in 100) to approximately 10°S at 500 mb,
The rainfall distribution in January shows its peak at about 1298, but the rain sres 1s much
more spread out than in July. 8ince, even on the mean charts, 1t is difficult to locate the
ITCZ on the surface over Africa south of the equator, it wlll be appreclated that on the
daily synoptic charts it 1s often an impossible task. It 1s, in fact, of no meteorological
importance in this area, being nelther a significant alr-mass boundary, nor even often an
active convergence Zone, and consequently no attempt 1s usually made to locate it.

A similar cross-section through the Equatorial Trough over the Indian Ocean in
Jenuery (Figure 12} reveals that it has an almost vertical structure, The pressure and con-
tour gradients are very slack, and there is no evidence of any strong horizontal windflow
convergence on the mean chart.

Solot ZEg? has described the structure of the ITF across the Sudan and West Africa
vwhere a warm northerly continental air mass overlies a coocler southerly maritime airstream.
He shows how this structure inhiblts the formatlon of rain at the front, since any ecloud
forming in the lower maritime air mass and penetrating through the frontal boundery will
begome desiceated. "Only in those regions far enough removed from the front to possess suf-
ficiently deep layers of moist unstable alr, can Cumilonimbus clouds become fully developed.
Thus there exists a line approximately 200 miles south of the front which makes the northern
limit of precipitation.”

Solimen /21/ has drawn attention to the inaccuracies in the classical climatologlcal
picture of the windflow in the southern summer; he pointed out that "the north-east winds
over northern Africa do not penetrate far south in the heart of the continent and never cross
the equator to 20°3. The current normally penetrates only to about latitude 20°N, where it
turns to easterly”. This new picture of the average January flow agrees with that of
Thompson (contrast Figures 1 and 10); Soliman, however, introduces a second front, which he
calls the subtropical front, separating the easterly air in the thermal low that forms over
the Sudan. This subtropical front is a zZone of marked baroclinity and there is a close rela-
tionship (on seasonal charts) between its location and the position of the subtropleal Jet
stream over Africa. Soliman alsc maintains that it 1s incorrect to draw the ITF through the
centres of the closed-iscbar heat lows that form over the Sudan and West Africa, since such
thermal lows must consist of hot alr surrounded by cooler air, However, this seems to
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introduce an unnecessary complication, and most meteorologista still prefer to consider the
ITF as lying within the Equatorial Trough.

*.2 Synoptic studies

Sawyer éf§7 carried out a classical study of the Inter-Tropical Front over north-
west India during the northern summer. Sawyer was, however, careful to point out that, because
of the large air-mass contrasts that exist over NW India, "the results cbtalned from analysis
of the weather of NW India cannot be expeated to apply without modification to similar lati-
tudes where air-mass differences are smaller, and still less should the structure of the ITF
in this region be regarded as indicative of its structure elsewhere”. From temperature sound-
ings 1in the two alr masses on either side of the front, Sewyer calculated that there was
a mean slope (to the south) of about 1/350 in the layer 1000-500 mb, steepening to about
1/200 in the layer 900-800 mb, and 1/100 from B0C-700 mb, Above TOO mb there was no tempera~
ture contrast, but the air-mass boundary slopes back towards the north. This structure gave
the ITF a "nose" at approximately 700 mb, some 300 miles south of the surface position of
the ITF. PFigure 13 shows the structure Sawyer deplocted. The position of the "nose" repre-
sents the approximate northern limit of the rain area mouth of the ITF. There ia, however,
no evidence for this "nose" structure existing over the African continent.

b3 Locust_studies

Sayer éEQ? has studied movements of locust swarms in the viecinity of a convergence
Zone over the northern region of the Somali Republic, and has used this information to deduce
facts concerning the structure of the convergence zone. There seems, however, considerable
doubt whether Sayer was really dealing with the Inter-Tropical Front. Many of the features
which he describes fit perfectly with the idea of a sea-breeze front, which would undoubtedly
exist in this area.

A further study by Paskin and Sayer Llﬂ? over the Eritrean Escarpment also appears
to deal with a local convergence zone caused by a sea-breeze effect accentuated by the topo-
graphy. Such local convergence zones may, at times, merge with and intensify any convergence
zone assoclated with the Equatorial Trough, but it would be unwise to generalize concerning
the behavliour of the ITCZ from the behaviour of these local conyergence zones.,

Any convergence zone, whether caused by & sea-breeze front, by topography, or by
purely meteorologlcal factors, will naturally tend to produce a concentration of locust swams
in the same way as the ITCZ. ‘

5. THE BEHAVIOUR OF THE TITCZ
5.1 Its movement

Sayer 4597 has commented on "three distinct and superimposed movements of the Inter-
Tropical Convergence Zone differing in both amplitude and duration". These are : (1) seasonal,
(11) diurnsl, (111) an intermediate oselllation, '

(1) Seasonal
The seasonal movement has already been mentioned in Section 2, and is due to the
seasonal movement of the surface Equatorial Trough. This trough, being thermally
induced, normally moves through a greater distance over the continents than over
the oceans, but In areas such as West Africa its movement is restricted by the
absence of any land mass south of the equator. Thus in West Africs the Equatorlal
Trough always remains north of the equator, osclllating between about 7°N in January
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and 20°N in July. Over central and eastern Africa the movement is very much greater
{see Figures 1 and 2), but as previously pointed out, it 1s often very difficult to
locate the ITCZ preclsely over the eastern half of the African continent in July.

(11} Diurnal
Sayer has described a diurnal movement consisting of a southward movement during
the morning followed by a northward movement during the late afterncon, the total
amplitude belng of the order of a few tens of miles. This small-scale movement
resembles the land/sea breeze effect, which adds welght to the suggestion that Sayer
was not dealing with the true ITF but with a sea«breeze front. Diurnal movements
of the Equatorial Trough may, however, undoubtedly occur in some areas, since differ-
ential heating can cause marked local diurnal changes in the surface pressure dis-
tribution, as has been noted over Lake Victorlia and Western Kenya by_Sansom Al]?
The diurnal movement of the ITF over the Sudan, described by Solot /22/, differs
somewhat from that described by Sayer. There is, of course, no reason why the
diurnal movement should be the same in all areas.

(111) Intermediate oscillations

This 13 a movement with an amplitude of the order of 100 miles or so eround a mean
posltion, and lasting several days. It is essocilated with the changes of pressure
on a synoptic scale. In some areas an assoclation between the direction of movement
of the ITF and the weather has been observed, but it cannot usually be epplied else-
where, TFor example, Solot @g/ accounts for heavy rains 1ln the Sudan by a surge of
the south-westerlies pushing the ITF northwards; whereas Paskin and Sayer 41 __/ repat
that periods of rainfell in Erlitrea are normally assoclated with the southward move-
ment of the ITF,

5.2 Its relation to the weather

Attention has already been drawn to the occurrence of meximum rainfall 200 miles or
more south of the Rquatorlal Trough when it 1s in 1ts northern position. Solot @g/ described
the rain-inhibiting tendency of the ITH structure in this area (see Section 4.1). Thompson
Z’Z‘_I»? has, in fact, pointed out that there 1s no necessary connexion between the movements of
the ITF as seen on a surface chart, and the development or movement of rain areas. Referring
to Thompson's cross-section (Figure 10), we see that the area of maximum rainfall lies ap-
proximately midway between the position of the trough at BSO mb and 700 mb. Rainfall cannot
normally occur at the surface position of the trough because this liles beneath a region of
subsidence dominated by anticyclones at 850 mb and 700 mby however, these pressure systems
are not statlonary, and rainfall increases whenever the trough assumes a more vertical struc-
ture between 850 mb or 700 mb and 500 mb, thus allowing convergence and vertical motion to
develop through a reasonable depth of the atmosphere. Such movements of the upper troughs
can occur with 1ittle or no movement of the surface trough, and consequently there may be no
" eonnexion at all between the position of the ITP or ITCZ as shown on a surface chart and the
area in which rain fells to the south of it.

6. FORECASTING THE INTER-TROPICAL CONVERGENCE ZONE
6.1 Movement

Forecasting the movement of the ITCZ at the surface is basically forecasting the
poaltion of the Equatorial Trough. Changes in the location of the Equatorial Trough are the
result of change in the surface pressure pattern, and it is therefore essential to study the
probable changes in the general pressure fleld, and particularly in the high pressure cell
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distribution. Isallobaric charts may be helpful, but it must be remembered that they only
show chenges which have happened, and cannot usually be used to indicate future changes since
there 1s little time continuity in isallobaric patterns.

The forecasting of pressure changes has hitherto relied on the forecaster's experl-
ence accumulated from the study of repetitive synoptle sequences; but extensive research
into pressure control mechanisms in low latitudes has recently ylelded promising results and
their application to forecasting is at present belng tested. There 1s thus hope of a con-
slderable lmprovement in the forecasting of pressure changes, and 80 in the forecasting of
movements of the Equatorial Trough, in the near future.

6.2 Convergence

Forecasts of low-level convergence near the Equatorial Trough are of obvious impor-
tance to Desert Locust Control organlzations, since convergence tends to lead to a concentra-
tion of locust swarms. Estimates of convergence should be made from upper-wind observations
at a constant height, 600-1500 m above ground-level; this eliminates the effect of friction
and also of varylng topography, and represents the average helghts at which locusts fly. Con-
vergence may be estimated qualitatively by inspection of the streamline and isotach pat-
terns, or 1t may be estimated quantitatively by Forsdyke's graphical method (see Poradyke
16_7), or by a simple objective method, such as described by Bellamy @ ) /. If the terrain
varies greatly in height, Bellamy's method does not glve very satisfactory results,even when
using winds at constant height above ground-level, because of the local channelling of the
wind by the topography,

A method has been described by Palmer Zf}7 which can give quite rapid results at
selected polnts, onece a streamline chart has been drawn up. The procedure is as follows :

(1) Measure along a streamline through the selected point, P, a distance of 1° latitude
both upwind and downwind. Mark the points PL pll,

{11) Algebraloally subtract the wind speed (knots) at Pl from that at Pll and divide the
difference by 2 to obtain the speed divergence, JIf the speed 1s increasing down-
stream, this term is positive,

{111) Take a transparent curvature scale brepared by ruling a set of concentric arcs,
labelled with a number which 1s the reciprocal of the radius of the arc in degrees
of latitude (according to the scale of the chart being used); at P carefully fit
an arc on this seale so that 1t cuts the streamline through P, a5 well as the stream-
lines on either side, at right-angles. Read off the value on the arc, and multiply
their value by the wind speed at P, If the streamlines are divergent at P, this
term 1s positive.

(1v) Add the result of (2) to that of (3), having due regard to the sign. The result is
the divergence in "practical units" (i.e. per 60 hours)., A negative result indi-
cates convergence. In these units, values from -1 to -5 represent moderate conver-
gence, -5 to -8 strong convergence, and beyond -8 is very strong.

6.3 Precipitation

Forecasts of precipitation near or assoclated with the ITCZ can only be made by a
three-dimensional study of the windflow. ILow-level convergence will not result in precipita-
tion 1f it 1s overlain by divergence a few thousand feet up. Contour charts for the standard
levels (850 mb, 700 mb, 500 mb and 300 mb) are necessary, and by estimating (a qualitative
estimation 1s usually adequate) the convergence or divergence at each level it 1s possible to
deduce the nature and extent of any vertleal currents. Consideration must also, of course, be
glven to the stability and moisture content of the alr masses invelved.
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7. CONCLUSIONS AND RECCMMENDATIONS

7.1 Summary of main conclusions

The terms "Equatorial Trough", "Inter-Tropical Front" and "Inter-Tropical Conver-
gence Zone" should not be used in a 8lipshod fashion. They are, however, far from satisfac-
tory as they stand, end a new terminology is desirable. In particular the term ITCZ, as at
present defined, has a very restricted use; and aince i1t 1s always located in the Equatorial
Trough, the term ITCZ could be dropped,

The "Equatorial Trough" can normally be located on both climatological and synoptic
charts over land and ocean. Over the continents, it may, however, be found at a considerable
distence from the geographical equator during the solstice pericds. Thus the ad Jective "equa-
torial” can be misleading. :

Within the Equatorial Trough there may exist a genulne air-mass discontinuity, i.e.
an Inter-Tropicel Front, but over Afriea this can only be detected north of the equator, and
is most marked west of the Kenya/Ethiopia plateau. In this area, the ITF could be defined
as the northern limit of the south-westerly air stream.

Over the oceans, the Equatorial Trough does not usually contain any air-mass dis-
continuity, but convergence may occur in "duct” type situations (see Johnson and Msrth /9 /),
where two anticyclones face one another across the equator.

Over Africa west of 30°E the ITF remains north of the equator throughout the year,

Although there may be low-level wind convergence at the Inter-Tropical Front over
Africa, this 1s usually confined to a shallow layer. Precipitation is almost exclusively on
the equatorward side (i.e. the south) of the ITF and may be 200 miles or more socuth.

The movements of the surface position of the ITF bear no relation to the movements
of the area of precipitation.

South of the equator and over eastern Africa the ITCZ is diffuse and, difficult to
locate, and seldom has any frontal structure. Precipitaticn may ccour elther at the surface
Equatorial Trough or to the equatorward side of it.

There is a close relationship between the movement of locust swarms and the position
of the Equatorial Trough particularly during the northern summer and equinoctial periods.

Movements of the Equatorial Trough are controlled primarily by pressure changes on
either side of it.

In additlon to 1its seasonal movement, the Equatorial Trough may underge a small
dlurnal displacement, and alsoc has an intermediate irregular oscillation of a period of
several days.

Estimates of convergence cen only be made if there are adequate pilot-balloon wind
observations,

Forecasts of precipitation assoclated with the Equatorial Trough require considera-
tion of the three-dimensional struecture of the Equatorial Trough, and the estimation of the
vertical distributlion of horizontal divergence through the troposphere,
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T.2 Recommendations

New terminclogy for the Equatorial Trough, Inter-Tropical Convergence Zone and Inter-
Tropical Front are required to remove the present ambiguities. Some proposals are shown in
the Appendix,

Meteorologloal services In the tropics should make every effort to increase their
network of surface meteorological stations (ineluding barometric pressure), and of upper-air
stations. .

In the vicinity of the Equatorial Trough low-level pilot-balloons, up to 1500 m
above ground-level, or even less, can glve valuable information, and meteoroclogical services
should instruct their observers to endeavour to meke wind observations at least twice daily,
even in cloudy weather.

An increased network of rawinsonde stations is essential for any further improve-
ment in forecasting in the tropics. :
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APPENDIX

SUGGESTED NEW TERMINCLOGY
The following draft definitions have been submitted by the chalrman of the Working

Group on Methods of Analysls and Progneosis in the Tropice of the WMO Commission for Synoptic
Meteorology for consideration by the members of this group. '

Thermal Equator Trough !TEI‘}

(A) zonal trough(s) at or immediately above the surface of the earth along the
belt(s) of highest dally mean surface temperature (thermal equator). :

Migrates armuelly with the inclination of the sun and 1s therefore prineipally con-
fined to the tropies. A double structure cen occur in a reglon of approximately
Zonal distribution of land and sea (e.g.coastline of southern Arabia and southern
Asla) where a heat trough may form over the land in the summer hemisphere whilst
the heat trough over the sea maintains its ldentity.

Thermal Equator Convergence Zone (TECZ)

A belt of wind convergence produced by the TET, the converging winds generally ori-
ginating from both hemispheres.

This zone is located in the TET when the thermal equator 1s near the geographical
equator but is displaced equatorward from the TET when the thermal equator 1s far
distant from the geographical equator (solstice position over land). In the former
case north-east and south-east trades converge, while in the latter case monsoon
winds originating from the winter hemisphere converge with westerlies on the equator-
ward side of the TET.

Inter-Tropical Weather Zone (IWz)

Zonal concentration of predominantly convective cloud and weather in the summer
hemisphere at, or displaced equatorward from, the TECZ.

The displacement equatorwards of the IWNZ from the TECZ can amount to several hundred
miles over land aress in the period around +the solstice position, T™his occurs
because the TECZ 1s then often overlain by subsiding air preventing cloud develop-
ment in spite of maximum surface convergence; instead, optimum kinematic conditions
for ecloud development exist further equatorwards where cloud development 1s not
hampered by subsiding air aloft, despite the smaller degree of surface convergence.
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Figures 1 and 2 - Mean poaition of ITF and mean surface winds in the tropics,

as commonly given., (After Sawyer Z]_.27
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Figure > - The position of the ITF and the distribution of locust swarms,
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pressure at the Equatorial Trough.
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Figure 7 - Actual windflow and pressure pattern
over the ocean when the Equatorial Trough is
more than 5° from the equator. (Prom Sawyer 527).
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Figure 8 - Mean surface chart
for July.
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Mgure 10 - Mean surface chart
for January.
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LE FRONT INTERTROPICAL (FIT) ET SES PERTURBATIONS EN AFRIQUE DE L'CUEST

par
B. Haudecoeur

En hiver boréal, la position moyenne du front intertropical (FIT) sur 1l'Afrique de
1'Ouest se trouve entre le Séme et le Béme paralldle, C'est la salson séche, Seule une
étroite bande littorale regoit quelques averses. Il y a par contre de fortes préecipitations
au large du golfe de Ouinée, En été au contraire la position moyenne du FIT est autour du
208me parallidle et certaines ondulations peuvent atteindre ou dépasser 25° nord, C'est alors
la saison des pluies. La bande littorale est en revanche moins arrosée. On parle sur la cSte
de petite saison sdche.

Au cours des saisons intermédiaires le FIT se déplace entre ces positions extrémes.

On peut déjd mentionner une pulsation diurne de la position du FIT., Bien que de
falble amplitude, cette pulsation est cependant senslble; elle est due au refroidissement
nocturne de la masse continentale que représentent les réglons sahariennes, A ces fluotua-
tions régulidres 1l faut ajouter des perturbations du FIT atteignant parfols des amplitudes
importantes. Ces perturbations sont dues & des dépressions sur 1'Afrique du Nord, ou sur
la Méditerranéde, Au mois de février de 1'année 1963 une dépression quasi permanente inté-
ressalt tout le bassin méditerranden., Il en résulta pour 1'Europe occidentale une période
de froid particuliarement rigoureux. Simultanément, cette zZone dépressionnaire provoqua
un appel de la mousson., La position du FIT se trouvalt beaucoup plus au nord qu'il n'est
normal en cette période et nous avons subl au Niger un mols de février trés sensiblement
plus chaud que la normale.

Il se produit d'autres perturbations du FIT de courte durée, mais d'amplitude beau-
coup plus forte, qul sont provoqudes par des ruptures du front polaire.

Le 24 Janvier 1955, nous voyons un systéme dépressionnalre sur le Sahara accompagné
d'une dépression importante se prolongeant par un thalweg Jusqu'a 10°N. Le front polaire
est rangé et la masse d'air froild s'écoule Jusque dans les régions intertropicales. la
position du FIT est haute pour la salson mals 1l n'est encore 1'obJet d'aucune ondulation,
Il est cependant déJa possible de prévolr comment le phénoméne va dvoluer dans les jJoura
sulvants. Pour la Journée du 26 Janvier, grfice A quelques radiosondages, }'al pu tracer
le contour du niveau de 700 mb. On y voit une importante dépression centrée par 35°N et
32°E et se prolongeant par un thalweg Jusqu'a 10° Nord,

Le calcul de quelques vents thermlques a permis de préclser la forme des lignes
1sothermes que J'al dl tracer avec un nombre trés réduit de températures. Ces isothermes,
tracées de 2% en 2%, indiquent une goutte frolde légirement au nord de la dépression, Cette
goutte n'est plus alimentée, ce qui laisee prévoir que la dépression va tendre 4 ae combler
et que le phénomdne sera de courte durde. Cette goutte froide se prolonge par une adduction
froide le long de notre axe de thalweg. Au scol nous voyons une ondulation impertante du FIT
que nous avons tendance A raccorder au front froid, L'air polaire frold semble &tre, sur le
FIT, en contact avec 1'alr humide et chaud de la mousson qui a été appelée par le thalweg.
Cette ondulation du FIT atteint 14°N. Je ne dispose d'aucune dornnée sur la Journde du 27,
mais le 28 nous pouvons constater que la dépression sur 1'Afrique du Nord s'est considéra-
blement comblée, Elle est coupée des régions intertropicales par une dorsale, et nous
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voyons que le front polaire s'est reconstitué. Si nous tragons la limite entre l'air humide
et 1'air sec nous voyons qu'il y a une poche d'air humide atteignant 16°N et située plus a
l'est de cette ondulation,

Cette limite n'est pas le FIT, En effet, 1'étude des vents et méme de 1'humidité
(du nord au sud nous avons les températures de point de rosde suivantes: 16°, 13°, 17°C)
nous montre que le FIT s'est reconstitué le long du 10&me paralldle avec une légére ondu-
lation résiduelle qul ne peut que s'attémer. Notre phénoméne, en effet, n'est plus entre-
teru, ses causes ayant disparu,

A partir du 30, toute humidité au nord du FIT a disparu et le FIT longe le Geme
paralléle, Il n'accuse plus qu'un léger bossellement.,

Ces pluies d'hiver sont rares et généralement de trds faible intensité. Souvent -
elles ne consistent qu'en quelques gouttes. Je me souviens cependant d'avoir subi A Niamey,
au début de mars 1960, un orage accompagné d'averses violentes qui avalent duré environ
5 heures, Je n'al pas en t8te les quantités d'eau recueillies mais les oueds avajent brus-
quement gonflé et une rue de la ville avait &té rendue impraticable par les déglts provo.
qués par les eaux de ruissellement, Il est utile de préciser que les premidres plules tom-
bent en général fin mal, et encore sont-elles négligeables, et que l'on ne peut vraiment
parler de saison des plules que pour la période du 15 Juin au 15 septembre,

En hiver les ondulations du FIT ne sont généralement accompagnées que de quelques
bandes d'altocumilus pendant 2 ou 3 Jours., Trés souvent la remontre de mousson, et o'étalt
le cas ici, est ortentée sulvant un axe Conakry - Onagu - Gac - Tessalit.
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MESOSCALE OBSERVATIONS OF THE MOVEMENT AND STRUCTURE OF SWARMS
IN THE VICINITY OF THE INTER-TROPICAL CONVERGENCE ZONE

by
H.J. Sayer

) In eastern Africa, the annual cycle of movement of the Inter-Tropical Convergence
Zone (ITCZ) is the main factor influencing the movement of locusts, the arrival of the ITCZ
and the assoclated rains being recognized as the time of the arrival of swarms. For control
purposes, rapid movement of the ITCZ and swarms present meny logistic difficulties, espe-
clally as the accompanying rains impair ground commmunications., The relatively static sols-
titial positions of the ITCZ are, therefore, of major importance for swarm contrel., The
southern solstitial position of the front in Eastern Africa is meteorologically very con-
fused, and it 1s only the northern solastitial which 1s very clear and easily identifiable.

Juge to September have clarified what was a confused pleture of storms and swarms, and have
shown how important this particular part of the locust cycle is from the point of view of
control. '

By early June, the zone of convergence becomes established along a line roughly
parallel to the coast of northern Somalia and stays within about 50 miles of this position
for the next three months, There is a daily movement of the front from north to south with
a return to the north commencing in the late afternoon. This diurnal osecillation 1s re-
flected in the daily swarm displacement. The converging winds wlll bring all the locusts
into the zone from both north and south, so that, eventually, the flying locusts from =
great distance around become concentrated in the Zone and follow the same daily pattern of
movement, Since locusts settle and remain stationary at night, the northerly movement of
the front will leave the roosting locusts well to the south of the front by dawn, and this
means thet, in this area, the settled locusts will be in a strong south-westerly wind. As
the temperature rises, the locusts will tend to fly away and,owing to the strong wind, the

.

swarm will betome thin and elongated towards the north-east.

At around midday, these low-density and relatively low-flying swarms moving north-
eastwards will reach the front which is moving southwards. A striking change immediately
takes place in the swarm's appearance, There 1s & considerable increase in density and the
swarm soon towers up into the sky. From either north or south, the swarm appears as a cur-
tain of locuste rising upwards to several thousand feet, marked with dense wavy streaks. From
elther east or west, the locusts appear as & dense sloping mass with the top towards the
south. Traverses by aircraft along the north-south axis have shown (a) every time the swarm
is traversed, as Indicated by locust impaction, there is an abrupt ascent of the aireraft,
which ceases with the locusts, (b) such north-south traverses are rarely more than three
miles in extent, and regularly about two miles at low levels, (c) there is a temperature
change, the northern air beilng a few degrees warmer than the southern, (d) there is a
change of visibility, the northern sip being more hazy than the southern. Traverses along
the east-west axis frequently found swarms of considersble length along this axis, up to
40 miles long. Orientated photographs have shown a slope of about 30° upwards towards the
south., From many ground and air observations, a typical construction of the front has been
made (see Figure 1). Vertical photographs of swarms approaching the front in the south-
westerly wind and of swarms in the front have shown locust flying density changes from
less than 0.0l to greater than 1.0 locusts per cubic metre.
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For the rest of the day until night-roost, the swarm moves with the front, at first
southerly and then, for a very short while around sundown, a little northerly. Such daily
movements were first recorded in 1953 (see Flgure 2), and it is important to note that,
although locusts actually cover a long distance each day, the zig-zag track brings them
back to a point not very far from where they started. :

The flying locusts in the front are clearly being taken upwards by the vertical aip
currents, and being kept in the updraught by the convergent winds. It would appear that the
updraught 1s very strong and well-marked near the ground, but at higher levels, due perhaps
to entralnment, becomes more diffuse and widespread. At these higher levels, due to the
decreesing temperature the locusts will tend to cease flapping flight and glide. Since it
has been shown that the rate of descent of a gliding locust is about 1 m/sec, the locusts
will tend to concentrate at an altitude where the updraught 1s 1 m/sec, and this may account
for the dense wavy masses of locusts at high altitude. Eventually the gliding loecusts will
fall out of the updraught to descend into the south-westerly wind, over which they have been
suspended. The southern side of the swarm will therefore appear to be less clearly defined
than the northern side (see Figure 3).

Besides the daily movement of the front there is a several-day surge about the mean
position. This further movement often leeds to the front becoming, during the southerly
surge, less clearly defined and with more widespread bad weather, and swarms become dis-
integrated and scattered, but are re-concentrated when the front moves north again when the
front can be very sharply defined. . Under such conditions, individual swarms lose their
identity; +there 1s only a locust population which is belng constantly redistributed, at one
time appearing as a massive huge swarm containing all the locusts in the area, and at another

time belng a number of smaller swarms with sometimes very low density loousts in between.

Pilot-balloon ascents made through the front have shown that the change of wind
direction from south-westerly to northerly is always through north-west, i.e. the wind veers
as opposed to backing. This suggests that the wind in the front is not only rising but
moving from west to east. This is reflected in the steady displacement of the locusts in
this area from west to east. Such a regular easterly movement of locusts eastwards across
northern Somalia would eventually bring them over the sea, but 1t is apparent that locusts
do not, in general, get lost over the Indian Ocean, accunulating instead in the north-east
corner of the Horn of Africa. This is explained by the fact that in the afternoon, when
swarms are most actively flying, a sea-breeze becomes established along the coast and the
swarms are thus preserved over the land, The similar establishment of sea-breezes in the
afternoon along comstal areas in many locust areas has a conservation effect on swarms, and
it is only when such coastal convergence zones are broken down by abnormal weather, e.g.
cyclones, that large numbers of locusts are taken out to sea, and perish.

The movement of swarms in northern Somalia along the front from west to east does
not necessarily mean that this iz the common direction of movement along the front; elsewhers,
it has been observed that swarms move in the opposite direction. Such opposing directions
of displacement immediately suggest that, along the front, there must be points of accumula-
tion and peints of dispersion. A detailed study of the front during the northern solstitial
period together with locust swarm data may yleld lnmowledge on this point and may provide
very important data from the control point of view.
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Figure 3 - Large swarm showing typlcal assoclation with convergence.
The camera is pointing approximately towards the north-east from Hargelsa
alrport (Northern Region, Scmall Republie, August 3, 1960). The photograph
was taken in the late afternoon and the density of the swarm when it
passed over the alrfield was such as to prevent aircraft teking off.
Photograph by A.J. Wood, Desert Locust Survey.
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SCOME FEATURES OF THE SYNOPTIC METEOROLOGY OF SOUTH-WEST ASIA

by
3. Mazundar

1. INTRODUCTION

The area covered in this discussion 1s from the east ccast of the Mediterranean and
the Red Sea to Assam and East Pakistan, and from the Indian peninsula to the Caspian Sea,
Iran, Afghanistan, West Pekistan and Nepal, This is a large area with much diversity and
many different synoptlc features. Attention will therefore be confined only to some of the
major features, especially those which may have a bearing on the movements of Desert Looust

SWarms.,

Two principal factors appear to affect the climate of this vast area like, perhaps,
many others : one 1s the topography, including the land and sea distributlons, and the other

is the distribution 9f vegetation,

The topographic features are dominated by the Himalayan range and the Tibetan plateau,
which act as a barrier to lower tropospheric air movements between north and south and, be-
sides, appear to play an important part in shaping the monsoon cireculation over India and
Pakistan, There are a number of other important topographic features, of which mention may
be made of the Hindu Kush Range, the Elbturz muuntains south of the Casplan Sea, the Caucasus
mountains in the region between the Caspian Sea and the Black Sea, the Turkish plateau and
the mountains around the Gulf of Iskenderon in the north-eastern corner of the Mediter-
rannean, the Kuh-i-Dinar range in south-west Iran, the Jabal-Akhdhar and the Bashagird
mountains around the Gulf of Oman, the hills along the east coastof the Red Sea (Hejaz and
Asir) and their extension towards the central parts of the Arablan peninsula, the western
ghats along the west coast of the Indien peninsula, the ridges along the Arakan coast of
Burma, and the Khasi and Jayantia hills of Assam, Other minor but synoptically significant
features include the Sinail peninsula located between the GQulf of Suez and the Gulf of Aqaba,
and the Dead Sea - an apparent extension of the great Rift Valley of eastern Africa - where
the ground descends to a depth of some 360 metres below the sea-level, In the distribution
of land and sea, south-west Asia is very different from tropical end equatorial Africa. The
resultant differences in the climatic patterns are well known.

There are vast areas in the south-west Asia reglon which are arid or semi-arid, but
even within these areas the nature of the ground varies very considerably. Extensive regions
are rocky or sandy with little vegetation except short, thorny shrubs and cacti. Much of
the so-called desert areas of western Irag, Jordan and Syria are reslly of the steppe variety,
with an abundance of short, patchy vegetation and flowers during the spring season. In large
tracts, especlally those along valleys of the Tigris and Euphrates, the soil surface is pre-
dominantly clayey, rather than sandy, and in conditions of deslccation which prevall for the
greater part of the year, the surface is covered with exceedingly fine dust. This feature
plays an important part in determining the visibility characteristics. Due to intense heating
in the summer, the dust particles are lifted up by vertical currents to considerable heights,
sometimes reaching as high as four to five kilometres, and the +top of the dust layer pro-
duces the impression of a dust horizon (1), Similar conditions are encountered at places in
the deserts of Sind and Rajasthan. There are two large marshy areas in the region, one
along the estuary of the Shatt al Arab (locally called "Hor") and the other in Kutch and the
nearby areas of lower Sind. The effect of wind i1s manifest from the differential erosion
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visible on the wadls and hill ranges in Iraq, Jordan and Syrla. In Iraq the asymmetrical
character of most of the anticline results in a steep scarp_-l:l.keface on the south-west slde
of many ranges and gentle backslopes on the north-east side (2).

Local climate is determined as much by the general climatie régime as by localized
topography, and large variatlions of rainfall and temperature within comparatively short
distances are thus quite common, At Zonguldak (Turkey) on the south-western coast of the
Black Sea, the highest rainfall in 24 hours was 431.5 mm,recorded in August 1955, and at
Rize on the south-eastern sectlon the annual normal rainfall is 2,441 mm, with 171 rainy
days in the year. These values are comparable to many in the monsoon area. At Koghisar
near the Salt Lake in central Anatolla in Turkey the annual rainfall is only 165 mm. The
lowest temperature on record is -43,2°C at Karakdse (1,638 metres sbove sea-level) in
eastern Turkey in Jeanuary 1940, By contrast, sumner temperatures of 52°C or more in the
shade are known to occur in the western desert areas and the Baluchistan and Sind areas of
West Pakistan, One of the best-known cases of orography producing heavy rains
is Cherrapunji in India where the monsoon alr strikes a range of hills almost at a perpen-
dicular. The intensity of rainfall at this station is very large, the highest recorded
rainfall in 24 hours being 1,036.3 mm, and the highest ammual rainfall (excluding March) is
22,990.1 mm, Mawsinram, a nearby station, hed 18,403.3 mm of rainfall in 1956. These records
are of course exceptionel, but heavy precipitation is not necessarily confined to hilly
areas; a 24-hour rainfall of 974.6 mm was recorded in the monsoon of 1941 at Dharampur
(SBurat District), a plains station at 20932'N 73°13' E, gbout 30 km from the Arablan BSea
coast north of Bombay.

2. ATIR-MASS CHARACTERISTICS AND FRONTS

The principal alr masses in the first two to three kilometres of the atmosphere that
participate in the synoptic systems are mentioned below :

(1) Tropical continental air (Tec) 1s the predominant alr mass over vast areas of the
Middle East, Pakistan and India in the summer months.

(11) Polar continental air (Pe) or a modification thereof affects the northern parts of
the area in the winter and spring and, to & lesser extent, in the autumm.

(111} Tropical maritime air (Im) affects Saudl Arabias, Iraq, Iran, Afghanistan, Pakistan
and India in spells almost all the year round, mainly under the influence of moving
low pressure areas,

(iv) Mediterranean ailr affects Lebanon, Israel, Syrla, Iraq, Jordan, Turkey and northern
parts of 8Saudl Arasbila under the influence of low pressure aresas. The Black Sea,
Caspian Sea, the Red Sea and the Persian Gulf are alsc sources of some molsture
supply, though to a localized extent.

{v) Equatorial maritime air {Em) prevalls over large parts of Pakistan, Nepal and Indis
and also coastal regicns of Iran and the Arabian peninsula during the period June
to August/September,

The air masses in India (3) are representative of those over a good part of south-
west Asla. It is well known that in very few actual cases the air masses conform to their
idealized structure, This is because of the Ilncessant modifications that occur during air
movements between regions of vastly different climatic régimes. The overrunning (as distinet
from replacement) of one type by another is quite a normal feasture except possibly in the
case of the equational maritime air. The properties that broadly distinguish one alir mass
combination from snother consist of the vertical distribution of temperature and molsture
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content, and it is usually unprofitable to claessify them in terms of the source regions, i.e.
continental or maritime, from which, based on the trajectories, they may be considered to
have flowed out. :

Frontal activity assoeiated with depressions of the comparatively high latitudes
econforms in the non-summer months to the known patterns of the middle latitudes., In such
cases 1t 1s often possible to locate fronts in Iran, Afghanistan, even north India. During
summer months the fronts tend to be obliterated due to intense heating, and in regions south
of latitude 25%-30°N it 1s exceptional to lceate any systematlic temperature contrasts. 'The
only interactions that 1t may be possible to locate In the lower levels are between compar-
atlvely dry and comparatively moist air instead of between warm alr and cold air, but the
low-level hydrostatic density discontinuities are usually not sufficlent to account for the
necessary lifting for producing clouds and thunderstorms. The genheration of convective
clouds 1s therefore often attributed to the pre-existence of latent instability and the
avallability of "triggers", notably insolation,

In the search for comprehensive models to explain the occurrence of cloud flelds
and depressions without resorting to assunptions about fronts and slopes that do not in fact
exist within the first two or three kilometres, attention has naturally been turned to hydro-
dynamlical systems, giving only a second place to the thermodynamical consequences. Most of
the explenations pertaining to the phenomena of depressions and oloud fields offered during
the lagt fifteen or twenty years subsist one way or the other on low-level convergence,
higher-level divergence and consequent large-scale lifting of air to the condensaticn level

and beyond.

A notable contribution to tropical analysis was due to Sen {4, 5) on the analogy of
the concept of vortex stress given by von Karman, Sen was able to combine in one composite
model the deformation fields (with their axes of dilatation and compression linking regions
of confluence and difference respectively) and the zonal chains of eyclonie and anticyclonic
vortices. An idealized diagram suggested by Sen for the 1.0 and 1.5 km levels (called
"generative field") 1s reproduced in Figure 1 (a). Figure 1 (b) shows the pattern of ana-
lysls in an individual case. He proposed a similar scheme of vortex streets for levels
around 6.0 km (called "directive field") for the steering of tropical storms and depressions,
ineluding their recurvature. There are some obvious common festures between the vortex
street model (developed in 1943) and the more recent 1sogon-streamline method of kinematic
analysis (6), although the two were developed from completely different premises.

The location of the inter-tropical convergence zone (ITCZ) is more difficult over
south-west Asie than 1t is over Africa malnly because of the lack of observations over the
Sea areas and some of the land areas., However, as the transition in the values of meteoro-
logical elementsin the north-south direction, including wind and hydrometeors, 1s sometimes
extremely gradual, the width of the ITCZ often covers flve to ten degrees of latitude. ILack
of observations in the Bay of Bengal usually makes 1t difficult to track easterly waves which
move along or feed into the ITCZ, :

‘One interesting feature of the summer fronts in the area between Iraq and the
eastern Mediterranean coast is that they produce fairly widespread duststorms with moderate
to severe convective turbulence up to three to four kilometres, without the accompaniment
- of any low convective clouds {sometimes with only traces of Altocumulus or no visible clouds
at all), but with a perceptible drop of surface temperature. These phenomena appear tc work
upon the Interaction between dry, cool air and slightly less dry, warm air, but the avallable
moisture is evidently sc small as not to manifest 1tself Iin the form of clouds despite the
release of energy sufficlent for strong convection.
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S LOW PRESSURE SYSTEMS

The low pressure systems that affect the area can be broadly classified into two
groups : {a) systems that move through the higher latitudes, the direction of movement having
a predominently west-to-east tendency; and (b) systems that move through the lower latitudes,
the directlon of movement having a predominantly east-to-west tendency. Over India and
Pakistan, the two types of systems are partitioned roughly by the zonal belt between 20° and
25°N. Over the Arablan peninsula westward-moving depressions are rare, but when they do
oceur, thelr northern limit does not usually go beyond 15°N.

The former cless 1s assoclated with Medlterranean or Atlantic depressions or secon-
daries or tertlaries thereof, and has extra-tropical characteristics. Although some of these
characteristics tend to become rather diffuse after long travel towards the east, especially
in the case of the derivatives of the primary disturbances, 1t 1s rather remarkable that even
in the state of marked modification during traverses through regions far away from the region
of genesis of the disturbances, the original characteristies are more or less maintained.
Thus, 1f a disturbance 1s marked by duststorms in an earller phase, the same characteristics
tend to be continued; ralny or snowy or thundery characteristics are often similarly main-
tained and carried forward. Temperature discontinuities such as would appear at a front
tend to he wiped out on account of strong tropical insolation. But in the case of low pres-
sure systems of western origin (these are known in India and Pakistan as "western disturb-
ances"), it is often possible in winter and early spring to recogniZe some frontal struc-
tures associated with them.* The systems get largely occluded as they continue in their long
travel. The 850 mb charts usually provide a good guldance for the location of the prevailing
discontinuities. The exlsting position of the basic network in certain areas, however, some-
times hampers the tracking of the disturbances.

The latter class of low pressure systems appears to owe 1ts origin to the storms
and depreasions in the China Sea or the adjoining regions of the Pacifiec. The maximum
intensity of these disturbances invarlably cccurs over the sea areas traversed by the inter-
tropical convergence zone., They weaken, through effects of surface friction,on entering land,
and continue as depression or even as low pressure waves westwards untll they get a chance of
regeneration on coming over the sea again, As stated earlier, 1t is difficult to loécate
systematic temperature or dew-point discontinuities around these depressions and storms when
they traverse the Indian seas,

The movements of depressions present interesting forecasting problems. West to east
movements, confined to the higher latitudes, are sometimes modified into south-west to north-
east, depending.upon the location of anticyclonic cells at 300 and 200 mb levels. Apparent
retrograde motions of depressions are sometimes notlced, but in most cases these can be at-
tributed to one system being closely followed by another simliar system, so that when the
two appear to coalesce, the visible centre {dependent strictly on the avallability of observa-
tions) seems behind the one located earlier, True retrogression of depressions thus appears
to be an extremely unlikely event.

Depressions south-of latitude 20°N present difficult problems. Lack of systematic
temperature contrasts makes any extension of the Sutcliffe development theory (7) generally
inapplicable. For prognosticating movements, neither the Fj8rtoft technique nor the extra-
polation method is altogether adequate to cover the majorlty of cases. In the main, there-
fore, guldance is drawn from climatology for forecastling movements, but even in this approach
it 1s difficult to make a confident prognosis for a period beyond a few hours.

# The warm front assoclated with western disturbances can normally be expected to be a
region of stable stratification. However, 1In actual fact, this 1s not always so. A
brief case study is presented as an appendix to this paper to illustrate this point.
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The detection of small-scale depressions and cyclones presents a mejor synoptic
problem. Experience of troplcal charts shows that broad areas of cyclonie vortieity, which
are normally assoclated with low pressure troughs, have often embedded in them a few distinet
foel of accentuated vorticity, but the success or failure in resolving these foel depends
upon the avallabllity of data, especlally ships' reports, and the sultability of the loecation
of the reporting points 1s often fortultous. The result sometimes 1s that the inference or
diagnosls, instead of depending upon the values of the true natural parameters, becomes
dependent upen an adequate or lnadequate man-made network chosen and set up on the basis of
organizational convenlence rather than on the inherent nature of macro- and mesoscale syn-
optlic phenomena. In such cases, a single additional observation may lead to a com-
pletely different assessment of a situatlon arrived at with confidence on the basis of
routine observations. :

Transfer of vorticlty may occur from one part of an extended trough +to another,
glving the impression that one vortex 1s growing at the expense of a contiguous one., Although
this feature has not received adequate attention in works on tropical meteorology,it appears
quite possible that two meture cyclonic systems can co-exist while they are fairly close to
each other. Conventional analysis sometimes highlights one system and at the same time
ignores or dcown-grades the other to the status of a trough, on the grounds that some of the
pressure -and wind observations might not be quite reliable. Sometimes it is argued that 1t
i1s not possible for a powerful system like a fully-developed cyeclone to share the energy -
available in the field with another contigucus system of similar or nearby similar intensity.
As evidence contrary to this argument,it may be mentiohed that the co-exlstence of multipie
typhoons in the China Sea within a distance of about five degrees of latlitude is sometimes
clearly observed. ‘

Within a cyeclonic system, like an extended trough, vortices occur in a variety of
dimensions. The spectrum of the dimension 1s probably almost a continuous one, ranging from
a few hundred kilometres to only a few hundred metres, and bossibly further down, in the
. same scale of gradual transition, to the mlcro-physical scele. It embraces a range from the
large troplcal stomm or hurricane to the tornado, the Cumulus cloud and the Cumulus shower,
Limitations of observational network impose a severe restriction on detection and prognosis
when the scale of the phenomena gets gradually narrowed down. However, a small dimension
of a tropical cyclonlc system by no means ensures that it would not prove, in 1ts physical
manifestations, to be a viclent one, capable of causing loss of life and property. In the
operational sense, therefore, the small-scale systems deserve as much attention as are given
to major cyclones and hurricanes.

Orographlc features play an important part in the generation, movement and dissipa-
tion of the low pressure systems, particularly the derivatives of the primary systems. In
consequence, the orographic features alsc provide many "soft spots" in regard to the occur-
rence of rain and thunderstorms. The full understanding of the phenomena must necessarily
depend on careful mesoscale analysis in addition to normal synoptlic analysis, but a few broad
features have become familiar on the basis of experience of charts and aircraft reports. For
instance, small-scale winter depressions of considerable Intensity sometimes generate on waves
of cold fronts trailing from lows at higher latitudes, over the Gulf of Oman,which has marked
orographic features almost on three sides, and over the Sinal peninsula. The north-east
corner of the Mediterranean around Cyprus shows similar features. Movement of marked upper
air troughs across the northern parts of West Pakistan and adjoining regions of India leeads,
under favourable conditions of moisture supply from the Bay of Bengal, to the generation of
pronounced depressions in and arcund the Punjlab ares which ceauses extensive precipitation in
the plains and snow in the Himalayas. High mountain ranges affect the movement of depres-
slons in almost the same wey as a "blocking" high. So far as maritime depressions and storms
are concerned, their preference for continuing on water surfaces is well known. On this basis
one can explain why such disturbances in the Bay of Bengal tend to choose river estuaries for
moving inland. When the time of this movement is close to the time of high tide,much damage
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is caused by storm bores from the sea flooding the surrounding countryside up to considerable
distances. .

4, THE SOUTH-WEST MONSOON

The south-west monsoon 1s one of the major synoptic features of south-west Asie
during the period between spring and autumn. Although this phencmenon has been studied by
meteorologlsts for nearly a century, the understanding of its mechanism 1s still very im-
perfect. A considerable volume of literature on the subject has grown up {see item (B) in
the 1list of references for a representative biblicgraphy), but no definition which can be
regarded as sufficlently comprehensive has so far been evolved in regard to the south-west
monsoon. However, the one idea that has been sustained through the years is that the prin.-
clpal cause of the monsoon is differential heating, on account of the particular relatlon-
ship of land and sea areas, and that all other manifestations arise from this primary cause.

The reason for the gap in our knowledge regarding the monsoon 1s that the phenomenon
is principally a maritime one, and synoptic studies are beset with difficulties due to a
perpetual lack of data over the extensive sea areas of the Indlan Ocean, Arablan Sea and the
Bay of Bengal, except for some mobile surface observations from ships and upper-air data
from a very limited number of island stations. As a result of the gaps in the charts, it
has often been difficult to trace the movements of the inter-troplcal convergence zone in
relation to the monsoon. ' The International Indian Ocean Expedition has made the first sys-
tematic attempt at observing the monsoon over the sea areas; their data would no doubt be
of great help for a fuller understanding of the phenomena associated with the monsoon.

The genesis of the monsoon current 1s attributed to the activity of the dominant
anticyclonic cells between latitudes 20 and 30 degrees in the southern hemisphere, apart
from the effects of differential heating. Coming as 1t does from the southern winter, the
alr is cool, and it picks up a large amount of moisture due to the fact that it travels over
several thousand miles of oceanic track. The pulsating nature of the stream, emanating from
the anticyclonic "source" reglons, is observable in the shape of fluctuatlons in the trans-
equatorial transfer of momentwn, and thls is sometimes attributed to the actlivities of the
cyclonic cells between the chain of anticyclones and the equator. However, the exact nature
of the pulsations 1s as yet far from clear,

In the alr-mass classification monsoon alr belongs to the equatorial maritime cate-
gory. The general impression that the monsoon current is a broad, dynamically stable, homo-
geneous and highly moist stream may, however, well prove to be an over-simplification of the
nature of the phenomenon, It cennot be sald that the mechanism of the formatlon of clouds
and precipltation wilthin the equatorlial meritime alr mass of the monsoon is fully understood.
Observations from ships, alreraft and weather satellites, besides avallable synoptle data,
show that there can be large differences in the c¢loud cover at different parts of the mon-
soon belt, and even in the vicinity of the equator there are cccasions when the air is com-
paratively dry. Radliatlion measurements carried out with the help of TIROS satellites have
provided additional evidence on the discontinuous nature of the eloud cover.* Evidently
the stream is not as homogeneous in its thermodynamiec structure as would appear from a few
isolated observations, and this naturally leads the synoptician to look for evidence of
marked subsidence of dry alr from aloft over some parts of the stream. The advance of the
monsoon current in May/June is found to synchronize with the generation of large amounts of
convective clouds. Photographs recorded by TIROS have brought out this feature clearly.

* The author 1s indebted to Mr. P. Krishna Rao of the United States Weather Bureau, for
directing attention to this important point. ‘
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The strengthening of the monsoon 1s referential by an increase of the wind speed
from the surface up to about 1.5 km. Quite often the strengthening of the monscon appears
like some impulsive action in the wind-fleld, leading to generation of vorticity,and follows
the movement of small-scale troughs or waves in the monsoon stream (9). Strong winds appear
in rather narrow helts, almost like a Jet stream in the low levels, and this characteristic
moves down-wind. When the troughs or waves approach the west cosst of India, they ususlly
appear as an off-ghore vortex or trough, the corresponding coastal winds backing to S or SE
from an Initial SW or WSW position. Almost simultaneously the pressure gradient along the
coast 1s accentuated and a sharp ridge appears along the west comst hills. Flgure 2 1llus-
trates the surface synoptie situation on a day of strengthening monscon. The off-shore
trough 1s a region of convergence which, accentuated by congestion of air on the windward
side of the north-south barrier of the hills, leads to spells of heavy precipitation. By
the time one such trough dissipates 1tself, another may sapproach from further up-wind, e
feature of the oscillatory character of the monsoon reinfall., The troughs or waves can be
traced as systematic isobaric ripples (especially if isobars are drawn at 1 mb intervals) in
the interior of the peninsula also.* The trough lines thus obtalned are usually regions of
convective clouds or thunderstorms embedded, as 1t were » in an extensive field of Altostratus
or Nimbostratus clouds.

The monsoon alr is known for its capacity of producing extensive and heavy rain,
but 1t is one in which it is not possible, within the lower four to six kilometres, at any
rate, to locate fronts of the type one is familiar with in the higher latitudes. It 1s rather
important to take note of this fact, for in the daily analysis in the extra-tropical lati-
tudes nearly all precipitation and convective phenomena are directly or indirectly attributed
to fronts., Monsoon thunderstorms also cannot bs placed in the "air-mass thunderstorm" catee
gory (10), for the diurnal variation of temperature is quite small except during "breeks" in
the monsoon. It i1s therefore of particular interest that even in the gingle alr-mass phe-
nomena in the monsoon, conveetive clouds often occur in well-defined lines with vivid =imi-
larity in appearance to cold frontal clouds. Figures 3 (a) and 3 (b) show radar photographs
made at Bombay, in which sections of the linear distribution of convective precipitation
cells appear. Alrcraft reports alsc occasionally mention lines of towering Cumulus  or
Cumulonimbus clouds over the Bay of Bengal and the Arablan Sea in the monsoon season, It
appears possible that low-level convergence, assoclated with shallow troughs in the pulsating
monsoon current, contributes to the formation of these pseudo-fronts, especlally if suitable
upper divergence is concurrently present. Pulsations in the current and the prevailing ver-
tical wind shears would manifest themselves in fluctuations in the transfer of momentum and
resultant concentrations of vorticity along "wave fronts" (11). The latter mechanism may
comprigse medium and mesoscale trough lines, Although quantitative determinations are not
feasible due to lack of data, 1t appears that the convergence over the trough lines offers the
required "trigger" for uplifting of the convectively unsteble air in order to form cumuli-
form clouds arranged as in a front. .

Other noteworthy features of the monsoon air mass are :

(a) Concentration of low clouds (which are usually more cumuliform than stratiform,
contrary to common synoptic notions) over a narrow belt 50 to 100 miles in width
along the coast line, while much of the sky over the sea area farther away, pervaded
fully by monsoon air, is clear or only partly clouded, Sometimes large parts of
the sea area are covered by Cirrostratus clouds only. An interesting feature is
the perceptible turbulence in this Cirrostratus, as experienced by alreraft.

* This technique, comprising 1 mb 1sobars drawn with due welghtage to surface winds for
locating trough lines, was developed and successfully used at Safdarjung Airport,New Delhi,
by Dr. P. Koteswaram of the Indian Meterorological Service during 1946-1947.
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(b) Except after showers, the visibllity within monsoon alr is rarely very good. This
is due to an almost permanent layer of haze which sometimes extends up to five kilo-
metres under a clear or lightly-clouded sky. The top of the haze layer i1s clearly
seen when observation is made from aircraft at a short height above it, The sky
aloft is deep blue. The layer of haze often has crests of small Cumulus clouds,
like waves, which have no well-defined base but seem to grow Ly gradual thickening
of the haze itself, This feature is clearly seen over the sea.

(e} Lines of large Cumulus or Cumulonimbus clouds often appear to generate at the medium
cloud level, l.e. around three to four kilometres., 'This again 1s contrary to
commonly accepted notions.*

() On the sea there is a marked swell which 1s characteristic of the season, The nature
of agltation of the sea surface is governed by the prevalling winds.

(e) The sea surface temperature shows conslderable varlations, but it has not been pos-
sihle to establish any systematic correlation between the temperatures and the cb-
served reglons of strong and weak monsoon.

(£} Monsoon depressions form generally over reglons of low-level convergence topped by
upper divergence {13).. On the majority of occasions, these depressions do not
appear to develop the vioclence of small-core cyclonle systems encountered in the
pre-monsocon and post-monsoon transitlion months. It should be noted, however, that
although the absence of violent winds 1s observed in the majority of cases, the
development of short-lived systems wlth small cores of viclent winds is by no means
unknown, but 1t may not be easy to detect them. Monsoon depressions are the prin-
clpal agents for producing extensive and locally heavy precipitation over the
northern and central parts of Indla and in Pakistan. The heavy rain 1s generally
confined to the SW quadrant of these depressions. '

(g) The appearance of the south-west monsoon synchronizes with that of the easterly Jet-
stream over the lower half of the Indian peninsula at helghts varying between 200
and 100 mb. )

Although the lack of data over the Arabiasn peninsula has somewhat conditioned us
to belleve that the monsocon probably does not penetrate deep enough into that area, the facts
may very well be to the contrary. Flgure 4 shows the clouds reported by TIROS satellite
during a phase when the seasonal low over the Oman peninsula was well marked. A rather
similar feature 1s visible cccasionally over the southern part of the Red Ses and adjolning
areas of Ethiopla and the Arablan penlnsula when the mconsoon alr penetrates into these areas
under the influence of an activated low pressure area over Somalia and southern Ethiopila.

In Yemen and Aden the formation of Stratus i1s a common feature in the morning, while high
cumuliform build-ups and thunderstorm activity occur over the mountains during evening and
night.

5. BREAKS IN THE MONSOON

A remarkable feature of the south-west monsoon is the phenomenon of "bresks" when
with the shift of the seasonal trough from the (Gangetlc valley northward to the vielnity of
the Himalayan belt, there 1s an abrupt decrease of rainfall and cloudiness over the peninsula
and the greater part of north India except, perheps, along the Himalayan foothills themselves
where sporadic heavy falls sometimes occur, The breaks are assoclated with active western

+ In an interesting paper, Raemage (12) has dlscussed the occurrence of a cyclenic circulation
at 500 mb level which weakens both upwards and downwards from the middle tropopause, and
brought out some features of monsoon rainfall from this model,
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disturbances travelling along the Himalayan latitudes. In the initial stages of the break
the average molsture content of the air generally remains quite high, although it fails to
precipitate. This fact suggests that with the change of the synoptic flow pattern charac-
terizing the break, there is a major modification of the pattern of convergence and vorticity .
over the peninsula (14),

It has been suggested by Ramaswamy (15) that during breaks in the monsoon,the middle
latitude trough in the westerlies increases in amplitude and gets retarded as 1t moves into
the Tibetan plateau. When the Tibetan anticyclone is weakened or broken up at the 500 mb
level, the easterlies south of the Himalayan range withdraw fully or partially. The south-
ward movement of the upper trough 1s a feature of unseasonsl western disturbances referred
to earlier. The westerly subtropical jet stream, which retreats to the latitudes of Russisn
Turkestan during the summer monsoon, returns to the south of the Himalayes during breaks in
the monsoon., In effeet, it is a temporary return to spring or early summer conditions.

6. SOME MICRCMETEOROLOGICAL FEATURES

The micrometecrological standpoint is almost as important as any other synoptie
approach in locust studles. It would therefore be eppropriate to coneclude this general
survey with a little discussion on some microclimatic features of the tropical region,

The inherent limitations of micrometeorological observations are well known., While
observations on the synoptic scale comprise statistical averages of prevalling values
of the meteorological elements, which undergo lerge fluctuations in time and space due to
eddies, micrometeorological values of the same elements, beyond certain refinements of
scale and degree of sensitivity of measuring instruments, start being dependent upon the
measuring techniques or probes employed. This feature introduces a measure of uncertainty
in the observations and consequently in our understanding of the nature of the phenomena,
and a stage 1s rapldly reached in a diminishing scale of phenomena when the instrumental
devices physically interfere with the phenomena they are employed to measure. Unless one
1z reconciled to fairly brosd limits of instrumental error, it becomes extremely difficult
to arrive at reliable data on a reasonably acceptable basis., It 1s not possible, for ex-
ample, to analyse an eddy in relation to wind and temperature distribution unless the scale
in which the eddy cccurs has a certain minimum dimension, This limitation is well Jknown in
physical problems {16), The nature of the relationship between small- and synoptic-scale
phenomena was eptly described by L.F. Richardson as:"Big whirls have little whirls that feed
on thelr vortieity, and the little whirds have lesser whirls, and so on to viscosity",

Insolation and consequent fluctuations of temperature are the chief factors leading
to the formation of turbulent eddies. These, together with the effects of wind and conver-
gence, sare known %o provide the steps leading to the eventual long-distance migrations of
locust swarms., As the effects of insolation commence at the surface, a discussion of be-
haviour of temperature near this level might be interesting to assess the extent of hydro-
static Instability generated there.

Mal, Desal and Sircar (17) made temperature measurements at different helghts at
Karachl, using ventilated electric-resistance thermometers, They presented their data in
terms of yearly percentage frequencies of lapse rates of various magnitudes, and these are
reproduced in Table I. '

It will be seen that in the layer 1.2 to 17 m (¥ - 56 £t) above the ground, extrem-
ely strong lapse rates are set up on a substantial number of occaslons, and the autococonvec-
tion gradient 1s easily attained and exceeded. In such conditions of hydrostatic lnstability,
the alr layer adhering to the ground probably splits up into a cellular structure (as 1n
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Bénard cells) and starts an upwai'd movement. Minor irregulerities of the surface and the
minjature thermmals affect the horizontal streamline flow of the air, giving rise to the
phenomena of gusts and lulls and eddies.

Table 1

Yearly percentage frequencies of lapse rates of various magnitudes in Karachi

Lapse rate ‘

(deg.C/100mY 3.7 23.9 17.2 11.7 T.2 3.9 1.7 0.6
Layer 4-56 ft

(%) 0.1 0.4 2.0 8.5 13.0 13,0 12.0 7.1
Layer 56-156 ft

(%) - - - - 0.6 2,5 24,1 23.7
Lapse rate

(deg.C/100m) -0.6 -1.7 -3.9 -T.2 -11.7 -17.2 -23.9 -31.7

Layer 4-56 ft ' .
(%) 6.6 5.3 7.6 6.7 6.2 6.4 3.6 1.1
Layer 56-156 ft

(%) 16.7 7.9 7.3 7.2 6.3 2.7 0.7 -

Geiger (18) has quoted Best's results (based on measurements made in England) that
between 120 cm and 30 om above the ground at 12 noon, even in the middle of June, the tem-
perature gradlent is 77.2°C/100 m, end 683.3°C/100 m between 30 om and 2.5 cm. These
velues are not very meaningful if reckoned in 100 metre units, but they nevertheless indi-
cate a measure of very great temperature contrast, prevailing over short distances over the
ground surface, in relation to the dry adiabatic lapse rate of 1°C/100 m and the autocon-
vection gredient of about 3°C/100 m. Geiger has alsc given an estimate of the diurnal varia-
tion of temperature in the following language : "If a meteorological station located at
2 metres above the ground observes a daytime fluctuation of 10°C, the value at 1 metre in-
creases to about 15°C, at 10 cm to about 209C and at the ground, to a value of 30°¢C or
even 40°C",

Figures 5 (a) and 5 (b) show the average temperatures recorded by the Agrimet

" Observatory at Poona (India) above and below the surface at the maximum and minimum tempera-
ture epochs. ‘The subsoil temperatures show that the diurnal variation decreases with the
increase of depth, and is quite small at a depth of about 15 cm. This property should be
valid at other stations as well and it appears to explain why, purely for biological sur-
vival and growth, the laying and hatching of locust eggs occur at this depth. It should be
observed that the temperature gradients are very much stronger in the shallow subsoil layers
than they are above the surface "skin". The reeson obviously is that while the gradients of
air temperature have a chance of getting moderated through eddy diffusion and small-scale
convection,” the subsoil temperature contrasts which get established through the process of
conduction only, are nct easily affected, The conductivity of the soil being poor, the dis-
tribution of heat from insolatlon remeins restricted mainly to the upper layers. It will
also be noted that between the maximum and minimum temperature epochs, there iz a reversal
in the direction of the temperature gradient.
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The variations of humidity are less cleaiy defined than the yariations of tempera-
ture. However, basing again on agrometecrological observations made at Pocna, the humidity
generally increases with height (up to about 4 m above the surface, for which measurements
were systematically made) at the minimum epoch from the end of October to April,and decreases
with height from May to the beginning of Qctober. At the maximum epoch the relative humidity
decreases with helght in all months.

The percentage of soil moisture, another important parameter In locust breeding,
fluctuates widely during the year under Indian conditions. Data of Agra, collected during
1962-1963, show that during the non-rainy months the moisture content at a depth of 7.5 em
i1s about 0.5 to 1.5 gm per 100 gm of dry soil, and at a depth of 15 cm it is between 2 and
4 gm per 100 gm of dry soil. During the height of the monsoon, the moisture content at both
these levels rises to 10 to 12 gm per 100 gm, but here again the values can be highly fluc-
tuating not only in relation to the day-to.day rainfall but also to the locations of the
observing spots.

However tentative the above data may be, they point to the need for comprehensive
micrometeorological observations at suitable locations in the locust belt, e.g. southern
Iran, Baluchistan, Sind, Rajasthan, etec.

As suggested earlier, some of the micro-scale varlations of the meteorclogical ele~
ments may be both the cause and the effect of small-scale atmospheric eddies. It is of great
importance to make systematic observatlons, to the extent possible, of eddies in their
natural state, i.e. with the minimum vitiation by ground-based instruments set up to cbserve
them. From thls standpoint, & study of the behaviour of individuals or groups of locusts in
a swarm can be fruitful in view of the fact that the evidence up to now generally points to
an absence of any flight-planning instinet in locusts.

A technique of multiple-exposure photography developed by Sayer {19) for recording
the movements of locusts has brought out most interesting results. It holds out possibili-
ties for the measurement of the dimensions of small-scale eddies by measuring drifts at
different parts of a swarm. The effects of turbulence and patterns of alrflow on locust
behaviour have been studied in considerable detail (20, 21, 22, 23), If similar studies are
organized in the locust areas of south-west Asia, much valuable information regarding small-
scale eddies and turbulence can no doubt be collected. As there are few direct methods for
observing the eddies (unless they take visible form, in the shape of dust-devils for example),
synoptieclans and micrometecrologists may stand to gain much from locust studies.
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Figure 1 (a) - Atmospheric Vortex Streets (S.N. Sen).
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Figure 1 (b) - Vortex Streets drawn on upper air charts with spacing ratic of
the streets indicated (S.N. Sen and V. Ganesan).
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Figure 3 (a) - Radar photograph (50 nautical miles range)
made at Bombey at 0722 IST (0152 GMT) on 9 August 1963.

Figure 3 (b) - Radar photograph (50 nautical miles range)
made at Bombay at 0630 IST (0L00 GMT) on 1 September 1963,

Both the photographs show the linear formation of precipita-
tion cells in the monsoon period. The line of echoes retains
its shape, sometimes for 1 to 2 hours, and while passing
over the station produces heavy showers with or without
thunder and accompanied by squally winds,

131




132

SOME FEATURES OF THE SYNOPTIC METEOROLOGY OF SOUTH-WEST ASIA

Figure 4 - TIROS V1I Nephanalysis, orbit 5545, at 1223 gMT
on 28th June 1964, showing cloud formations over Oman
Peninsula and the interior of Saudf Arabia.

G - Broken (5-7/8) cumuliform.

N - Broken to overcast Cb (embedded) heavy.

L. - Clear to scattered, unknown.

E - Broken (5-7/8) cumuliform and eirriform.

R - Broken (5-7/8) Cb (embedded).

Z and Q - Broken (5-7/8) unknown, thin.

K - Broken to overcast cumuliform and eirriform.

W - Broken (5-7/8) cumuliform and cirriform bands.
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Figure 5 (a) - Poona. Microclimate in the open - Minimum Temperature Epoch. Mean daily
temperature in °C (1955).
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Figure 5 (b) - Poona. Microslimate in the open - Maximum Temperature Epoch. Mean dally
temperature in °C (1955).
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APFENDIX

Instance of low-level turbulence in clear air in
association with a westernm disturbance

In & moving western disturbance, the region to the east of the disturbance is
normally the domain of the warm front, if it has significant extra-tropical characteristics.
This region is generally marked by stable, stratified conditions. The absence of strong
convective activity in the idealized warm front leads to the expectation that flights through
regions due east or south~east of a western disturbance should be reascnably smooth. However,
in individual cases, the structure of the discontinuity and the nature of stabllity can be
totally different from idealized conditions, and the actual weather experienced contrary to
expectations, The purpose of this appendix 1is to bring cut the circumstances leading to
cne such case,

The writer had an interesting experience of turbulence In a western disturbance situa-
tion., The particulars of the flights are given below. A part of the route was flown at night,
but cloud observations were facilitated by some moonlight.

Stages of flight : Bombay-Nagpur-Delhl-Lucknow-Allahabad.
Date : 8-9 March, 1963,

(a) Sector Bombay-Nagpur (EMB-NGP).
Airecraft : DC &4,
Time of departure : 2215 IST (1645 GMT), 8 March 1963.
Cruising altitude : 10,000 %,

Weather 1 Fair, with small amounts of Cirrus towards Nagpur.
Turbulence : Not perceptible.

() Sector Nagpur-Delhi (NGP-DLH).
Alrcraft : Viscount.

Time of departure : 0230 IST of 9 March (2100 GMT of 8 March) 1963,

Cruising altitude : 14,000 ft,

Weather : Small amounts of Cirrus to latitude 25°N. Clouds raepidly
increased to 8 oecta Altocumulus below aireraft, tops about
12,000 £t (as estimated). 5-8 oota Cirrus and Cirrostratus
above, No low clouds observed. Delhi overcast with Ac, As,
base about 10,000 £t at the time of landing (about O30 IST
of 9 March, 2300 GMT of 8 March).

Turbulence : Slight to moderate turbulence in clear air north of latitude
259N,
(e) Sector : Delhi-Lucknow-Allahabad (DLH-LKN-ALB),
Alrcraft : DC 3.

Time of departure : 0730 IST (0200 GMT) of 9 March 1963,

Cruising altitude : 5,000 ft.

Weather : Mainly overcast with Altostratus and smell amounts of Alto-
cumulus, base approximately 10,000 ft. No low clouds at allj
there appeared to be a high cloud cover as seen now and then
through bresks in the medium clouds. There was extensive haze
between Delhl and Lucknow. Visibility improved slightly and
the cloud cover decreased to about 6 octa between Licknow and
Allshabad.

Turbulence : Flying became rough within about 10 minutes of take-off., All
passengers had to fasten their seat-belts, Turbulence rapidly
Increased and became vioclent, and the aircraft pitched and
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rolled almost continuocusly. A pile of boxes stacked in the
rear of the alrcraft was tossed on the floor. One or two

small articles kept in the overhead. racks were thrown out.

The hostess had great dAifficulty in moving about in the cabin
to deal with air-sickness. This state lasted for about 90
minutes, until about ten minutes hefore the landing at Lucknow.
The general pattern of the sky did not undergo much change over
the Lucknow-Allshabad sector, After a short refuelling halt

at Lucknow, the turbulence was surprisingly mild, and seat-
belts were soon unfastened.

Discussion

Figure 1 (a) shows the three stages of the flight. Stage (a) of the journey showed
nearly normmal conditions for March., The latter part of stage (b} and stage {(c) can be satd
to have been under the influence of the western disturbance the position of which is shown
in the synoptic chart of 0300 GMT of 9 March (Figure 1). The western disturbance had an
assoclated trough extending from Baluchistan to Rajasthan and a marked upper trough. The
pressure gradient was steep over Punjab, north-west Uttar Pradesh and south Rajasthan, Jet
stream actlvity was pronounced over the area of the disturbance at a height of 300 mb. A
rather sharp wind discontinuity ley close to the Delhi-Lucknow route up to about 1.5 km
(Figures 2 (a) and 2()). The alr was characterized by low molsture content in the lower
levels and had nearly dry adisbatic lapse rate. These features are by no means uncommon in
the spring season in Uttar Pradesh.

The time of sunrise over the Delhi-Allshabad sector was between 0620 and 0640 IST
(0050 and 0110 OMT). The third stage of the flight was too early in the day and the sky was
too cloudy for strong surface heating and consequent turbulence due to themmals. The
viclent turbulence occurred in the absence of low-level convective clouds, apparently due to
the lack of molsture 1n the lower levels.

At 0000 GMT on 9 March there was a reglon of rather strong horizontal convergence
to the south-west of the Delhi-Imclknow sector {Figure 3 (a)), while there was a strong gradi-
ent of relative horizontal vorticlty across the route. These two features are significant
in explaining the incldence of severe turbulence in a weak wind-field over an almost perfectl
flat terrain. :

Clear-air turbulence, which is basically a mesoscale phenomenon, has a close rela-
tlonship with the vertical wind shear, Based on Saszki's results (1), a rough guide 1is
avallable (2) in the following form :

Verticel wind shear Degree of clear-alr turbulence
6 knots/300 m (1000 ft) Moderate
10 knots/300 m (1000 £t) Severe

Figures 4 (a) and 4 (b) show the vertical structures of the winds at Dslhi, Lucknow,
Allahabad, Bereilly and Gwallor, respectlvely,at 1200 GMT on 8 March and 0000 GMT on 9 March.
The winds generally show a veering and strengthening with height. The vertical wind shears
are qulte pronounced at Delhi, Lucknow and Berellly, and less so at Allshabad and Uwallor.
From the structure of the winds, 1t appears quite likely that the entire colum up to 10,500
or 12,000 m (35,000 or 40,000 ft) over the Delhi-Allahabad route was characterized by varying
degrees of turbulence on 8 and 9 March 1963,
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The values of Richardson's Number based on the 0000 GMT upper-air observaticns on
9 March are as follows :

Height Delhi Lucknow Allahabad Bereilly Ambala,
450 m (1,500 ft) 0.62 19.53 0.38 - -
750 m (2,500 ft) 0.h42 2.05 1.24 - -

1,200 m (4,000 f£t) 0.77 0.48 1.54 0.13 0.25

1,800 m (6,000 f£t) 1.12 0.65 1.59 - -

It is rather interesting that on the Delhi-Lucknow sector the values at 1,200 m (4,000 ft)
are substantially lower than at Allahabad., Evidently, the turbulence on the northern side
of this route would have been quite intense.

The medium cloud cover and the surface temperature distribution would have perhaps
Justified the location of a warm front near the Delhi-Lucknow route, The turbulence en-
countered would, however, make one seriously doubt whether 1t i1s at all worth while to
consider the analysis in terms of fronts, Evidently, over these latitudes there are large
modifications in the structures of the fronts if viewed against their idealized structures.

REFERENCES
1. Sasakl, Y., 1958 - A Theory and Analysis of Clear-air Turbulence, The A. and M. College
of Texas, Scientific Report No. 1.

2. U.S. Weather Bureau, 1961 - Synoptic Meteorology as Practised by the National Meteoro-
logical Center, Part II, p. 35.
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0300 HRS., GMT ON 2=3- 1263

Figure 1 - M3L syncptic chart of 0300 GMT, 9 March 1963, The surface wind disconti-
nulties are drawn by dotted lines.
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Figure 1 (a) - Map showing routes of fiightas.
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Figure 2 (a) - 0.9 km streamlines at 0000 GMT
on 9 March 1963, :

Figure 2 (b) - 1,5 km streamlines at Q000 GMT
on 9 Mareh 1963.
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1.5 ¥m level at 0000 GMT on 9 March 1963,

Figure 3 {(b) - Pattern of relative vorticity
at 1.5 km level at 0000 GMT on 9 March 1963,
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STUDY OF A CYCLONIC SPELL IN THE INDIAN SEAS

by
S. Mazumdar

Abstract

In the second half of May 1963 two severe cyclonle storms of small extent
developed almost concurrently in the Arablian Sea and the Bey of Bengal. The Arabian
Sea storm was the better documented of the two, for it was prcbed by aircraft and
also photographed by the TIROS VI satellite, It struck the Arablan coast near
Salala on 27 May and thereafter weakened and moved away towards WSW. Reconnais-
sance flights subsequently made over the Arabian peninsula brought informetion
about standing water at many points in the coastal strip and elsewhere, and this
has been of some indirect guldance for assessing the nature of precipltation caused
under the influence of the storm. An interesting feature brought out by these
flights was that, unlike an earller case, there was apparently no appreciable accu-
mulation of locusts due to the storm. The Bay of Bengal cyclone crossed the coast
between Barisal and Chittagong on 29 May, It caused extensive leoss of life and
property in East Pakistan and the adjoining parts of India. The main synoptic
features of the spell are discussed in the paper.

SOURCES OF DATA

The analysiz of the storms 1s based mainly on the weather charts and inferences

of the India Meteorological Department, Supplementary information used for the study of
the Arablian Sea cyclone consists of the following :

(a)
(v)

(e)

(4)
(e)

(£)
(g)

2.

TIROS VI nephanalysis from the United States Weather Bureau (USWB), Washington;

TIROS VI photographs and interpretations obtained through the courtesy of the
Anti-Looust Research Centre, London;

Reconnalssance flight data of the USWB Research Flight Facility (RFF) alrcraft
pertaining to the 22 and 24 May, and plotted data made avallable by the Anti-Locust
Research Centre, Londong

Hourly observations of Arablan doastal stations and data of reconnalssance flights
made by RAF Shackleton airceraft, provided by the Meteorcloglcal Office, Adeng

Data of research reconnaissance flights organized by the Desert Locust Contrel
Organization for Eastern Africa and the United Nations Special Fund Desert Locust
ProjJect, made available by the Antli-Locust Research Centre, Londonj

Logs of 8.8. Saudi, Jaladhruv, Jaladwega and Mohammedi and a few other ships that
operated in the Arabian Sea durlng the cyclohlc spells

A report from an Alr-India flight,

MAIN FEATURES OF THE BAY OF BENGAL CYCLONE

There was evidence of a succession of low pressure waves from east to west along

the zone between latitudes 3° and 10°N. Most of them moved into the Indian peninsula and -
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beyond in the form of troughs, Lack of data handicaps firm inferences, but the circum-
stantial evidence indicates that one of these low pressure waves (16 or 17 May) was the
starting point of the Arablan Sea cyclone (Figure 1). DBetween 0000 GMT' on 21 May and
0000 OMT on 22 May, a depresslon appeared to have formed with a small-cored centre near
latitude 5°N, longitude 91°E., Alrcraft observations over the area of the disturbance were
not avallable, but 1t appears both from climatology and the subsequent behaviour of the
system that the depression had concentrated into a cyclonic storm sometime between OCCC and
1200 GMT on 23 May, The storm tock a nearly northward course, recurving NNE-wards as 1t
passed into East Pakistan on the evening of 28 May.

Except over the latter half of the course of the storm, ships' observations were
generally few. In keeping with the normal characteristic of pre-monsoon and autumn eyclones
in the Indian seas, this storm had a small extent., Although these storms can develop great
violence, quite often even close-by ships' observations do not succeed adequately in reveal-
ing their intensity or even thelr existence. A chance ship in the close vieinity of the
core may enable the synopticlan to spot the storm, but the tracking of the storm in sub-
sequent charts presents a’ problem, as ships move away for safety from the area affected.
These handicaps were evident during the course of the Bay storm. The track shown in Figure i
is the best estimate that could be made with the available observations. :

When the cyclone struck the Chittagong coast, a surface wind of between 90 and
100 mph blew for about half an hour. The highest gust speed recorded at the station was
120 mph. There was no significant tide or storm wave at Chittagong assoclated with the
storm. Although storms rapldly weaken on crossing the coast, the Bay storm apparently pro-
ceeded far into the interior with unabated fury.

According to one investigation _/_— _BZ the estimated lowest surface pressure at Chit-
tagong and Cox's Bazar was of the order of 965 mb. The pressure fell by 20 mb in about an
hour and a half, and rose even faster after the transit of the storm core. The amplitude
of the microselsm recorded at Chittagong reached a maximum of 10,5 microns with a 2.4 sec
pericd, about eight hours before the time of the lowest pressure, 1,e. when the storm struck
the statlon.

3. MAIN FEATURES OF THE ARABIAN SEA CYCLONE

The inter-tropical convergence zone (ITCZ) ran roughly along the belt between lati-
tudes 4° and 10°N in the south-east Arablan Sea in the middle of May 1963, As early as
17 May a trough had developed over this area apparently under the influence of a low pres-
sure wave from the Bay of Bengal. A depression of small extent probably formed at 1200
GMT on 18 May with its centre near latitude 8°30'N, longitude 73°30'E (Figure 1). At
06473 GMT on 19 May, TIROS VI saw a vortex with centre at latitude 12°N, longitude 68°E with
the diameter of the central overcast area covering 6°.* It seems from subsequent data that
the disturbance was growing into a cyclone at this time., At 0527 GMT on 22 May, TIROS VI
reported the vortex centre at latitude 12°N, longitude 65°E, with several bands in the
north-east quadrant extending about 5° from the main cloud mass. " RFF reconnalssance air-
craft reported the centre of the severe eyelonie storm or hurricane at 0630 GMT within
15 miles of latitude 11°18'N, longitude 66°06'E, with a maximum surface wind of 60 kt 1in
the east guadrant and the minimum sea-level pressure as 684 mb. It was also reported that

* As the disturbance was over the ocean aree, i1t is difficult to be altogether precise
about the pressure patterns. It appears that at different stages of the storm, the low
pressure system had two distinct Yeyea".
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the "eye" of the storm contained clouds. At OBOO GMT, RFF aircraft reported the centre
within 15 miles of latitude 11°30'N, longitude 65°54'E. The maximum wind was 70 kt in
the south quadrant. The circular eye, 20 miles in diameter, was poorly defined. It was
reported that the maximum temperature in the eye was 25°C, with a 5°C rise in the centre,
This 1s probably one of the rare observations giving a quantitative estimate of the extent
of temperature rise due to adiabatic compression of subsiding air in the reglion of the core.
On 24 May, RFF airecraft reported the storm position at OB13 GMT at latitude 14°42'N, longi-
tude 60°06'E, The lowest sea-level pressure measured was Q47 mb and the highest wind on
the east-west wall was 104 kt, The lowest wind in the centre was 37 &, Turbulence was
reported as moderate to severe in the west wall, According to the U.S. Weather Bureau,
TIRCS VI saw the position of the vortex at latitude 14°N, longitude 61°E with a central
overcast area 10° in diameter. The cyclone continued on its north-weatward course on

25 May. On 26 May the U.S, Weather Bureau, basing on TIROS VI observation, reported "a
large well-developed tropical storm at 16°N, 55°E with a central overcast area 8° in dia-
meter and extensive banding to 7°N and banding to NE, N and NW of the centre”. The cyclone
appears to have crossed the Arablan coast near Salala on 27 May and moved west or west-
southwest, Preclse positioning inland became difficult due to pauclty of data,

A noteworthy feature was that the alreraft probes did not show any marked tempera-
ture discontinuity in or around the cyclone (except the central rise of temperature men-
tioned above}, such as one would encounter in a frontal structure, but strong linear wind
shears were in evidence, The former characteristic is of course well known in regard to
eyelonic disturbances in the tropical areas.

Figures 2, 3 and 4 show TIRO3 VI photographs and nephanalyses on 22, 24 and 26 May.
Figures 3(b) and 4(b) show that towards the north-west of the cyclone there was & large
area with scanty clouds, possibly indicating that the available moisture supply from the
Arablan Sea was largely drawn into the storm, and that the north-western area beyond the
storm field was a region of large-scale subsidence. Another noteworthy feature is the pre.
dominance of Cumilus and Cumulonimbus clouds in the storm fleld.

Figures 5 and 6 show some of the observations made by RFF reconnalssance aireraft
on 22 and 24 May respectively. On the basils of minute-to-minute observations, Dr. G.C.
Asnanl of the India Meteorclogical Department, who accompanied the RFF flight on 22 May,
has prepared a streamline dlagram of the storm core (Figure 7). The other significant infer-
ences drawn from his observations are :

{a) Light winds at the core which had a temperature of about 25°C, at an altitude of
about 450 m (1,500 ft). At one point the wind was almost calm, becoming 41 kt in
4 mimites of flight.

{b) Near the ring of hurricane winds the temperature was about 20°C.

{e) The streamline pattern showed asymmetry towards the west of the storm, However,
the "solid rotation" femture appeared to be in evidence.

{a) The "eye" contained clouds,

(e) There were scattered white horses on the sea surface,

(£) A squall line and line of Cumilonimbus clouds were observed at 200 to 300 miles

north-east of the storm, ’

It was reported on 24 May that the lowest wind at the centre was 37 kt, but from
thils report it 1s not possible to conclude that a calm centre was necessarily absent. How-
ever, the avallable observations do show that there was an approximately circular belt of
very strong winds, on elther side of which the wind speed decreased rapidly., It 1s thus
possible to envisage a circulation approximately like a solid rotation {vortex type Y =
constant) embedded Linzide a vortex of type ;. = constant, r
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: Figure 8 shows the vertical temperature distribution at the storm core as deter- -
mined by dropsonde observation made by the RFF aircraft on 24 May. The data have been
obtained through the courtesy of the Internaticnal Indian Ocean Expedition. Even allowing
for considerable drifts that the dropsonde may have undergone while it descended to the sea,
it i3 seen that between 825 and TOO mb the atmospheric column was almost lsothermal, in
fact there was a weak inversion between 825 and T75 mb, The average lapse rate between 70 and
500 mb can be estimated to have been about 5.5°C/km. Judging by averages at coastal sta-
tions, the temperature at 500 mb was about 5°C above the normal value.

According to the logs of 8.S. Mohammedi, the greatest wave height was 26 ft about
200 miles south of the storm centre on 26 May, The wave period varled rather widely, bhetween
8 seconds and 18 secomds. S.8. Saudi, which also came within the storm fleld, recorded a
steady wind of 70 kt for about three hours on 24 May, and on this day she recorded a
pressure fall of 18 mb within a period of six hours, the lowest pressure being 688 mb.

An RAF Shackleton airoraft based at Khormaksar, Aden,made a reconnalassance flight
on 27 May along the Arablan coast to locate the storm centre. The Aden Meteorologlcal Office
was kind enough to make the following flight log aveilable for the study of the cyelone,

The details of the report are reproduced below (see Fipures 9 and 9 {a}).

The atreraft left Aden at 1130 GMI and cruised at a height of 1,500 m (5,000 ft).
Abeam Riyan there was Altostratus at about 5,500 m (18,000 £t) and some castellanus. This
became overcast with slight rain. The cloud base lowered to about 4,000 m (14,000 ft), and
the temperature fell from 26°C to 15°C (the wet-bulb temperature at Aden was also 15°C),
South of Res Fartak the surface wind was estimated to be 020°/35 kt. Radar showed the vor-
tex centre at 16°00'N, 52°45'E, and the radlo altimeter indicated a surface preasure of
9i5 mb before it became unserviceable, At 45 miles from Salala and 15 miles from the coast
a long narrow clearance running pasrallel to the coast was observed. The surface wind was
estimated &8s 150°/20 kt with the cloud base almost on the surface. The alreraft then
climbed to approximately 2,800 m (9,000 ft) to cross the coast, reaching a point ten miles
inland where low clouds cleared, revealing the bleak, rocky, rainswept surface with the
wadlis half-full of water. Medium and upper clouds remalned thick but layered, and showers
could be seen in all directions. A wall of orographic cloud along coastal hills at Saleia
made let-down too hazardous, Hence the alreraft prooeeded to return. A clearance was
seen again just off-shore., On re-entering cloud a rate of descent of 600 m (2,000 ft) per
minute was recorded for a few seconds, At 1540 GMT and at 16°05'N, 52°44'E,the aircraft
was flying through the southern edge of the eye of the storm. In poor light the walls dld
not look well defined. Passing out of the eye at about 2,800 m (9,000 ft) the first severe
turbulence of the flight was encountered, and in the space of about two minutes the plane
reached 2,400 m {8,000 £t) and 3,500 m (11,500 ft}. There was slight turbulence over the
rest of the flight. Clouds cleared qulckly to 5/8 Cirrus near Riyan, The visibility was
poor because of dust haze or cloud all the way except for the time spent over land behind
Salala, where rain had washed dust out of the air and left it very clean,

The distribution of clouds along the Aden-Salala route as seen and recorded during
the reconnalssance flight is shown in Figure 9. ‘The position of the aircraft at different
hours is shown in Figure 9 (a). The feature that in some places high Cumilus or Cumulonimbue
bulld-ups had their base at 3,000 m (10,000 ft) or even higher levels is an interesting one.
An Alr-India Boeing aireraft flying at 11,000 m {36,000 £t) from Bombay to Aden on 26 May
reported extensive layers of cloud between longitude 57°E, and Riyan at levels between
6,000 m (20,000 £t) and 12,000 m (40,000 ft), with large vertical bulld-ups having their base
at about 7,500 m {25,000 ft).

Figures 10, 11 and 12 show the vertical time-sectlons of Masira, Salala and Riyan
based on deta made available by the Aden Meteorological Office. Even after the storm had
moved inland, the surface wind at Salala continued to blow from the south-east, It appears
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from the charts of 28 May that on this day the centre of the storm was probably close to
the coast, suggesting a WSW-ward trend in the fovement. It is gathered that the effects
of the storm had actually not reached Aden, and it is therefore to be assumed that the

storm had elther filled up or moved away towards the central parts of Saudi Arabia where
ne observations are available,

It can be inferred that in its most violent state the eyclone had developed a
pressure gradient of the order of 60 mb in a distance of about 150 km, i.e. an average of
lmb in 2.5 km, Near the core the pressure profile could well have been such that the pre-
valling gradient was very much more than this average would signify.

The followlng were the rainfall amounts at Salala when the station was under the
influence of the cyclone :

26 May 0600 GMT 0.2 mm
1800 aMT 3.6 mm
27 May 0600 GMT 134,0 mm
1800 GMT 40.0 mm
28 May 0600 aMr 20.0 mm
1800 GMT 32.0 mm

It may be mentioned that the annual normal reinfall at Salala is about 80 mm only,
Thus the statlon received more than twice its normal anmual rainfall in 24 hours. A reference
is made in a subsequent paragraph to the precipitation along the coastal belt.

The microselasms of Bombay did not indicate the severity of the Arabian Sea cyclone,
the amplitude of the oscillatlons being about half of what; could normally be expected. How-
ever, the Bombay selsmograph did appear to respond to the Bay of Bengal cyclone, The general
experience has so far been that storms beyond a distance of about 200 miles from Bomba.y[ g?
do not succeed in producing storm-type mlieroseisms at the station.

The sea surface has been considered as a "heat socurce" from which a substantial
part of the storm's energy 1is derived. Interesting cases have been cited in this respect[ 17 ”
pertaining to hurricanes in the Guif of Mexico and the Pacific. In the case of the Arabian
Sea cyclone, the distribution of water temperature followed a varied pattern, In the ini-
tial stages 1t appeared that the air was generally warmer than the sea, but as the storm
intensified and progressed there were a number of reports in which the sea temperatures
were two to four degrees higher than the air temperature, and this was true even when the
lower air temperature could not be attributed to rain-cooling within the storm field.

Due to lack of upper air data over the sea area, i1t is difficult to discuss the
synoptic aspects of the steering of the storms. However, the 200 mb winds reported by air-
eraft give a reasonably close agreement between the trend of steering and the upper winds.

4, AERIAL RECONNAISSANCE IN SAUDI ARABIA

A rumber of aerial reconnaissances were organized in June and July to assess the
- Looust positlon over that area, both by the Desert Locust Control Organization for Eastern
Africa (DLCOEA) and as a part of the United Nations Special Furnd Desert Locust ProJect, A
report on these latter reconnalssances has been published recently [ 2_7. Of particular
interest for the present study are the data collected by DLCOEA during the period 16 to 20
June 1963. These were made available by the Anti-Locust Research Centre, London,and are
reproduced in Figure 13. Over a large area to the west and south-west of Salala the pilots
were able to locate green vegetation, signs of recent rain, water in wadis, running water
and large areas of standing water., The flights were mostly carried out at low levels, and
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the observers thus got a very good oppertunity of recording the significant features of

the state of the surface. The distribution of accumulated water at different parts of the
coastal belt appears to lend force to the view that the eyclone probably moved towards WSW.
However, an important aspect of the observations 1s that over the southern half of the
Oman Peninsula there were locations where water accumulation was observed, while over a
large stretch to the north and north-east of Salala there was no evidence of water accumi-
lation. The surface water sighted over the Oman area could not possibly have resulted from
precipitation assoclated with the fleld of the eyclonle storm. As far as the synoptic
charts show, no other disturbance had crossed this area. The questlon may be asked as to
whether any small-scale system in the vieinity of the cyelonic storm could have affected
the Oman region and remained undetected on account of the general paucity of observations
over the area and the smallness of the scale in which depressions and cyclones occur in

the month of May. One may consider the isobaric field at 1200 GMT on 26 My 1963 (Figure 14)
in which two ships (one near 14°N, 58°E, and the other near 15°N, 59°E) reported the wind
as WOW end SE respectively, both with 30 kt wind speed. In the presence of the severe
eyelonie storm such winds and the pressures that the ships reported would be clearly
untenable, unless these winds and pressures were caused by a secondary vortex which had an
identity of its own. If that is the case, the co-existence of two vortices not far from
each other could lead to interesting possibilities of steering. According to hydrodynamical
principles zf?57, two such rectilinear vortlces should rotate around an intermediate point
in the direction of the airflow in each vortex, If the synoptic conjecture mentioned above
15 valid, the weaker system to the east of the main cyelone should have moved in some north-
erly direction, possibly ceusing the Oman rainfall which otherwise remains inadequately
explained,

5. CONCLUDING REMARKS

~ According to Desert Locust Situation Summary No. 62, this excepticnal tropical
eyelone gave widespread and extremely heavy rain in the southern Arablan peninsula in late
May. Records of such cyclones in the past, particularly that of October 1948, have shown
that any residual locust population from a very wide area, including most of Arabla and the
Persian Gulf, is likely to have been drawn into this area and to have bred on the assoclated
rains. (See also Dr. Rainey's notes on the cyclone affecting Southern Arablia in 1948 on
p. 256). The alr reconnalssance referred to above did not however reveal the existence of
locusts in the Rab al Khali. Saudl Arabia remained clear of locust swarms, although some
scattered locusts were found to the east of Taif in early June.
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Figure 4(b) - Nephanalysis of TIROS observation dated 26 May 1903.
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RADAR AND SYNOPTIC STUDY OF LOCUST SWARMS OVER DELHI

by
3. Mazumdar, N.3, Bhaskara Rec and G.R. Gupta

Abstract

The periocd from April to September 1962 was characterized by marked locust activity
over large parts of West Pakistan and north-western India., Swarms were reported
from a number of locations around Delhi in the third wesk of July. On 26 July large
swarms came to Delhl and the infestatlion continued until 29 July. Radar photographs
of the swarms show the following interesting features :

(1) On 26 July the swarm at one time consisted of a series of "waves", one behind
another in a roughly linear sense, with the length of each successive pyramid
or cone about 5 km, and the length of the combined swarm at one time more
than 40 km;

(2) The height up to which locusts in sufficient concentration extended on this
dey was at least 1.5 kmy

(3) The locusts were in flight over the Delhi erea for a considerable nﬁnber of
hourssy and

(4#) Amular-shaped echoes or echoes indicative of sharp curvature are seen in some
photographs. These could represent possible mesoscale vortices with locusts
trapped in them. The scale of distances between observing stations on the
synoptic.charts is too coarse for detecting these vortices with confidence, but
a further study of such systems is called for.

The assoclated synoptic charts are discussed. It is seen that certain regions of
locust ‘concentration approximately correspond to areas of relative atmospherie
convergence,

The results of the investigation suggest that radar is likely to prove to be a very
useful tool for the estimation of the horizontal and vertical extents of swarms and
for the tracking of swarms, both of which are problems which cannot be adequately
solved either by ground-based visual observations or even by alreraft reconnalssance.

1. INTRODUCTION

For any case study of locust swarms, whether in regard to long-distance migrations
or short-range movements, one has necessarily to depend upon available locust observations
over extended areas. There are certain inherent limitations in the usual methods of collect-
ing information regarding the spatial extent of swarms and thelr movements. The diffl-
culties are well known, but may be sumarized as follows :

(a) The greater part of the geographical belt over which Desert lLocusts breed and move
is rather thinly populated, and high-speed communication facllities do not exist
over large tracts of it,




RADAR AND SIYNOPTIC STUDY OF LOCUST SWARMS OVER DELHT 163

{p) It is not always posslible for a set of ground-based observers to make an accurate
estimate, by visual means alone, of the horizontal extent of an individual swarm and
of the direction and speed of its overall movement. Errors in estimation may arise
particularly i1f the observer is located in a valley. The problem of observing the
direction of movement lias been discussed by Waloff (5), Rainey (3) and Sayer.

(See p. 168)

(e) Alireraft observations of swarms no doubt very usefully supplement ground-based obser-
vations, but the very fact that an aircraft is a non-staticnary observing station
imposes a limitation on the precision of observatlons of the overall movements.

(a) As a rule, and with the exception of cases In which locusts are forcibly steered
for long perlods over extensive sea areas under the influence of depressions or
cyclonlc storms, swarm movements are punctuated by the settling-down phase often
during nightfall, and this introduces further uncertainties in track:lng with the
help of visual observations.

(e) As in the case of atmospheric vortices, locust movements are elso known to take
place over a wide and complicated spectrum of displacements. Adequate information
on the various small-scale or mesoscale movements of component parts of swarms
which eventually produce large-scale resultant movements is as yet not avallable
over many Areas.

These rather inherent limitations make it imperative that ground-based observatlons,
which conastitute the major part of routine locust intelligence, should be treated with a
certain amount of reserve in regard to case studies. Useful as they undoubtedly are, press
reports have also to be treated with the same reserve except for the factual information
that these reports might contein in regard to a particular station having actually been
visited by a swarm on a certaln date. The need for the reserve arises from the fact that a
ground-based observer has no means of assessing, merely by visua.l observations, whether the
observed movement of groups of locusts overhead or at a distance actually represents the
movement of the swarm as a whole and whether the existence of flying locusts over an area
for a prolonged period necessarily indicates the movement of a large swarm. These limita-
tions lead to the loglcal necessity of extending the observer's instentaneous vision over
a large area, The solution thus appears to lie in the radar technique.

Rainey (2) discussed some of the theoretical aspects of radsr detection of locust
swarms and reported an interesting case of radar sighting of a locust swarm on 22 March 1954
in the Persian Gulf about midway between Bushire and Kuwalt by H.M.S. Wild Goose. A WMO
Technical Note, subsequently published (6), also expressed the view that "the tracking of
locust swarms using high-power radar seems a distinct possibility as long as the height of
the swarm is sufficient to put it above the radar horizon”.

For the case under discussion, a serles of radar photographs is available through
the courtesy of the Rain and Cloud Physios Research Unit, National Physical Laboratory,
New Delhi; a report on these sightings has subsequently been published elsewhere (4%). This
is a new field and it may require more case studies of this type to appreciate fully the
impllecations of the patterns observed on the radar. " However, the material presented here
will probebly assist in further considerations on the utilization of the radar technique for
the detection of swarms and, eventually, in control operations.

2. SUMMARY OF REPORTS ON THE LOCUST SITUATION LEADING TO THE LOCUST INVASION OF DREIHT
IN JULY 1962

According to Desert Locust Situation Swmnery No. 52 (pertaining to July and early
August 1962) issued from the Anti-Locust Research Centre, London, swerm movements into the
inter-tropical convergence zone (ITCZ), which had commenced in the earlier months, continued,
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with breeding on the assoclated rains in India and Pakisten, Swarms were recorded in early
July at many points in Rajasthan,Punjab, south Himechal Pradesh, Uttar Pradesh and Bihar.

Swarms invaded Delhl on 26 July, the infestation continuing for the three subsequent
days. Avallable press reports on these incidences are summarized below.

25 July : By the mlddle of July it was estimated that there were some 55 swarms in RaJasthan
25 July
besides two in Utter Pradesh.

26 July : Two large swarms invaded Delhi and settled down over an area of about 100 square
miles. There was hardly any urban or rural area where the swarms had not pene-
trated. It appeared that a swarm entered the Najafgarh area of Delhi between 10
and 11 a.m. {i.e. between 0430 and 0530 GMT) and that it had come from the direc-
tion of Bahadurgarh in the Punjab.

27 July s Two fresh swarms invaded the capital around 1900 h (1330 GMT). One was reputed
to have come from the directlen of Gurgson in Punjab, and another from the direc-
tion of Meerut {Uttar Pradesh). Fifty-two villages were reported to have been
affected by the Mehrauli Development Block alone. There was heavy egg-laying.
Freshly sown crops over 10,000 acres were completely destroyed, involving a loss
of about Rs 40,000,

28 July : It was reported that Rohtak district of Punjab had been Invaded by a 10-mile long
swarm, and that 80 villages in the district had been affected. A swarm was re-
ported to be laying eggs in the Mainpuri District (Uttar Pradesh}. A S5-mile
long swarm was observed over Karnal in Punjab.

29 July : For the fourth day in succession swarms were reported over Delhli. The swarms on
this day were small compared to the previous ones., By this day locusis had settled
over 4,000 acres of land in the Meerut District. Locusts were reportedly moving
north-eastwards from Jaipur (Rajasthan).

Data regarding the reported infestations in variocus areas surrounding Delhi have
been obtained through the courtesy of the Director of Plant Protection, Quarentine and
Storage, Government of Indla. These data have been plotted on a map which is reproduced as
Figure 1. It is seen that the majority of the reported swarms consisted of yellow loousts,
but there are several reports of grey and pink locusts, The data pertain to rather widely
separated observing polnts, but nevertheless there 1s a certailn amount of consistency in the
estimated directions of displacement, inasmich as the majority of the Rajasthan reports
indicate movements with a distinet west-to-east component. '

From the strictly theoretical standpoint, 1t should be possible to determine the
character of the progression of swarms (including their convergence) in an obJectlve manner
by drawing isochrones on a chart of "spot" observations. In actual practice, however, this
1s only very rarely feasible, due to the gaps in space and time between the different re-
porting points, lack of sufficient information regarding settled swarms and their day-to-day
dispositions. As the diasgram stands, more than one isochrone singularity can be discovered
in it. Meny synoptic meteorclogists are familiar with similar difficulties in drawing iso-
hyets where the dependability of the patterns 1s related directly to the closeness of
the network of stations reporting rainfall.

3. RADAR OBSERVATICNS CF THE SWARMS

The swarms which ceame to Delhl were cbserved on the storm detection radar and the
photographs of the echoes were taken by the Rain and Cloud Physics Research Unit, Natlonal
Physical Laboratory, New Delhi.* A selection of the photographs 1s presented here.

%# The specifications of the radar are as follows : Model JRC NMB 451A; wavelength : 3.2 omg
antenna helght : 12.7 metres above station level; maximum range : 360 km; peak power output:
250 kW; pulse-width : equivealent to 1 microsecond; beam-width 1 1 degree.
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The series of radar photographs (Figures 2, 4, 6 and B)gives the plan position indi-
cator (PPI) and range-elevation indicator (REI) displays at different times on different
dates. The timedof each radar observation can be seen on the clock in the photograph. This
time iz the Indian Standard Time (i.e. GMT plus 5 hours and 30 minutes). The top of each
PPI picture represents north. Figures 3, 5, 7 and 9 show on & simple monochromatic station
model the hourly observations and a few half-hourly observations of cloud and surface winds,
made at Safdarjung Alrport,which is at a radial distance of about 8 km from the site of the
radar. These observations as well as the synoptlc charts for the same period show that
Delhi and its surrounding areas were free from rain until 2100 GMT on 29 July and that the
cloud econditions were such that they were unlikely to produce any precipltation echoes on
the radar. The REI pictures and other circumstantial evidence give support to this conclu-
slon. Dally records from the 27 state rain-gasge observatorlies in Rajasthan for the perilod
26 to 29 July 1962 were all "nil" except for 13.5 mm at Chittorgarh on 28 and a trace at
Udaipur on 29 July. :

DISCUSSION

Flgures 2 (¢) to 2 (g) contain prominent echoes in the third (south through west)
quadrant. Figure 2 (d) shows several low density bands to the west and west-southwest of
the station at distances between 25 and 50 km. These appear to have concentrated into dense
bands about an hour and forty minutes later, as can be seen in Figures 2 (e) and 2 (f)., The
two latter diagrams have been made with radar elevations of two degrees and three degrees
respectively, indicating that the swarms had considerable vertlcal extent. The range-elevation
indicator dlagram shown in Figure 2 {(h) was made in order to scan the vertical extent of the
swarm on the azimuth of 252 degrees along which the swarm took a roughly linear conflguration,
as can be seen from Figure 2 (f). The range-elevation dlagram shows that the swarm extended
in sufficient density up to a height of at least 1.5 km at several places, and that Its length
was over 40 km, comprising a serles of pyramids or cones each measuring about 5 km along the
direction of scanning. It can be presumed that in view of the high density of locusts in the
swarms there was a certain amount of attenuation of the radar beam at the remote reglons of
the field. This, together with the effect of the earth's curvature, leads to the conclusion
that the total swarm could have been even larger than appears from the radar photographs.

The effects of ground elutter have to be carefully eliminated by taking into account
the nature of the permanent echoes, illustrated in Figures 2 (m, n and o), and by comparing
photographs, taken within cne or two minutes of each other, with different elevations of the
radar antenna. Figures 2 (1), 2 (J) and 2 (k) are exesmples in this regard. It will also be
seen that there was a substantial reduction in the vertical extent of the swarm as beiween
Figures 2 (h) and 2 (1). It has not been possible to verify whether the latter represents
a stage prior to settling down. Another interesting feature seen in some of the photographs
is the sppearance of approximately annular-shaped echoes or echoes showing shaerply curved
protrusions. For example, Figure 2 (¢) shows & ring-shaped echo embedded In a mass of other
echoes, on the western sector, the central part of the echo appearing as almost free of
locusts. Figure 2 (J) shows one euch feature to the south of the station, Flgures 6 (a),

6 {(p) and 6 (c) show interesting curved patterns to the north-east of the station. That
these were not permenent echoes can be seen by comparison with other dlagrams with the same
elevation angle and the same range. Figure B (d) shows ancother circuler patternm to the
south of the station., These examples could be multlplied by a close examination of the
dlagrams, especlally over the low-density areas where the echoes have appeared merely as
scattered dots. The more prominent features cited above are suggestive of some form of
cellular structure, embedded in large masses of locusts. These cells could be areas of
relatively high mesoscale convergence, and they could be assoclated with mesoscale vorti-
clty persisting for one or two hours and drifting or dissipating later. It 1s felt that
this particular feature of the echoes deserves to be closely studied when more radar photo-
graphs of locust swarms become avallable,
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Figures 4, 6 and B pertain to 27, 28 and 29 July respectively. They differ from the
series for the 26th 1in so far as they indicate a lessening of the concentration on the
western sector, and greater actlivity on the eastern sector.

It will be seen from Figures 3, 5, 7 and 9 that during the period tc which the radar
photographs pertain, Delhl had varylng amounts of cloud, but no Cumulonimbus had been re-
ported until 2200 GMT on 29 July., Non-precipitating Cumulus, Altostratus and Altocumulus
did appear now and then, but these could not have been assocliated with the radar echoes as
no precipitation was recorded at Delhl or its vicinity arid as the vertical extent of the
echoes, as seen in the available REI dlagrams, was of the order of 1.5 km only. Accordingly,
there 1z adequate Justification for inferring that the observed radar echoes were caused by
locusts and not by any other factor or atmospheric condition.

A discussion of the relevant synoptic features is given in the following paragraph.
The scale on which the variations of the awarm positions and configurations took place was
such that with the avallable meteorclogical data it would be almost impossible to correlate
their short-period variations with meteorological parameters as observed on the charts.,
However, it 1s proposed to undertake a more detailed study of several aspects of these radar
observations.

4, SYNOPTIC FEATURES

As 26 July was the date on which the major swarm movements took place, the synoptic
features of this date are discussed in a more detalled manner. The mean sea-level synoptic
chart of 0300 GMT is reproduced in Figure 10, while Figure 11 shows the 600 m streamlines
at 0000 GMT on 26 July. Delhi tephigrams of 0000 and 1200 GMT of the same day are reprcduced
in Figures 12 and 13.

The synoptic chart shows the monsoon discontinuity as a double dotted line connecting
the seasonal low over the central parts of West Pakistan and the trough over West Bengal and
the adj)oining parts of Bihar, The streamline chart (Figure 11) shows that northern India
and West Pakistan were pervaded by westerlles; this implies that the monsoon discontinuity
was extremely shallow. In this respect 1t can he sald that the prevalling conditions over
north-west India were akin to the so-calied "break" monsoon conditions, associated with dry
or nearly dry spells in the monscon season. It will be seen that the stations in the vicinity
of Delhi had clear or lightly clouded skies. The streamline chart shows winds from the
western sector, of speeds varying between 15 and 25 kts. This feature could be associated
with a flow of swarms from Rajasthan into the areas surrounding Delhi.* The tephigrams
{(Figures 12 and 13) show the dry- and wet-bulb curves and the winds, They indicate the -
existence of the usual molst adiabatic lapse rate and a marked diurnal variation of tempera-
ture In the lower levels. It will be seen theit the winds close to the surface changed from
westerly at 0000 GMT to a weak south-southeasterly at 1200 GMT. Although 1t is difficult to
draw any definitive conclusion due to lack of sufficlent data, it is not unlikely that this
wind shift was assoclated wilth a possible mesoscale vortex over Delhl and the nearby areas
to the west of the station. If so, it could be a factor conducive to the convergence of
swerms into the Delhi area, Figure 14 shows the osciliations of the axis of the monsoon
trough along the longitude of Delhi during the period 21 to 30 July, at 600 metres above
sea-level. Between the 22nd and 24th, the axis was to the south of Delhi, and thereafter
1t moved northwards. It again moved south of Delhi on 30 July. It was close to the station
on the 25th and again on the 29th. It may be mentioned that Delhl had a thunderstorm on the

night of 29/30 July.

* Aspliden and Rainey (1) have discussed the relationship between the wind and movements of
swams,
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Figure 15 gives the vertical time section of Delhi over the perilod 20 to 30 July,
the dates having been written from right to left in the disgrem. The 24-hour changes of
contour helght are drawn at intervals of 20 metres, and the rises and falls are as usual
indicated by R and ¥, The surface observations at 0000, 0600, 1200 and 1B0O GMT are plotted
at the appropriate places below the base line of the diagram. Generally no significant
changes are noted in the upper-air temperatures., Low-level pressures fell on the 24th,
followed by a rise on 28 to 29 July., The interesting feature about the upper-air winds is
that easterlies generally prevalled up to 22 to 23 July, and the easterlies were then
abruptly replaced by westerlies which prevailed until 29 July,

_ Figure 16 depicts the pattern of divergence at 600 metres based on the 0000 GMT
upper-air charts from 22 to 29 July, prepared according to Bellamy's technique. Isopleths
of positive and negative divergence have been drawn at unit intervals, the unit being
k=2.3x 10-> sec~l, It is realized that the avallable network of pilot-balloon observa-

" tlons 1s rather open and does not lend itself to meso-analysis whilch 1s probably the only
adequate mode for synoptic studies of locust situations. However, even as the diagrams are,
1t 1s possible to draw a few interesting conclusions from them., The convergence area was
close to Delhi or included Delhl between 22 and 25 July when the axis of the monsoon trough
at the same level was to the south of the station. Divergence areas became prominent during
the subsequent three days, and on 29 July when the trough line commenced its movement south-
wards, Delhi came within an area of significant convergence. On 26 July an axis of gonver-
gence could be drawn, oriented approximately from north-west to south-wéest, while on the
following day a small area of convergence appeared to the south of the station. The Rajasthan
area was dominated by a reglon of divergence almost during the entire period considered. The
exact extent to which the concentration and dispersal of locusts 1s governed by atmospheric
convergence and divergence in a non-depressional field is not known. Analysis is beset by
perpetual difficulties ariasing out of insufficlency of data, for the displacements occur
over a wide spectrum of distences. The radar photographs discussed earlier show that on

26 July there were extensions of swarms in the south-western quadrant, while on the three
subsequent days the extensions were seen to the east and south of the station. The con-
vergence areas on the east and south of Delhi on 27, 28 and 29 July should lead to the ex-
pectation of locust activity on the southern and eastern areas, and the radar photographs
bear this out. It has however not been possible to establish the valldity of the statement
{mentioned under summary of press reports in paragraph 2 above) that one swarm came from the
direction of Meerut, 1.e. against the prevalling wind.

The circumstances which can lead to the accumulation and temporary immobilization
of swarms has been discussed by Rainey (3).

5. CONCT.UDING REMARKS

Despite obvious limitations of data, an attempt has been made in this preliminery
study to point out the possibilities provided by the radar technique for the detection and
control of locust swarms, Questlions relating to the complete interpretation of radar locust
echoes will no doubt become clearer when further studies of this kind are undertaken in
Indla and other countries in the locust belt. For supplementing radar studies it is neces-
sary to undertake carefully planned mesoscale analyses over areas commonly affected by swarms.

Any worth-while investigation of the locust problem has necessarlly to depend upon
relisble machinery for collecting locust Intelligence. A great deal of assistance can be
rendered by extending facilities for systematic alrcraft reconnalssance and photography to
those areas where these facllitles do not exist at present. A case also exists for setting
up a system of high-speed communications, including mobile radio communications (as estab-
lished, for instance, by the Desert Locust Control Organisation for Eastern Africa based at
Asmara in Ethiopia), for linking up fleld stations with the respective national or regional
headquarters for locust control.
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Figure 2 - Radar photographs on 26 July 1962,

Figure 2 {(a) -

Indication - PPI

Time - 1030 IST (0500 GMT)
Elevation - 1 degree
Range - 50 km

Figure 2 (o) -

Indication - PPI

Time - 1155 IST (0625 GMT)
Elevation - 2 degrees
Range - 20 km

Figure 2 (b) -

Indication - PPI

Time - 1052.5 IST (0522.5 GMT)
Elevation - 2 degrees

Range - 50 km

Figure 2 (d) -

Indication - PPI

Time - 1334 IST (0804 GMT)
Elevation - 1 degree
Range - 50 km
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Figure 2 (e) -

Indication -~ PPI

Time - 1335.5 IST (0B05.5 GMT)
Elevation - 2 degrees

Range - 20 km

Figure 2 (g) -
Indication - PPI (Off-centre)

Time - 1337 IST (OBOT GMT)
Elevation - 1.5 degrees
Range - 20 km

Figure 2 (f) -

Indication - PPI

Time - 1336 IST (0806 GMT)
Elevation - 3 degrees
Range - 20 km

Figure 2 (h) -

Indiecation - REI

Time - 13% IST (0809 GMT)
Azlmuth - 252 degrees
Range-markers 5 km apart
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Figure 2 (1) - Figure 2 (J} -

Indication - PPI Indication - PPI

Time -~ 1414 IST (0B4k4 GMT) Time - 1414.5 IST (0.844,.5 gMT)
Elevation - 1 degree Elevation ~ 2 degrees

Range ~ S0 km Renge - 50 km

Figure 2 (k) - Pigure 2 (1) -

Indication - PPI (Off-centre) Indication - REI

Time - 1415 IST (0845 GMT) Time - 1658 IST (1128 aMT)
Elevation - 1.5 degrees Azimuth - 286 degrees

Range - 20 km Range-markers 5 km apart
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Figure 2 (m) -
Indication - PPI
Time - 1054 IST
Elevation - 1 degree
Range - 50 km

Figure 2 (o) -
Indication - REI
Time - 1110 IST
Azimuth - 32 degrees

Range - 20 km

Figure 2 (n) -
Indication - REI
Time - 110% IST
Azimuth - 252 degrees
Range - 20 km
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DATE_ 28 Jul)r 1362

—-» .6 . .® O

3/8Ci-T500m. 3/8 &l -T500m. 3/8Ci-T1500m. 3/8 ¢/~ T500m, 118 ci-1500 M.
o100 0130 0200 0230 0300
18 ci- 1500m. 2/88¢-1200m. > 2/8 cy- 1200m. z/a Se-/1200m. 2/8 Cu - 1200
3/8 Cy-120G ™. 3/88¢c~-i200m.
0400 0500 0600 0700 0BoC
5/8Cu- 1200 /8 /cv- 1200m. 2/eCe~1200m. 4/83¢ - fo50m. 3/93Ncras0m.
N8 Se-1200m. 2/ 8ce-1200m Jlacp 1200m.
0830 0900 0930 100D
3/8cy-\ 1200 m. 2/8cv -\‘12001#- 2/8 cu .: 1200m. 4/5‘-,-_‘ 7500m.
1100 1200 1230 1300 - 1400
3i8ci -\7500m. 3f8¢i ; 7500 ™. 2/8¢ei i- 8000wt | - S _
1430 1500 1600 1700 1800 -
1/8¢i- A Gooom. V8 0i-6000m. \ﬁm:n \&,, \Aﬁ" ;i%%’:,
51g Ac-3000m. s Ac-3000m s/t el -1560m-
1900 2000 2100 2200 2300
~ 3/6 3c- 1500
478 Ac-S000M
6/8ei - 6000
2400

Flgure >
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Figure 4 (a) -

Indication ~ REX

Time - 1118 IST (0548 GMT)

Azimuth - 32 degrees

Range-markers at intervals of 2.5 km

Figure 4 (¢} -

Indication - PPI

Time - 1506 IST (0936 GMT)
Elevation - 1 degree

Range - 50 km

Figure 4 (b) -

Indication - PPI

Time 1505.5 IST (0935.5 GMT)
Elevation - 1 degree

Range - 100 km

Figure 4 {(d) -

Indication - PPI

Time - 1506.5 IST (0936.5 GMT)
Elevation - 1.5 degrees

Range - 50 km
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DATE 227%™ July 1962

5/8 Ac= 3000 ™.

18 3c - 1500m /8 5c-1R0 m, 5ftfAc- 3000 5/8 Ae- 3000 m,
#8 Ac-J200 m. 5/8 Ac-3000m. W8 1-8800 m. 7/8C1-6000m. 4/8 L -6000 m.
/8 L 6000 m. [8 Cr 5200 m. :
0100 0130 0200 0230 . 0300
- : - : ~I200m. ~2/8 3¢ [200m. 2/8 5c~1200 ~.
a%:: “i0g m. ;ﬂ T Fonom. Haiistoom ﬂ{;’ Fa o7 Jﬂ' i 7500 m,
HECt-THP m. 2/8 Ci~T500m.
0400 0500 0600 0700 0800
”},g._u <1200 m. 2/85e] 1200m. Yescl-r2o0m 1o se - (200 . ,f: gel-200m.
0830 0900 0930 1000 1030
Head rzoom, {8 5] i100m I 3cf-r200m 3/8 Sc\ r2eom, 2/8 s\ 1200 m,
2/8 Ac-1 3000 m. F/8 Ac|-30aam. 3/4 Ac -3000 m 1/8 Ac - X\ Jo00m, 3/8 Ac=\ 3000 m,
1100 1200 1230 1300 1400
;/u';- 1200m, I S\ rteom. /8 3\ 1200m. 3/8 €r-7500m ‘ 3/2 ci-7500m.
/8 Ac = \Io00m. J/8 A )\T000m,
1430 1500 1600 1700 1800
3/8 cr 7500 m X ECci-T800m.  1[8Cr-TS00m 2/8 ci-78500m, 2/8 €4 -7500 m.
1900 2000 2100 2200 2300

2/8 As - 3800 m
2400

Flgure 5
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Figure 6 (a) -

Indication -~ PPI

Time - 1051 IST (0521 GMT)
Elevation - 1 degree
Range - 50 km

Figure 6 (b) -

Indication -~ PPI

Time ~ 1052 IST (0522 GMT)
Elevation - 1.5 degrees
Range - S0 Xkm

Figure 6 (e) -

Indication - PPI

Time - 1146.5 IST (0616.5 GMT)
Elevation - 1 degree

Range - 50 km

Figure 6 (d) -

Indication - FPI

Time - 1147 IST {0617 GMT)
Elevation - 1.5 degrees
Range - 50 km
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Figure 6 (e) -

Indication - PPI

Time - 1420.5 IST (0850.5 GMT)
Elevation - 1 degree

Range - 100 km

Figure 6 (g) -

Indication - PPI

Time - 1505.5 IST (0935.5 GMT)
Elevation - 1 degree

Range - 50 km

Figure 6 (£} -

Indication - PPI

Time - 1421 IST (0851 GMT)
Elevation - 1 degree
Range - 50 km

Figure 6 (h) -

Indication - PPI

Time - 1607 IST {1037 GMT)
Elevation - 1 degree
Range - 100 km
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DATE 28 July 1962

' 2/8 3c-1200m 42 Ac 3600, 38 Ae-3000m  3aic 3000 m
. s, ‘W""""" / £/8 Ac- 3600 318’ ~2500m. / 8 ¢/ -7500m, ;,/; ¢i- 7500 m
9138 0200 0230 0300
3/8 Ac- 3000 m. /8 A-3000 m. 7/8 ¢i- 2500m /g Sc-12o0m. Yt sc-r200m,
4/8¢0- 7500 m, &8 ci-rsgom. 6/8 £i- 7500 m, 6/8 ¢t - 7500 m.
0400 6300 0600 G700 0800
7/8 €/ T500m 7/.9 Cra T500m. 2/8 Sc- 1200 m 5/#5c ~/200m. /8 S5c-1200m .
& Cr-7500m & Co- THOG M, $]EES = TIo0 M,
0830 0300 0930 1000 1030
38 Sc-1200 m. I8 Co~1200 m. z/: Ca=N\S200m  28|cu-l2oom,  UF Ac|- 3000 m.
§/8 Ci = 7500 m, 6/8 ci- 7500 m, /8 Cr~ T5O0m. Mf Cr-7500m, O/ X L TSCOm.
1100 1200 1230 1300 1400
/8 cr- r.mm' s,lm-ng 2 l Vo dc-Sow I-..
1430 1500 1600 1700 1800
sl Ac-3600 m i "/ .n-:th 3 /8 56 1400 = 38 S¢ 1800 m. 3/8 5 -/800 m.
/s A~ T80 wy #78 M= FOUC . /8 Ac < IND m,
1300 2000 2100 2200 2300
2/ 5c-1200m,
E/2Ac-3000 m.
2400

Figure 7
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Figure 8 (a) -

Indication - PPI

Time - 1033.5 IST (0503.5 GMT)
Elevation - 2.5 degrees

Range - 50 km

Figure 8 (c¢) -

Indication - PPI

Time - 1401.5 IST (0831L.5 GMT)
Elevatlon - 1.5 degrees

Range - 50 km

Figure 8 (b) -

Indication - PPI

Time - 1130 IST (0600 GMT)
Elevation - 1 degree
Range - 100 km

Figure 8 (d4) -

Indication - PPI

Time - 1502 IST (0932 GMT)
Elevation - 1 degree
Range - 100 km
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Figure 8 (e) - Figure 8 {f) -

Indication - PPI Indication - PPI

Time - 1504.5 IST {0934.5 GMT) Time ~ 1556 IST (1026 GMT)
Elevation - 1.5 degrees Elevation - 1 degree

Range - 50 km Range ~ 100 km
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Figure 9
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INFLUENCE (F METEOROLOGICAL FACTORS ON THE BEHAVIOUR OF THE DESERT LOCUST

by
X.U.81ddiqi

Sufficient evidence has been accumilated to show that the behaviour of the Desert
Locust is directly infiuenced by meteorological parameters such as winds at 600 m, conver-
gence, rainfall, temperature, pesition of storms and depressions and the fluctuations in the
position of the Inter-Tropical Convergence Zone (ITCZ).

The description of the synoptic situatlion during the later part of June 1961 and 1its
influence on locust behaviour over the Indo-Pakistan subcontinent 1s presented in this paper.

According to the information published in the bulletin of the Anti-Locust Research
Centre, London, egg-laying and hatching were observed in some parts of Iraq in early May 1961.
Successive breeding, however, continued later., Hoppers were found in Iran during the first
fortnight of June 1961 and mature and Immature swarms in southern Iran some time Jlater.
Pakisten remained free of swarms and hoppers until the middle of June but on 23 June 1961
a swarm was detected at Panjgur in Pakistan and over Kutch in India two days later.

The impact of the synoptic meteorological phenomena on the above-mentloned behaviour
of loousts is discussed in the following paragraphs.

‘Figure 1 shows the track of a cyclonic storm in the Arabian Sea. The dotted line
shows the position of the disturbance at €300 and 1200 GMI, both before its intensification
into a cyclonic storm and after i1t had weakened. The positions of the centre of the low are
subjective due to paueity of data and are intended only to portray the area of low pressure.
The significant aspect of this disturbance was its rather slow movement; normelly similar de-
pressions rapidly weaken and move away inland rather quickly.

As a result of the presence of this disturbance, the boundary between the monsoon
air and the dry continental air fluctuated during the period. The posltion of this boundary
on successive days 1s shown in Figure 2. Again, the position, particularly over the sea, 1s
subjective due to pauclty of data.

Figure 3 represents the airflow at 2,000 feet above sea-level on four successive
days. From these patterns a qualitative idea of the reglons of convergence is not difficult.

Synoptic charts have shown that the airflow at 600 m over south-east Irag and
southern Iran was mainly north-westerly to west-rorth-westerly during May and June 1961
prior to the movement of the depressicn in the north Arablan Sea.

It therefore appears logical to assume that the swarm detected at Panjgur on 23 June
1961 was the one in which hatching took place in Iraq in early May and which migrated to
gouth Iran in the middle of June. It could not proceed further east as the flow pattern at
600 m had changed due to the presence of the depression. Due to relatively strong northerly
or north-north-westerly winds, it had no alternative but to fly downwlnd over the sea and
settle down over the first available land area. Due to marshy land extending a few miles
inland from the west coast of India, the swarm settled down at Kutch at the end of the marshy
region where it was detected on 25 June 1961.
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The above discussion shows that the movement of the swarm was controlled at first
by the wind flow at 600 m and later by the flow around the disturbance. The successive fluc-
tuations in the movement of the boundary between moist and dry air appear to be significant
in the behaviour of this swarm.
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Figure 1 - Track of depression/storm,

a1e

aritr g

Flgure 2 .- Position of Inter-Troplcal
Convergence Zone from June 20 to 28,

1961,
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23. 6. 61.

24.6.61. N

Pigure 3 - Wind flow at 2000 ft, above sea-level at Q000 GMT.
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FMgure 3 - Wind flow at 2000 ft. above sea-level at 0000 GMT.
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DEPRESSIONS AND ASSOCIATED DESERT LOCUST SWARM MOVEMENTS
IN THE MIDDLE EAST

{An ocutline with particular reference to the spring of 1961 and 1962)

by
Berenlce Shaw

An association between locust movements and passing westerly depressions has been
recognized in these latitudes for many years, with evidence of the swarm movements taking
place, in a generally northerly direction, in the temporary spell of warm southerly winds
ahead of the cold fronts, This type of movement cccurs right across the northern part of
the Desert Locust invasion area, from north-west Africa to West Pakistan and northern India.

By the end of the spring period in particular, swarms migrating in this way bring
about a quite new geographical distribution, for up until the time of these movements the
locusts were located in areas further south (Figures 1 and 2), By March, in both 1961 and
1962, swarms had begun to leave for new areas, l.e, to move on to areas in which spring
breeding commonly occurs. Previous evidence suggested that the depressions passing through
had brought firstly the winds which made the move possible (the locusts thus moving down-
wind in the southerly winds of the warm sector), and secondly the rain necessary for making
conditions suitable for breeding. Figures 1 and 2 show the scale of movement which took
place, In 1962 swarms extended considerably further north-eastward than In the comparable
period of 1961, reaching southern Turkey, north-east Iran, and into Turkmenlan 5.3.R.; this
was the first time Desert Locust swarms had reached the Soviet Union for more than thirty
years, :

T™e Desert Locust Information Service of the Anti-Locust Research Centre has been
able since March 1961 to make use of current meteorological observations to follow these
swarm movements, working from synoptic cbservations for 1200 GMT which have been plotted
daily for a large part of Africa, the Mediterranean Basin, the Middle East and south-western
Asla, together with an elementary analysis at the 850 mb level. In addition, use has been
made of various other meteorological information, e.g. aircraft reports, atmospherics re-
ports, TIROS weather satellite observations, data recelved with locust reports. Reference
has alsc been made throughout to the published material in relevant dally weather reports
of a number of national Meteorologlcal Services, '

In the two spring pericds of 1961 and 1962 it was found that at least thirteen
depressions passing through the Middle East were assoclated with major swarm movements
{Table 1), with some new swarms observed at distances of more than 300 km away from any
earlier recorded positions. For example, during the passage of one such depression in
early March 1962, swarms were reported appearing well to the north of their earlier recorded
limits; in northern Saudi Arabia on 7 and 8 March, Jordan and Israel on the 8th and 10th,
western Iran on the 10th, and north-eastern Iran on the llth, It may appear at times that
the actual dates of the first swarm reports would suggest thelr having moved in a direction
against the corresponding wind reported at the same time, but anomalies and delays of
locust reporting, especially in uninhabited areas, must be borne in mind,

This kind of movement, during the passage of successive depressions, appeared to
account for the larger part of all the major displacement of swarms northward at this time
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of year., Thus it 1s obviocusly of particular advantage to be able to forewarn countries
likely to suffer from the effects of what we can term the "dangerous" depressions, so that
they can prepare counter-measures in time. Some of these depressions were thought at the
time to be potentlally sulteble for transporting the locusts northward, and the Desert
Locust Information Service has been able to send ocut a number of due warnings to the coun~
tries imminently affected, For this to be done effectively we need to know which, of all
the depressions and kindred disturbances appearing in this part of the world, are the ones
which move locusts - and which are the ones that do not - provided of course that there

1s a sultable source of swarms to be moved in the first place; what are the characteristics
of the significant depressions, and how socn and how easily they can be recognized.

Finally, 1t is not proposed, or indeed possible, at this point to provide all the
answers to these questions. However, some facts have clearly emerged from the 1961 and 1962
studies about the kind of depressions which so far have affected locusts, Firstly, they
were generally the most intense ones which passed through the Middle East region., Qulte
frequently they could be distingulshed as closed lows on upper-air charts, at least up
to the 700 mb or 500 mb level. Secondly, they introduced a surge of warm southerly air,
ahead of the cold front, sufficlently vigorous to transport the locusts northward for a
lengthy distance. In this respect not only the intensity but also the track followed by
the depression 1s significant; this was observed particularly in the case of some of the
Saharan or Khamsin depressions. Thirdly, the surge of warm air from the south was comple~-
mented by a marked cold pool of air moving in the rear of either the same or a closely
assoclated depression.
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MEDITERRANEAN SYNOPTIC WEATHER AND THE ASSOCIATED
1000-500 MB THICKNESS PATTERN

by
J.C. Gordon

Before discussing the weather of the Mediterranean it is first necessary to describe
the topography of the area., The Mediterranean Sea 1s almost entirely surrounded by mountailns
except for the North African coasts of Libya and Egypt. In parts these mountalns exceed
3000 m and as a whole form a formldable barrier to surface and low-level alr. The only gaps
in the mountalnous belt are at the Straits of Gibraltar, the Carcassonne Gap in Southern
France and the Sea of Marmara leading to the Black Sea.

The main effect of topography on Mediterranean weather is virtually to preclude the
passage of surface depressions from outside the area of the Medlterranean basin. ILess than
10 per cent of depressions affecting the Mediterranean originate ocutside the area.

Orographic depressions form mainly in the Gulf of Genoa, the Sahara and in the area
of Cyprus. These depressions are generally slow moving but those of the Sahara- in partlcular
may move rapldly in the thickness pattern. As pointed out by Mr. $. Mazumdar, mountaln
ranges at right-angles to each other tend to produce orographic depressicons. Such an area
is created by the Alps and the Apennines and a similar configuration occcurs in the Cyprus
area.

‘ Frontal belts do enter the Medlterranean basin from outside the area but consider-
able modification takes place when they do so. Because of the general stability shead of
warm fronts the air assoclated with them tends to be deflected round the mountain barriers
and not over them. Also, because of intense heating at the surface at certaln times of the
year, warm frontal belts become less marked. As a result warm fronts are not very active in
the Mediterranean although they may be well marked thermally but with dry air masses.

Cold fronts too are modified during their passage over the mountains but because of
the frequent instabllity behind cold fronts the low-level alr may pass over the obstacles.
In doing so, considerable drying may take place and normal post-cold-frontel weather may not
reappear for some dlstance beyond the mountaln range.

Most weather In the Medlterranean tends to be assoclated with cold fronts or de-
pressions. And in turn these tend to be assoclated with cold upper troughs or cold poocls.
At the Main Meteorologlcal Office at Nicosia in Cyprus more reliance is placed upon the
weather related to thermal troughs and cold pools than that assoclated with frontal belts.
It has been found that cloud and precipitation are mainly located on the forward side of
mobile cold pocls and thermal troughs.

Some work has been done in investigating the frequency, distribution and movement
of cold pools in the Mediterranean area durlng the period 1953 to 1956. The -charts used in
this work were the l000-500 mb thickness maps prepared twice dally at the Meteorological
Office at Luga, Malta. A cold pool may be defined as being represented by at least one
closed thickness line in a fairly deep layer of alr. In effect it 1s a mass of relatively
cold air surrounded by relaiively warm air.
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Cold pools may enter the Mediterranean basin from outside the area but more fre-
quently they are formed inside the area. Thls may occur when cold air from the north-west
or north enters the area ahead of an anticyclone over the North Atlantic or {when cold air)
from the north-east on the eastern side of a Central Eurcpean anticyclone. As the antl-
cyclone gives way to more mobile westerly systems, warm alr moves to the north of the cold
plunge and this cuts off the cold air and so a cold pool is formed.

The main concentration of cold pools in the Mediterranean basin considered on &
yearly basis 1s in the western half of the Mediterranean. This is also true for all seasons
of the year except summer when the main concentration moves east and north to Italy and the
Adriatic. The concentration of cold pools in the Eastern Mediterranean is much less than
elsewhere in the Mediterranesn basin. This is probably due to the strong heating over
North Africe and Asia Minor.

The life of a cold pool in the Mediterranean varied from a single appearance on a
1000-500 mb thickness chart to one instance of 22 consecutive appearances. The average dura-
tion 1s of the order of 24 deys (but it may, of course, have moved out of the area which
was considered). Those cold pools with a duratlon of greater than 4% days were investigated
on a seasonal basis. There were two maxima - the greater in spring and the other in autumn.
The reason for the greater longevity in spring is probably due to the less rapld heating of
the sea than the land, but that in autumn is much less obvlous. It may be due to more mo-
bile westerly systems recurring further north but this would normally be an explanation of
an increased number and not necessarily an increased persistence.

These double maxima may be an explanation of the double maxima of rainfall over
Alexandria in Egypt which Professor Flohn pointed out.

The movement of lohg waves in the upper air, if successfully forecast, may act aé
a basis for more detailed forecasting in particular areas of the Mediterranean basin,

As stated earlier, orographic and heat depressions tend to form south of the Atlas
Mountains. These depressicns are often slow moving. If, however, penetration of cold air
takes place to the west, they may deepen considerably. Their subsequent behaviour will gen-
erally be one of two types. They may remain slow moving but with secondaries moving north-
east along the thermal gradient on the forward side of the upper trough or they may move
bodily north-east or east-north-east. In the former case the long-wave pattern is almost
stationary while in the latter the long-wave pattern is mobile.

The Gulf of (enca 1is alsc a frequent source of ofographic depressions. If upper
cold air penetrates to the west of the surface lows they may deepen conslderably and move
south-eastwards. '

Both the above types of depression can become very intense and form a circulation
covering most of the central Mediterranean., Thelr associated cold surface fronts may be
preceded by very strong southerly winds. Also, the southerly winds generally tend to be
very warm. Under such conditions it 1s quite probable that locusts may be carrled a con-
siderable distance northwards.

Many different types of Mediterranean weather were {1lustrated by that of March 1962,

The month started with the situation as shown in Figure 1. The 1000-500 mb thermal
pattern shows 2 cold pool over scuth-east France with a weak trough to the west of Italy and
a generally westerly thermal flow over much of the Mediterranean.

Subsequently the surface ridge over the British Isles retreated as cold alr was
advected southwards for the first two or three days of the month, the effect of this being
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to increase the amplitude of the upper long-wave pattern on what had been, until then, a
fairly mobile small amplitude long-wave system. The surface depression shown over northern
Italy in Figure 1 subsequently moved east-north-east.

By 6 March the surface synoptic chart and the associated 1000-500 mb thickness
pattern were as shown in Figure 2. The amplitude of the upper long waves was now quite
considerable and assoclated with the upper trough was a complex surface low-pressure area
over much of the central Mediterranean and Eastern Europe. The whole system moved bodily
eastwards during the following few days, 1llustrating a moblle large amplitude upper flow.

Subsequent to this a further burst south-eastwards of cold air took place over
Western Europe on 12 and 13 March and the effect of this was to deepen the Saharan surface
low south of the Atlas Mountains. This depression moved east-northeeast as cold air con-
tinued to penetrate southwards to the west of the surface centre. The situation on 14 March
was as shown in Figure 3. As can be seen the circulation covered much of the Mediterranean
basin. Also the very strong gradient both to the east and west of the surface cold fronts
should be noted. In such a strong southerly flow rapid advection northwards of locusts
could easily take place.

As the cold alr over the Western Mediterranean continued tc be advected south and
south-east, the whole system moved east-north-east under the influence, to a great extent, of
the strong thickness gradient over south-east Europe. The upper thermal trough relaxed some-
what during the next day or two but it continued to move eastwards and crossed Arabia on
16 and 17 March in assoclation with surface depressicns,

The upper long-wave system was fairly mobile for much of the remainder of the
month and the systems asscclated with 1t tended to be fast moving.
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A STUDY OF TWO SYNOPTIC METEOROLOGICAL SITUATIONS ASSOCIATED WITH
LOCUST INCIDENCE IN SPRING AND SUMMER IN THE UNITED ARAB REPUBLIC (U.A.R.)

by
M.H. Omar

1. INTRODUCTION

Dr. R.C. Rainey had suggested the study of the two synoptic meteorologlcal situa-
tions associated with locust incidence in the United Arab Republic (U.A,R.) on 3 - 7 April
1961 and 28 June - 3 July 1959. The locust situations were as follows :

(1) 3 - 7 April 1961

Young swarms, originating from locust breeding which exterxled along the Red Sea
coast of the Sudan and south-eastern Egypt as far north as latitude 24.15°N, were
recorded in the breeding area by 25 March, and apparently moved northwards to 27°N
by 3 - 7 April.

(i) 28 June - 3 July 1959

Breeding in Israel and Sinal produced fledglings in the latter part of June. Young
swarms spread southwards to Qena district by 20 June and reached Aswan in early
July; scattered locusts were also recorded in the northern Red Sea on 3 July,

The main features of the 1200 GMT mean sea-level charts, upper alr charts for 700
and 850 mb, together with the 600 m streamline charts during the periods 1 - 7 April 1961
and 26 June - 3 July 1959 were studied. Streamline charts at 600 m altitude have proved
to be important for studies related to locust invasion /1 /. As for mean sea-level charts
and TOO mb charts, reference is made to the Dally Weather Report of the Meteorological Depart-
ment, Cairo /2 / for the above-mentioned periocds. Streamline charts for the 6.day period of
2 - T April 1961, together with 850 mb cherts on 3 and 5 April 1961, are given in Figure 1.
Streamline charts for the period 28 June - 3 July 1959, together with 850 mb charts on
28 June and 3 July 1959 are given in Figure 2.

2. STUDY OF THE FIRST CASE (1 - 7 APRIL 1961)
2.1 General

This situation 1s thmt of 'a Khamsin depressiocn. The word Khamsin is locally used
in the U.A.R. to denote a hot,dry and dust-laden wind blowing in spring. Usually this wind
1s associated with desert depressions that move almost parallel to the Mediterranean coast.
The depression under study sppeared to the west of the Libyan desert on 1 April, There were
closed upper cold lows at 70O and 500 mb over north-west Africa assoclated with the eppear-
ance of the depression. During lts motion, rainfall drops were observed at Siws on 2,
Damietta on 3, Quseir on 5, Abu Sueir on 7 April. Loecal rising dust was observed at Asyout
on 3, Cairo on 4 and 5, and Quseir on 6 April.
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There were some low and medium clouds, the low 'Eype being mainly at and after the
cold front. The depression gave rise to a moderate heat wave with peaks on 3 April for the
north-western reglons, and on 4 April for other areas.

Details concerning Khamsin depressions, their formation and classification, can be
found in references /3, 4, 5/.

2.2 Mean sea-level charts

On 1 April there was a weak high pressure covering the Western Desert, Eastern
Mediterranean, Asia Minor and Greece. On 2 April the depression proceeded eastwards through
Cyrenaica. On 3 April 1t had traversed the Western Desert of Egypt. A wesak high pressure
covered the Central Mediterranean area and a local anticyclone, centering over the Caspian
Sea, extended towards Irag. On 4 April the depression covered the Sinal peninsula and
northern districts of the Red Jea and amalgamated with the Sudan low. A weak high pressure
covered Greece, Italy, West and Central Mediterranean. On 5 April the low pressure over
Sinal had moved north and the low pressure area extended from North Sudan to East Medlter-
ranean snd the Libyan Desert. On 6 April a depression covered North Arabla, with a trough
extending to East Mediterranean and Asia Minor. On 7 April the depression over North Arabla
persisted with a trough extending to Asla Minor. High pressure extended from the Casplan
Sea to Italy and Central Mediterranean. A high pressure celil occupled the Libyan Desert.

2.3 700 mb level charts

On 2 April the centre of the closed low was to the west of Cyrenaica. On 3 April
the closed low had moved towards the north-east over Western Asia Minor with a trough over
Western Libya. On 4 April the trough was over Egypt. On 5 April there was a centre of low
over Syria with a trough over Arabla; this centre moved slightly towards the south-west on
6 and T April.

2.4 850 mb level charts

On 1 April there was a closed cold low over the western Libyan Desert and a high
cell oceccupied the Western Desert of Egypt. On 2 April the low had moved eastwards over
Cyrenaica. On 3 April it had moved north-eastward and was centred between Crete and Cyprus
with a trough over the Libyan Desert. On 4 April the low centre had moved towards the south-
east and was situated a little to the north-east of the Delta; the trough moved eastward
over the Western Desert of Egypt. On 5 April the centre had moved to the south and was over
the Delta, while the trough had passed the Nile valley and was over the northern part of the
Red Sea. On & April the low had moved towards the north-east. There was a ridge of high
over the Casplan Ses,Black Sea, Greece, Italy, Libya and Cyrenaica. On 7 April a high cell
extended over Scuthern (yrenaica and the eastern part of the Weatern Desert of Egypt.

2.5 Streamline charts at 600 m altitude

In the locust area the wind was northerly on 1 April. Due to the cyclonic circula-
tion assoclated with the trough of the Sudan low, south-easterly winds appeared in +the
southern part of the area on 2 April. On 3 April the wind in the area was south-easterly
and strengthened as a result of the deepening of shallow lows in the area assoclated with the
extension of the Sudan low. On 4, 5 and § April there were south-easterly winds in the aresa.
On 7 April the wind was north-northwest.

It is noteworthy that locusts first appeared at 27°N on % April, when the south-
easterly wind strengthened.
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3. STUDY OF THE SECOND CASE (26 JUNE - 3 JULY 1959)
3.1 General

On 26 June occurred the characteristic summer type situation with the complex mon-
soon Middle East low over Iraq, Arabia and Sudan and the high pressure west of the U.A.R.
The deepening of the low on 27 June wes associated with advection of cold air at 500 and
700 mb levels over Asia Minor. The rapid deepening and north-west displacement on 2 July
were also assoclated with a cold upper trough to the west of Asia Minor, at 500 and 700 mb
levels. During the period under study an Intensive warm spell occurred in the northern
parte of the Red Sea on 30 June; the meximum alr temperature at screen height reached é6°C
above normal at Quseir.

An excessive short heat wave occurred in upper Egypt during the period l-3 July
with maximum air temperature of 44°C at Aswan on the three days.

3.2 Mean gea-level charts

On 26 June there was a low over north Italy and a high pressure over the Black Sea.
On 27 June the low over the Middle East had deepened arnd moved towerds the East Mediterranean
and the southern part of the Black Sea. The low north of Italy had deepened and moved south-
west. The high over the Black Sea was filling. On 28 June the Middle East low was still
deepening and a closed centre appeared over Iraq. The trough extended to the north-west over
Greece where a closed low appeared. On 29 June the Middle East low still persisted, though
the low over Iraq disappeared. A trough appeared over Middle Egypt. There was a closed low
over Italy and a ridge of high pressure over the Casplan Sea. On 30 June the depression over
Western Italy had deepened and shifted to north-west. The Middle East system was filling
and shallow lows eppeared over north-west Iraq. The trough over Middle Egypt had disappeared.
On 1 July the low, over Weastern Italy the previous day, was now over Central Europe. A centre
of low pressure appeared to the north-west of Asia Minor. This amalgsmated on 2 July with
the Middle East low which had deepened remarkably and extended towards the north-west. The low
over Central Europe had moved northward and a ridge of high pressure occupled Central and
Eastern FEurope. On 3 July the Middle East low had deepened more and extended towards the
north-west. The low over Asia Minor had moved northward and deepened.

3.3 700 mb level charts

On 26 June there was a closed cold low over south-east Asia Miner and a trough over
the Delta and Middle Egypt. A high cell appeared over Western Arabla and the central Red Sea.
On 27 June there were two troughs over the Black Sea and Irag. On 28 June a closed low was
centred over the south-western coast of the Black Sea; a trough over the Delta of Egypt was
assoclated with cold air advection. On 29 June the low had moved eastward and its centre
was over the southern coast of the Black Sea. The trough over the Delta had moved eastward
and flattened; and there was a tongue of cold alr over the Nile valley and the northern Red
Sea. On 30 June the trough had moved eastward up to about 40°E longitude. On 1 July there
was a low over Northern Iraq and a trough over Eastern Italy. Two cells of high pressure
appeared : one to the west of the Libyan Desert, the other over south-east Arabia. On 2 July
the trough over Italy had moved eastward and was over Greece. There was a Utrough over
Cyrenaica and another over the Nile valley of Egypt. A low appeared over Iraq and the south
Casplan Sea. On 3 July there was a closed cold low over west Asia Minor and a trough over
Libya.

3.4 850 mb level charts

On 26 June closed lows appeared over Northern Iraq, Southern Arabia eand south of the
Black Sea. A ridge of high pressure to the south of Cyrenaica bulged towards the south-east.
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On 27 June there was a low over Northern Italy and low heights extended over Arabla with a
trough elongatlon towards the north-west. On 28 June there was a closed low over Irag. On 29
June there were two low systems : one was centred over Eastern Arabia and the other over
Eastern Asia Minor. On 30 June the low over Asia Minor disappeared and a high system was
centred over southern Cyrenaica. On 1 July the low over Arabla extended to the north-west
and the high to the west of Egypt retreated. On 2 July there was a closed low over the
south-eastern Black Sea and high helghts extended again eastward. On 3 July the low over
the Black Sea had moved southward over Asia Minor with a trough over the Northern ILibyan
Desert.

3.5 Streamline charts at 600 m altitude

Theestrengthening of the NNW winds in the locust area during the period 28 - 30 June
is explained by the extension towards the north-west and the deepening of the Middle East mon-
soon low. It is to be noted that locusts were observed at Qena by 29 June. On %0 June the
wind at Aswan had veered to NNE and strengthened. It is noteworthy that locusts passed Aswan
on 1 July as indicated by locust data at Cairo,

The winds at Hurgada strengthened gradually in the period of 1 - 3 July following
the deepening of the Middle East low and its displacement towards the north-west. It was on
3 July that scattered locusts were observed in the Northern Red Sea.

i, CONCLUSION

4,1 The close assoclation between locust movement and wind direotion and speed 1s appar-
ent in both cases studied and is in general agreement with Rainey's findings in connexion
with the down-wind movement of locust.

4.2 It would seem that the Khamsin depressions in spring and the displacement of the
Middle East low towards north-west in summer are important synoptic features which affect
locust incidence in the U.A.R.
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THE DESERT LOCUST INVASION INTO ISRAEL IN MARCH 1962

by
J. Pelge

Desert Locusts drifting north along the Red Sea coast in the first part of 1962
reached Trans-Jordan during the month of March and penetrated on two cceasions into Israel.
They were seen at Youvata and near Elat on 10 and 13 March.

The synoptic conditions during the first part of March showed a quasi-gtationary
low-pressure trough from the Sudan and along the Red Sea that caused a south-easterly aira
flow over Arabia in the low levels of the atmosphere. At the same time low-pressure cells
moved towards Cyprus at times causing westerly winds and unstable weather over the eastern
Mediterranean and the Levant (see Figures 1 to 4),

According to eyewitness reports, the locusts were moving along their ususl track
down the wadis of Trans-Jordan into the valley of Arabia and towards the Negev desert {an
area where locusts were often found breeding). As far back as the deys of the Bible, it
has been known by the farmers that locust invasions can be expected with the hot easterly
desert winds, whereas westerly winds cause the locusts to "disappear", n the above-
mentioned dates 1t appeared that the locust movement was against the prevalling wind. A more
thorough inspection of the pilot-balloon observatlons showed that this impressiocn was due
to the fact that although surface winds were north-westerly, winds at an altitude of 200 to
300 metres had already a marked easterly component and the locusts only landed into the wind.

A further study of the climatic conditions indicated that the weather was most un~
favourable to locust breeding in the area at the time, as temperatures (including soll tem-
peratures) were most of the time below 20°C, and no rain was reported for the previous 25 days
in the affected area. The westerly winds drove the swarms off even before they could be
sprayed effectively by the plant protection division of the Ministry of Agriculture.




THE DESERT LOCUST INVASION INTO ISRAEL IN MARCH 1962 215

Figure 1

¥ X position of low prassure centres
0 position of high pressure calis

s
P / / various frontal systems
- ‘/' convergenca ling or trough ling

Flgure 2




216 THE DESERT LOCUST INVASION INTO ISRAEL IN MARCH 1962

L. »
Y

o™

1T
1
-
)

3 Figure 3

® X position of low pressure centres
0 position of high pressure calls
”
e / / various frontal systems
»-“ ,** convergaence lina or trough ling

-

Figure 4




217

SYNOPTIC SITUATIONS ASSOCIATED WITH SWARM MOVEMENTS ACROSS SYRIA

by
R. Deeb

1. Synoptic situations

1.1 Periods of 1-6 and 10-13 May 1961

On 1 May 1961, there was a complex frontal depression, with two centres, one over
the Black S8ea and the other over northern Egypt, while Syria was under the influence of a
ridge of high pressure. The wind was generally SE, 5 kt, and the temperature was relatively

high, -

On 2 May, the pressure fell rapldly and the Sudan trough extended to the north, and
Syria was in the warm sector of the depression which was centred over Turkey, with i1ts cold
front cressing the Mediterranean parallel with our coast. The wind became 8, 15 kt, and
there was a notable increase in temperature. Some rising sand was reported inside Syria.

On 3 May, the pressure was still falling in the interlor, while the cold front was
crossing the coastal region. The wind was still 8 to SW, 15 kt, over the western part of
Syria while it was SE, 10-15 kt over 1lts eastern part.

On 4 May, at 0001 (MT, a small depression formed in north-eastern Syria on the cold
front which was parallel to 41°E longitude. The wind became 8, 5 kt, over the southern
reglon and N, 5 kt, over the northern region, and there was a good decrease in temperature.

At 1200 GMT there was a family of frontal depressions extending from the north of
the Casplan Sea across thie east of Turkey, Syria and central Arabia, leaving behind it a
reglon of rising sand inside Syria. The wind was SW, 20-25 kt, between the lines 33-35°N
and 35238°E, and the temperature was about 26°C,

On & May, instahility developed, and some precipitation and thunderstorms occurred
over the western part of Syria with sandstorms over its easterm part. The wind was still SW,
10-15 kt.

On 6 May, precipitation and thunderstorms were widespread all over Syria behind the
frontal depression which was centred over Iraq. The wind was W, 20-25 kt, and the tempera-
ture was about 20°C,

On 10 and 11 May, Syria was under the influence of the Sudan trough which extended
towards the north. The wind was generally E to SW, 3-5 kt, increasing to 15-20 kt at noon.

On 12 May, the Sudan trough and the Arabian Gulf trough amalgamated and affected
Syria; a cold front crossed the Syrian coast parallel with it. The pressure fell rapidly
and the temperature difference was 5°C between the cold and warth sectors. The wind was 3W,
5 kt behind it,

On 13 May, the Arablan Gulf +trough extended towards the east and the Sudan
trough reireated,giving the usual summer situation of high temperature, dry air, and
variable light wind.
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1.2 Period of 1-5 May 1962

On 1 May 1962, the extension of the Sudan low was covering Syria with a thermal de-
pression centred over the south-east corner of the Mediterranean; there was a notable fall
in pressure during these days especlally over the eastern and northern parts of S8yria and
Iraq where rising dust was reported, The wind was E to SE, 15-20 kt, and the temperature
was relatively high (31°C at 1200 GMT).

On 2 May, the Sudan trough was still affecting the country, and the thermal depres-
sion associated with 1t moved eastwards, with its centre over east Jordan. The wind was N
over the western district and E to SE, 15-20 kt, over the eastern and northern district.
Rising dust and sand covered the whole area during this day.

Oon 3 May, the cold front associated with a depression over the Black Sea was ap-
proaching the Syrian coast; a frontal thermal depression was centred over northern Egypt.
This wind was still SW, 10 kt, over the eastern and northern districts of Syria.

On 4 May, at 0000 GMT, Syria was in the warm sector of the frontal depression which
was centred over the coast, where thunderstorms and showers were reported. The pressure was
falling over the eastern parts of Syria where the wind was E, 5-10 kt. At 1200 GMT the
depression was over central Syria, with riasing sand around its centre over the cold and warm
fronts. The wind veered to the SE, 20 kt, in the warm sector of the depression over the
eastern and northern districts of Syria; the temperature was about 36°C. :

On 5 May, the depression moved towards north-east Syria; the Sudan trough was still

covering the area. The wind was SE, 10 kt, over Iraq and the north-eastern districts of
Syria.

2. Swarm movements

2.1 Periods of 1-6 and 10-13 May 1961

Swarms reached Israel and Jordan in December 1960, and spread into southern Syria
in February 1961. Up to the end of April, however, the invasion was confined to south of
349N, During the period 3-6 May, swarms moved north to 35°N and on 10-13 May to 369N,

2.2 Period of 2-5 May 1962

Mature swarms spread across Iraq from late March 1962 orwards; some appeared in
the south-eastern part of the Euphrates Valley in Syria from mid-April, with one reaching
south-eastern Turkey, but the invasion was limited in extent. During the period 2-5 May,
however, there were clear indications of more laying swarms moving across eastern and northern
Syria, and spreading into Urfa and Mardin provinces of south-eastern Turkey from 4 May.
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SYNQPTIC STUDIES OF LOCUST SWARMS IN TURKEY DURING 1960

by

A. Kurun and N. Yesilovall

For a long pericd the south-eastern part of Turkey has been subject to invasions of
locust swarms; the intervals between each infestation seem to decrease, Up to 1945 infesta-
tion had occurred at intervals of ten to fifteen years, then the area was cleer for eight
years until 1953 and for a further five years until 1958. Infestation cccurred again in
1959 and 1960, and once more in 1962.

Meteorological situation

A careful study of the 850 mb constant pressure charts for 7 April 1960 revealed a
centre of low pressure in an area covering south-western Turkey and south-eastern Greece, and
on the surface chart for 0600 GMT for the same day, the existence of a stationary front ex-
tending in a west to east direction was also clearly distinguished. This synoptic situation
accounted for the southerly winds blowing from Syria to the south-eastern part of Turkey.

The synoptic situation on B April showed a very deep low at all levels, moving in &
south-westerly to north-easterly direction and extending its influence over most parts of the
area. Rainfall occurred the same night, with the arrival of cooler air. Control measures
against the locusts were made difficult by the intermittent rain showers. A polnt which may
be usefully considered here 1is that the microclimatic characteristics of the area appear to
be such that invading swarms of Desert Locusts become deflected in different directions.
Although the terrain is mainly flat, the existence of large or small hills causes winds of
eddy character and intermittent showers.

For the few days following 24 April 1960 the synoptie situation remained largely
unchanged. The migration of swarms from Syria was made easier by the south-easterly to
south-westerly winds blowing over the area at a speed of 5 to 15 kt; the corresponding low-
pressure systems were shown on both the constant pressure charts and surface charts (Figures
1 to 9). )

The course of progress of infestation in the scuth-eastern reglon of Turkey in
1960 has been summerized by Mr. Suleyman Balamir, Expert of Entomology, Plant Protection
Institute, Ankara.

on 7 April 1960 the first swarm of Desert Locusts crossed the Syrian border into
Turkey at 12.30 p.m. at the Karatepe frontier-guard position about 14 kilometres east of
Akcakale in the Urfa district. Akg¢akale was immediately informed by the Karatepe frontier-
guard of the passage of the swarm, and the necessary steps were taken by the duty teams. The
swarm was found in an area covering 1400 decametres in Dibat and Gentari, two villages to
the north-east of Akgakale. It was flying at an altitude of about 50 metres from the ground,
and had a density of 180 to 200 locusts per square metre. The locusts were yellow in colour,
but not sexually mature.

NOTE : Detalls of the meteorologlcal aspects of earlier loocust invasions of Turkey were made
available at the seminar in "Desert Locust protection in Turkey in the years 1959-1960
and meteorological situation” by N. Yesilovall and A. Kurun, T.R. Department of Agri-
culture, State Meteorological Organization, Ankara, 1963,
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The second swarm of Desert Locusts, on 8 April 1960, invaded Turkey in the viecinity
of the State Reproduction Farm of Ceylanpinar and flew in a random manner towards nightfall
in winds blowing from different directions. The swarm was sited at dusk in Suvat, Mesrefe
and Zenzele, all villages in the Akgakale area. No control was carried out that night owing
to heavy raln showers, strong wind, and the muddiness of the ground; nelther were any mea~
sures taken on 9 April, due to the mud. As the weather became warmer, the locusts started
to move; they were followed by the duty team. Because of the variable winds the locusts
kept changing their directlon. Finally at 3.15 p.m. the swarm had begun to fly towards the
south, but a little later 1t was turned back by a cross-wind and then landed in five groups.
Each group was three to five kllometres apart, and settled temporarily at different places
in Seyhan, Mesrefe-Satavi, Umitveren, Kize and Hizan villages. This swarm had been flying
at an altitude of 30 to 150 metres, and was yellow 1In colour but sexually immature.

Another swarm appeared on 24 April 1960, at 2.20 p.m., after taking 20 minutes to
pass the Turkish border through Karatepe and Ebubekir frontier-guard posts of Akgakale.
It then flew over Hizan village, north~east of Akgakale, turned toward the east and after
flying by way of Birseyhan valley settled in the Tektek mountains. The swarm, followed by
Jeeps, turned towards the north-east and settled in the wheat=-fields of the hills to the west
of Karatag village and alsoc the wheat-flelds to the north-east of the same village. The
locusts took about half an hour to settle in these places.

CLIMATOLOGICAL SUMMARY

Name of Temperature (°C) Wind direction and velocity (m/sec) Precipitation
station 0700 1400 2lcol, o7ee 1400 2100 L {mm) (daily)
URFA 11.8 22.7 18.4 WSW 2 E 4 E 4 .
MARDIN 12,7 17.5 16.7 8 3 SE y SSE 6 .
§ VIRANSEHIR . . . SE 2 SE 4 SE &4 .
=~ KIZILTEFE 13.0 . . N 7 SW 2 E 2 .
7 CEYLANPINAR  11.4 25.8 21.6 NE 2 SE 4 NE 1 .
E. NUSAYBIN . . . c - ¢ - c - .
«. AKGAKALE . . . E 7 E 4 SE 4 .
SURUG . . . w16 W 16 W 2 .
CIZRE 14.5 . . c - NE 1 NE 1 0.0
3 URFA 15.4 21.7 10.4 c - SW 4 E 1 0.0
& MARDIN 16.5 19.7 8.8 Sw 11 s 5 SE 7 .
: VIRANSEHIR . . . NE & NE & NE 4 .
H KIZILTEPE 12.0 . . E 9 N 3 E 9 .
& CEYLANPINAR 18.0 20.4 0.7 E 4 E 4 c - .
o NUSAYBIN . . . E - E - NE - .
AKGAKALE . . . SWo4 w7 W 2 0.0
SURUG . . . c - W 2 C - .
CIZRE 13.4 . SE 1 SE 1 SE 1 .
URFA 16.7 27.3 20.% W 3 Sw 3 WSW 10 0.0
§ MARDIN 7.4 20.0 18.0 W B NN 11 E 5 .
) VIRANSEHIR . . . c - C - c - .
_, KIZILTEFE 14,0 . . E 9 E 9 E 9 .
' CEYLANPINAR 20.3 30.7 22.0 SE 9 SE 1 SE 1 .
£ NUSAYBIN . . . E - E - E - .
x AKGAKALE . . . MW 4 W 4 W 2 .
N surUG . . . c - W 7 W 2 .
CIZRE 12.3 . . NE 12 NE 2 NE 2 .
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SYNOPTIC SITUATIONS ON 9-12 MARCH 1962 FOR IRAN AND
NEIGHBOURING COUNTRLES

by
H. Ardekani

1. GENERAL SITUATION

The period 9-12 March 1962 is one which was recommended by Dr. R.C. Rainey for
further study in relation to the movement of locusts in the region. Accordingly, an ana-
lysis was undertaken at the Forecasting Office at Mehrabad Alrport, Tehran, of surface and
upper-air charts for the four days for en area extending from 25°N to 45°N and from 20°E
to 60°E, The selected time of observation was the 1200 GMT chart in each case, The charts
included those for the surface, 850 and 700 mb, Streamline charts were also drawn for the
two higher levels in addition to contours.

The routine charts which had been analysed at the Forecast Office were re-plotted
and re-analysed in this study. Supplementary data were obtalned as follows :

(1) From the U.S. Weather Bureau Publication of Dally Surface and Upper-Air Synoptic
Observations;

(2} From the Climatology Branch of the Iran Meteorological Department;

(3) From coples of synoptic charts supplied by Dharran Airport, Saudi Arablaj

(%) From copies of charts supplied by the United Kingdom Metecrologlcal Offices at

Aden and the Persian Gulf.

The opening chart of the sequence for 9 March is marked by a pronounced frontal
trough extending southwards from the north-west Caspian coast through eastern Turkey and
central Iraq to central Arabla. This trough links with a trough of equatorlal origin extend-
ing northwards into the southern Red Sea from Ethiopla. A well-marked secondary cold front
emanating from a small secondary low centre of 1002 mb over central Turkey extends south-
westwards across the eastern Mediterranean, Other features on the chart include a quasi-
meso antlcyclone of 1012 mb centred over Ahwaz and a nbn-frontal decaying low of 998 mb
located east of Kerman,

At 1200 GMT, 10 March (Figure 1) the broad-scale situation has undergone consider-
able development. The trough which was over the northern Casplan has merged with  the
secondary low over Turkey to form a dynamic low pressure centre of 996 mb over Rezalyeh
with an associated trough extending south-eastwards, The secondary cold front previously
mentioned hes been sucked into the system drawing upon the supply of very cold polar conti-
nental air in its wake, The front now lies from the main low centre southwards through
Iraq and north-western Saudl Arabla, The original maln trough has meanwhile drifted slowly
south-eastwards into south central Arabla., The quasi-meso high and the old frontal low
have been destroyed by the energetic main low pressure system,

Twenty-four hours later the main low pressure system has moved to east centrq.l
Iran. The main cold air supply is bounded by the secondary cold front which lies along the
Elburz range and feeds back into the Rusasian high pressure system. The original frontal
link Joins troughs stretching from Turkestan across southern Arabla to northern Ethlopia.
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In the final chart for 12 March separate anticyclonle cells have formed over the
southern Casplan and over Iraq and north-eastern Saudi Arabla behind the main trough in
which the previous secondary cold front has now become the main frontal system. The low
cantre of 1000 mb 1s now centred over eastern Iran and the situation is somewhat simplified.
A further occlusion linking troughs over south.east Europe and North Africa is approaching
from the west.

Turning now to the upper levels the 850 mb chart is recognized as providing a use-
ful level for much of the Middle-East region which occuples plateau topography. On 9 March
this level indicates a sharp trough extending from the central Black Sea across central
Turkey to the eastern Mediterranean. This feature can be identified with the surface secon-
dary cold front already mentioned. A small trough extended from north central Arabla to
northern Ethiopla and a further trough lay to the east over eastern Iran from Kerman to
the Gulf of Oman. The 1200 OMT chart for 10 March reflects at B50 mb the vigorous surface
disturbance and its associated trough. Thls system moves south-eastwards across the 850 mb
map but the elongated trough has tended to be cut off and left behind the main system, On
11 March a amall high is centred over the eastern Mediterranean at 850 mb whereas a sub-
troplcal high cell over the Indian Ocean is feeding warm air up across Arabia into the Perslan
Gulf. The final 850 mb chart for 12 March contains a well-developed high cell over Arabia
largely superimposed on the surface anticyclone, with i1ts assoclated ridge extending north-
wards over eastern Turkey. The main trough has now moved eastwards to the 55th meridian and
cold air is feeding into the trough from the north-west. The 850 mb streamline charts glve
a reasonably good indication of the wind flow at this level for the four-day periocd,

The sequence of four 700 mb contour and streamline charts show a well.developed
westerly trough ridge type circulation across the reglon. On 9 March a TOO mb centre is
located over central Turkey with a somewhat weak trough extending southwards at about 37°E.
A weak ridge at S50°E separates the first trough from another trough further east. On
10 March (Figure 2) the trough extending from the 70O mb low, which has now moved to eastern
Turkey, has intensified considerably. There 1s a sharp wind discontinuity at the trough
line, reaching down across northern Arabla to the Sudan, On 11 March the trough has spliit.
The northern half has moved eastwards while the southern half has been held back by the sub-
troplcal upper warm anticyclonic cell over the Indian Ocean. A well-developed ridge follows
behind the trough. O©n 12 March the remnants of the cut-off trough lie over the northern
Red Sea while & new trough approaches from the west. The northern half of the trough lies
down the central Casplan and general westerly flow covers the region. The streamiine
pattern for 700 mb illustrates the features of the wind flow at this level for the four-
day period. In particular the chart for 9 March exhibits strong convergence over western
Turkey with a broad westerly current emanating from the marked diffluence of the wind over
the south-eastern Mediterranean., Subsequent charts indicate a general hroad westerly flow
dominated by the trough already discussed. The pronounced southerly flow over the Red Sea
to the east of the Sudan neutral point is noted on the chart for 12 March,

Dr. R.C. Rainey, in his report on his recent mission, includes a section on weather
and swarm movements in eastern Ethiopia and neighbouring countries in mid-March 1662, in
which he summarizes the situation discussed in this paper in relation to locust movements.
On 10 March he reports first indicatlons of a northward movement out of eastern Ethiopia.
Swarms, dominated by the majJor synoptic situatlon, extended as far north as Jordan and
Israel, the latter countries reached by swarms from the south on 9 and 10 March, In Iran
important northward movements of egg-laying swarms were recorded in Lorestan and Khorasan
on 10 and 11 March, Observations at 3 km and higher levels, states Dr. Rainey, provide
evidence of a flow of warm alr, moving from the south and south-west from the vicinity of
eastern Ethiopla and across Arabia and Iran, ahead of a trough of low pressure extending
from a depression of which the centre was moving eastwards across the Black Sea and Caspian
areas. These conelusions are broadly in accordance with the situation as described and
analysed in our own charts. .
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The analyses undertaken in connexion with thls investigation are not only of inte-
rest in relation to the movement of locust swarms in the reglon. They also serve as a
good example of active synoptic development in the region and show that if care 1s taken
to supplement data deficiencies analyses for subtropical areas may be drawn that can match
those in detail and accuracy which appear on the synoptic charts of the temperate reglions.

2. DETAILED SITUATION IN IRAN
2.1 Pressure

The sequence was dominated by the movement of the maln low pressure system across
the country, The first chart of the serles indicated the approach of this system towards
the north-west corner of the country. An elongated trough of 1008 mb stretched from
Rezalyeh to the Caspian., Pressure fell continuously and the trough extended into the coun-
try in a general south-easterly direction. The greatest development occurred between
10 March, 1500 GMT and 11 March, 0300 GMI' (Figures 3, 4), The latter chart showed a well-
developed low centre at about 998 mb centred 100 kilometres south-east of Tehran. This
centre moved east-south-eastwards and 3 hours later was centred over south-eastern Iran,
The north-west to south-east track followed by this system 1s the normal track of depres-
sions which branch to the right on approaching Iran,

The frontal analysis is a little obscure but there appeared to be a frontal zone
on 9 and 10 March running north-west to south-east separating general north-easterly surface
winds of higher temperature and dew point blowing from the Casplan Sea and Elburz mountains
from drier and cooler south-westerlies, This frontal zone appeared to be the focus of
development of the low system which by 11 March, 0300 OMT, had formed a large warm sector
encompassing the whole eastern half of the country south of 35°N latitude. The frontal
system moved away slowly to the east as cooler alr spread in from the west and north-west.

2.2 Streamlines

The isobaric surfaces are a little unrellable in these reglons of plateau topo-
graphy and it is therefore of interest to turm to the streamline charts for the period.

The first indleation in the flow pattern of the approach of the major depression
system is given at 9 March, 1500 GMI'. Cyclonic flow occurs in the north-west of Iran bounded
by a neutral point along the Elburz range, There 1s indication of antlicyclonic ridge flow
in the southern half of Iran but the flow 1s generally south-west along the whole of the
western border, By 10 March, 0300 GMT (Figure 5), two ecyclonic vortices appear along the
meridian of S4°, but the major system does not appear until 10 March, 1500 OMI, when a
strong eyclonic vortex 1s found to the west of the north-west border. Twelve hours later
(Figure.6) cyclonic vortices appear over central Iran assoclated with the main depression
located on the surface synoptic chart at this time. The vortices move eastwards and at
11 March, 1500 GMT, the main centre is south-east of Meshed. The flow over west central
Iran 1s strongly confluent into thils vortex, There is a chaln of vortices across northern
Iran at 12 March, 0300 GMT, but by 12 March, 1500 GMP', the flow Has simplified to some
extent intc a broad quasi-westerly current.

2.3 Rainfall

Rainfall on 9 March was confined to the west of Iran, Maximum amount was 5 mm, On
10 March (Figure 7), the rain had spread eastwards to (organ and south-east to Kerman. Maxi-
mum amounts in these two areas were 10 mm while rain continued in the west reaching 20 mm
north-west of Hamadan, By the 1lth the main rain area was along the Casplan coast and
eastwards to Meshed, Only scattered light amounts fell elsewhere. Finally on 12 March the
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rain area was concentrated in the extreme north-east with 25 mm Just west of Meshed. The
remainder of the country was dry except for small amounts along the Caspian coast, The whole
pattern of rainfall during the four-day period moved east and north-east as the main depres-
slon crossed the country.

2.4 Temperature

The temperature pattern is complex and largely governed by altitude. There was a
retraction of the 30°C maximum temperature isopleth from the Abadan ares south-eastwards
during the four-day period. This was accompanied by substantial cooling in the north and
west, At the same time, the temperature rose in central Iran on 10 and 11 and fell again
on 12 March. Such changes were associated with the occurrence of southerly winds ahead
of the low and their subsequent replacement by northerlies.
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Figure 1 - Surface chart 1200z, 10 March 1962,
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Figure 2 - Streamline 700 mb, 10 March 1962, 1200z.
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SYNOPTIC STITUATIONS DURING LOCUST SWARM PENETRATIONS INTO THE U.S.3.R. IN 1962%

by
8.P. Starostin

Locust swarm penetrations into the U,.S.S.R. occurred in 1928 and 1929 in Turkmenia,
in 1928 and 1930 in Azerbal Jan and in 1962 again in Turkmenia, Locust swarms began moving
into southern Turkmenia in 1929 in the first days of May, and during the whole of that month
the swarms moved northwards.

In 1962, penetration into Turkmenia took place on 28-30 Morch, 1.e. more than a
month earlier. This unexpected appearance showed the extent to which perliods of penetration
can vary according to weather conditions.

It has now been definitely established by workers in England (Dr. Rainey), and in
the Soviet Union (Professor Scherbinovsky), that locust flights are linked with synoptic
conditions : swarms congregate in the neighbourhood of atmospheric fronts separating warm
and cold air masses. The movement of these front lines is usually accompanied by heavy rains,
while the winds blow in the direction of the fronts, This,precisely, 1s connected with the
concentration of swarms near the fronts, since swarms always move down-wind.

In winter and spring months, a polar front mekes its appearance over Iran and the
southern areas of central Asia separating tropical and temperate alr masses. Depressions
move along this front in a west to east direction.

Locust swarm flights into the U.S.S.R. are determined by the specific location of
this polar front over Iren during March and April.

The situation of the polar front in December and January represents the northern-
most flight limit of the wintering swarms. Later, from March to May, tracks of depressions
become more northerly. According to the general synoptic situation, the depressions move
either to the south of the Elburz and Turkmeno-Khorasan range, bringing rains to northern
Iran, or to the north of these hills, to the Caspian Sea area and southern Turkmenia. In
this latter case the front passes along the scuthern regions of the U.S.5.R.,providing
favourable conditions for the movement of swarms into the U.S.S.R.

It can be seen from synopfic charts for the last few days of March 1962 that from
the 27-30 there was a mass of very warm air over eastern Iran and Afghanistan with daytime
temperatures of over 25° at 850 mb over the Kerman, Selsten, Birjand areas and western

Afghanistan. At the same period air temperatures over the southern regions of Turkmenia
were between 20° and 25°.

On 27 March, a polar front at the surface was moving along the socuthern shore of
the Casplan towards Sabzevar and Meshad, crossing southern Turkmenia to the north of Kushka
and moving on towards Alma Ata.

*  Additional information on this locust invasion has been recorded by P.A. Levishko, in
"The Desert Looust in Turkmeniyan S.S.R.", 1962, and by M.V. Stoljlarcv, in Russian
Entomological Journal, Vol. XLIII, 1964.
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On 28 March, there was little change in the position of the front, except perhaps
in the Nukus area where there was a slight movement northwards.

The situation remained unchanged throughout 29 March, but on the next day there was
a sharp change. By noon the front had made a substantial move to the south,forming a line
approximately over BirJend, Herat, Kabul and Alma Ata. A depression was moving eastwards
along the front. On 27 March, it was between the Black and Casplan Seas; on the morning
of the 28th it was already east of the Casplan and south of the Aral Sea, and by 29 March
it had moved on beyond Turkmenia.

This peassing movement of the depression was accompanied by south and south-westerly
winds blowing over southern Turkmenia and north-western Afghanistan. These winds were
directly responsible for the movement of swarms into the Kushka area,

The position of the front on 28 and 29 March over southern Turkmenia was such as to
permit locust penetration only intc the southermmost parts of Turkmenia,

By 30 March, the front had shifted, moving towards central Iran and Afghanistan;
northerly winds had begun to blow over southern Turkmenia and penetrations of locust swarms
from Afghanistan came to an end.

On 16-18 April, there were a few minor penetrations from Afghanistan, but these
appeared to be of a strictly local nature., Information on synoptic conditions accompanyins
these latter flights 1s not avallable.
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CONTRIEUTIONS TO A SYNOPTIC CLIMATOLOGY OF NORTH-EAST AFRICA

by
H. Flohn

In this paper, north-east Africa is understood to be that part of the African cone-
tinent which is north of the equator and east of longitude 33°E. It consists mainly of
Ethiopia, Somalla, northern Kenye and of the depression of the Red Sea. For comparison, we
have to consider also the western slopes and escarpments of the Arabian peninsula.

While in the summer rain belt of the Sudan - from the western coast of Africa to
the Nile Basin - orographic features are only of secondery climatic importance, the climate
of north-east Africa is largely controlled by mountains, high plateaux and deeply entrenched
rifts and valleys. Extending from about latitudes 6°N to 17°N, the highlands of Ethiopia
and Eritrea form a nearly closed escarpment looking west and mounting from 2,400 to 3,000 m,
with a few isolated peaks rising from 4,200 to 4,600 metres. Its eastern extension can be
followed, on the eastern side of the Ethiopian rift, right across the Somall peninsula to
the viecinity of Cape Guardafui, with a steep escarpment facing north. The immense deep
depression of the Red Sea extends from latitude 28° to 12°N and diverging from its southern
part a system of rift valleys dissects the Ethlopian highlands from NNE to S8SW, and extends
far beyond the equator into the Central and East African rifts. In addition to this, narrow
and winding valleys are carved in the Ethiopian highlands, the most impressive being those
of the Blue Nile and Takazze rivers.
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' These orographic features control, to a very large extent, the processes of weather
and climate. In tropical and subtropical areas with low average cloudiness, the horizontal
variations of radiation balance produce dlurnal circulations between high plateaux and low
plains, between land and sea, which may extend, with remarkable regularity, over distances
of more than 200 and even up to 300 km. Only in such cases, when the large-scale flow
exceeds a threshold value of (about) 10 m/s or the cloudiness is very high, can the diurnal
circulation be suppressed. These diurnal circulations - sea and land breezes, velley and
mountain breezes - reverse, nearly every day, between 8-10 h local time in the morning and
between 18 and 20 h in the evening. During the day-time, strong winds blow from sea to land,
from lower to higher elevations, converging along the escarpments and mountain crests. Here
their ascending branches may be visible as stratified Stratocumulus clouds {under stable
conditions) or more frequently, in a conditionally unstable atmosphere, in the form of tower-
ing Cumuli. Along both sides of broad valleys or rifts we observe these ascending branches
of diurnal local wind systems, while in the centre of the rifts low-level divergence leads
to subsidence.

During night-time, most local circulations are definitely weaker, but by no means
less regular; they produce in the convergence zone at the bottom of broad valleys ascending
components which may - In some cases - lead to local cloud systems. But in general the cli-
matic effects of the nocturnal circulations are much less proncunced than those of the day-
time sysiems, since above the continents the vertical lapse rate tends to be stable during
night, but most unstiable during the day, at least between 10 h and 16 h local time. The
night-time stability limits the vertical extension of c¢louds and, therefore, the triggering
of rain in areas of convergence; In dry alr 1t prevents cloud formation over the ascending
branches of the cilrculation.

It is not sufficiently known among meteorclogists +ihat in these circumstances the
vegetation pattern may reflect such regular day-time circulations; along the slopes of deep
valleys are horlzontel belts of different vegetation types changing from desert or steppe at
the bottom to lush green forests at higher altitudes. This phenomenon has been extensively
described by C. Troll [247 for tropical South America, as well as by U. Schweinfurth ZE;?
for the Himalayas. The large importance of the vegetation pattern in describing local and
regional rainfall patterns has been recently stressed by Griffiths and Hemming Zil?hho have
gilven a falrly detalled map of the average annual rainfall for the area under conslderation
using the scale 1:3 million. '

Where the dlurnal wind-systems interact with large-scale ("planetary") atmospheric
currents, extended zones of convergence or divergence may develop. In such cases these
zones shift between day and night, even on a regilonal scale, shown by H.W. Sansom Ziﬁ7 for
the area between Lake Victoria and the Kenya highlands. Here the night-time convergence
zone 18 situated at Lake Victoria, and by noon is displaced together with the accompanyling
c¢loud systems to the highlands. Obviously many hitherto unexplained local or reglonal cli-
matic patterns are due to this interaction between large-scale currents and diurnal wind
systems.

These diurnal circulations are also responsible for the dlurnal variation of rain-
fall and rein frequency; while in most mountain areas afternoon showers prevail, some
localities are mostly affected by night rains, produced or at least increased by converging
nocturnal wind systems acting together with radiatlon processes at the cloud tops. . Thus the
diurnal cycle of rainfall amount or (better) frequency is highly significant in synoptic
climatology.

During summer (June - September), when the broad westerly current ZEJ7 sweeps right
across the African continent with a layer of molst air in the lowest 2 to 3 km (partly ori-
ginating from the Atlantic, partly from the rain forests of the Congo Basin), the western
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escarpment of the Ethiopian highlands acts as an orographic barrier to the winds. The west-
erlies are deflected to SW or even SSW along the Nile plain and forced to descend the moun-
tain gap at latitude 18° to 19°N which leads to Port Sudan. South of asbout 6°N, a much
weaker branch is diverted into the bread gap of Lake Rudolph between the highlands of
Ethiopia and those of northern Uganda and Kenya. Due to orographic lifting and the rapid
decrease of molsture content with height, most of the water vapour is precipitated along

the western fringe of the Ethiopian highlands, and the alr after crossing the highlands
descends at its eastern fringes desiccated by Fthn effects.

But the role of the Ethiopian highlands (including those of Eritrea and Somalla) is
not restricted to this barrier effect. Although there exists no direct observetional evi-
dence, it seems reasonable to assume that the radiation budget on the high plateaux, at
altitudes of 2,400 to 3,200 m, does not differ substantially from that at sea-level at the
seme latitude (cf. observations from the Pamir mountains, p. 248). The flux of sensible heat
from the elevated surface to the air is then responsible for a weak but falrly constant hori-
zgontal temperature gradient between the heated plateau and the cooler surroundings at the
same altitude. During the rainy season the large amount of orographic rain mey act as a
second heat.source, now of latent heat released within the cloud layer mostly between 700
and 500 mb. Since the horizontal transport of heat is slow, we may assume, as & working
hypothesis, that sbove the Ethioplan highlands a weak heat-low system is superimposed on
the large-scale circulation, with low-level convergence and anticyclonic curvature in the
middle troposphere. L. Welckmann Jr. has recently ZEE? published maps of the average sea-
level pressure for January, April, July and Qctober. Each of these maps shows a low over
Ethiopia or, during July, a pressure trough scross southern and eastern Ethiopia.

Due to the sparsity of reliable and regular upper-alr data -~ Aden, Khartoum and
Nairobl are much too distant - an exact numerical verification of thils working hypethesis
cannot be expected in the near future; for this purpose we would need an evaluation of all
representative flow components averaged with respect to latitude, longitude, helght and
season. This hypothesis is supported by the remarkable aridity during the whole northern
summer of all northern, eastern and southern flanks of the highlands, from the Red Sea low-
lands and the Danakil desert to Somalia, Ogaden and northern Kenya to the area of Lake
Rudolph, which strongly indicates divergent low-level flow. On the highlands, we observe
during this season widespread convective rains, mainly produced by afternoon showers and
concentrated along the mountaln crests and escarpments. However, there is sufficlent evidence
Zﬁ;? 1357 of widespread rains during night and early morning together with rainless spells
of several days apparently to indicate the occurrence of synoptic scale systems as in other
parts of the tropical summer rain helt,

Along the bottom of the Ethiopian rift - as well as in other broad and deep valleys -
convective rains are also rare and relatively weak., Here the rainfall map of Griffiths and
Hemming 1:37 - as well as S.P. Jackson's Climatic Atlas of Africa Zij7 - show a semi-arid
zone with less than 750 mm, compared with more than 1,000 or even 1,500 mm in the adjacent
highlands. A typical example is given by the long record of Adamitullo on Leke Zwal with
an annual average of not more than 574 mm Zil, 30/. It would be of great interest to investk
gate - by careful mapping of the natural vegetation pattern - the occurrence of arid or
semi-arid bottom sectlons within the gorges of the Blue Nile and other rivers as well as in
the rifts running parallel in southern and south-western Ethlopia.

Of special iInterest is the aridity of the Lake Rudolph area (latitude 2° to 5°N).
Here one would expect, during a large portion of the year, some convergence beiween a branch
of the equatorial westerlies and the more or less meridional large-scale flow patterns in
lower Kenye. During most of the year, the wind statistics of Lokitaung (4°12'S, 35°48'E)
and Marsabit {2°18'S, 38°00'E)} in northern Kenya Z§§7 reveal the oceurrence of up to 30 to
3 per cent westerly winds (SW-NW) during day-time, while easterly winds predominate. In
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contrast to this apparent convergence, the area is extremely arid (Lodwar 152 mn/year, 82 mm
between March and May), with few rains during spring and fall. If we assume, parallel to

the above-mentloned heat-low system of the Ethiopian highlands, a similar system over the
highlands of north-east Uganda and north-west Kenye, one of the consequences would be a
divergence zone (during day-time) in a zonal belt with a diameter of approximately 300 km

on both sides of Lake Rudolph. This 1s the right order of magnitude far a double system

of dlurnal circulations.

During northern summer (1.e. from mid-June to early September) only one area of the
latitudinal belt 0-12°N remains arid: the triangular section extending from about longitude
40°E and about 2°N to the Arabian Sea near 15°N, 65°E. This exceptional aridity of north-
east Africa has been ascribed, mostly without further explanation, to the large-scale paral-
lelism between the SW monsoon and the eastern coastline and to the well-known ocourrence of
up-welling cool water along this coast. Since the arid region extends much further Zii, 13,
3}7‘we have to consider Z§J7 a combination of all possible diverﬁence effects @

{a) Directional divergence ("diffluence") between winds from S and SSE at the southern
south-eastern edge of the highlands and the large-scale SW flow above Somalia and north-
eastern Kenya, as produced by the above-mentioned heat-low circulation (Figure 1). This
effect 1s responsible for the aridity of the southern fringes of the highlands. As a con-
sequence of this effect, we have to expect confluence (and, in fact, convergence) at the
south-western fringe of the Ethiopian highlands, where all available stations 1:37 cbtain
annuelly more than 2,000 nm.

{b) Speed divergence within the SW monsoon, where the winds on the average increase
from Beaufort 2 near the equator to Beaufort 6 near latitude 15°N, reflecting the increase
of pressure gradient with latitude, This effect is responsible for the aridity of Ogaden,
western Somalia and also the triangular section of the Arabian Sea;

(e) Frictional stress divergence between land eand sea In the area of the steady SW mone
soon along the coast;

(4) Antieyclonie (off-shore) deflection of the wind-driven ocean currents with up-
welling cool water.

Within the arid region of northern Somalla, the vegetation distribution Zﬁl? indi-
cates a zone of somewhat higher summer precipitation - occurring as frequent afternoon
showers and even thunderstorms - along and also south of the escarpment, approximately at
latitude 9°30' to 10°N. This convergence zone has been described by H.J. Sayer ZEb as
part of the Inter-Tropical Convergence Zone (ITCZ). However, this interpretation is hardl
consistent with the pressure and wind-field over the adjacent parts of the Indian Ocean Zgzz
During a personal discusslon with Mr. Sayer it was concluded that this convergence zone de-
velops between late morning and noon and apparently dissipates during the night. Here the
strong steady SW monsoon converges with the regular diurnal sea-breeze from the Gulf of Aden
Zi:? which obviously crosses the lower parts of the asymmetric escarpment and extends farther
south. If this hypothesls can be supported by further evidence - especially by night or
early morning wind observations in that area - we shall have to consider a phenomenon
similar to the well-known Maloja wind of the Swiss Alps, where a powerful day-time local
wind ascends from the Bergell, crosses the asymmetric watershed and descends slowly some
20 to 30 km down into the upper Inn valley 1:57. A similar pattern has been described at
Poona, where the sea-breeze from the Arablan Sea extends far beyond the Western Ghats Ziﬁ?.

Of special interest are the areas where two orographically strengthened sea-breezes
converge, as occurs over the north-eastern tip of Somalia /15, 2§7, and which should also
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occur over the mountains of southern Yemen. Such convergences are well known and very effec-
tive over mountaincus islands, like those of Indonesia. However, the effect of such local
or subregional convergences on cloud formation and rainfall depends to & large extent on air-
mass stabllity and molsture content.

In this dry belt south and east of Ethiopia - as well as in the adjacent triangular
section of the Arabian Sea - spring and fall rains predominate. This is by no means unusual;
the beginning and end of the summer rain period occur at the same latitudes in other parts of
north Africa during the same season, 1.e. in accordance with the seascnal meridional dis-
placement of the Inter-Troplcal Convergence Zone. For the same reason, Féntoli 45; §7 has
ascribed the spring and fall rains of Somalia to the seascnal shift of the ITCZ; the same
may be true for the spring rains of northern Kenya, although during fall only weak rains are
observed here. The arldity is restricted to the summer seascon, as explained above.

Y Eritrea
N
; {) Ethiopia

Hedjas

Cross-Section of the Red Sea Trench {(13-18"N)
Local Circulation (Winter)

Figure 2 - Day-time circulation at the Red Sea trench, during winter.

North of latitude 12°N we observe - over a falrly large portlion of northern Ethiopia
and Eritrea @, 397 as well as over Yemen Z]_.§7 s Asir and Hadramaut 52_7 and apparently inde-
pendent of the ITCZ rains of Somalia - more or less regular spring rains in March and April,
which are separated from the summer rain period by a dry period in late May and June. They
are known as the "small rains", and all avallable evidence Z?ﬂ lg7 seems to indicate that
they are produced by an interaction between travelling upper troughs in the westerlies, which
penetrate, during spring, not infrequently farther equatorwards than in winter, and shallow
tropical disturbances steered towards the north. Such shallow low-level cyclones are fre-
quently found during this season over the Sudan; their behaviour in connexion with upper
troughs has been described by El Fandy /3 /. It should be added that the rare precipitation
in the centre of the Sahara belt is mainly due to such travelling upper troughs in the transi-
tional seasons; the same 1s true for the few spring rains in northern Arabla. In the west-
ern Sahara south of the Atlas, cyclonic depressions develop not infrequently during spring ’
and subsequently move towards the Mediterranean Z§§7. Between late August and October,
similar interactions between tropical disturbences and upper troughs have been described for
the southern part of Egypt ZE§7; in rare cases (e.g., 28 August 1944) they may even produce
heavy rains (up to 40 mm) on the Nile delta.
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One of the strangest climatic features are the surprisingly frequent winter rains
along the slopes of the Red Sea depression between latitude 19°N and 12°N. At the coastal
stations along both sides of the Red Sea we observe,during the whole winter season from
October to March or April, between 9 and 25 days with rains, while In the northern belt be-
tween latitude 22°N and 28°N not more than one to three rainy days are observed. On the dise
sected slopes between the Ethloplan plateau and the low-level plains along the Red Sea the
seasonal rainfall frequency amounts to 90 days and more (15 to 22 rainy days per month), and
rainfall averages reach 1,000 mm and more and produce lush green forests /4, 7, 227. The most
conspicuous feature is the short horizontal distance between the area of heavy winter rains
and the sparse summer rains of the Eritrean plateau. While at Asmara more than 90 per cent
of the annual rainfall is restricted to a summer period of hardly more than 24 months, only
20 km to the east,winter rains yield about 90 per cent of the anmuial amount 1527. There
exists hardly any other spot, on the whole globe, where such different rainfall régimes are
observed in such a short distance. It should be added that simllar régimes are observed on
the Sudan escarpment, near latitude 18° to 19°N [Eg;ﬁ as well as along the eastern side of
the Red Ses depression and on the "Tihama" of Yemen and Asir, where spring and summer rains
on the highlands extend close to the winter rains of the slopes along the escarpment and also
produce a dense vegetation Zﬂ§7. These winter rains extend from about 13°N to 21° or 22°N.

The analysis of the data reveals a rather complex pattern :

(a) Tropical summer rains on the highlands of Eritrea/ Ethiopla and of Asir/Yemen are
largely of convective origin within the unstable low-level westerlies, which extend during
summer up to nearly 3,000 m. They are therefore largely, though not wholly, restricted to
the escarpments, crests and plateaux. This is especlally true on the Eritrean plateau,where
the equatorial westerlies converge with the diurnal see-breeze from the Red Sea, which 1is
difficult to separate - with a limited number of observations - from the overlying easterly
flow. Over the plateau, night-time rains connected with some synoptic-scale features, pro-
bably comparable to easterly waves Zﬁb, g7 are occasionally observed. On the bottom of the
Red Sea depression the divergence of these local wind systems prevents substantial rain, with
rare exceptions.

(b} Spring rains are, as mentioned above, produced in the eastern (advance) section or
in the core of upper troughs of the weeterly subtropieal Jet, frequently in interaction with
low-level tropical disturbances in the Sudan. As before, these rains are to a large extent
eontrolled by local circulations, and are therefore of comparatively minor effect at the
bottom of the depression. They are relatively infrequent {one to five days a month)}. During
winter and spring, the well-known elongated Cirro- and Altostratus streets of the subtropical
Jet are frequently observed above the Red Sea area. Such cloud streets also appear on some
of the most impressive satellite plctures Zig?. '

{c) Winter rains along the slopes have been suggested by C. Troll Zéé, 2&7 and others
as being produced by local day-time circulations alone. In fact, observers from Asmara have
confirmed the frequent occurrence of day-time Stratocumilus clouds at heights between 1,000
and 1,800 m (1.e. under an inversion situated below the height of the plateau) and frequent
(and quite heavy) drizzle from these stable "warm" clouds, which are constantly driven to-
wards the escarpment (Figure 2), In the rare case of an unstable streatification a few tower-
ing Cumull may rise, and a few drops of rain may fall even near the airport. During night
ard early morning, observers at Massawa and Assab, at the bottom of the depression,not infre-
quently report dense low-level cloudiness with some rain, indicating the reversed nocturnal
eirculation. But this explanation alone 1s certainly incomplete, since north of 20°N winter
rains are rare,and north of 22°N they are practically absent, in spite of a quite similar

topography.
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An investigation of the surface wind distribution along the shipping route 27
shows that the orographical features of the Red Sea depression are responsible for the strong
predominance of winds from NNW and SSE, 1.e. parallel to the escarpments along both sides of
the depression. From mid-September to mid-May, winds from NNW prevall in the northern sec-
tion and converge somewhere with prevailing SSE winds in the southern section. While the NNW
winds are deflected from the Mediterranean westerlies, the SSE winds are diverted from the
low-level ENE monsoon or trade of the Arabian Sea and the Gulf of Aden. Instead of the usual
subtropical divergence axis between extra~tropleal westerlies and tropical eagsterlies, we
observe here - as a consequence of orographically forced anticyeclonic deflection and of a
two-slde channel effeect -~ a fairly regular regional low-level convergence zone [EB, 27, }27
which is situated, on the average (Figure 3), near 19°N from October to January, and near
17°N from February to April, )

Red Sea, Prevailing Surface Winds

Figure 3 - Frequency of winds from NNW and SSE above the Red
Sea; data from [ 2'_?%.

In their central part, both wind systems are very steady and prevail, producing 70
to B0 per cent of all winds. Undoubtedly the position of the Red Sea convergence variles
according to the synoptic situation and to the intensity (and inertie) of both wind systems.
While such a regional convergence zone controls the latitude of maximum cloudiness and raln
distribution, the powerful local wind systems perpendlcular to these regional winds are res-
ponsible for the diurnal shift from the weak convergence at the bottom in nightwtime to the
much stronger day-time pattern, with rainfall and clouds along the slopes. OCutside of this
regional convergence zone the diurnal ecirculations exert but a weak influence on 1local
weather.

During summer, the low-level NNW winds are quasi-geostirophle in the northern part
of the Red Sea - due to the high zonal pressure gradient between the Azores anticyclone and
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the Punjab heat low « and are much stronger than in winter. Driven partly by their own
inertia, they extend to the Gulf of Aden. Here it is not possible to define the ITCZ which
on both sides of the trench is situated near latitude 18 to 20°N, as a low-level convergence
zone over the Red Sea depression. The ITCZ is interrupted by this channelled low-level sys-
tem ard the diurnal circulations along both escarpments, but 1s found again on the Arabian
peninsula, where prevailing SW winds are reported from the area south of about 20°N ZS??,
1.e. at nearly the same latitude as over north-eastern Sudan.

According to all available meteorological experlence at all mountainous or coastal
areas of the tropics, the role of diurnal circulations can hardly be underestimated. Due to
the large diurnal radiation changes and the relatively weak large-scale atmospheric currents,
they are, 1in troplcal areas, more frequent and much more powerful than in middle latitudes.
Their convergence and divergence with the large-scale wind systems controcl, to a large extent,
the climatological patterns of preclipitation and, as a consequence, the distribution of
natural vegetation and agricultural land use. Many impressive observations of locust move-
ments /16/ confirm this point of view. ~

These preliminary and certainly incomplete contributions are based on some scattered
hints in the literature, on a few impressive observations during a flight from Naircbi- Addis
Ababa - Asmara - Port Sudan, but mainly on frequent discussions with a great number of mete-
orologlsts having local and regional synoptic experience. Only a few can be named here :

. R.N. Coles (Addis Ababa, now Bangkok)
A. FAntoli (Rome)
J.F. Griffithe (Naircbi, now Austin, Texas)
E. Hanel (formerly Asmara)
E.R. Krueger (formerly Khartoum)
H.J. Sayer (Asmera)

Thelr valuable help is highly appreciated.
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COMMENTS ON A SYNOPTIC CLMTOIOGY OF SOUTHERN ASIA

by
H. Flohn

Southern Asia consists mainly of the Indo-Pakistan subcontinent, from Peshawar and
Assam to Ceylon. In order to understand its synoptic climatology, we have to include some
neighbouring areas, especlally the highlands of Central Asla - from Afghanistan across Tibet
to Szechwan and Upper Burma - as well as Baluchistan, eastern Arabia and the northern Indian
Ocean. In this review we should 1like to outline the prinecipal synoptic features responsible
for the weather and climate of this vast area. This is partly based on extensive, but un-
published, investigations of my collaborators since 1952, restricted to the period from May
to August [6-, 17, and partly on numerous reports of experienced meteorologlsts from India
and Pakistan, which unfortu.rmtely'cannot all be cited here in detail ZJ_.,' g, 12-l§7 .

During winter - especially from mid-December to February - upper wesierlies prevail
at the maximum wind level near 200 mb above the whole area north of latitude 15°N and in all
layers above the Punjab and Peshawar basin. But they may also even reach the southern tip
of the peninsula. Below the westerllies, the well-known north-east monsocon - which may also
correctly be defined as the north-east trade - is quite shallow (1 - 1.5 km) in the latitu-
dinal belt between 22° and 3PN; 1ts vertical depth inecreases towards the south above the
peninsula. -Due to the FUBhn effect of the surrounding high mountains, this north-east mon-
soon consists of dry continental ailr, diverging and subsiding as in most trade wind areas,

Within the upper westerlies, the subtropical jet 1s observed nearly every day be-
tween latitude 25° and 30°N, with frequent troughs and ridges (Rossby waves), moving fairly
rapidly in an easterly direction from North Africa to southern China ZIO, 127. In the ad-
vance section of the troughs, where vertical stretching prevails together with upper diver-
gence and lower convergence Zi1_47 » we observe not Infrequently strong convective activity,
Indicated at first by ac cast or ac floe, then by large towering Cumulonimbus (with strong
shear In the forerunning anvil). Due to the extremely dry air, with Cumulus bases frequently
situated at 4 or 5 km, a large part of the falling rain evaporates before reaching the ground
but heavy gusts, thunder and 1lightning and, in arid regions, dust or sand storms,are no rare
events. On the southern warm side of the subtropical Jet, precipitation connected with these
systems i1s in most cases only weak. In the north-west of the subcontinent, especially in
northern Punjab and Baluchistan, and in the Himalayas and their foothills, these "Christmas
rains" (equivalent to the Mediterranean winter rains) form a definite rainy season varying
in Intensity largely from year to year. They are also responsible for the high snow cover
of the Hindu Kush, of the Karakorum and of the north-western Himalayas. These high precipi-
tations are by no means reflected in the measurements of valley statlons like Leh or Gilglt;
here the regular occurrence of daytime upslope breezes diverging from the valley bottom pre-
vents substantial precipitation 1§7. Only on rare occaslons do these winter rains extend
inte the peninsula, but then they may reach as far as 15°N.

The weak orographic curvature of the Himalayas seems to be responsible for the fre-
quent occurrence of troughs near 90°E (Gulf of Bengal), where the average wind direction
shifts from 280-290° in the west to about 260-270° in the east. In the northern Punjab - as
well as in adjacent Afghanistan and Baluchistan - the winter rains increase In intensity
(and sometimes also in frequency : six to ten days a month) during March and April, but de-
crease durlng May. In the interior mountain areas they constitute the main rainy season in
spring.
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During spring, the distribution of the upper westerlies is nearly the same as during
winter, including the existence of the quasi-permanent Bengal trough. But the increasing
solar radiation leads to the development of shallcw, but persistent heat lows above the
southern part of the peninsula, which gradually move to the north and eventually reach (in
early June) the Punjab. On thelr southern side, shallow and weak westerlies - which during
the last century were falsely called "sea-breezes" . with little or no effect on weather.
Over the Bay of Bengal and across its northern coast, weak southerly (SW-SE) winds with moist
maritime air gradually replace the dry north-east monsoon. Now the divergence aloft in front
of a travelling upper trough of the subtropical Jet may coincide, above north-east India,
{Bengal, Assam, East Pakistan and perhaps also Upper Burma) with a2 shallow layer of unstable
moist air, a situation which typlcally produces severe storms. Therefore from mid-March to
May the squalls of the "Bengal Nor'-westers" increase strongly in frequency, intensity and
rainfall. With this synoptic mechanism the rainy season of north-eastern India starts during
spring, much earlier than the marked reversal in the upper winds.

Over the Indian Ocean, some tropical cyclones are observed, most of which can be
followed from the South China Sea or the Gulf of Thailand, as they progress to the coast.
Occasionally they develop into full-size troplcal hurricanes with warm core and with anti-
eyclonic flow above 200 mb. They are then steered toward the north-west or even north in the
advance section of a westerly trough, and are accompanied by torrential rains and floods.
Despite their rareness, they may even re-occur after a week or s¢ and are sometimes accom-
panied by disastrous flood effectz in the densely populated low-level area in the delta of
the Ganges and Brahmaputra.

————

northern India and the Himalayas weakens and finally reverses the meridicnal gradient of
temperature and pressure in the latitudinal belt between 15° and 30°N. This results -
almost simultaneocusly with the northward displacement of the low-~level heat low - in a com-
plete reversal of the upper winds (between about 450 and 100 mb) from west to east, in a
rapid increase of the vertlcal depth of the equatorial westerlies, now known as the south-
west monsoon, to 6-7 km and in their intrusion into the low-pressure aree extending from the
Pubjab to Assam and further to the east-south-east. This syndrome of nearly simultaneous
events is observed, under normel conditions, during the first ten days of June; in some years
it occurs already during late May, In others it may be postponed until late June. It 1s
well-known in classical textbooks as the "burst of the monsoon". But after recognizing the
lack of coineldence between rainfall distribution, thunder-storm frequency and three-dimen-
slonal wind patterns, we see that it is actually quite a difficult job to define exactly one
{and only one)} date for this event at a given point. The original translation of the Arabic
term "mausim" means gquite generally "season"; therefore this term has originally no specifie
meaning like "monsoon winds" or "monsoon rains". The lack of coincidence between monsoon
winds and monsoon rains is responsible for frequent misinterpretations and confuslon; the
onset of the rainy season is controlled, in different areas, by gquite different synoptic
features.

During May and the first ten days of June the seasonal warming of the air above

This reversal of the three-dimensional wind field 1is accompanled or perhaps triggered
* by the occurrence of anticyelonic cells in the divergence zone between the high-tropospheric
easterlies and the westerlies near latitude 29° or 30°N. The average position of the sub-
tropical Jet shifts to about LoPN, with a weak anticyclonic curvature on the northern fringe
of the Tibetan highlands. This rapld displacement coincides with a re-arrangement of the
quasi-permanent troughs {Figure 1}; instead of the weak cyclonie curvature of the subtropil-
cal jet near 9O°E (Bengal trough) we now cbserve two rather marked troughs Just upstream and
downstream of the Tibetan block : the Pamir trough (near 65°E) and the west Chinese (or
Szechwan) trough (at 100 - 105°E).
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We might remark at this point, without further explanation, that nearly simultanecusly
the quasi-permanent secondary trough over eastern Europe (centred around 30°E) disappears,
together with a rapid decrease of the number of blocking anticyclones ahove north-western
Europe, a consequence of Rossby's well-known stationary wave formula. This causes a marked
singularity of weather in large parts of Europe, unfortunately misnamed the "European summer
monsoon” d7. Furthermore, at this time the occurrence of 2 quasi-stationary anticyclonie
cell above the cool Okhotsk Sea together with the sharpening of the Szechwan trough 1s res-
ponsible for the occurrence of "Bai-U" - rains above central and northern Chins and Japan,
mainly produced weak cyclones running along the marked barcclinic frontal zone ("Pacific
Polar Front") ZI . The difficulty in defining one (and only one) "onset" of these Bail-U-
rains as well as of the Indian Monsoon is obviously one of the causes why Arakawa Z§J7
could find no definite time correlation between both events. While these two events are
certainly related in a dynamical sense to the events between Pamir and Szechwan, this is
probably not the case with respect to a third event : the onset of Arizona summer rains
with apparently meny parallels to the simultanecus developments in the Punjab. These large~
scale teleconnexlons deserve a comparative investigation.

The usual distinotion between an Arablan branch and a Bengal branch of the south-
west monsoon 1s not correct. In both areas westerly winds of the lower troposphere - mostly
250-290° - converge, along a slowly displacing convergence line, with a deep current from
east-south-east, which extends right up to the easterlies of the upper troposphere (Figure 3).
At the southern edge of this convergence - which forms part of the main ITCZ (northern
branch} and the equatorial pressure trough - isolated grelonle disturbances frequently travel
from east-south-east to west-north-west, producing much rain in their southern and western
sections. To a large extent these "monsoon depressions" are responsible for the bulk of the
summer ralins in the interior of the Indo-Pakistan subcontinent. Their forecast depends
mainly on sufficient lmowledge of the rather complicated three-dimensional wind field in that
area up to at least 200 mb. How far these disturbances can be followed during their earlier
track fron the east 1s not sufficiently known. But apart from these low-level cyclones,
frequent sirong convective railns are observed in two regions : in Bengal and Assam, where
the low-tropospheric south-west flow permanently converges with the easterlies (including
orographically forced lifting at the Khasia Hills), and at the steep escarpments of the
western coasts of both peninsulas. But even here large variations from day to day occur,
probably related to variations of divy, .

On the average, the boundary between the extra-tropical westerlies and the easter-
lies above the south-west monscon (Figure 2) is situated between 400-100 mb (7-16 km) near
30°N, 1.e. Just above a large part of the Himalaya mountains. At the same time the sub-
tropical Jet is slituated at latitude 40-42°N, 1.e. above the Tarim Basin, as revealed by the
Chinese aerological network with a remerkable constancy. The boundary between both currents
is marked by well-defined antieyclonic cells, frequently centred in the south-eastern portion
of the Tibetan highlands. Sometimes the travelling upper troughs of the westerlies may pene-
trate, near 200 mb, to about latitude 26-27°N, but hardly ever farther south. If, in such a
case, a low-level monsoon depression approaches from east-south-east, 1t can be intensified
and steered intec a northerly direction and eventually merge with the trough. Then torrential
rains, floods and landslides are observed in the Himalayas, while the divergence of the west-
south-west flow above the peninsule produces widespread subsidence and suppression of con-
vective activity. This 1s at least one mechanism responsible for the well-known monsoon
breaks Zié, 17/. 1In fact, 1f we disregard the relatively small areas of orographically
forced convective rains and of permanent convergence in the north-eastern portion of the
subeontinent, wes may safely say that over the largest portion of the Indo-Pakistan area
the summer rains are produced by well-differentiated synoptic events, and cannot be con-
celved as a more or less steady climatic feature. Even the quasi-permanent anticyclonic
cell above south-eastern Tibet ZE; 17 can be swept away by a travelling westerly trough
with a cold air outbreak across Tibet; but it recovers after two to three days, sometimes
beling reinforced by warm air advection.
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On the other hand, the track of these shallow monsoon depressions is controlled by
the upper flow, or better by integrating the wind fleld horizontally and vertically with
respect to pressure and taking into account the well-known meridional variation of the
Coriolis parameter £ = df/dy. Under normal conditions they are therefore steered from
east-south-east to west-north-west, oniy gradually diminishing in intensity and rainfall
productivity, mostly as fairly symmetric vortices near the B50 mb level. Apparently lifting
and (consequently) rainfall reach a maximum in their southern section; there 1s hardly
sufficient evidence of definite alr-mass differences in their area. Generally speaking,
air-mass differences during the monsoon season above the subcontinent are much smaller than
in middle latitudes and hardly detectable in the lower troposphere. However, in the upper
troposphere we observe a remarkable barcclinle structure where the "equatorial™ air above
8°N is about 8-11°C cocler than the "subtropical” air above the heat centre at 28-30°N. This
reversed_temperature gradient is correlated with an extremely persistent "Tropical Easterly
Jet" /9 /, centred near latitude 15°N, one to two km below the tropical tropopause. This
easterly jet is of a remarkable persistence from day to day ZE;?, with only occaslonal fluc-
tuations of the wind veloeity ("pulses") having a duration of three to.six days and varying
between about 40 and more than 100 knots in the centre. These pulses are apparently corre-
lated with the intensity and porticn of the Tibetan anticycloniec cell.

Nevertheless climatic features are by no means unimportant in the large-scale
mechanism of the summer-monsoon rains in southern Asia. We list only a few of them :

(a) The reversal of the temperature, pressure and wind fleld of the middle and upper
troposphere 1s preceded by the gradual warming of northern India, the Tibetan highlands and
the adjacent highlands. Here we have to distingulsh two main sources of potential energy :

1. The flux of senslble heat into the air from the elevated heat source of the arid
(western and central) section of the Tibetan highlands. Here all terms of the
heat balance can be assumed to be nearly equal to those in the adjacent arid low-
lands of Central Asla; sufficient evidence for this assumption has been presented
by Zuev ZEQ? for the Lake Karakul area of the Pamir, at an altitude of 4,000 m.

2. The release of latent heat from the enormous quantities of rain falling on the
superhumid mountain areas of Bengal, Assam and Upper Burma, with an estimated
area-averaged value of latent heat for the cloud layer of 900-1,200 Langley/d,
i.e. more than the global radiation at the surface can yleld. This effect has been
suggested generally 5_7 as adding to the anticyclonic curvature of the upper west-
erlies along high mountain ridges; due to the rapid decrease of moisture with helght
it will most Increase the thickness of the lower troposphere.

The effect of the direct warming of air above the Tibetan highlands has been
stressed by Flohn 5, 6, 17 and strongly supporited by Murakami ﬁg » Who cbtained
from his computation an anticyclonic cell in south-east Tibet. However, it should
not be overestimated; recent aerological data* show that the highest temperatures
are restricted to the southern fringe of Tibet, i.e. above the Himalayas, and that
the reversal already starts gradually during May. Certainly the early start of the
summer rains in the north-eastern part of the subecontinent - much before the rever-
sal of the wind fleld - and the release of latent heat during that time contribute

* When comparing the aerological averages obtained from the Indian and the Chinese network,
it should be borne in mind that there exists no direct radiosonde comparison, and that the
Indian 12 GMT ascents {17-18 h local time) are certainly warmer than the Chinese 00 GMT
ascents above Tibet. In such circumstances, the use of the thermal wind equation as addi-
tional evidence and check is necessary; the axis of the (subtropical) anticyclonic belt
between the westerlies and easterlies above 400 mb (along about 30°N) best describes the
area of the highest average temperature. ‘
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substantially to the early formation of the quasi-permanent anticyclonic cell in
the same region and, consequently, to the reversal of the tropospherie wind systems.

(b) In the arid north-western part of the subcontinent (Sind, RajJasthan) the aridity

is maintained even during the monscon season, when moist air with an almost constant dew-
peint near 25°C sweeps across with southerly winds from the coast to the K foothills of the
Himalayas. Rain occurs only during a few days, when monsoon depressions travelling from the
east or south penetrate this area. On all other days - i.e. during more than 90 per cent
of the season - the permanent and steady monsoon flow is divergent, turning from south-west
above Jodhpur and Gwalior to south-south-east above Jacobabad, and therefore subject to
large-scale subsidence, reducing the vertical extenslon of the moist layer to about 1.5-2 km,
and 1its cloud cover to shallow Stratocumuli, This divergence can be understood if we take
into account the average position of the pressure trough with its anticyclonic curvature
from eastern Arabla to the Punjab and the Indo-Gangetic plains, which forces the frictional
low-level winds to diverge (Figure 3),.

{c) The remarkable Fthn effect on the eastern side of the West Ghats is well-known :
while near the crest of the hills the seasonal rainfall reaches 6,000 mm (Mahabaleshmar with
a frequency of 29-31 days a month from June %o September), we observe only 20-40 km east of
the crest not more than 600-800 mm, mostly produced by a few travelling synoptic disturbances.
In some of the deepest valleys of the Himalaya Mountains - even in the rainiest areas north
of Assam - the valley bottom is almost arid, as demonstrated by the vegetation Zﬁ;ﬁt Since
the diurnal (day-time) local circulations always control the pattern of vertical wind com~
ponents, of clouds and rain., This is especlally true in the deep meridional gorges of
Upper Burma, in spite of the high cloudineszs and moisture content of the air during late
spring and summer below the quasi-permanent anticyclonic cell in the upper troposphere. The
slight anticyclonic curvature of the lower westerlies crossing the Ghats (Figure 3) might
also be related to the permanent release of latent heat.

{a) The distribution of land- and sea-breezes controls a large part of the convective
activity. The frequency and extent of these diurnal eirculations along all the coasts of
the subcontinent deserve much more attention, together with thelr effect on weather. and
especially on the diurnal cycle of rainfall. During the season of the strong south-west
monsoon, these diurnal circulations along the coast are to a large extent weakened or even
suppressed. During the remaining seasons, the quasi-gecstrophic flow near the surface is
much weaker, the diurnal radiation cycle is more effective due to low cloudiness and the
diurnal circulations are much more regular and effective than in summer.

The "retreat of the monsoon" during September and October £ﬁ§7 seems to be not
merely a mirror of the events during the onset in early June, The large-scale reversal of
the wind field is somewhat more gradual and relatively slow, but low-level cyclones still
cross the peninsula and may be steered in a northward direction, causing veritable cloud-
bursts and severe floods. Due to the graduel shifting of their tracks, they more often have
the opportunity to develop over ocean areas into fullw.size warm core hurricanes, notably over
the Gulf of Bengal. From October to December, tropical hurricanes and other cyclones of
minor intensity are fairly frequent here; they can almost certainly be tracked along their
path from the east. They are responsible for the late fall rains on the east coast {and
over the south-central part) of the peninsula, as well as for the rainy season on all east-
facing coasts of south-east Asia. 1In contrast to spring, they are relatively rare {but not
absent) over the Arablan Sea. 8ince the north-east flow itself is shallow and mostly stable,
at least north of about latitude 12°N, its effect on rainfall is small. The fall rains
along the east coast are also synoptic events, quite irregular (6-12 days a month) and sub-
Jeet to large variations from year to year.




250 COMMENTS ON A SYNOPTIC CLIMATOLOGY OF SOUTHERN ASIA

REFERENCES

1. Numerous reports from Indian authors in all volumes of Indian Journal of Meteorclogy and
Geophysics, as well as in "Monsocons of the world" (1960).

2. Arskawa, H. - Relatlions among beglrning of dry season in Java, establishment of SW mon-
soon in India and onset of Bai-U in the Far East. Proc. Reglon. Conference Internat.
Peogr. Union, Tokyo 1957, pp. 589-592.

3. Flohn, H. - Studien zur allgemeinen Zirkulation der Erdoberfl¥che, Ber. Dt. Wetter-
dienst, US-Zone 18(1949).

4, Flohn, H. - Witterung und Klima in Mitteleuropa. Forsch. Dt. Landesk. T8 (1954).

5. Flohn, H. - Hochgebirge und allgemeine Zirkulation. II. Geblirge als Wirmequellen.
Arch. Meteor. Geophys. Bioklim. A5 (1954), pp. 265-279.

6. Flchn, H. - Der indische Sommermonscon als Glied der planetarischen Zirkulation der
AtmosphMre. Ber. Dt. Wetterdienst 22 (1956), pp. 134-139.

7. Flohn, H. - In: Monsoons of the world, New Delhi 1960, pp. 65-T4, T75-88.

8. Flohn, H. - The tropical easterly jet and other regional anomalies of the tropical
eirculation. Proc. Symposium Troplcal Meteorology Rotorua, Nov. 1963 (in print).

9. Koteswaram, P. - The easterly jet stream in the tropies. Tellus 10 (1958), pp. 43-57.

10. Krishnamurti, T.S. - The subtropical jet stream of winter. Journ. Meteor. 18 (1961},
pp. 172=191.

11. Murakami, T. - The sudden change of upper westerlies near the Tibetan plateau at the
beginning of summer season. dJourn. Meteor. Soc. Japan 36 (1958), pp. 239-247.

12. Rahmatullah, M. - Synoptic aspects of the monsoon circulation and rainfall over Indo~
Pakistan. Journ. Meteor. 9 (1952), pp. 176-179.

13. Ramage, C.S. - Relationship of general circulation to normal weather over southern
Asia and the western Pacific during the cool season. Journ. Meteor. 9 (1952),
pp. 403-408.

14, Ramaswamy, C. - On the subtropical Jet-stream and its role in the development of
large-scale convection. Tellus 8 (1956), pp. 26-60.

15. Ramaswamy, C. - A preliminary study of the behaviour of the Indlan south-west monsoon
in relation to the westerly Jet-stream. Geophysica (Helsinkl), 6 (195Q), pp. 455-
4r7.

16. Reiter, E.R.. and Heuberger, H. - Jet stream and retreat of the Indian sumner monsoon
and their effect upon the Austrian Cho-Oyu Expedition, 1954, Geogr. Ann. 42 (1960)}
pPp. 17-35.

17. TRiehl, H. - Tropical meteorology, New York, 1954.

8. B8chweinfurth, U. - {ber klimatische TrockentMler im Himalaja. Erdkunde 10 {1956),
pp. 297-302.

19. Thompson, B.W. - An essay on the general circulation of the atmosphere over south-east
Asia and the west Pacific. Quart. Journ. Roy. Met. Soc. 77 {1951), pp. 569-597.

20. Zuev, M.V. in Budyko, M.J. (Edit.) - Contemporary problems in the meteorology of the

surface layer of the atmosphere. Leningrad 1958, pp. 61-66 (Russ.)




COMMENTS ON A SYNOPTIC CLIMATOLOGY OF SOUTHELN ASTA 251,

Flgure 1 - Position of the sub-
troplcal Jet and the quasi-
permanent troughs during summer
and during the other seasons.
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Figure 3 - Position of the monsoon pressure trough (= NITC) and resultant
streamlines near 900 mb during summer.




253

INTER—TH)PICAL CONVERGENCE ZONE AND METEOROLOGICAL EQUATOR

by
H. Flohn

The lecture given under this title was based on a lecture published in the proceed-
ings of the Joint ICAO/WMO Seminar, Cairo - Nicosia, 1961, WMO Technica.i Note

No. 64 - High-level foreca;ting for turbine-engined alrcraft operations over Africa
and the Middle East. (See also "African synoptic meteorology" by D,H. Johnson,

in the present volume, )
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NOTES ON A SYNOPTIC CLIMATOLOGY OF THE NEAR EAST

by
H. Flohn

This lecture was based on the study of agroclimatology in semi-arid and arid zones
of the Near East by G. Perrin de Brichambaut and C,C., Wallén, published in WMO Tech.

nical Note No., 56, A study of agroclimatology in semi-arid and arid zones of the
Near East.
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SEASONAL AND LONGER-PERIOD CHANGES IN THE DESERT LOCUST SITUATION
(with a note on a tropleal cyclone affeoting southern Arabia in 1948)

by
R.C. Rainey

Previous lectures have dealt with the effects of meteorological factors on locusts
on the meso and synoptic scaless we now approach the climatological scale, consldering seg-
sonal and longer-period changes in the Desert Locust situation over the thirty.million kmg
of its distribution area as a whole, The baslc locust data are provided by the comtinuous
record of the current locust situation which has been maintained in london, at what 1s
now the Anti-Locust Research Centre, for the past 3} years. The speclal methods which
have been evolved for the systematic mepplng and analysis of all available locust reports,
from all infested countries, are described in a subsequent lecture. The earlier results
of this work, presented In a series of memoirs [3, 4, 6, 18, 127, established that areas
and seasons of breeding (Figure 1) are in general areas and seasons of rainfall and indi-
cated further that the spectacular and quasi-regular long-range migrations of the flying
swarms 1n general have the effect of transporting the young swarms away from areas in which
the seascnal rains have finished, and into new areas, commonly hundreds and often thous-
ands of kilometres away, where the seasonal rains are beginning, and where the young swarms
will in thelr turn mature and breed. Previous lectures, and WMO Technical Note No. 54,
have presented the evidence on which the basic mechanism of these migrations 1s regarded
as downwind displacement, towards and with zZones of low-level convergence; and relevant
aspects of the climatology of these areas are presented by Professor Flohn,

Besldes these characteristic seasonal altermatfons of invasion and evacuation,
shown by Desert Locust infestatlons of all ecountries, there are major longer-term changes
in the overall level of infestation. Thus, for example, Dr, Esfandiari indicated to us
the severity of the 1962 locust invasion of Iran, with serious crop damage reported in a
number of ostans both In the north-east and the west, when swarms also reached the Soviet
Union for the first time in thirty years, as Mr, Starostin described (pp. 234-235); and Mp.
Mazumdar's beautiful radar photographs (Figures 2.8, pp.1T70-182) provide unambiguous evidence
of one of the largest Desert Locust swarms ever adequately assessed, over Delhi in July 1962,
Now (December 1963), on the other hand, the overall level of Desert Locust infestation is
probably lower than at any time in the past 24 years. Preliminary results of an analysis
of such evidence as 1s available on the role of natural causes arxl of control measures in
bringing about this dramatic change in the overall situation have directed attention to
several occasions (most recently in Pakistan in September - October 1962), in which an
important proportion of the overall loecust population appears to have been concentrated by
meteorologlical factors into relatively limited areas in which recent developments in the
techniques of control had made possible control operaticns which in scale and in nature are
likely to have been more effective, by orders of magnitude, than any control operations
undertaken in these same areas up to a few years previously [ 117 .

However, 1t must immediately be emphasized that Desert Locusts have been at a very
low level before (Figure 2, ref, [ 2(_)75 under c¢lrcumstances to which it can be shown that
early attempts at locust control are unlikely to have made any appreclable contribution,

The problem of establishing what are the conditions leading to a recrudescence of the plague
after such a period of recession 1s of course of basic importance to all countries concerned,
The available evidence is inevitably fragmentary, especially for the earlier years, but it
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has been found possible to reconstruct the outline of a ccherent and potentially instructive
story for the most recent of the earlier periods of plague recession,

Swarms were reported during 1948 and 1949 only in 16 and 10 territorifes, the lowest
figures so recorded since 1940. By the end of 1948 (Figure 3), when there had been two
complete months (September and November) without any report, confirmed or otherwise, of
elther swarms or hopper bands anywhere in the whole distribution area of the species, the
plague was, at the time, believed to have died down [ 11_47 and an "interplague period" of
relative inactivity of the specles was thought to have begun.

In February 1949, however, swarms appeared without warning in eastern Arabia, in
the Oman, and oviposited during March. The resulting hopper bands developed into a number
of young swarms, which appeared in May, and a resurgence of the plague followed, both in
Indo-Pakistan, where there may have been a build-up of local locust populations as well as
a probable incursion from the Oman in late May, and in the Arabian peninsula, where swarms
in all probability from the Oman also entered the Hadhramaut, the West Aden Protectorate
and the Yemen in late May. By October 1949 an international conference of Desert Locust
experts at Karachl had concludeéd that a new plague was developing [ 1_'[7.

The events of 1948 and 1949 are accordingly of particular interest in relation to
the dynamics of Desert Locust plagues. The earliest indication of the locust developments
in the Oman was a local report of a "loose mixed (i.e. pink and yellow) swarmlet" at Mudafin
during the first week of February 1949; and a week later the explorer Wilfred Thesiger saw
loose concentrations of late instar hoppers, with pink and yellow adults, in the lower
reaches of Wadi al Ain. THe pink colour implies young sdult locusts with a history of
gregarlous behaviour during at least the latter part of their nymphal development, while
the assoclated yellow adults are likely to have been survivors of the parent generation;
and thelr colour suggests that they had spent at least part of their adult life as swarms.
Temperatures in this part of the desert during the winter months were found to range from
T° to 13° at sunrise, and to reach about 27° at noon [ 1_§7 . PFrom evidence of the rates
of embryonic and hopper development* recorded at roughly comparable temperatures elsewhere
in the interior of Arabia {the Hail and Lina areas in the early spring of 1952 and 1953)
the egg-laying which gave rise to the late instar hoppers and young adults at Wadi al Ain
can be inferred to have taken place about ten weeks previously, i.e. during November 1948,

Looking back into the earlier history of 1948 for potential participants in this
breeding, the first possibllity is represented by a report, also by Thesiger, of numbers
of scattered mature locusts, at Buraimi, in the Oman, in April 1948, following rains across
the northern sands during February and March of that year.

In behaviour and in bodlly proportions these locusts were in the solitary phase

(see WMO Technical Note No. 54, section 1.2); and it is known, from field observations and
laboratory studles, that such solitary-living locusts (either in hopper or adult stage ), 1f
brought by environmental factors to within range of mutual perception, can become conditicned
to react gregarliously to each other, and, if in sufficient numbers, to produce hopper bands
and swarms, assoclated with characteristic changes in physiology, anatomy and colour, This
transformation from the sclitary to the gregarious phase, termed gregarization, has been
found to be of very great importance in certain other specles of locust, of which swarms
are known to disappear entirely for years at a time. Gregarization certalnly occurs, and
1= of obvious potentlial importance 1n the caze of the Desert Locust also, although so far
swarms of this specles have rarely, if ever, disappeared altogether from the entire area.

#* T am indebted to Miss Z, Waloff for the use of her compilation of field records on this
point.
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In thls particular case, it is ¢learly possible that the progeny of the solitary locusts
seen at Buraimi in April 1948 may have participated in the breeding which took place not
far away in the Aln area, six months later, although populations of Desert Locusts, even
in the solitary phase,. appear to be characteristically mobile [ 12, 21/

Much further afield, the last large-scale swarm breeding of 1948 took place between
February and Msy in Morocco, with some breeding during this perlod in Mall and in the Fezzan
also. In Morocco, young swarms are llkely to have begun to appear by early May, and were
reported in rumbers, with some damage, from early June onwards, but had all disappeared
from the country by late July. In other years swarms produced at this season in north-
western Africa have regularly appeared to move southwards into Mauritania and Mali and
often subsequently eastwards, in some years reaching as far as Sudan and possibly Eritrea
by July. In 1948 swarms were reported from early June in Mauritania, later in the month
in Mali, and from mid-June in the Sudan and Eritrea, after these latter territories had
been clear since the previous autumn. Most of these reports referred to ilmmature swarms
(which in Eritrea first appeared during a spell of south-westerly winds) though some mature
swarms Were also reported, but no breeding was recorded, and the swarms had disappeared
from these territories by the end of July. There were, however, newspaper reports of
swarms {not necessarily of the Desert Locust) in Upper Egypt in August (there had also been
a limited hopper infestation on the Mediterranean coast of Egypt in June and July); and
there was a report of a swarm in the Ethioplan highlands in early October.

Meanwhlle, gregarious breeding on a limited seale had also taken pla,ce during the -
spring on the Saudi Tihamah, together with scme gregarization following solitary breeding,
and leading to the formation of young swarms, of which there were a few reports in late
April and at the beginning of May; no further locust activity was recorded during 1948 in
Saudi Arabla until scattered solitary locusts were seen on the Tihamah towards the end of
the year. Further east agaln, there was gregarious breeding in Pakistan, on the Baluchis-
tan coast, in July and control operations against hopper bands in this area continued into
August,

Thus only three months before the November breeding in the Oman, of which Thesiger
saw the concluding stages, there had been gregarious locust populations, in the form of
hopper bands large enough to Justify control operations, in Baluchistan only 600 km away
to the east; amnd between one and six months prior to the November breeding, and some two
thousand kilometres to the west, there had been swarms, a number of them immature, in
several different countries around the Red Sea. Between the Red Sea and Baluchistan is
the Rub al Khali, at thls time one of the least known parts of the whole of the ea.rth's
surface, Since Desert Locust swarms have on occasion travelled more than three thousand
kXilometres in a month (see, e.g. WMO Technical Note No. 54, p. 67), and can moreover live
as adults for six months before breeding, 1t is now clear, from the locust evidence alone,
that what was regarded at the time as the beginning of a new outbreak took place not so
very far away, elither 1in distance or in time by Desert Locust standards, from what had
appeared to be the end of the previocus plague.

Circumstantlal evidence to bridge the crucial but relatively narrow gap which
thus remains in the locust record has been provided by consideration of what is known of
the corresponding weather. Although no systematic or instrumental records of weather exist
for the interior of southern Arabla at this period, Thesiger 94- 1_5_7, in the course of
camel-journeys in this area between Qctober 1948 and March 1949, noted that during the.
last week of October 1948 theére were exceptionally widespread ard heavy rains across the
eastern sands of the Rub al Khall from the Truelal Oman almost to the Hadhramaut. The
corresponding synoptic charts of the areas were accordingly examined by the writer (ini-
tially at Karachli in November 1950) for evidence of any corresponding disturbance, and
it was immedlately found that an excepticnal tropical eyclone, which had been detected
near the Maldive Islands on 19 October 1948, had reached the Arablan coast on 25 October
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near Salala, and subsequently affected Trucial Oman, Meanwhile, and quite independently _
(and without any knowledge of Thesiger's information), an account of thils cyclone had been
prepared in the Aden Meteorological Office 17257' Flgure 3 shows the successive positions
of the centre of the cyclone, as deduced at Aden from the normal routine metecrological
observations made in the area, together with the information collected by Thesiger, mainly
from local Bedu, on the extent of the rains of late Cctober, which is clearly consistent
with the Inland track of the cyclone as inferred from the synoptic evidence,

The weather experienced along the track of the cyelone is illustrated by observa-
tions made at the aerodrome at Salala, beginning on the 23rd, two days and some 750 km ahead
of the passage of the centre, with an umusual wind of 45 km/hr from the north at 16.00
(local time), & time of day at which a south-easterly sea-breeze may usually be expected.
Distant lightning was noted at 22.00 that evening, and the following morning (24th) the
northerly wind, still blowing at 35-55 km/hr, brought rising sand and reduced visibility
to 2 km. At 11.00 Intermittent drizzle began, developlng by late afterncon into intermittent
moderate rain, falling through a persistent thick haze which cbscured the sky, and becoming
heavy though still intermittent in the late evening, The following morning (25th), the.
persistent northerly wind, of near-gale force (55 km/hr at 10,00}, which hed already caused
damage to local shipping and airfield buildings, abruptly died down at 11,15, though drizzle
continued; at 11.20 the wind veered to the south, suddenly freshened again, "began to blow
corrugated lron sheets about the camp as if they were autumn leaves", and was recorded as
south-westerly 45 km/hr at 13,00, 55 km/hr at 16.00 and 80 km/hr (strong gale) at 19.00.

On the morning of the 26th the wind had abated, and there were breaks in the cloud cover
after 10.00 hr but further rain and drizzle fell during the day and until 05.00 on the
morning of the 27th, making a total of 157 mm recorded over the four days,comprising success-
ive daily totals of 48, 41, 43 and 24 mm; the normal total annual rainfall at Salala,
averaged over a 12 year periocd, is 81 mm. In the hinterland the information collected by
Thesiger shows that the rains extended eastwards from Wadi Qinab for some 70O km, to beyond
Mughshin, where flood damage occurred., At Masira, 640 km to the north-east away from Salala
and from the track of the centre of the cyclone, there was heavy rain all night on the 2u/
25th, totalling 19 mm ard accompanied by strong easterly winds, still 45 lam/hr from ENE

(ef., also ship reports for extent) at 07.00 on the 25th, but recorded as veering to 3SSE at
08.00 hours as the rain stopped. At midday on the 26th rain was reported by an alrcraft
over the Gulf of Oman, extending for 400 km along 25°N, while at Sharjah, on the Trucial
coast of the Persian Gulf, 19 mm were recorded on the 25/26th, and rain was again reported
on the 28th, At Abu Dhab! in late October, Thesiger was "delayed by a torrential thunder-
storm, which flooded a large part of the island and rendered the salt flats impassable to
camels", and, en route to Buraimi on 1-4 November, noted that "the rain had formed extensive
lakes on the flats among the dunes, and promised bountiful grazing in the months to come";
the rains had been experienced over an area extending from Buraimi to Sabkhat Mutti, 400 km
away to the west,

The observations avallable in this particular case are inadequate for any quanti-
tative 1investigation of the convergence involved, but some indication of the scale of these
effects has, however, been provided by a serles of studies [ 1, 7, 127011 one particular
southern Indlan Ocean cyclone, from the Mozambique Channel, which moved inland across Malawl,
Fhodesia and Zambia between 16 and 20 February 1950, at a latitude (15218°S) and a speed
(13-14 km/hr) closely comparable with the Arablan cyclone Just described, and also giving
a roughly comparable rainfall; a total of 145 mm fell in three days (13-16th) at Antonioc .
Enes on the Mozambique coast over the perlod of the passage of the cyclone, followed by
a well-documented average daily fall of 52 mm over an inland area of 155,000 km“ on the
18th and 19th, with indications that precipitation of this order had persisted for four
or more days. There was also considerable simllarity between the wet-bulb temperatures
recorded at Salala, which remained between 22° and 23° for at least 12 hours during the
passage of the cyclone, and the wet-bulb potential temperatures, between 21° and 22° from
the ground up to at least 7,500m above sea-level, recorded at Salisbury in Rhodesia during
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the radiosonde ascent on 18 February 1950, which was regarded as representative of the in-
land rein-area, ’

It was shown that the total water-vapour content of the atmosphere at the time, as
indicated by this radiosonde ascent, was equivalent to only 3 mm of liquid water; and that
evaporation and transpiration were not likely to have returned more than about 5 mm of the
rainfall per day to the atmosphere. In order to malntaln the observed rate of precipltation,
the wind-system must therefore have been such as completely to replace, once in every twenty
hours or so, the whole of the alr over the rain area, up to a great helight; and this was
shown to require a net inflow component of the wind, near the ground, of the order of 7 xm/hr
around the perimeter of an area 440 km in diameter. Airborne particles constrained to re-
main near the ground would be concentrated by such convergence, within a period of four
days, by an average factor of five over an area of more than .'l.O5 m?. Desplte the polnts
of resemblance between the Rhodesian disturbance and what is known of the Arabian cyclone,
differences such as those between the topography of the Rhodeslan plateau, at altitudes of
about a thousand metres above sea-level, and that of the eastern Rub al Khali,at a hundred
metres or so, must obviously limit any possible quantitative relevance of the Rhodesian
finding to the Arablan case; but 1t may nevertheless be suggested that these findings pro-
vide at least some indication of the order of magnitude of the convergence involved on the
latter occasion.

The area jJust considered, 440 km in dlameter, represented only the central part
of the Fhodesian disturbance : and, for considering possible effects of the Arabian cyclone
on the distribution of locust populastions, it would be of particular interest to know from
how far away the inflowing air may have come. The area over which surface winds were
affected by the Arablan cyclone {and from much of which it can accordingly be suggested that
alr and any airborne locusts may have been drawn in) extended from the Gulf of Oman to
beyond the scuthern Red Sea, where both at Assab, in southern Eritrea, and Perim the per-
sistent south-easterly winds characteristic of thls season of the year were interrupted by
an exceptional two-day spell of northerlies and north-westerlles on the 25th and 26th
(Flgure 4},

The meteorological evidence thus strongly supports the suggestion, from the direct
locust evidence, that locusts from swarming populations in the Red Sea area and/or in Balu-
chistan may have participated in breeding in the eastern Rub al Khali in November 1948, in
addition to any remalnlng local sollitary population, which would, moreover, have been
subjected to marked concentration at the same time; and the widespread rains will have pro-
vided extensive conditions sultable for the multiplication of all locust populations con-
cerned. These conclusions were endorsed by an FAQ panel of locust experts to which an out-
line of this evidence was submitted in 1956 [ 27.

The exceptlional nature of the weather system concerned 1s illustrated by the fact
that no more than 25 of these Arabian Sea cyclones had been traced further west than 6C°E
over a preceding period of about a hundred years §7 Two of those described reached the
Arabian coast during the twenty years prior to 1948:; and there are indications that both
may have had effects on the corresponding locust situatlion comparable in some respects with

those recorded in 1948-1949,

Thus at the end of September 1929, a cyclone which had been detected four days
previocusly near the Laccadive Islands reached the Arablan coast between Salala and Masira,
The Desert Locust plague was widespread at that time [ 1§7; in addition to infestations
over much of Africa, young swarms were appearing in India during September, and there had
been other swarms in Iran during August. Thus there may well have been locust populations
avallable to be drawn into the cyclonic wind-system; and the possibility that there may
have been undetected breeding in the unknown interior of south-eastern Arabla recelves some
support from the fact that flights of pink locusts were observed in the region of Muscat
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after an appropriate iﬁterval, at the beginning of December 1929 [ QZ with mature swarms in
the Oman in February.

Another cyclone originated near the Laccadive Islands (or possibly further east )
in November 1940, and subsequently crossed the Arabian coast to the west of Merbat (i1.e, in
the vieinity of Salala), after which it was believed to have recurved to the north-east and
died out. Over the open sea 1t gave hurricane winds, estimated to have exceeded 160 km/hr,
and there were very heavy rains on the Hadhramaut coast (86 mm at Mukalla on the 13th). In
the summer of 1940, after several years of general recession of the Desert Locust plague,
swarms had bred in Rajasthan and Sind.

Some of the resulting swarms of the next generation reached Makran in early November
and, under the influence of the cyclone, agaln, may well have bred in the interior of south-
eastern Arabia (in addition to the breeding known to have occurred In December on the Iranian
coast opposite Oman), since immature swarms appeared in numbers along the Batina coaast towards
the end of February 1941, and were in fact said to have come from the interior. These swarms
may have contributed significantly to the re-expansion of the plague which occurred in 1941,

The interpretation given for the Desert Locust history of 1948-1949, and for the
part which may have been played in it by the c¢yclone of Qctober 1948,#% 15 thus consistent
with such corresponding evidence as is availlable for earlier years,

There 1s no suggestion that other major recessions of the Desert Locust plague
have necessarily followed a course closely comparable with the events of 1948-1049: there
had been for example a considerably longer period of relative recession between 1934 and
1940 (Figure 2); and the current overall level of Desert Locust populations (late 1963) is
probably lower than it was at any time during 1948-1949, Nevertheless, the history of this
latter perlod provides grounds for hoping that synoptic meteorology and the relationships
it has already shown with the distribution and movement of locust populations will continue
to assist in the interpretation and forecasting of developments in the current locust situa-
tion durlng perlods of recession as it already has during pericds of ma jor infestation.

* These were the main grounds for the warning which was issued by the Desert Locust Inform-
ation Service in June 1963 following the movement into southern Arabia of the tropical
cyclone described by S.A, Mazumdar (p. 141). On this occasion, however, no ldcust infes-
tation could subsequently be found in Arabia - perhaps to be regarded as indirect addi-
tional evidence of the very low level of locust populations throughout the area affected
by this cyclone, A year later, a reappearance of swarms in India and West Pakistan,
after a gap of some months, closely followed the movement inland of a oyclonle depression,
to which the attention of the locust control organiZations of India, Pakistan and Arabila
had heen drawn by the Desert Locust Information Service.
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Flgure 2 - Year-by-year fluctuations in areas infested
by swarms. C
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NOTES ON MIDDLE-SCALE MOTIONS AFFECTING LOCUST SWARMS

by

R.S, Scorer

1. THERMALS
1.1 Definition

A thermal 1s a mass of buoyant air rising through surroundings of lower temperature.

1.2 Origin

Thermals originate largely over places where the temperature is higher than in the
nelghbourhood. For example, dry aress, higher ground (also sources of heat such as fires,
etc.). When there is a moderate or strong wind the situation is more complicated and no
attempt is made to discuss the matter here.

When the ground temperature is rising there is a superadiabatic layer at the bottom
{depth 20 to 200 m according to circumstances), then a layer of almost neutral stability up
te the condensation level, and then a layer in which the lapse rate 1s about the wet adia-
batic (Figure 1},

A portion of the superadiabatic layer begins to rise where it bulges upwards and
is replaced by colder air which pinches it off below. Temporarily at least the place where
the thermal originated 1s covered with colder air, and cannot continue to send up thermals

(Figure 2).

1.3 Development

When the thermal is isolated from the superadiabatic layer, 1t quickly assumes the
form typical of a thermal. This is shown in Figure 3. w denotes the rate of rise of the top
of the thermal and the velocity distribution relative to the thermal is shown in multiples
of w. The buoyant air in the thermal circulates in such a way that 1t all passes through
the mixing reglon at the top in the time taken for the thermal tc rise about 14 diameters.
The whole interior thus becomes diluted. :

The size of the thermal increases linearly with height and soc we can write
Z =nr (1)

if r 1s the radius of the largest horizontel section and z is height from a suitable origin,
which 1s usually at about the altitude of the ground.

The volume increases in proportion to r3 {and 1s equal to m r}). About half the
air taken in 1s mixed in over the top surface where the thermal is turbulent and knobbly, and
the other half is entrained into the base in laminar flow and passes up the middle into the
mixing region from below. This 1s how the updraught in the middle, although ascending faster
than any other part of the thermal, does not have any temperature excess over the
surroundings.
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The velocity w 1s given by

w = C{gBr)¥ (2)
where C is a constant and B is the buoyency glven by
B 0O/6 : (3)

where O 1s the potential temperature in degrees absolute, and Qe the mean excess inslde .
the thermal.

Since the total buoyancy is constant
Br’ = constant ()

and so

-1

wol ozt

(3)

But thermals are not isolated, and are continually amalgamating with each other. The result
is that the areas of updraught and downdraught remain approximately constant and the number
of thermals decreases upwards. If the upward flux of buoyancy decreases with height (because .
the air is being warmed) then it is given by '

Bw=A-%z (6}

where A represents the rate at which heat is leaving the gound and ©¢ the rate of warming
of the air. In that case, instead of (4) we have {6), and combining it with (1) we get

| w=C (&g % ﬁ._w_“._z.)%
or (7
wo (Az -({X za) 3
Thua‘ 1f no warming is taking place in a layer (1.e. all the heat is passins‘ through and 1is
warming layers above) o¢ 1s zero and W increases upwards, while if the air is absorbing

much of the heat (A-™z)z decreases as z increases, and so the updraught strength decreases
_upwards. ’ ’

1.4 Numerical values

These formulae are not valld near to the ground before the thermals have taken on
thelr correct shape. Above about 100 m they are usually fairly good. The numerical values
are not quite the same for all thermals. In the table below useful working values are given
with the range within which the values vary from one thermal to another. The mode of release
is usually the cause of differences between thermals. Extreme values cutside the ranges
given can occasionally oceur.

Quantity Working value Range in practlce
c 1 0.7 -2
n i _ 3 -6
3 2,5 - 4

These are dimensionless numbers. To compute the buoyancy or updraught within a
thermal {2) may be used as in the following example @ :

if gﬁloj cm sec"a, r=2,7x 104 em, W=3X 10° cm sec"l. 9 = 300°K,
=270 m =3m sec~l
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then

9 x 104
58 < 30 105 x 2.7 x 108 = 1°C

1.5 Cloudy thermals

On arriving at the condensation level a thermal becomes visible as a small
Cumulus cloud. The mixing region then becomes a region where evaporation and loss of
buoyancy occur, so that the material from the mixed region cannot enter the base of the
thermal and is left behind as a tower of cloud below the thermal. The air circulating in-
side the thermal 1s gradually decreased until the evaporation affects it all and then it
ceases to rise. To bulld a large cloud several thermals must rise into the same region,
gradually making it damper and so reducing the rate of evaporation,

. It should be noted that the envircnment of the clouds is stably stratified and so
the air no longer inside the active part of the thermal soon arrives at its equilibrium

level.

1.6 The sub~cloud inversion

By "an inversion" we mean a shallow layer in which the stability is very large.
Thus an inversion is a ceiling for thermals, and is often visible as a large top or the
top of & cloud layer.

Since air is rising through Cumulus basea, there 1s a descent of air through the
condensation level somewhere. Often this descent occurs between the clouds and so stably
stratified air is introduced into the layer below the condensation level. Only the most
bucyant and largest thermals penetrate this layer; the smaller ones flatten out below the
condensation level (Figure 4). The clouds will therefore be found over the best thermal
sources only, although there will be convection up to the sub-cloud inversion elsewhere.

If the downdraughts are far away, as might be the case in a region of convergence
where the upward motion is concentrated in the thermals, there will be no sub-cloud inver-
sion. There will ususlly be a haze top near to the condensation level because convection
will be much more widespread below this level than above 1t. ILocusts may he carrlied up to
the haze top even over places where there are no Cumulus and even when there are Cumulus
in other places. :

2. ANABATIC WINDS

Upslope winds are most strongly developed by solar heating when the air mass 1s
stably stratified. The stratification has the effect of canalizing the heat put into thel
_air up the slopes in a continuous stream.

" Sometimes Cumulus are seen above hills in this continuous stream of thermals, but
if there is a strong inversion below mountain top level, or when the convectlion stops at thg
snow-1line, the air ascending the slope spreads out from the convection layer on the sglope,
across the low ground as a flow compensating the breeze towards the foot of the mountain

(Figure 5).

By means of the complete anabatlic circulation, all the alr mass, although it is
stable, becomes filled with pollution if there 1is a source of it on the valley floor. Al-
though there are no thermals, haze spreads out over all the low ground, but locusts do not.
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3 EFFECTS OF WIND

3.1 " Effect on thermals

Thermals rising through wind shear are distorted and diluted more rapldly than
thermzls rising through calm air. But there is cne Interesting result of wind shear which
1s important : the air descending to the ground, as a thermal rises out of the superadiabatic
layer, is moving faster than that layer; it therefore tends to act as a miero-cold front
with the cold alr deseending on one side of the thermal only so that it lifts air of the
superadiabatic layer of the ground on the opposite side. In this way a slowly moving source
of thermals may be produced (Figure 6).

3.2 Effect on anabatic flow

Except when the wind is very strong anabatic flow may continue up a lee slope
against the direction of the general wind. An eddy ls thus formed on the lee slde of a
mountain and convergence towards the point of separation takes place (Figure 7).

3.3 Downslope wind

When the air is stably stratified very strong downslope winds are produced on the
lee side and there is a likelihood that the air on the windward side may be blocked, with
anabatic flow up the windward face of a mountain. Although the wind is in the same direc-
tion over the whole surface of the mountain, there may nevertheless be a barrier to the
transport of locusts at the inversion (Figure 8).

3.4  Lee waves

Accompanying the strong downslope wirnds there 1s often a serles of lee waves with
a wavelength, typlcally, between 5 and 20 km. Under the crests of these waves the wind is
much feebler than under the troughs so that wind measurements may not be representative.
Under very strong waves there may even be rotors with a reversed wind at the surface; but
it is unlikely that they will occur frequently enough to be an important factor in the
aggregation of locusts (Figure 9).

4, TURBULENCE
4.1 Thermal turbulence

This kind of turbulence is composed of the motlons due to many thermals interfering
with one another. It 1s very complicated near the ground, but the main effect 1s to disperse

airborne particles upwards, then horizontally, and finally downwards.

4.2 Mechanical turbulence

This is the motion produced when the air moves over uneven ground, buildings, trees,
ete. It 1s very difficult to separate this motion from thermal turbulence in the alr near
the ground, but at higher levels it is unimportant by comparison with thermal turbulence.

4.3 Convergence effects

It is usual to think of turbulence as a mechanism which causes the dispersal or
diffusion of any smoke or other particles which are in the air, and it is natural to think
of it as an agent which would cause the dispersal of locusts. But there are two factors




MIDDLE-SCALE MOTIONS AFFECTING LOCUST SWARMS 269

which cause the opposite result. First it must be noted that a small swarm 1s not broken
up or dispersed by & very large eddy; it is moved along bodily by it. Secordly a very
large swarm is affected tc only a negligible extent by small eddies : they cause a small
amount of diffusion at the edges of the swarm but have no important effect within the swarm.
Therefore, the eddies which affect a swarm most are those whose size 1s comparable with the
size of the swarm - whatever that size may be. Such eddies will tend to break up and dis-
perse a cloud of smoke whose size 1s the same as the size of the swarm. But on examining
the nature of the motion we observe that eddies which are important in the air near the
ground can only disperse a layer of particles, which are initially near the ground, in the
upwards direction. Every upcurrent must be accompanled by converging motions below, and
gsince the locusts tend to fall down through the upcurrents they are not carried in appreci-
able numbers into the diverging part of the eddies. The consequence 1s that the eddles
always have the effect of aggregating, not dispersing, swarms of locusts (Figure 10).
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THE SEA BREEZE FRONT AND MOVEMENT OF LOCUST SWARMS

by
D.E. Pedgley

A flying swarm of locusts moves with the wind in which it is embedded. Conse-
quently, a number of swarms in a glven area will tend to accumulate along any line of conver-
gence which happens to be present in the wind field over that area. Such a line of conver-
gence restricts the movement of a swarm.

Lines of convergence occur not only on the broad synoptic scale, such as in the
equatorial trough over North Africa during the northern hemisphere summer, but also on the
mesc-synoptic scale. An example of the latter is the sea-breeze front which develops diurnal-
ly along coastlines as a result of the differential heating of land and water. If the exist-
ing large-scale pressure pattern produces only a weak wind-flow near the coast then a welil-
defined boundary develops between the alr flowing inland from the sea and the air already
existing over the land. This is because the speed of the sea-breeze, usually some 10 to 15
knots, 1s greater than that of the wind over the land, sc that strong convergence occurs at
the leading edge of -the sea alr as 1t advances inlarnd.

This convergence maintalns large gradients of temperature and humidity at the edge
of the advancing sea air, which thus takes on the character of a front - the sea-breeze front
Zi,E,j?. Relative humidity changes are especially well defined, a hygrograph trace showing
a sudden change In slope, even though the magnitude of the humidity change may be only a
few per cent. A serles of hygrograph stations maintained along a line perpendicular to the
coast can be very useful in determining the movement of the front /4 /.

If the prevalling broad-scale, gn-shore wind already exceeds some 10 to 15 knots,
then the convergence 1s weak, and the sea-breeze front is correspondingly diffuse or non-
existent. However, a sea-~breeze front can alsc develop with off-shore general winds, If
the component of thils wind perpendicular to the coast is less than about 15 knots then the
front is particularly well defined, but it penetrates inlend only slowly, reaching a distance
of perhaps 20 to 30 miles from the coast by late afternoon. During the evening, as the sea-.
breeze circulatlon dies away, the front returns towards the coast, eventually moving out to
sea. But this will occur only if the off-shore wind maintains its speed. Normally this wind
decreases quickly late in the day, once the night-time temperature inversion near the ground
starts to develop. If there 1s a rapid decrease of wind speed the moist sea alr can persist
as a stagnant film perhaps only 30 m (100 ft) deep whilst above 1t the off-shore wind con-
tinues with little alteration. Where the off-shore wind component perpendicular to the coast
exceeds about 15 knots, the front does not develop, or else it remsins almost stationary near
the coast.

It is important to realize that the front moves inland at a speed slower than the
breeze 1tse1f15;yn and this seems to be especlally true not only when there is an off-shore
general wind but also even with on-shore winds during the mid-afternoon when the front has
advanced some tens of miles inland. This 1s because the leading edge of the advancing air
rises, once 1t has been heated sufficiently by contact with the land, and returns seawards
relative to the front.

Whenever -the prevailing wind tends to carry flying swarms out to sea, 1t 1s'clear
that the development of a sea-breeze front could prevent this happening. Indeed, the front
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is particularly effective because it is best developed during the afterncon, at just that
time when locusts are most likely to be flying hecause of high air temperatures. Even if
a swarm moves out to sea during the morning it might well return landwards later once the
sea-breeze has developed. ’

A reverse wind circulation can develop along the coast at night when the air over
the land becomes colder than that over the sea. This is the land breeze. It is generally
a much weaker and shallower system, and because the necessary air temperatures are low,
locusts are unlikely to be flylng, so it is of little significance in determining their
movement.

During the northern spring, eastward movement of swarms from Morocco and Algeria
can take place along the north coast of Africa under the influence of pressure disturbances
moving eastward either over the Mediterranean Sea or across southern Europe. Cold fronts of
these disturbances move steadily eastward across Libya and Egypt towards the Levant. Ahead
of each cold front, winds are mainly southerly, and in March to May are hot and dry - the
Ghibli of Libya and the Khamsin of Egypt. Behind each cold front, winds become generally
coal and moist from the north-west, although 1f westerly they can still be dry and warm. If
the southerlies are not too strong, sea-breeze fronts develop along the coest, preventing
any extensive Seaward movement of swarms, which thus tend to accumulate near the coast. Thelr
eastward movement is small ahead of the cold front, but once it has passed, the north-west
winds allow eastward movement to occcur, Just ahead of the front, over a belt some hundreds
of miles wide, the southerlies may be too strong for a sea.breeze to form. However, swarms
swept out to sea might well return if they are first lifted in the convergence zone accom-
panying the front and later fall back into the north-westerlies beneath the frontal surface.
This fall back will occur after the locusts have heen lifted to a level where the lower
temperatures are unfavourable to flapping flight.

A serles of disturbances, typical of this area from March to May, can thus cause
considerable eastward displacement of swarms, by means of a serles of pulses, perhaps cross-
ing the whole area in a week or two.

The topography of the coastllne has an important controlling effect on the sea-
breege 13,17. Where mountains are close to the coast {as in western Cyrenaica), there is
1ittle inland penetration. Where the coast is low-lying (for example, the Gulf of Sidra},
the sea-breeze should penetrate well inland, but an escarpment {as in eastern Cyrenaica) may
limit this penetration. The front can reach such an escarpment even with a strong off-shore
general wind if the latter develops only during the morning., In thils case the hot land air
rides smoothly out to sea over the top of the relatlvely stagnant cold film which has per-
sisted near the coast since the previous night. Also, in regions where the coast changes
direction suddenly, two sea-breezes are possible. Thus a place situated in the angle of the
coast will have a breeze from that coast which 1s aligned closest to the direction of the
off~-shore broad-scale wind.
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MESURES METECROLOGIQUES AU SOL ET EN ALTITUDE

Principes et recommandations

par

N. Gerbier

1. Un des rfles brincipaux du météorologiste, qui accompagne une unité aérienne de re-
cherche opérationnelle, est d'étudier le milieu dans lequel évolue ou a évolué le "eriquet
pdlerin”.

Il ne faut pas oublier que ce "milleu" est & trols dimensiona. De ce falt, les
mesures en surface doivent &tre complétées par des mesures aérologiques en altitude. De plus,
11 est indispensable de définir ces moyens en fonction de 1'échelle & laquelle le météorolo-
giste dolt travailler.

Dans cet exposé, nous nous limlterons A 1'échelle micrométéorologique ou échelle
"locale™. Il importe, en premier lieu, de cholsir les appareils destinés. & mesurer les dif-
férents paramdtres météorclogiques, & savolr : pression, température, humidité, vent.

1.1 Pression : Tant en surface qu'en altitude, l'appareil & utiliser est le baromdtre,
Les calculs de hauteur ou d'altitude seront falts, aprés le vol, en tenant compte des gra-
dients verticaux de température et d'humidité. Au sol, on peut utiliser des baromdtres trés
précis et sensibles. En vol,le baromdtre "type avion" donne une préelsion de 1l'ordre du
millibar, ce qul est suffisant pour nos mesures.

Recommandations @

i) Ne pas employer l'altimdtre simple qui est trop impréeis,

11) Ne ﬁas oublier de brancher le barométre sur une prise de pression statique avant le
décollage.

1.2 Température : La mesure de la température est plus délicate. Elle nécessite pour

nos mesures des Instruments précis, sensibles et A iemps de réponse rapide.

Les thermomdtres 4 mercure, & alcool, ou A lame bimétallique ont un temps de réponse
assez lent : de 30 secondes & une minute. Pour cette ralson, nous leur préférons les thermo-
métres électriques et en particulier les "thermistances".

Certaines de ces sondes thermo-électriques sont comparables entre elles (sondes
 thermopiles) et ont un temps de réponse trés court : une A4 deux secondes; grfce A une boite
de commutation, nous pouvons utiliser dix sondes A la fols, placées & des endroits ou & des
niveaux différents. Deux exemples de mesures sont donnés dans la deuxidme partie de cet
exposé, De plus, par sulte du court temps de réponse de ces sondes, 1l est lnutile de faire
des paliers lors des sondages par "avion".

La correction de température, due i la vitesse de l'avion, dolt 8tre calculée. Elle
est faible pour des avions lents, de l'ordre de 0,2 & 0,3°C. Cependant, quel que soit i'ins-
trument de mesure utilisé, il faut prendre des précautions pour mesurer les températures tant
en surface qu'en altitude. Il est indispensable que les mesures soient comparsbles entre elles
en un méme lieu,
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Recommandations :

i) Les sondages successifs par "avion" devront se faire & la verticale d'un méme lieu,
en falsant de larges spirales et en corrigeant la dérive due au vent.

i1) Tenir compte de 1'état du sol et de i'heure. Ainsi en plaine, un sondage de tempé-
rature ne sera représentatif que s'il est effectué dans le méme milieu. Eviter de -
couper des thermiques pulssants ou appliquer des corrections, en falsant des pa-
liers traversant les thermiques, de fagon & avolr une idée exacte du gradient
horizontal de température. Si non, vous verrez apparatire sur votre diagramme des
inversions, isothermies, ou des gradients suradiabatiques qui ne seront pas repré-
sentatifs de la masse d'air dans laquelle vous évoluez, mais plutBt de 1'entrée ou.
de la sortie d'un thermlque, au cours du vol.

1i1) En pays montagneux, si le vent est assez fort (supérieur & 15 noeuds au nivesu des
crétes) et que 1l'alr est stable, un sondage sous le vent de la montagne dolt se
faire obligatoirement au niveeu des points d'inflexion des ondes de ressaut {vitesses
verticales maximales} ou au voilsinage de la ligne des vitesses verticales nulles
{crétes ou creux d'ondes) pour donner une représentation exacte de la structure ver-
ticale des "masses d'air".

iv) Pour 1'étude qui nous concerne, la hauteur maximale 4 atteindre, lors du sondage
"avion", se situe entre 2.000 et 3.000 mdtres, en s'attachant plus particuliérement
4 la tranche 0 - 1.000 mdtres.

1.3 Humidité : En surface, la mesure de 1'humidité ne pose pas de hrobléme particulier.
Les instruments classiques,tels que psychrométre, hydrométre & aspiration, hygrométre enre-
gilstreur, sont satisfalsants pour ce type d'étude,

En altitude, lors des sondages par avion, c¢'est encore le psychromdtre type "avion"
qui est le plus utilisé. C'est un instrument précis & condition de laisser les températures
se stabiliser, ce qui nécessite des "paliers“ ou une faible vitesse propre et une vitesse
ascensionnelle {au plus égale & 2m/s) de 1l'avion. Il existe actuellement des hygrombtres
basés sur le méme principe, mais avec des thermomdtres 4 temps de réponse plus court "type
hygrophyle" qui évitent cette perte de temps.

1.4 Vent

1.4.1 Vent, K en surface : La_meaure n'offre pas de difficulté au point de vue Instruments
qul dolvent &tre précis et enregistreurs (anémomdtres et girouettes électriques).

Recommandations :

i} Choisir avec soin 1l'emplacement de la gircuette et de 1'anémomdtre en tenant compte
de la proximité des obstacles artificiels et naturels,tels que maison, hangars,
rideaux 4'arbres, etc.

i1). Placer ces apparéils 4 une hauteur suffisente, par exemple deux mdtres, si 1l'endroit
est bien dégagé.

111) Se munir d'un andémomdtre & main en cas de déplacements rapides et de courte durde.
1.4.2 Vent en altitude : La mesure du vent en altitude a une grande importance dans notre

étude, aussi faut-il y apporter le plus grand scin. La couche d'alr que l'on doit étudier
se situe entre le s0l et 3.000 mdtres, en apportant toute notre attention, nous le répétons,
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a4 la tranche O - 1.000 mdtres, qul est sous 1'influence directe de la couche terrestre, zone
ol1 les effets "sol" et "orographigue" sont prédominants. Il en résulte que ces sondages
doivent &tre rapprochés dans le temps et dans 1'espace par sulte de la variation diurne de
la température, de la grande diversité du sol superficiel, du relief (effets de brises) et
parfols de la proximité des cBtes (brises de terre et de mer dans la couche O - 600 métres).
Les mesures du vent peuvent se falre depuls le sol ou en avion.

1.4.2.1 Depuis le sol : Le moyen le plus précis est le "radar'. Malheureusement, son utili-
sation est peu commode, parfols impossible dans les régions désertigues ol nous travaillons.
Le théodolite est le moyen le plus pratique et le plus utilisé, cependant son emplol demande
certaines précautions. En effet, 1'on suppose que la vitesse ascensionnelle du ballon est
constante; sl cette hypothdse n'est pas mauvaise pour les sondages effectués en plaine.
lorsque l'alr est stable, elle est bea.ucoup moins bonne au cours de la Journde, lorsqu'll exists
de forts thermiques (convection), et s'avire fausse en pays montagneux (ascendances au vent,
fortes descendances sous le vent des crates, courants ondulatoires et sous-ondulatolres sous
le vent des chalnes de montagnes). Seuls, dans ce cas, les sondages & deux théodolites don-
nent des résultats satisfaisants.

Recommandations :

1) Faire les sondages 2 un seul théodolite en plaine avant et aprés la conﬁection_
{matin et scirée).
i1) Employer aux autres heures deux théodolites, si possible.

111) En pays montagneux, utiliser les fumées, fusées, le déplacement des nuages {direc-
: tion et vitesse) et les mesures par avion.

1.4.2.2 Par avion : L'avion peut 8tre équipé d' instruments classiques de navigation. Dans
ce cas,il n'y a pas de difficulté, Malheureusement ce n'est pas souvent le cas pour les
avions que nous utilisons, per sulte de la faible dimension de ces appareils et de 1l'absence
de moyens "sol" dans les régilons ol nous travelllons. Dans ce cas, 1'installation & bord
d'un dérivomdtre est intéressante.

En 1'absence de cet appareil, nous recommandons la méthode sulvante :

1) Choisir un point de repdre préeis.

i1} Spiraler en se laissant dériver & 600 mdtres au-dessus du sol.

i11) Volir au bout d'un certain temps (20 & 30 secondes par exemple) la direction prise
par 1'avion par rapport au point de repire initial. On obtient ainsi la direction
du vent.

iv) Cholsir un axe facilement repérable, paralldle & cette directlon, prendre sur cet

axe deux points facilement repérables et chronométrer le temps que 1'on met pour
aller de 1'un & 1l'autre vent arridre, en spiralant. On obtient ainsi la vitesse
du vent.

1.5 Conclusion : Un météorologiste doit obligatoirement accompagner une unité de recher-
che opérationnelle dens un double but :

1) Assurer la séocurité des avions, en collaboration avec le service météorologique du
pays ol se trouve 1'unité.
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ii) Btudier le milieu dans lequel évolue le eriquet pdlerin (ponte, larve, adulte au
sol et en vol) ou dans lequel 1l serait susceptible d'évoluer, en s'attachant plus
particulidrement aux mesures de température et de vent, en fonction des moyens dont
11 dispose. M8me si ces moyens sont faibles ou rudimentaires, il ne doit Jamais
perdre de vue que c'est de 1l'exactitude de la "mesure" que dépend le succds des
études expérimentales futures qul seront la base de toute théorie. ILe théoriclen
ne peut falre aucune hypothdse valable, aucun calcul, si les mesures sur lesquelles
i1 compte sont sujettes & caution.

2, Exenmplesde mesures de la température en surface et en altitude

En relation avec les opérations de pulvérisations effectuses & Chhorr au courant de
septembre 1963, nous présentons les diagrammes de variation de température des 21 et 22 sep-
tembre 1963 (flgures 1 et 2). En comparant le diagramme moyen des vitesses de vent en sur-
face {figure 3) et ceux des tempdratures en fonction des heures, nous voyons une relation
étroite entre stabilité au voisinage du sol et vent faible, qul détermine la période permet-
tant la pulvérisation dans les mellleures conditions.

De méme, & plus grande échelle verticale, 1'analyse du sondage par avion du 22 sep-
tembre {(Chhorr), par exemple, indique une évolution du gradient vertical de température entre
le sol et 600 mdtres, due & la variation diurne de la température (figure 4).

A O h 35, heure locale, le sondage A B C est stable absolu.

A 10 h 35, heure locale, le sondage est devenu G C (gradient adiabatique). De m@me,
& OT h 35,1e vent était calme au sol et se renforgalt rapidement dans la tranche d'air stable
A B C au-dessus de 100 md¢tres. A 10 h 35, par suite de 1'homogénéisation par brassage turbu-
lent, le vent augmentait au sol et diminuait de 300 & 600 mdtres.

Ce phénoméne est classique par régime non perturbé; il faut en tenir compte pour le
choix des heures et altitudes de pulvérisation.
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LOGISTICS AND STRATEGY OF DESERT LOCUST CONTROL

by
R.J.V. Joyce

1. INTRODUCTION

In the control of troublesome and harmful insects the entomologlst and other scien-
tists engaged are faced with a miltltudinous variety of problems, each of which is unique,
The final obJjective is frequently clear, though too often lost sight of. In the field of
crop protection the obJective is an increase in the financial return per unit of investment,
whether thils be money, or man or machine power. The problem then 1s to reduce the pest
population to a level of economic insignificance and this sometimes, as in the case of some
mosquitoes, tsetse fly, or for example some coffee pests, means virtual eradication. In
other cases, high populations of pests are economically tolerable though 1t may be necessary
to ensure that such high populations do not coincide in time or place with a vulnerable
stage of the crop,

The Desert Locust problem differs from most others in the field of insect control
in that it is not possible to define with any precision 1ts economic significance.

Over a number of years, the average crop loss in any country from the Desert Locust
is rarely large and 1is certainly exceeded by a considerable number of crop pests which
recelve very much less attention and publicity. From time to time, however, on rare, but
so far unpredictable, occasions, damage of a catastrophic nature occurs which may upset
national, local or domestic economy (depending on the scale of the catastrophe) in a manner
comparable with other disasters such as flood and earthquake.

With regard to a pest which 1s always present, governments and farmers take cogni-
zance of a possibly reduced crop yleld, unfortunate, but nevertheless amenable to investi-
gatlon and correction in economic terms, Locust attacks, however, may disrupt personal,
local or national life in a way that it is impossible to anticipate or budget for, or even
to insure against.

Broadly speaking, pests may be divided for control purposes into three categories:

(1) Pests whose control is an individual responsibility because the cost of control is
recovered in increased private returns- for exsmple, fruit-tree pests, most cotton
insects, ete,

(11) Pests whose control 1s a local responsibility because they breed on common land,
or far from the crops they subseguently damage; for example, sunn pest, tsetse fly,
ete,

{111) Pests whose control is an international responsibility because they breed and move
over wlde areas so that events in one country affect rapidly events in other coun-
tries.

The Desert Locust is an outstanding example of the latter type of pest, and one
of the most encouraging features of recent years is the universal acceptance of the prin-
ciple of the indivisibility of the Desert Locust problem, That 1s to say, Desert Locust
control must, in the long run, be organized over the whole invasion area because locust
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events In any one country very rapidly determine locust events in all other countries
affected by the plague, possibly in some with catastrophlc results,

In this paper, I shall attempt to enunclate the general nature of the Desert Locust
problem and the required characteristics of control organized on the scale dictated by the
indivisibility of the problem.

2. THE NATURE OF THE DESERT LOCUST PROBLEM
2.1 Scale

The first quantitative attempts to define the scale of the Desert Locust problem
were made by R.C. Ralney [TE? who estimated by photographic techniques and corpse c¢ounts
followlng spraging, between 100 and 200 million locusts per square mile, or about 50 million
locusts per km“. Assuming each locust welghs about 2-2% grammes, the welght of a Desert
Locust swarm 1s thus estimated at about 100 tons of live insects per kma. Rainey ZTE? des-
cribes how 50 swarms with a total area of about 500 square miles, which invaded Kenya in
Jarmuary 1954, were enumerated and measured by aerlal reconnaissance., He calculated that
the invasion represented 50,000 million or 100,000 tons of locusts. Similarly, BR.J.V.
Joyce Zfl/ estimated from mortality counts that four swarms which entered the northerm
region of the Somali Republiic at the end of July 1960 contained 16,400 million individuals,
though thelr density, estimated later by assessments of mortallty achieved by spraying,
varied from 20-150 million locusts per kma. On the average, swarms at the time of aerial
reconmalssance between June and August 1960 contained about 50 million locusts per km© and
a total of over 17,500 xm® of such swarms were recorded in 173 sightings made during 69
dailly sorties. When aceount was taken of the fact that many swarms had been seen on more
than one occasion, the mumber of invaders was estimated at the order of 100,000 million
locusts or nearly 200,000 tons of live insects covering at the time of reconnalssance some
2,000 km2. Half this invasion was in the form of daily sightings of swarms covering more
than 300 kmz, each consisting of more than 30,000 tons of locusts, This invasion 1s the
largest which has been estimated and enumerated in eastern Africa, but not necessarily the
largest which has occurred.

Methods of describing the magnitude of locust lnvasions used by other locust con-
trol organizations are so diverse that it 1s difficult to arrive at an objJective estimate
of the numbers which have been involved in operations in other parts of the Desert Locust
invasion area, Consideration of the numbers of toxlc doses which have been used 1n Moroceo
and have evidently resulted in the destruction of the greater part of the invading locust
population suggests that operations in this country have been conducted against populations
of a similar order of magnitude to those described from eastern Africa. The country which
in recent years has suffered from the heaviest invasions of Desert Locusts has been Paklisten.
The distribution of swarm sizes reported by the Pakistan Locust Control Department in their
monthly summaries may be used to infer the size of swarm production in India and Paklistan
during the summer of 1961 when so much serious crop loss was suffered, making only the
assumption that this distribution 1s simllar to that recorded in eastern Africa.

The distribution in sizes of reported swarms indicates that there wgs a 95 per cent
chance that the total population exceeded 800 km® but was less than 2,500 km~ of swarm con-
taining about 50 million locusts per kmz. That 1s to say, the devastating swarms in India
and Paklstan in 1961 were of the same order of lccust rumbers as those in eastern Africa
in 1960, that 1s about 100,000 million locusts or about 200,000 tons of live insects.

As a first approximation then, with regard to the control of Desert Locust swarms,
the control effort must be such as to be able to disperse insecticide in sufficient quanti-
tles to destroy populations of the order of 100,000 million locusts.
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2.2 Mobility

The mobility of Desert Locust populations has been fully described in previdus
lectures and the evidence in particular supplied by Rainey 45157 shows that it 1s the
exception rather than the rule for locusts to breed less than 500 km from their place of
birth, The detalled analysls of swarm movements during the period 1954/1955 studied by
Rainey and Aspliden illustrates vividly how uncontrolled breeding in one country may
rapldly affect other countries several hundreds or even thousands of kilometres away. It
is not my purpose to enlarge upon this aspect of the mobility of the Desert Locust by glving
further examples, but rather to emphasize another problem arising from mobility which must
be considered in relation to the organlzation of control.

The size of the target which I described earlier, as measuring from time to time
from between 100,000 and 600,000 hectares, would present a formidable problem in insecti-
cide control, even if it were consldered as a static area, for example, a crop which had
to be sprayed in a limited perlod of several days or weeks. The problem of locust control,
however, is further complicated by the facts :

(1) The target is highly mobile, moving 50-100 km per day;

(11) The total invasion frequently occurs in a relatively brief space of time, sometimes
in as short a period as a month but rarely longer than three months;

(111) The swarms are unevenly distributed in time, so that very large targets may be
avallable for only a few days followed by relatively long periods when no targets
are present;

{iv) Targets are variable in size,

This probiem of distribution of swarm population was investigated in eastern Africa
using data collected during the large-scale invasion of the northern reglon of the Somali
Republlc between June and August 1960, The sizes of 55 swarms considered to have been
measured most accurately were listed in order of ascending magnitude and the total, 12,000 kng
was 73 per cent of the total coverage recorded. When the percentage of the total coverage
contributed by each swarm size was plotted on log probability paper, the resultant curve
dild not differ significantly from linearity indicating azlog normal distribution of swarm
sizes. The medlan size of swarm was calculated at 50 km~, that 1s 50 per cent of the
swarms exceeded 50 lr® in size. However, half the total population which invaded the Somall
Republic during Ehis perlod was in the form of swarms occurring in a single day covering
more than 300 km~ and these represented only 8 per cent of the total number of swarma
recorded. :

A similar analysis was also made of the daily occurrence of swarms of various sizes.
These were found to be also log normally distributed, so that on 50 per cent of the 81 days
of ohservation a swarm coverage of nearly 200 ke was sighted., A swarm coverage of more
than 300 kmz, namely half the invasion, was slighted on 24 days between June and August. That
1s to say, there was a 30 per cent chance that half the total population of locusts might
be sighted on any single day during the pericd, This type of distribution of locust swarms
in relation to size and time has been found to be typleal of invasions of eastern Africa.
The implicatlons are that if a swarm invasion of, say, 100 kmg is expected, then in order
to provide the control forces with a 95 per cent chance of destroying the invaders from a
single base, 1t would be necessary to construct the control force so that it is able to des-
troy in a single day a population of at least 35 km2. The demands on the control force are
eased If the swarm invasion cccurs over a prolonged period of time and displacement of
swarms is slow.

2.3 Coheslon

The coheslon of Desert Locust swarms has been described by previous speakers, and
theories have been put forward as to the possible mechanlsm by which the cohesion 1is
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malntained. It remains only to emphasize that the Desert Locust problem exists because of
the cohesion of Desert Locust populations, so that the necessity to elucidate the factors
which cause or assist this cohesion 1s one of paramount importance. Were the whole of the
world's Bopulation.durins the peak of a plague, postulated at something of the order of
1011.101° jocusts, randomly distributed over the 50 million km® available to them, they
would not constitute & pest of economlic importance, Locusts become important only when
they oceur in swarms, under which conditions they are able to inflict characteristic cata-
strophlic damage. It 1is alsc significant that only under these conditlons of high density
are the locust swarms amenable to chemical control, The identification of the conditions
under which such high density is obtained provides the kXey to Desert locust control, It
may be sald, moreover, that whatever part 1s played by the locusts themselves in terms of
their behaviour, practical experience suggests that, by and large, highly dense targets
suitable for aerial spraying are rarely recorded except under conditions of low-level wind
convergence on either the meso-or synoptic scale, Moreover, though during the transition
of populations from one major area of wind convergence to another the identity of these
populations may not be entirely lost, swarms tend to move with extreme rapldity (as graphi-
cally displayed by the charts prepared by Ralney) and further may be of an extremely low
density. The ldentity therefore of seml-permasnent zones of wind convergence, acting as a
sink where locusts may accumulate and remain for relatively long pericds, provides the
first necessary conditlon for raticnal control,

2.4 Multiplication

The existing data of multiplication rates was reviewed in the last report of the
Desert Locust Survey, together with fleld data on natural mortality. It was concluded that
death, especilally that occurring jJust after hatching, has been observed sc frequently in
the field and in the laboratory, that it is possible that the 23 per cent of population
lost to parasites and predators recorded by Stower and Greathead on the Eritrean littoral
(W.J. Stower and D.J. Greathead Zf?§7 ), represents a maximum survival amongst Desert
Locust populations when predators and parasites are largely ineffective, The problem of
control is to destroy that proportion (about 20 per cent) of the progeny not succumbing
to egg-parasites, dessication, inviebility and other accidents.

This survival, though small, represents a multiplication rate of between 10 and
20 times in a single generation and carries with it several important implications from the
point of ylew of control. Of greatest importance 1s the fact that a population may multiply
102 to 10" in a single year, each generation being possibly separated from the next by
hundreds or thousands of kilometres, so that a recession may transform to a plague in =&
pericd of 12 months.

>. THE REQUIRED CHARACTERISTICS OF A CONTROL ORGANIZATION

Having defined the nature of the Desert Locust problem it is now possible to consi-
der the required characteristics of a control organization tailored to match the unique dif-
ficulties and opportunities which the problem presents. First the scale of the problem
must be matched by an adequate striking power; secondly the mobllity of the target must be
matched by at least an equal mobllity of the control forces; thirdly, the consequence of
the concentration of locusts in certain areas of wind convergence must be matched by the
ability of the control organization to mount cperations of adequate concentration in such
areasy and lastly, the ability of the locust to multiply at a considerable rate in success-
ive generations dictates the need for sustained effort against each successive generation
by the control organization.

3.1 Striking power
Experlience over the past decade has demonstrated, vividly on some occaslons, that
from time to time the bulk of the world's population may be concentrated in a limited region
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or indeed even in one country. There have been occaslons, for Instance durlng 1960 in the
northern region of the Somall Republic, when it has been possible to estimate approximately
the numbers of locusts which are involved in such concentratfons. On this occasion 1t was
estimated that the population, which had largely bred on the Long Reins (Afril, May, June)

in the Rift Valley of Ethiopla, consisted of something of the order of ].0:L adults, This
population was largely destroyed by the application of toxle doses of the order of 2 x 1012
representing some 200,000 litres of concentrated insecticide, It should be added, however,
that formulations are avallable for applylng the same number of toxic doses in an even more
concentrated form so that the same result might have been achieved by the use of 50,000 litres
of insecticide. Moreover, there are theoretical reasons and field data to support the view
that under the circumstances where most of the insecticides have been applied to adult locusts
in eastern Africa, the mumber of locusts killed increased geometrically with the toxielity

of the 1lnsecticide, That 1s to say, that if x locusts are killed per lltre by gamma EHC
(toxicity coeff:l.ciegt 3x 106 per litre) about 20x may be expected from diazinon (toxicity
coefficient % x 10° per litre). As a first approximation, then, it may be suggested that
the required striking power of a control organization 1s an abllity to apply insecticide
containing toxic doses of the ordep,of about 5 x 1012 to adults, or alternatively, possibly
toxic doses of the order of 3 x 107" to adults and a similar number against hoppers. This

is a scale of application of toxic doses which has hitherto rarely been achleved and effective-
ness assumes no greater efficlency than has been shown to result from the application of
quantities equal to almost 50 per cent of thls amount.

3.2 Mobllity

Rainey and Sayer have pointed out that during periods of rapid re-disposition of
locust populations which occur regularly, swarms are often in so dispersed a condition as
to be unsuitable as aerial targets for control. These periods of rapld re-disposition are
alternated by comparatively long periods when swarms of Desert Locuste are relatively static
for weeks or months in areas of persistent wind convergence, Though such areas may be
widely separated in space, the general region of thelr cccurrence is predictable., Only air-
craft match the mobility of locust swarms, and only by alreraft can the necessary striking
power in terms of toxic doses to be applied be achleved, It follows then that the mebllity
of aircraft in a control organization must be in no way impeded by administrative require.
ments or by problems of supply. Certain ltems of anti-locust equipment and supplies, such
as aviation fuel, insecticlde, mechanical transport, accommodation, stores, ete., cannot be
transported by aircraft and must be made available on the spot. It is therefore necessary
to reproduce such facliitles as are only semi-mobile in areas where operations are expected,
so that the aireraft and crew may arrive at any base at the speed dlctated by the aircraft
alone, and become operaticnal within a few hours of arrival. This mobility can be achleved
and has, in fact, been achieved in eastern Africa, where control operations on a very consi-
derable scale have been mounted at bases separated by as much as 1,000 miles in the time
necessary for the aireraft to fly between the two bases,

3.3 Concentration

Concentration effort 1s dictated by the log normal distribution of swarms in space
and time described earlier, If the scale of probable invasion is known, and estimates of
this may be made by methods described elsewhere, 1t is possible to select a chosen degree
of chance that sufficient control potentlal is available at any one base, or succession of
bases, to allow for the application of the required number of toxic doses to largely destroy
the inveders. This concentration of control_effort must take account of the fact that, for
example, if a swarm invasion of, say, 100 km~ 1s expected then 1t is necessary for control
potential to be available to destroy in a single day a population of at least 35 e, Similar
calculations may be made for swarm invasion of any other size,
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5.4 Sustained effort

A Desert Lecust populatlion may breed two or three, or sometimes four times in a
single year, and on each occaslon has the opportunity of multiplication by 10 to 20 times,
Consideration of this fact together with the evidence already referred to of natural mortal-
1ty enables certain conclusions to be reached with regard to the control effort needed to
reduce the population at the end of one such season to a level below that at which it started
at the begimming of the season, Thus 1t may be shown that, in a population with multiplica-
tion rate of times 10 in a single generation, 1f 5C or 75 per cent of the parents are killed
by control measures, it would still be necessary to destroy 85 or 80 per cent of “he hoppers
in the following generation to achleve a reduction of population at the end of the breeding
period. Similarly, if 1in any year locust populations are able to breed twlce and two spray-
ing campaigns are conducted agalnst parent swarms 1n which say 50 or 75 per cent of the
adult locusts are killed in each, then in order to achleve the reduction of that population,
60 per cent of the hoppers must also be destroyed during each breeding cycle,

The control force must therefore be not only moblle wlth respect o being able to
concentrate in areas where adults become quasl-stationary, but also to be able to follow
the surviving adults to thelr breeding areas and conduct an effective and complete hopper
campaign against the progeny.

This formldable task of matching the striking power, mobility and concentration
of sustalined effort with the scale, mobility, cohesion and reproductive capacitles of the
Desert Locust throughout the invasion area, which extends over more than 50 million kma,
requires a very high degree of organization, and demands the appllcation of the most advanced
sclentific operational methods 1f 1t 1s to be brought to a sucecessful coneclusion, I will
now discuss how these problems may be met and the current approach of the Desert Locust Con-
trol Organisation for East Africa to them.

y, INFORMATION AS THE BASIS CF EFFECTIVE ACTICN

b1 The nature of information required

The basic information required for the rational planning of a large-scale control
operation 1s an estimate of the numbers in the populations to be attacked so that provision
may be made to bring to bear on these populations the appropriate rmumber of toxiec doses to
ensure their destruction to the chosen level. Quantitative survey of Desert Locust popula-
tions thus constitutes the basis for effective control action. It is hardly necessary to
emphasize that this quantitative survey 1= by no means an easy task. Not only are excep-
tlonally large areas involved, but alsc these areas must be surveyed in a very short time,
which may be weeks or at the most a couple of months, Varilous means, however, are available
which make survey, even on this scale, a practical proposition and these will now be dis-
cussed, '

4.0 Convqggence and quantitative survey

Survey for swarms of Desert Locusts which, as has been pointed out by Rainey and
Sayer, may under favourable conditions coften be seen from distances of up to 60 im, offers
the most favourable oppertunity for quantitative survey. Both these speakers, however,
have emphasized the protean nature of the structure of Desert Locust swarms and the import-
ance of high density not only in determining the swarms as sultable targets for control,
but alsc of ensuring their visibility at a distance. Whatever may be the mechanism of
swarm cohesion, it has become evident in practice that by far the best opportunities of find-
ing locust swarms during aerial survey are under those conditions when they have been con-
densed into high density structures through low-level wind convergence, Such systems of
convergence may be detectable on a synoptic scale, or may be determined by meso-scale
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phenomena, such as sea-fromts or through local topography and possibly insclation. Such
areas where convergence is occurring, or may be expected, must be identified, and must con-
stitute the mailn, indeed probably the sole, areas for intensive search.

It is unfortunate that the distribution area of the Desert Locust 1s poorly served
by meteorologlcal observation posts, and meteorological forecasters have great difficulty
in determining and predicting zones of wind convergence on the synoptlec scale, Recent
experience in eastern Africa, where aerial survey has been concentrated In convergence zones
charted by the East African Meteorologlcal Department, has shown that even under conditions
where upper-wind data are at 2 minimum,1t is possible to cbtain useful guidance from the
Meteorological Services. '

Aerial surveys in these general areas of wind convergence may however provide addi-
tional meteorological data which, if transmitted to the analysls centre, provide opportuni-
ties for the meteorologleal forecasters to improve the delimltation of areas of convergence.

A fundamental aspect of the organization of Desert Locust control should include
this element of feedback, whereby the reconnalssance aircraft operating under the guldance
of meteorological forecasters, collects further data so that guidance may be lmproved.

Analysis for and forecast of zones of convergence may also be helped by the more
adequate use of local resources, such as the transmission to metecrologlcal stations of
surface wind observations by local police, and army stations equipped with radlo, Sayer
has already pointed out how plans to make use of these resources are well advanced 1n
southern Arabla. More sophistlicated sources are also avallable, such as that referred to
by Hainey, of the use of satellite data on the cloud cover which is accessible to most na-
tional meteorcloglcal departments.

The control organization must of course possess adequate means of transmitting the
data 1t has collected during its survey flights and of recelving the analysis from the
meteorologlcal analysis centre. An efficient and fully utilized radio network therefore
becomes of prime importance, together with, for preference, recelipt by facsimile recelver
of specially prepared charte showing low-level wind convergence.

4.3 Quantitative survey for hopper populations

Quantitative survey of hopper populations ls equally important to quantitative
survey of swarms, This is required not only for the immediate purpose of organizing the
control of hoppers, but alsc so as to have prior warning of the scale of swarm production
in important source areas,

Though a considerable body of data exists, collected over the last decade,on the
ocourrence of hopper populations, little work has so far been gonducted on the detalled
analysis of these data. There is no doubt that the distribution of hopper populations dif-
fers in important respects in different parts of the distribution area. For example, a pre-
liminary analysis of the data on hopper distsibution in the Sudan Republic during the years
1950-1958 has revealed that some 300,000 km are liable to be infested during the six to
elght weeks between August and September. Though areas of high frequency breeding may be
readily detected, nevertheless the distribution of infested areas i1s extremely scattered,
so that in order to have detected 95 per cent of the infestations which were in fact
reported, 1t would have been necessary to have searched in this limited period something
of the order of 200,000 kme. On the other hand, in the Ogaden Province of Ethiopia, infested
areas ternded to be far more grouped, s¢ that not only did the discovery of a single infesta-
tion indicate a high degree of chance of the presence of other infestations In the area,
but also the occurrence of an infestation at any one time implied a high degree of prohabi-
11ty that other infestations would develop in the same area at a later date in the same
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season and in subsequent seasons. Such detalled investigations on the distribution of
hopper infestations provide the foundation for the rational planning of quantitative survey
for hoppers,

Once the form of the hopper distribution is known it is possible to construct on
well-established principles of industrial sampling procedures by which a degree of probabi-
11ty 1s selected to ensure, on the one hand, that no areas infested beyond a tolerable level
escape detection and, on the other hand, that no area is passed as infested which contains _
less than the tolerable population level. Sampling procedures used in eastern Afric% based
upon these considerations have enabled a rate of search for hopper bands of 2,500 km per
aircraft per morning to be achieved. Sampling procedures may be made even more economical
by introducing sequential techniques. They may also be adopted to enable the number of
hopper bands discovered in a traverse to be used to compute the total hopper population in
the area.

L.y locust reports from other sources

In this account no mention has so far been made of the traditional scurces of
information on Desert Lecusts, namely, from ground scurces which may include scouts, police,
local administration, as well as locust control teams, It 1is not my wish to decry the
value of these reports or to discourage theilr transmission. These reports often provide
the first indication of the presence of Desert Locusts in an area, and are particularly
valuable because aerial surveys cannot be conducted all the time in all places, Neverthe-
less, all such ground reports must be treated with circumspection, and must be checked by
aerial or ground survey before they can be translated into quantitative terms. It should
be mentioned alsoc that ground reports may frequently be erronecus and misleading and, when
they emanate from non-technical sources, should carry little welght until they have been
checked and confirtmed,

5. UTTLIZATION OF INFORMATION

5.1 Data on scattered populations

The record of a single locust seen during serial survey 1s of value in the analysis
of a locust siltuation. Aerial survey in times of recession may be planned so as to select
a level of probabllity that the discovery of the single locust in an aerial survey Indicates
that the area 1s populated beyond a tolerable level, Conversely, such surveys indicate that
" where this tolerable level is not found, that 1s, when no locusts are dlscovered in surveys
of appropriate iritensity, the probability of population not exceeding the stated level
varies inversely with that level; this calculation assumes that all significant locusts
are flying and therefore are likely to be seen by ailreraft, but solitary Desert Locust popu-
lations are reported not to behave in this fashion, Ground surveys alone can determine
the level of such solitary populations, but it is arguable whether the limited area which
can be covered by ground survey teams can increase cur krnowledge of the Desert Locust Popu-
lation to a significant extent, except at high and possibly uneconomic cost.

5.2 Data on swarm populations

Since aerial survey cannot be continuous in any one area and there 1s no means of
determining whether any one swarm is the same as that observed on any other oceasion, parti-
cularly in view of the ephemeral nature of Desert Locust swarms under such conditions as
those described by Sayer, statistlcal techniques are required for the analysis of data
collected by aerial survey on Desert Locust swarms in order to reach an obJective estimate
of locust numbers., Such techniques have been developed in eastern Africa, and have been
shown to provide reasonably satisfactory results. They have the further advantage of pro-
viding a basls from which the effects of control of populations on locust numbers may be
inferred.
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As I have emphasized elsewhere, the value of quantitative survey is to enable pre-
dictions to be made of the locust numbers to be attacked so that control operations may be
rationally planned, gulded and adjusted. It should be the objective of the organization
to plan its surveys in such a way as to enablé predictions of this type to be made with the
maximum possible accuracy. The data which are¢ at present available, though of low quanti-
tative value, in the form of hopper reports, reports of egg-laying swarms, swarm reports,
information of scattered Desert Locust populations, ete., compiled by skilled or semi-
skilled locust personnel, can be used with advantage to give an overall plcture of Desert
Locust situations in terms of the orders of magnitude of populations and population changes,
For example, a method was presented to the Third Symposium organized by the Special Fund
Desert Locust Project for processing the data of egg-flelds reported on standard Desert
Locust Information Service (D.L.I.S.) forms, so that the pattern of development of infesta-
tions could be predicted. Quantitative estimates may be made, at a later stage, using
these data to interpret the significance of even a single reconnalssance flight in rela-
tion to the probable total swarm production in a source area. Again, desplte very large
errors in the reporting of hopper bands on the standard D,L.I.S. forms in relation to the
numbers and sizes, the data may also be used quantitatively to produce further independent
information on the magnitude of the Desert Locust infestation, Hecent examination of the
data so collected over a number of years suggests that, rather surprisingly, there 1s no
significant difference between the mean size of hopper bands of varlous ages, In view of
the difference in density of young compared with old instars this constancy of band size
must represent natural mortality and, 1f substantiated, may have blological significance,
_Though there is considerable variability around the mean size, the data from eastern Africa
giving a coefficient of variability of the order of 20 per cent, it 1is possible that satis-
factory estimates of hopper populations may be obtained by a simple arithmetical process.

For the greatest economy of effort, control operations must be designed to reduce
most efficiently the Desert Locust population to a tolerable level, This level will vary
according to circumstances, and methods of calculating have still to be developed, The
objective, however, implies a knowledge of 3

(1) The population to be controlled,

(11) The numbers of locusts killed by control operations,
(111) The numbers surviving control operations.

Natural mortality will then be 1 - (2+3).

Only when Desert Locust control is constructed upon such methods Involving the cal-
culation of locust rumbers and the effect of control upon them, based upon quantitative
survey, can locust control be sald to be effectively and economlcally organized.

6. ORGANIZATION OF EFFECTIVE ACTION

The calculations of the requirements of a particular Desért Locust situation, as
revealed by quantitative survey, enable rational plans to be made to provide the control
organization with all the supplies necessary for it to achieve the desired results, namely
the reduction of the Desert Locust population to a pre-selected level of tolerance, In
planning such operations the dictates of airoraft mobility must be fully borme in mind so
that this important attribute can be exploited to the full, This involves the reproduc-
1bility of material and equipment which 1s not transportable by air and the planning and deve-
lopment of carefully calculated procedures for refilling supply dumps in accordance with
estimated and actual consumption. These supply problems constitute an interesting field
for operational research using principles already well established and proven in industry
and other flelds. Work along these lines has already started in eastern Africa, and esti-~
mates have been prepared of the probabllity of the utilization of toxic doses from selected
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bases during the period of time defined in terms of time required for replenishment, A simi-
lar approach may be made to the whole fleld of supply from the provision of vehicles,
vehlcle spares, tyres, alreraft etc,, including the construction and use of alrfields,
placing the whole of the operation on a strictly scientific basis.

7. FUTURE DEVELOPMENTS

A rudimentary beginning only has yet been made on the organization of Desert Locust
control along sclentific lines. Even the superficlal examination of the problem that has
been given in this lecture reveals at once glaring deficiencies and omissions which 1t
should be the obJect of urgent research to correct. I will now briefly refer to some of the
developments which are considered by the Desert Locust Control Organization (DICO)} to be
of the greatest immediate importance.

T.l Quantitative data on wind convergence

The work described by Cochemé is of the greatest importance in demonstrating how
quantitative studies of wind convergence may provide predictions on where there have been
adequate concentrating factors to transform a scattered Desert Locust population into one
of sultable density to become at once of economic Importance and a target for control,
Though in many parts of the Desert Locust distributlion area 1t is difficult to foresee a
time when suffliclent coverage can be provided for wind data to enable quantitative estimates
of convergence to be achieved, it 1s necessary and desirable to plan in the direction of
inereasing such observations. This can be accomplished at the natlonal level, once adminis-
trators can be convinced that the understanding of the weather processes in their country
1s of fundamental Importance to its economy. There are, however, many areas where the cost
of maintalning permanent meteorological stations would be prohibitive in view of the lack
of opportunities for agricultural or industrial development. Such areas include much of
southern Arabia and much of the southern Sahara which are of profound importance in locust
ecology, Nevertheless, meteorological data from these areas would be of tremendous value
not only in the control of the Desert Locust but alsc in ldentifying areas of convergence
which, I understand, meteorologlsts now consider to be the key to forecasting rainfall in
the troplcs. Efforts should therefore be made to encourage the development of long-range
meteorological flights by fully instrumented aircraft in areas which are inadequately
covered by ground stations. Such flights, perhaps organized under the ausplces of WMO and
FAC, would provide data which could be broadcast to all countries for inclusion on the
synoptic charts issued by central forecasting services, Desert Locust control organizations
should be prepared to make their contributions to the cost of condueting such surveys,
though 1t would be unfair to expect the whole of the expenditure for this purpose to fall

- on such organizations.

For these data to be of maximum use to Desert Locust control as well as to the
central forecasting offices, it would be highly desirable for them to be subjected to
quantitative analysis so that the amount of convergence occurring in any area may be known
from day to day. Such procedures would, I am told, require advanced electrical computing
equipment, and 1t is deslrable that plans be made at an early stage for the installation
of such equipment at an appropriate meteorclogical department, or university, in the tropics.
Access by locust control organizations to the date provided by such quantitative analysis
mist of course be assured, and the organization of Desert Locust control rust take into
account the need for financlal contribution to such a valuable source of information to
provide guldance in their surveys, -

T.2 Quantitative surveys for locust infestatlons

Long-range survey for Desert Locust swarms 1s at present handlicapped by the diffi-
cultles of sizing swarms seen at a distance. In short-range surveys this difficulty may be
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surmounted by the survey alreraft diverting from its course and measuring the swarm size

by the appropriate traverses, This 1s the procedure adopted in eastern Africa, and no
doubt elsewhere. Long-range alrcraft, however, camnot with safety divert in this way from
thelr flight plan, and such survey would have enhanced value if sizing of swarms could be
achieved automatically, Peasibility studles on the use of radar for swarm detection have
been made by the Anti-Locust Research Centre, London, in collaboration with Sayer, and it
would appear that sultable radar already exists which can be expected to glve recognizable
echoes from even low-density swarms at distances up to 50 km, The major problem at the mo-
ment is to acquire and fit such radar to a sultable aircraft, the aircraft at present avail-
able for locust control probably being too small and having insufficlent electrical generat-
ing capacity, and to acquire field experience iIn 1its use. It 1s very much to be hoped that
the United States, who through 1ts Reglonal Insect Control ProJect has given such notable
help in Desert Locust control, can be persuaded to assist in this important work.

Similarly, quantitative survey for hopper bands is now limited by the short period
of time when hopper bands are visible to an airborne observer, This is due to the hablts
of the hoppers in relaticn to temperature, vegetation and other dispersing factors in the
envirorment., When hoppers are grouped together, such as when basking under bushes in the
early hours of the morning, all instars are clearly visible in thick bush as well as amongst
scattered vegetation. This period of basking may however be brief and when marching begins,
hoppers, though present in large numbers, may be invisible from the air, In an age where,
in Mr. Kruschev's words, gulded missiles may shoot down a fly in space, it is surely not
beyond the ingeruity of mankird to devise a means by which hopper bands may be automatically
recorded by electronic devices fitted to survey airecraft. This problem has been put to the
Anti-Locust Research Centre, London, as well as to the United States Department of Agricul-
ture, Washington, and both authorities tend to agree that methods based upon detection of
infra-red radiations from locusts are worth investigating. The project must be regarded
as long-term and an expensive one, but should be given the greatest possible encouragement
by FAO and other locust control organizations throughout the distribution area,

One of the most glaring deficlencles in quantitative survey is an objective measure
of swarm density. So far, the methods used to determine this important parameter have been
based upon vertical photographs taken by ground observers or by spraying swarms to destruc-
tion and counting corpses, What is needed for quantitative survey as well as for efficiency
in control 1s an objective measure of the varlability of density within a swarm in flight,
and preferably at different levels in the swarm. In eastern Africa attempts are being made
to develop a device,suspended below the aircraft,through which locusts fly and which records
automatlcally the number of locusts thus traversed. Other methods deserve investigation,
in particular aerlal photography using perhaps infra-red sensitive films.

T3 The future organization of Desert Locust control

In this account I have attempted throughout to emphasize that information is the
basls for effective control action. Once adequate information suitable for guantitative
analysis 1s avallable,then effective action may take a variety of forms and may be executed
on a national, regional or international scale, The control organizations, on whatever
scale, mast also regard themselves as a means of feedback of information to the information
service,

The indivisibility of the Desert Locust problem demands the centralization of all
locust information. A sultable embryonic styructure is available in the form of the present
Desert Locust Informatlon Service and it should be the object of international endeavour
to strengthen the capabilities of this service, particularly in respect of enabling it to
provide quantitative information, and where possible, quantitative forecasts. But an inform-
ation service is as good only as the information wirdch 1t receives. For DLIS to acquire
this Increased capability it must have access to :
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(1) The best possible charts on the distribution of low-level wind convergence and
current data on the quantitative divergence cccurring throughout the Desert Locust
invasion area. The source of this information has already been discussed and
depends not only on the strengthening of national Meteorological Services but also
on the institution of long-range meteorological flights over uninhabited areas, and
the transmission, computation and analysis of these data at an appropriate centre;

(11) Quantitative information on Desert Locust swarms and hoppers, provided by a spe-~
clally equipped serial reconnalssance survey unit having access for reconnalssance
purposes to any part of the distribution area which the information service consi-
ders to constitute a danger spot;

(111) Immedliate access to information from all sources, including national locust control
or crop protection teams, of hopper and swarm Infestations in the forms now accepted
as standard, but tranamitted by radio or teleprinter instead of by post.

It should be the objective in the organization of Desert Locust control, and 1in
particular of the information service, that crises and emergencles and unexpected happenings
never occur, There should be contimuous access to all avallable Desert Locust information
from all parts of the distribution area and guidance avallable for control teams well in
advance of the time when operations are to be necessary.

Since at any time the bulk of the world's population of Desert Locusts may be con-
centrated in a limited area or in a single country, and this concentration may well be of
such numbers as to overwhelm any concelvable control potential which a country could maine-
tain on a permanent basis, an aerial striking force of adequate potentlality is essentlal
to supplement the national effort. Such a striking force, operating preferably under FAO,
and supported by econtributions from all countries affected by the Desert Locust problem,
should be able to conduct control wherever the information service considers that the greatest
impact can be achieved, '

Such & centralizaticn of information, and of striking power, becomes all the more
important during a period of recession., The control potential which is avallable now through-
out the whole of the distribution area of the Desert Locust 1s so overwhelmingly large that
if 1t could be concentrated on to any residual population of Desert Locusts . which shows
slgns of resurgence, the Desert Locusts would never again have an opportunity of bullding
up into the unmanageable numbers which have occurred in the past. The question 1s where
to search for these potentially important residual Desert Locust populations, Limited ground
surveys designed to provide population estimates have been conducted on the Red Sea littoral
. of the Sudan and Ethiopia for many years past, and more extensive surveys by Indian and Pakis-
tani teams in the Rajasthan Desert are a regular routine. The continuous existence of
Desert Locust populations in these areas 1s doubtless due to the persistence of wind conver-
gence in them. Undoubtedly, during appropriate conditions of convergence scattered Desert
Locust populations may be found and indeed are found over the greater part of the distribu-
tion area and this is far too large to be covered by ground survey except at prohibitive ex-
pense. Aerial survey gulded by meteorological data, preferably of a quantitative nature,
will enable such areas potentially suited for concentration to be investigated. It should
be emphasized that locusts are of economic importance {and sultable as targets for control)
only when they are present in sufficlently high density. It may be true that high popula-
tions of solitary locusts may occur iln areas sulted for their survival and reproductlion, If
these are in crop areas they will be reported and can be destroyed. If they are in unin-
habited desert areas they will not be reported nor do they constitute an economic problem.
They will however be found by aerial survey once the populatlon condenses into swarms.

During the present recession the major problem is obtaining information, particu-
larly quantitative information., Once the problem of controcl may be defined In terms of
toxle doses to be applied, adequate resources are available from regional and naticnal
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sources to destroy any infestation that 1s likely to arise, and FAO has the capabllity and
authority to organize necessary actlion.

It 1s my firm convietion that the permanent control of the Desert Locust 1s tech-
nically possible. It 1s a great tribute to FAO that, through thelr efforts over the last
decade, the principle has been accepted that the Desert Locust problem is indivisible, It is
through their guldance and encouragement that the control effort of national organizations
has been strengthened to a more reallstic level than was ever possible in the past, and
that reglonal organizations have been created, or are in the process of beilng created, which
can augment the national effort, The problem that now remains,to keep the Desert Locust
under permanent control'is one of developing international co-operation, indeed integratlon
of effort, on a scale so far achleved in very few flelds. The organization of Desert Locust
control to obtain a permanent solution to the problem presents a tremendous challenge to
the United Nations and its specialized agencies which I belleve they will be prepared to
accept and surmount successfully.
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Emploi des moyens aériens

par
J. Roy

Tout travail d'organisation d'unités devant intervenir sur le terrain doit 8tre pré-
0édé d'une étude détalllée du probléme A résoudre et de son contexte. Puls il convient de
choisir les moyens, de préciser leurs techniques d'emploi et de définir les méthodes de
travall. I1 faut ensulte recruter et déventuellement former le personnel et, enfin, examiner
trés soigneusement les questions de financement et de gestion de ces unités.

Ce sont 1A des régles générales qul restent valables dans tous les cas, mals qui
sont particulidrement difficiles A adapter d'une fagon satisfaisante au problime particuliler
de la lutte entiacridiemne. '

En effet, les comditions de travail dans la lutt.é antiacridienne changent considé-
reblement d'une région & 1'autre et, dans une méme région, d'une annde A 1l'autre.

L'accessibilité du terrain aux véhicules, l'étendue et la qualité du réseau routier
varient considérablement dans 1'immense zone envshie par le criquet pélerin.

Les installations de stockage sont généralement dlémentaires et fort élolgnées les
unes des autres. Les atellers permettant 1'entretien des matériels sont souvent dispersés
et insuffisamment équipés.

Les spprovisionnements divers, et en particulier en pldces de rechange, posent fré-
quemment des probldmes difficiles & résoudre.

Par ailleurs, les caractéristiques des invasions varient considérablement au cours
des anndes. La rdputation et 1'étendue des pontes, par exemple, ne sont Jemais identiques
d'une année & 1l'autre.

De plus, les techniques et les méthodes de lutte sont naturellement fort différentes
lorsqu'il s'aglit de s'attaguer & des larves aptdres ou & des adultes allés.

Cependant, 1'un des handicaps les plus graves provient du fait que, A certaines épo-
ques, certains pays sont submergés par le fléau pendant que, dans d'autres, les services anti-
acridiens restent inoccupés.

Ces quelques considérations permettent de se rendre compte de 1l'ampleur, de la diver-
81té et de la complexlté des probldmes que pose l'organisation de la lutte antiacridienne sur
l'ensemble de la gzone d'invasion du criquet pdlerin. Autrefois la lutte antiacridienne con-
sistalt presque exclusivement A assurer une protection rapprochde des cultures. C'étalt une
lutte défensive et peu efficace. Progressivement, une mellleure connalssance des différents
aspects du fléau et 1'amélioration des moyens de lutte permirent d'entreprendre des acticns
offensives.
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Le propre de la lutte antiacridienne est actuellement de détruire le criquet pdlerin
pertout ol 1l peut manifester une activité dangereuse dans son immense habitat, entre
1'Atlaptique et 1'Himaleya.

Il est évidemment impossible de détruire 1'esptoe et de procéder ainsi A une véri-
table éradication du fléau. Ce gque l'on cherche, c'est essentiellement & connaltre & tout
moment 1'importance de la population acridienne et le danger potentiel qu'elle représente,
afin de tenter d'intervenir en temps utile pour prévenir tout développement du fléau. Cecl
impose nécessairement le maintien,sur tout 1'habitat du oriquet padlerin,d'une énorme organi-
sation de surveillance et de lutte en perpétuel état d'alerte.

Cette facon de procéder peut sembler peu raticnnelle, mals il ne semble pas que l'on
pulsse envisager d'autre solution tant que 1l'on ne sera pas en mesure de prévoir A coup sQr
ol et quand des actions préventives doivent &tre menées pour emp8cher toute reprise du fléau,
et tant que 1'on ne disposers pas des moyens permettant de mener & blen ces interventicns
sans risque d'échappées.

Bien entendu, dans 1l'état actuel du probléme, l'organisation de la lutte antiacri-
dienne doit 8tre capable d'attaquer les insectes aux différents stades de leur existence et
d'assurer aussi blen la protection des cultures que la destruction massive des populations
grégaires.

La lutte antiacridienne doit ainsi faire face & des tfiches multiples dans des con-
ditions de travail extr@mement variables. A cet effet, la lutte antlacridienns dispose d'un
arsenal de moyens que nous pouvons passer en revue et dont nous pouvons examiner 1'emploi en
fonction des différentes catégories de travail A effectuer. La prospection antilarvaire en
région cultivéde ne pose pas de probldme bilen particuller. Dans les zones de culture, 1les
signalisations sont généralement abondantes et leur transmission se falt dans des délails
raisonnables. Bilen entendu, les renseignements recueillis sont souvent sujets & caution et
doivent 8tre vérifiés. Le réseau routler est généralement suffisant pour permettre des con-
tr8les rapildes par un personnel compétent.

En réglons dites désertiques, c'est-d-dire trés peu peuplées, 1l'on se trouve devant
deux cas. Ou bilen le terrain est praticable aux véhicules, ou blen il ne peut &tre parcouru
par des moyens terrestres. Dans le premler cas, 1l'emplol de véhicules effectuant des pros-
pections systématiques durent les périodes d'infestation possible représente une sclution
valable. Cependant, la lentewr relative de telles prospections peut aboutir & un certain
retard dans les interventions de lutte proprement dites et finalement conduire 4 des échappées
d'insectes parvenant au stade allé avant qu'il solt possible de les détruire. L'emplol de
1l'avion s'impose lorsque le terrain est impraticable aux véhloules. Cependant, dans certains
cas, la détection des bandes larvalres A vue directe A& partir des avions est extr@mement dif-
ficlle et parfols totalement impossible, particullidrement lorsque les insectes en scnt encore
aux premiers stades larvaires. LA encore, il peut en résulter un certain retard dans 1'exéocu-
tion des traitements insecticides avec toutes ses conséquences. Cette guestion des prospec-
tions est extr@mement importante. La détection rapide des pullulations larvaires est indis-
pensable si 1'on veut 8tre en mesure d'effectuer la destruction des Insectes avant qu'ils ne
parviemment au stade allé. En pérlode de rémission, des prospections insuffisantes ou tar-
dives peuvent &tre & 1l'origine d'un nouveau développement du fléau qui peut devenir alors
rapldement incontr8lable.

Il convient ensuite de détruire les insectes en s'attaquant aux pullulations lar-
vaires partout od elles sont détectées. Pendant que les concentrations d'insectes seront
attaquées par des moyens terrestres ou aériens, travaillant en formations groupdes afin
d'obtenir un meilleur rendement des matériels, il sera indispensable d'assurer la protection
‘rapprochée des cultures pouvant exister dans la zone envahle., Cette protection des cultures
pourra 8tre assurée par les cultivateurs eux-mémes, au moyen d'un matériel léger, simple
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d'emplol et de lots d'insecticides peu toxiques, distribués avant toute invasion prévisible.
Des véhicules équipés d'exhaust nozzle sprayer pourront utilement renfamrcer cette protection
en effectuant des pulvérisations en larges cercles concentriques autour des groupes de cul-

tures afin d'éviter des invasions successivesde bandes larvalres ayant pris naissance dans

les zones non cultivées.

Le traitement des pullulations larvaires couvrant de larges zones peut 3tre entre-
pris soit par moyens terrestres lorsque le terraln est praticable aux véhiecules, solt par
moyens aériens.

Cependant, 1l'emploi de 1'avion ne peut se concevoir qu'en traitements systématiques
avec 1'épandage d'insecticide en larges bandes paralldles sur le chemin de progression des
larves., Le traltement des pullulations dispersées ne peut &tre économiquement entrepris
qu'au moyen de véhicules attaquant les bandes lervaires l'une aprés l'autre. Il s'agit la
d'un travail généralement long et dont le succés reste 1ié & la possibilité de détecter les-
bandes larvaires isoldes., Ce genre de probléme de lutte n'a pas encore trouvé, en rdéalitd,
de solution vrailment satisfalsante.

81 1'emplol de 1'avion pour le traitement des zones étendues, fortement infestées
par les bandes larvaires, doit &tre vivement recommandé, il n'en reste pas moins que 1l'effi-
cacité des unités adriemnes constitudes d'avions légers dépend dans une large mesure du bon
fonctionnement du support terrestre quli lewr est indispensable. En effet, les avions légers,
qui comprennent les apparells susceptibles d'emmener de 200 & 700 kg d'insecticide, ne peuvent
intervenir dconomiquement que dans un rayon meximal de 20 & 40 km environ autour des pistes
de ravitalllement. Il est donc indispenseble de transporter par vole de terre 1'équipemsnt
nécessaire au fonctionnement de 1'unité et & 1'hébergement du perscnnel Jusqu'd une distance
réduite des lieux de trailtement, et des insecticides et carburants Jusqu'aux pilstes d'envol
situdes 2 une distance ne dépassant pas 20 A& 40 km des points olt devront &tre effactuées les
pulvérisations.

Par allleurs, le bon fonctionnement d'une unilté aérienne de ce genre dépend de la
parfalte coordination des travaux divers revenant & 1'échelon terrestre. Ces travaux sont
les sulvants :

~ Prospection des zones infestées.

- Préparation des pistes d'envol,

- Repérage et ballsage des voles d'accds sux pistes d'envol.

- Approvisionnement en Insecticides, carburants et fournltures diverses.
- Mise & bord des avions des lnsecticides et carburants.

- Balisage des zones de traitement (éventuellement).

- Entretien mécanigque du matériel roulant et des avions.

Une bonne coordination de ces différents travaux ne peut 8tre obtenue que gr&ce a
un réseau radiophonique d'un fonctiomnement correct et econtinu.

I1 est certaln gue la conduite d'unttés composées d'avions légers en campagne de
lutte antilarvaire est difficile et demande la plus grande attention. De plus, le court
rayon d'action utile des avions légers et 1'important support terrestre qu'ils requidrent
représentent deux Inconvénients majeurs. L'on en est arrivé & considérer que 1'emploi
d'avions d'un plus fort tonnage pourrait 8tre une excellente solution, en particulier dans
les cas ou l'approche des approvisionnements dans les zones fortement infestées rencontre des
difficultés trop importantes &°l'époque des interventions.
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Cependant, si 1'avion lourd permet de s'affranchir des servitudes d'un échelon ter-
restre difficile & mouvolr, son utilisation n'est pas sans présenter certalns inconvénients.
En particulier, 1l'on ne peut songer & l'employer sur des surfaces inférieures & plusieurs
dizaines de milliers d'hectares d'un seul tenant. Par ailleurs, ce genre d'appareil n'est
économlique d'emplol qu'au-dessus d'un minimum annuel d'heures de vol imposant pratiquement
son utilisation a longueur d'année,

La lutte contre les adultes ailés pose des problémes beaucoup plus difficilesd ré-
soudre que la lutte antllarvaire. S1 la détection des Insectes en vol peut 8tre effectude
aisément & partir d'avions légers volant & basse altitude et situant la position des essalms
se détachant sur le clel, leur destruction par pulvérisation est beaucoup moins alsée. Lorsque
les clreonstances le permettent, 11 est parfols possible d'attaquer les essaims posés, mais
cela ne se produit que lorsque les basses températures d'hiver maintiennent les insectes au
sol pendant la Journée, durant un temps suffisamment long pour permetire 1'intervention des
avions.

Pendant la plus grande partie de 1'annde,les essaims sont extr8mement actifs et
volent pratiquement pendant toute la durée du jour. La pulvérisation des insecticides &
1'intérieur de ces essalms pose alors des problémes techniques qul ne sont pes tous résolus.
Sur le plan opérationnel, on peut espérer que 1l'avion lourd sera susceptlble d'apporter une
solution & l'attaque de cibles aussi mouvantes.

Avant de clore ce chapitre, 1l est bon de noter que le choix des moyens de lutte
dépend également d'un certain nombre de facteurs qu'il ne faut pas sous-estimer et qui sont
bridvement rappelés ci-dessous

- Polyvalence des matériels qui devront pouvoir 8tre employés i d'autres travaux au
cas ol les opérations antiaeridiermes ne Justifieralent par leur plein emplol.

- Possibilité de financement en ce qul concerne aussi bien l'achat des matériels eux-
mémes que celul des pléces détachées indispensables & leur bon fonctionnement {pro-
bldme de devises étrangdres).

- Disponibilités en personnel spécialisé susceptible d'obtenir un rendement convena-
ble des différents équipements.

Est-11 nécessaire d'ajouter qu'un bien mellleur rendement des moyens antiacridiens
existants pourralt &tre obtenu par la vole d'une coopération plus étroite entre les services
nationaux et régilonaux, en particuller par 1'envol plus fréquent de matériels et de person-
nels, & certaines saisons de 1l'année, vers les régions envahles, A partir de celles ol les
services antiacridiens restent Inoccupés.




DESERT LOCUST CONTROL METHODS WITH PARTICULAR REFERENCE TO THE THEORY
AND FRACTICE OF ATRCRAFT SPRAYING AND TO METEOROLOGICAL FACTCRS

by
H.J. Sayer

1. INTRODUCTION

A considerable change in the technique of Desert Ipcust control has taken place in
the last decade or so as a result not only of more effective insecticides and improved appli-
cation machinery but also because of the increased appreciation of the effect of metecro-
logical factors on the movement and behaviour of locusts. Some of the most important changes
have come about by taking advantage of the meteorclogical environment and exploiting it to
the disadvantage of the locust.

The advent of powerful synthetic organic insecticides after the Second World War did
not at first bring any great change in the then accepted optimim methods of contrel, which
were mainly dusting and baiting. The new insecticides were exploited essentially for their
greater safety in use, having a low mammalian toxicky compared with their predecessor,
arsenic. Vast armies of men, vehlcles and application machinery were still necessary to
distribute the large quantities of materials, and the problem of locust control was, funda-
mentally, a problem of loglstics. Realization that the greater part of the transport problem
was involved in the carrying of inert materials (1,000 tons of poison bran bait contain only
one ton of insecticide) led to a ccnsideration of the possibility of applying the insecticide
to the normal diet of locusts, the vegetation of the bush. Repeated experience in the field
had shown almost complete lack of effectiveness of dry dusting under meny conditions, and ’
showed in South Africa that gamma-BHC applled as a dry dust was one-eighth as effective as
when it was sprayed as an emulsifiable concentrate in water.

- The change to liquid spraying was confused and development retarded by the retention
of many of the concepts of spraying normally used in crop spraylng. The idea that the insec-
ticlde concentrate should be diluted with some other liquid, usually water or diesel oil,
tended to persist, and there was an obsession to think in terms of a minimum dosage of insec-
ticide per ground area. It has been shown that under the climatic conditions normally asso-
clated with D2sert Locust habitats, the evaporation of the dlluents from the spray droplets
results in a less of deposition of the insecticlide. Using concentrated oll sclutions
of insecticide specially formulated to be highly involatile and adopting drift spraying resul-
ted in most of the insecticide being deposited on the sparse vegetation. By this means,
extremely small quantities of insectlcide formulations were shown to give effective and per-
sistent control, especially if applied by the technique (toc be described later) of "barrier"
spraying, as low as one gallon per square mile. The thousands of tons of bait can now be
replaced by a few hundred gallons of spray : instead of searching for and applying bait to
each individual hopper band,as 1s required by the non-persistent bait, a highly infested
area can be "barrier" sprayed and left for the hoppers to march through the spray barriers,
thus reducing further the operational costs. In order to apply these very low dosages of
spray, a simple ground sprayer has been devised which utilizes the exhaust gases of a light
desert vehicle,

Along with the improved methods of ground control, aerial spraying techniques have
developed considerably over the last decade., By the early 50's, a great deal of basic work
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had been carried out both in the field and in the laboratory, notably by Gunn, Wootten and
Sawyer. The use of alreraft by the then Desert Locust Survey in East Africa has permitted

~ the expansion and development of this original work. The constant search for better insecti-
cides and formulations, the improvement of spraygear and spraying techniques, have led to the
acceptance of aerial spraylng as a major weapon in the control of the Desert Locust.

The vast areas subject to invasion by the Desert Locust, generally wlth poor ground
communications, together with the mobility of swarms, can only be realistically matched by
a control method which has similar mobility and is largely independent of ground communica-
tions, i.e. aerial control. 1In the following, therefore, only aircraft control methods will
be discussed, especlally as aircraft offer a proven means of survey far more accurate and
rapid than has been obtainahble by ground-based units., Before any plamned attack can be made
on locusts, it 1s necessary to know where to expect an invasion well in advance, and this
anticipation 1s nowadays a matter of experience and survey. It i1s convenlent, therefore,
to consider control methods as two separate parts, (a) survey, and (b) control. Since the
author is most familiar with the control problem of Eastern Africa, this area will be used
as a basls for illustrations but this does not preclude other reglons of the Desert Locust
invaslon from having a similar fundamental problem.

2. SURVEY

The experience of years established a routine of control in East Africa, but since
the advent of aircraft, it has become very clear that the annual locust cycle is a very large
meteorological phenomenon. Morecver, the meteorological factors, which in the tropics can-
not be dissociated from geographical factors, have largely determined the pattern of control.
The appreciation of the displacement of swarms down-wind(post-frontal movement) to concen-
trate under the influence of zones of wind convergence has led to the establishment of a
forecast system for wind convergence, and aerial surveys are directed towards these conver-
gence zones since the likelihoodof finding swarms at certain periods of the year is greatest
in the areas of wind convergence. Moreover, as will be shown later, locusts in the semi-
static zones of wind convergence are the most vulnerable.

3 CONTROL TECHNIQUE

Commercial types of spraygear {boom-and-nozzle, spinning cage) produce a range of
droplets about a mean diameter, but this range is less with the spinning cage gear than with
the boom-and-nozzle. At the moment, with both types of spraygear, the increase of emisslon
rate produces an increase in drop size. With the drop size commonly used in locust control,
the droplets assume their terminal velcocitles within a metre of the polnt of emission. Thence
the trajectories of the droplets are the resultants of the terminal velocities and of the
wind, The importance of non-volatile spray formulations has been realized in locust control
for many years, since, if volatile solvents are present, these will evaporate very rapidly
from the droplets, reducing drop size and thus terminal velocities, which, in the extreme,
may result in very low deposits. There are two types of basic spreylng technlques in use,
ailr-to-air and air-to-ground. Wind tunnel experiments have shown that a flylng locust has
approximately twice the droplet, plck-up area as that of a settled locust. For this reason
and also because of the lack of competition for spray by vegetation and the lack of shielding,
air-to-air spreying can be the most efficient spraying possible, all other things being equal.
The most important factor involved in all spraying is locust density, flying or settled. It
has been shown that for flying locusts, the number dosed to a specific level is almest di-
rectly proportional to the flying density. Correspondingly, since it is necessary to dose a
settled locust to a minimum dose per unit area, the same dosage rate 1s required whether
there are one hurdred locusts or only one per square metre. Clearly, then, it is most
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desirable to know the conditions which produce high density locusts, flying or settled, and
& knowledge of such conditions should be a major part of the training of aircraft control
units.

A mathematical analysis of air-to-air spraying has shown that the number of locusts
dosed to any level (swarm infinitely deep) 1s roughly inversely proportional to the square
of the dose. Thus the number of locusts sprayed to a level of L.D.1l0* 1s about 80 times the
number of locusts sprayed to the L.D. GO* level. Since most of the present insecticides used
in locust control are cwmlative, repeated applications of sub-lethal doses will eventually
acoumulate to a toxic dose. This fact sccentuates the importance of adding sufficient in-
secticide to any particular locust population once operations have started agalnst the
locusts, in order to exploit the accumilation of sub-lethal doses. If the swarm 1s carried
away rapidly by the wind from the spray base, as frequently occurs in post-frontal swarm
movement, then capitalizing on the sub-lethal doses is conslderably reduced. On the other
hand, if the meteorological conditions keep the swarms relatively static and permit repeated
attacks from the same base, then the meximum use can be made of the sub-lethal doses. Such
conditions oceur when the Inter-Tropical Convergence Zone (I.T.C.Z.) is relatively static
during June to September in Northern Somaliland and Ethiopila.

It has been observed that the effect of sub-lethal doses is to cause accelerated
swarm movement coupled with dispersion of the locusts. Under post-frontal conditions, when
the condensing factor is the gregariousness of the locusts, the wind turbulence belng a
dispersive factor, repeated attacks may become successlively less effective owing to the
reduction of density. Frontal swarms, on the other hand, are dally re-condensed by the
converging winds, thus making it possible to exploit the cumilative effect of Sub-lethal
doses.,

If one considers the annual locust cycle in East Africa, bearing in mind the above,
it would appear that the optimum control situation occurs during the northern sclstitial
position of the Inter-Tropical Convergence Zone, when it tends to align along the escarp-
ment area of the northern coast of Somalia. Flying locusts are concentrated here and are
displaced slowly eastwards. The same locust population can be repeatedly attacked over a
perlod and each afternoon the locusts are, in general, condensed under the influence of the
front. The southern solstitial position 1s not so good from this point of view, since the
front 1s not clear, there being & wide belt of unsteble air scross north Tanganyike and
Xenya. Individual prominent land masses, such as Mounts Kenya and Kilimanjaro, ereate thelr
own dally convergence zones and swarms tend to become trapped in such mountain masses at
high altitude. Under these conditions, control is difficult since, although the swarms move
slowly and often fly low and concentrated, the alrcraft flying conditions are often bad,
rough terrain with cloud at high sltitude giving pilots great flying difficulties.

The two equinoctial periodsg, when the front moves rapidly north or south together
with the assoclated rain belits, are pericds of breeding, During this particular time,
owing to the maturing swarms getting involved with the bad weather and breeding, control of
adults 1s virtually impossgible and, in any case, these old swarms are dying out and
disappearing.

The control of the emergent hoppers has long been the prerogative of the ground .
control organizations, using a non-persistent bait which has to be applied to individual
bands., The hopper phase is a more dispersed phase compared with that of the parent swarms.
Thus, a flying locust population which occupled, say, a thousand square miles in June to
August,can breed over an area of over one hundred thousand square mlles during October to

# L.D.10 and L.D.90: doses killing respectively 10 per cent and 90 per cent of locusts
receiving them.
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Demonstration of ultra-low-volume spraying, as used against Desert

Locust hoppers; Doshan Tapeh, Tehran, 30.XI1.1963

Cessna 185 aircraft of FAO Operational Research Alr Unit, spraying
oross-wind from helght of about 10 m, using non-volatile oil sclvent
to glve effective swathe of more than 200 m with fine drops which are
largely deposited on sparse vegetation such as that on which the
locust hoppers feed.

November. The problem of survey ls considerably greater, since hopper bands cannot be seen
from anything like the same distance away. (A swarm has been recognized in the frontal
system from 60 miles, whereas hoppers can be seen from a mile or less.) Aerial survey for
hopper bands 1ls now becoming established, and a control technique for aerial spraylng which
exploits the wind is now available. The control method is to lay down by drift spraying,
across the north-easterly wind which 1s becoming well established by the time of the middle
instars, "barriers" of spray (fine droplets circa 100 4 and concentrated, non-volatile per-
sistent insecticides) at intervals of 5 km across highly infestel areas. The term highly
infested" 1s, again, a question of density, and much development work is still required as
to when to apply the barriers., Advantage is taken of the fact that hoppers tend to displace
down-wind, which by the time they are in marching bands 1s becoming increasingly constant in
direction {post-frontal).. The bands movling across successive barriers accumuilate toxie
doses, such spray barriers having been shown to be persistent over a period of 40 days.
This technique, using only one gallon of spray per square mile, permits the rapid control
of large areas of infestation, uad eliminates the problem of finding and controlling indi-
vidual bands, which 1s the most costly part of hopper contrecl.
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Both the spray barrler technique for hoppers and the air-to-ground technigue for
adults exploit drift spraying. By using small droplets, but not too small so that impac-
tion efficiency 1s low, the droplets will tend to fall at very low angles and be collected
by verticel surfaces rather than horizontal. In the case of typical sparse desert vegeta-
tion, bush or grass, most of the spray will be collected by the vegetation, or by the locusts
on the vegetation, which is their normal roosting place. The wind has the effect of trans-
ferring the spray from the ground to the vegetation, which 1s where it is wanted for either
contact spraying or barrier spraying. In the northern solstitial period, winds of 15-20 kt
are common over the night-roost sites in the early morning and it is under these conditions
that a great amount of very effective air-to-ground spraying is achieved, in striking con-
trast to the common erop-spraying techniques, when winds of over 10 kt bring all spraying to
a halt.

Cne more possible use of the wind has been suggested when dealing with swarms which
are in convergent winds. Since under these conditions swarms are being concentrated by the
wind, it should be possible to apply & spray to such a system In such a way as to keep the
spray and the locusts together for the longest possible period, so that droplet plek-up is a
maximum. By applying a spray of about 250 microns diameter above the densest part of a
convergent swarm, the spray will tend to fall into the wind updraught, and be carried up
with the locusts. As the locusts fall out at the top by gliding, the droplets will tend to
fall out with them, since the terminal velocity of 250 micron droplets is about the same as
that of the rate of descent of a gliding locust,
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Il existe A Madagascar deux grandes esp§ces migratrices : Locusta migratoria Capito
{Saussure) et Nomadacris septemfasciata (Serville).

Nous n'examinerons que 1'espice Locuste migratoria qui est de loin plus importante
que le Nomadacris septemfasciata. La multiplication de 1a Locusta migratoria sult une pro-
gression géométrique, tandis que celle de la Nomadacris septemfasciate peut Btre assimilde
4 une progression arithmétique.

En effet, la Locusts migratoria a plusieurs reproducticons annuelles, qui découlent
de l'absence de diapause imaginale, comme aussl de diapause de ponte. On n'a observé que
des phénomdnes de quisscence, mais qui dlsparaissent dés que les conditions climatiques sont
favorables., Quant & la Nomadaoris septemfasciata, onm n'a jamals observé, A Madagascar,
qu'une seule génération par an, ‘

Il nous semble utile de donner quelques notions sur le climat de Madagascar, face
teur qul conditionne la biologie des insectes.

On distingue en gros deux saisons par an :

1) 1'été austral chaud, qul dure cing A sept mois (novembre A mal) et est généralement
pluvlieux;

i1) 1'hiver austral, durant cing mois (Juin & octobre), est généralement sec.

1. CLIMAT DE L'AIRE GREGARIGENE

L'aire grégarigine des migrateurs melgaches est située dans la région oftidre du
sud-ouest de 1'Ile, limitée par 1'isochydte 750 mm, 4&'une superficie totale de 60.000 km®
(carte I) et situde entre 21°S et 26°8.

Le climat de cette région est caractérisé par une pluviosité inférieure & 700 mm,
et méme, pour la plus grande partie, & moins de 300 mm, La saison des plules y est fort
irrégulidre avec des précipitations orageuses suivies de périodes de sécheresse caractérisées
et des écarts de températures diurnes et nocturnes fort importants. Ces phénomdnes varient
également d'une annde & 1'autre, et ce sont ces écarts importants (avec des minima thermiques
trés bas - volsinant quelquefois 1°C & 2°C - et des maxima trds élevds — 40°C) qui caracté-
risent en définitive 1l'aire grégarigine et lul donnent ses limites géographiques.

Pour 1llustrer ceci’ nous prenons l'exemple de la station de Tsihombe située dans
1'aire grégarigdne,

En saison chaude, les variations y atteignent la plus grande amplitude pour
Madagascar. Celle de l'oscillation du maximm Journalier est de 10,9°C, et celle du minimum
Journalier de 9°C. la plus grande variation du maximum pour deux Jours consécutifs est de
4,8°C et celle du minimum de 6°C. L'amplitude de la variation diurne est de 3,5°C & 15,6°C.
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En saison frafche, pour la méme station, on reldve une amplitude de l'oscillation
du maximum Journalier de 10°C et celle du minimum journalier de 11¢fc. La plus grande varia-
tion du meximm pour deux Jours consécutifs est de 8,7°C, et celle du minimum pour deux Jours
consécutifs de 8,6°C. L'amplitude de la variation diurne est de 4,5°C & 22°C.

La région grégarigine présente donc une trés forte irrégularité pluviométrigue et
thermique. Il est d'allleurs A remarquer que les caractdres grégalres ne se développent
chez les acridlens, dans le monde entier, que lorsque ceux-ci évoluent dans des réglons A
forte instabilité éco-climatique.

2. CLIMAT ET GREGARISATION

A 1'exception de la cBte est, caractérisée par une forte pluviosité durant presque
toute 1'année et une température & peu prés homogdne{21T & 27°C) pendant les 12 mols de
1'année, les quatre cinquidmes de 1'tle font partie de l'aire d'invasion. Ceci a été nette-
ment observé pendant la grende invasion de 1937 & 1957, ol les vols de sauterelles ont en
effet occupé plus de 500,000 km2.

3. BIOLOGIE DES LOCUSTA MIGRATCRIA

Nous donnerons cil-aprés quelques relations entre la blologle des Locusta migratoria
et la météorologlie, telles que celles-cl découlent des récents travaux du Centre de rTecher-
ches acridiennes de 1'Institut de recherches agronomiques de Madagascar.

Dans le cas d'une humidité suffisante du sol, la durée d'incubation dépend unique-
ment de la température et, sulvant cette dernidre, des incubations variant de 12 Jours en
décembre & 45 Jours en Juln ont été observées.

Dans le cas d'une humidité insuffisante du sol, 1'embryon ne peut pas effectuer son
retowrnement et les oeufs restent en quiescence pendant quelquefols deux mois, en Juin et
Juillet qui sont les mois les plus frolds de 1'année. L'incubation totale peut alors durer
90 Jours et méme plus. Si 1'humidité du sol est inférieure & 1 pour cent, 1'ceuf ne survit
que peu de temps; pour une humldité supérieure 4 30 pour cent, on a également enrvegistré la
mort de 1'oeuf, probablement par asphyxie.

La durée du développement larvaire varie ainsi de 24 Jours en saison chaude &
63 Jours en saison fratche. Suivant les sailsons, la maturation sexuelle, pour se développer,
8'échelonne de 15 & 40 Jours.

L'intervalle de temps compris entre la mue 1maginale et la premidre oviposition est
de 12 & 16 jours en salson humide et de 37 & 41 Jours en saison sdche.
x, CLIMAT ET HOMOGENEISATION DES PHASES DE DEVELOPPEMENT

Une plule importante mettant fin & une période sdche peut Jouer un r8le A plusieurs
niveaux

i) Facteur déclenchant 1l'dclosion 2 cause de 1'amollissement de la croltte de terre
superficielle. - Eclosions immédiates,aprés la pluie,des ceufs au stade VII de Popov.

11) Rupture de la quiescence des ceufs. - Eclosions 10 Jours aprés la plule {en saison
chaude}.
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111) Déclenchement de 1'oviposition (socl favorable et maturation sexuelle chez les fe-
melles pr@tes & pondre). - Eclosions 15 Jjours aprés la plule.
iv) Déclenchement de la maturité sexuelle des Jeunes femelles.
- Pontes 10 Jours aprés la plule.
- Eclosions 25 Jours apréds la plule.

Pour la Locusta migratoria, on propose le schéma de reproduction annuelle sulvant :

Qectobre-novembre Décembre-janvier Février-avril Mai-septembre
lére 2e e Ye
reproduction reproduction reproduction reproduction

de saison chaude

de salson chaude

de saison chaude

de saison fraiche

Suivant les conditions dco-climatiques, 1'une ou plusieurs de ces reproducticns
peuvent n'avoir pas lieu et on volt done que la grégarisation de l'espéce, prélude de
1'invasion acridienne, est unlquement fonction des phénomdnes météorologiques.

5. CLIMAT ET DEPLACEMENT DES ESSAIMS

Les vents dominants et les vents locaux jouent un r8le trés important dans le dépla-
cement des vols d'lnvasion. A Madagascar, les essaims se déplecenten général sous 1'action
du vent et n'attelgnent jamais une altitude supérieure & 400 mdtres.

Dans 1'aire grégarigine, les vents d'elizé dominants sont orientés du sud-est au
sud-ouest pendant la péricde de démarrage des essalms (février-mars), ce qui a pour effet de
les amener rapldement du sud vers les réglons cBtidres plus septentrionales et les Hauts
Plateaux. 8i 1'alizé ne s'établit pas normalement, comme cela s'est produit en 1961-1962,
1a circulation des vols est perturbée et on assiste & des mouvements tourbillonnaires et &
des allées et venues qul permettent des intervemtions plus efficaces. On a également observé
une diminution des distances de déplacement des essaims lorsque ceux-cl attelgnent les ré~
glons septentrionales plus élevées. Cette diminution est probablement liée A la baisse des
températures en début et en fin de Journde, ce quli diminue la péricde d'activité diurne des
insectes. Une moins grande stabilité des vents dans la région des Hauts Plateaux malgaches
contrecarre également le déplacement des essaims.

Ainsi done sont établies non seulement 1'influence dominante des phénomdnes météo-
rologiques (températures, pluies) sur le développement bilologlque de 1'insecte, mals aussl
1'influence des vents sur 1l'invasion acridiemne.
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