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iigauon oi m e in a ia n  u c e a n  Q u r in g  tne perioü an a  covered several scientific 
disciplines. Its pu rpose  was to  observe, describe, and if possible, explain 
the circulations o f  the ocean and the atm osphere and the interaction 
between them , th e  chem ical com position  and distribu tion  o f  living things 
in the ocean and  the b o ttom  to pog raphy  and  coastal s truc tu re  o f the Indian  
O cean.
T he initiative for th e  IIO E  w as taken in 1957 by the Scientific C om m ittee 
on O ceanic R esearch (SC O R ), which sponsored the Expedition together 
w ith th e  U nited  N a tio n s E ducational, Scientific and  C ultural O rganization  
(U N ESC O ).
O ne o f the main features o f  th e  E xpedition  was its m eteorological program m e 
and  W M O  was requested  by SC O R  a t an early stage to  co-sponsor the 
IIO E  and readily  accepted. A s a consequence, the th ird  session o f  the 
C om m ission fo r M aritim e M eteorology (U trech t, 1960) adopted  several 
recom m endations w ith the  aim  o f  encouraging M em bers o f W M O  to  take 
p a rt in different ways in the w ork  o f th e  E xpedition . Follow ing these 
recom m endations, the  regular w eather forecasting service fo r th e  Ind ian  
Ocean was reinforced by the m eteorological services bordering this ocean 
area , and w eather charts  were issued by facsim ile b roadcast during the 
period  o f the E xpedition . In  ad d itio n , surface synoptic, aerological and 
m aritim e observations were carried  o u t and  reported  by m eans o f  different 
types o f  observing sta tions, such  as land  sta tions, ships, aircraft, rockets, 
artificial satellites and  an au tom atic  w eather sta tion  anchored a t sea. T he 
num ber o f synoptic repo rts from  ships over the  Ind ian  O cean increased 
appreciably during  th e  period o f  th e  E xpedition.
As regards the research  aspect o f  th e  IIO E , th e  th ird  session o f the C om ­
m ission for A erology (R om e, 1961) adop ted  a recom m endation urging the 
M em bers o f W M O  to  partic ipate  to  the g reatest extent possible in the 
IIO E , which was endorsed  by th e  Executive C om m ittee.
A n im portan t featu re  o f  the E xpedition  was the establishm ent o f  an In te r­
national M eteorological C entre  in B om bay by the  G overnm ent o f  Ind ia  
w ith assistance from  a U nited  N ations Special F und  project fo r which 
W M O  was the Executing A gent. T he IM C , which was established in 1963, 
provided special m eteorological services to  the E xpedition ships ; it has 
been collecting, processing and analysing the m eteorological da ta  o f  the 
Ind ian  O cean an d  has been carry ing o u t research on this special m eteoro­
logical problem  o f  the  Ind ian  O cean. A n IB M  1620 com puter was installed 
in the Institu te  to  facilitate this w ork and has been o f  g reat value.
T here can be little  doub t th a t th e  m eteorological program m e o f  the 
IIO E  was a g rea t success and m uch o f th e  credit fo r this m ust go to  P ro ­
fessor C . R am age, w ho as scientific d irecto r fo r m eteorology has played 
an  im portan t ro le in planning and  im plem enting the p rogram m e. H e is 
therefore adm irab ly  qualified to w rite this b rochure which I am  sure will 
be read  widely by specialists and non-specialists.
I w ish to  express on behalf o f W M O  o u r g ratitude to  Professor R am age 
fo r having w ritten  such  a  clear and  com prehensive account o f  the m eteo ro ­
logical w ork achieved during the IIO E .

D .  A .  D avies  
Secretary-G eneral

W orld  M eteorological O rganization 
G eneva. June 1965



by th e  frozen m ass o f  A ntarctica, was criss-crossed by a busy m aritim e 
traffic a thousand  years before seamen ventured beyond  sight o f  th e  shore­
lines o f  o ther oceans. G reat civilizations developed a ro u n d  th e  borders o f 
the Indian  O cean, their peoples and cultures in term ingling an d  interacting, 
linked by floating caravans. Life was sustained an d  trade  grew  th rough  the 
beneficent agency o f  the m onsoons copiously w atering  sum m er crops, 
obligingly p roducing  fine w eather for au tum n  harvests, and  blow ing sim ple 
sailing vessels on year-long-round trips across th e  ocean. Farm ers and 
sailors doubtless com prehended the reliability an d  occasional vagaries o f 
m onsoon  w eather. O n the other hand , w eather never seem ed to  in terest 
intellectuals o f the litto ra l civilizations. N o orien tal A risto tle  codified or 
tried  to  explain the vast m onsoon lore o f  peasan t and  fisherm an.

T he centuries passed, w ith the inhabitan ts philosophically  tak ing  their 
w eather fo r gran ted . T hen , in the sixteenth cen tu ry , voyagers from  the 
west appeared , heralds o f m odern  science, restlessly determ ined to  observe, 
m easure, and  understand  their environm ent.

T he rem ainder o f this article outlines w hat the  voyagers and  the ir successors 
learned an d  failed to  learn about the m eteorology o f th e  Ind ian  O cean 
realm  and how  to d ay ’s m eteorologists partic ipa ting  in the In ternational 
Ind ian  O cean E xpedition a re  trying to  unravel th e  rem aining tangled skeins 
o f  ignorance.

W hat causes th e  m onsoons o r seasonal w inds and  how  can they be explained 
in  term s o f  th e  large-scale processes w hich go to  m ake up w eather and 
clim ate ? F o r  a  s ta rt, let us consider separately th e  effects o f  the changing 
seasons over the open ocean and over th e  in terio r o f  a con tinen t. Because 
o f  the  inclination  o f  the ea rth ’s axis to  the p lane o f its o rb it a ro u n d  the 
sun , the m idday  sun th rough  the year appears to  m arch from  its sum m er 
solstice, o n  th e  22nd o f June , a t the T rop ic  o f  C ancer, 23.5°N , southw ard  
in to  the sou thern  hem isphere to  its w inter solstice a t the T ropic o f C apri­
co rn , 23.5°S, on  the 22nd o f D ecem ber. A t th is solstice, the no rthw ard  
coun term arch  begins tow ard  the T rop ic  o f  C ancer, w here the yearly cycle 
is com pleted . T he sum m er solstice o f  th e  no rth e rn  hem isphere occurs when 
th e  sun  is overhead a t the T ropic o f C ancer, a lthough  highest tem peratures 
usually  follow  ab o u t one m onth  la ter, w hereas th e  w inter solstice, w hen 
th e  sun is overhead a t the T ropic  o f C aprico rn , precedes the coldest w eather 
by a  m on th  o r so.

W ere the e a r th ’s surface either all w ater o r  all lan d , tem perature, averaged 
over say a  period o f one m onth  w ould be co n stan t a ro u n d  any latitude 
circle. Seasonal changes w ould occur m ore o r less a t th e  sam e tim e around  
this circle an d  we would expect the general atm ospheric  circulation , since 
it is driven by the sun’s hea t, to  reflect th is. H ow ever, th e  presence o f huge 
oceans and  great continents significantly alters th is sim ple picture.

D w ellers in an  oceanic environm ent such as the H aw aiian  Islands realize 
th a t over the  wide oceans the w inters are n o t particu larly  cold no r the 
sum m ers particu larly  w arm . In sum m er th e  su n ’s rays heat the ocean’s 
surface, b u t mixing o f  the upper layers by the w ind spreads the heat th rough  
a  dep th  o f  50 m etres o r m ore, and  thus th e  tem pera tu re  rise a t th e  surface 
a n d  o f  th e  a ir  in con tac t w ith the surface is reduced. D uring  w inter over 
the open ocean the surface w aters lose m ore heat th an  they receive, bu t 
again , convection in  the sea surface layers and  w ind-driven mixing spreads 
th e  heat loss th rough  an appreciable dep th  and  consequently lim its the 
tem pera tu re  fall a t the  surface. H ence th e  ocean acts to  reduce th e  differ­
ence in a ir tem pera tu re  between sum m er and  w inter.

W hat happens over the centre o f a  large con tinen t as the season changes 
from  sum m er to  w inter ? D uring  sum m er the sun heats th e  land. H ow ever, 
th is surface is a p oo r conducto r o f  hea t and  is certainly n o t m obile in the
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is slow an a  inerncient. iviost o t the heat received from  the sun is absorbed  
in th e  upper m etre o f the soil, ra is in g  its tem pera tu re  and  the tem perature 
o f  th e  a ir in contact w ith it v e ry  considerably. T hen  as the sun begins its 
m arch sou th  tow ard and across th e  eq u a to r an d  its m idday rays reach the 
earth  m ore and m ore slan ting ly , the land  cools rap id ly  because o f the 
slow ra te  a t which heat is tran sfe rred  upw ard  from  beneath.

T he heat stored in the soil w ith  its relatively low  specific heat is small 
com pared  to the  m uch greater am o u n ts  o f hea t sto red  in  th e  considerably 
th icker surface layers o f the o cean . N o t surprisingly then , near the centre 
o f  th e  continental U nited  S ta tes the average sum m er tem pera tu re  is 30° 
centigrade above the average w in te r tem pera tu re , w hereas a t H onolulu  near 
th e  m iddle o f the Pacific O cean the difference between sum m er and w inter 
average tem peratures is less th a n  5‘ centigrade.

A no ther way o f expressing the difference betw een land  and  sea responses 
to  the  seasons is to  say th a t th e  land has a  relatively sm all heat capacity, 
w hereas the ocean has a relatively  large heat capacity.

T he sun’s hea t, as received by th e  a tm osphere , varies b o th  seasonally and  
because o f differences in the su rface characteristics o f th e  earth  and  in 
a tm ospheric  m oisture con ten t. A t any m om ent th en , a ir is w arm er, and 
therefore , less dense in som e places than  in  o thers. A ir pressure (the 
w eight o f a colum n o f  air o f  u n it cross-section extending vertically from  
th e  po in t a t which the pressure is m easured to  th e  top  o f  the atm osphere) 
will also vary from  place to  p lace  on th e  ea rth ’s surface, being lower where 
th e  a ir  is w arm er and higher w here it is cooler. A ir is subjected to  a force 
w hich tends to  move it dow n th e  pressure grad ien t from  high to  low 
pressure. T he m otion , how ever, is fa r from  sim ple fo r it is modified by 
fric tion , by th e  effects o f  the e a r th ’s ro ta tio n  and  by centrifugal force if  the 
m otion  is on  a curved p a th . In  com bination  these m odifying effects p roduce 
a  general g radual inspiralling o r  convergence o f  a ir tow ard  zones o f low 
pressure and a general ou tsp iralling  o r divergence o f  a ir aw ay from  centres 
o f  h igh pressure. N o rth  o f  the  eq u a to r , the e a rth ’s ro ta tio n  causes the flow 
to  spiral counter-clockw ise in to  a low  pressure centre o r depression and 
clockw ise outw ards from  a h igh  pressure centre o r anticyclone. In  the 
sou thern  hem isphere, th e  sense o f  ro ta tio n  fo r depressions and  anticyclones 
is reversed. T he relationships betw een a ir p ressure d is tribu tion  and winds 
a re  illustrated in F igure 1.

T he m onsoons blow in response to the seasonal change in  the difference 
in  pressure, resulting from  th e  difference in tem pera tu re  betw een land  and 
sea, and  w here great continents border the oceans large tem pera tu re  differ­
ences m ight be expected. T he Ind ian  O cean is th e  only ocean which does 
n o t extend from  polar regions o f  one hem isphere in to  th e  p o la r regions 
o f  the o ther, being blocked on  its northern  side by  the con tinen tal m ass o f 
A sia. T hus w hen the  sun m oves n o rth  o f  th e  eq u a to r in the no rthern  
hem isphere sum m er, th e  land  m ass of A sia w ith its relatively low heat 
capacity  is rapidly  w arm ed. O n the o ther h an d , the no rthern  Ind ian  
O cean betw een the eq u a to r and  A sia stores the  su n ’s h ea t w ithin its deep 
surface layer. C onsequently , the land  m ore readily  gives off heat th an  th esea , 
and  the air over the land  becom es w arm er than  th e  a ir over the  neighbouring 
ocean. T he w arm er the a ir is, the less dense it is and , the  less dense it is, 
th e  low er is the associated surface air pressure. A  grad ien t o f  air pressure 
is established betw een th e  sea and the land  causing surface a ir to  flow from  
the sea to the  land. O bviously, if this flow o f  a ir were uncom pensated , 
the low pressure over land  w ould soon disappear. H ow ever, it is a m ost 
persisten t feature lasting from  A pril th ro u g h  Septem ber every year. F o r 
this to  be so , and  for the  d istribu tion  o f p ressure to  rem ain unchanged, the 
a ir w hich flows in to  the depression a t low levels m ust som ehow  be rem oved 
a t higher levels. F igure 2 ( a )  shows a  colum n o f  a ir over th e  land  bo th  
h o tte r and  less dense th a n  a colum n o f  a ir over th e  sea. A t, say, 3 k ilo­
m etres above th e  surface th e  pressure grad ien t from  sea tow ard  land will be
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3 kilom etres over lan d  is less th an  over the sea. A t som e higher level, pres­
sure over lan d  will equal p ressure over the sea. A t still h igher levels pressure 
over land  will be g reater th an  over th e  sea, and a s  the pressure grad ien t is 
directed from  land  to  sea, the a ir will flow in th a t direction.

D uring  sum m er, surface a ir flows from  the In d ian  O cean tow ard  lower 
pressure over sou thern  A sia , ascends as it is h ea ted  over the land  until it 
reaches a  level a t w hich the pressure grad ien t is reversed, w hereupon it 
flows on a  re tu rn  tra jec to ry  from  land  to  sea, w here it descends to  be once 
m ore taken  up by th e  landw ard  directed pressure gradient. As long as the 
land is significantly w arm er th an  the sea th is g rea t circulation persists. 
In  w inter th e  reverse occurs (F igure 2 (b)). T he low  heat capacity o f  A sia 
relative to  th e  no rth e rn  Ind ian  O cean ensures th a t  the surface a ir  over the 
land  is colder th an  it  is over the sea. W e observe then the typical w inter 
m onsoon  in  w hich, a t  low  levels, w inds blow  o u t from  the continen t over 
the sea, rise over th e  sea and  re tu rn  in th e  m iddle and higher layers o f  the 
atm osphere to  the land  w here, sinking to  the su rface , they begin their travel 
again . R em em ber th en , th a t the low-level flow in  the sum m er m onsoon  is 
o f  m oist a ir from  sea to  land , w hereas in the w in ter m onsoon the low-level 
flow is o f  dry a ir from  land  to  sea. L ater pages w ill show  how  fundam entally  
im p o rtan t this difference is for agriculture th ro u g h o u t th e  régim e o f the
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ui pum ilum  r\a ia . j^um ig  m e  nui Lucra nennspnere sum m er tne aesert 
a reas o f  N o rth  A frica heat ra p id ly  and  surface pressure there  falls in  the 
sam e way as over A sia. S o u th  o f the eq u a to r over A frica, during  the 
sou thern  hem isphere w inter, co o lin g  occurs, thus establishing a pressure 
g rad ien t across A frica from  so u th  to no rth , which, in tu rn , sets up  a massive 
flow o f  a ir, also from  south  to  n o rth , across th e  equato r.

Because the deflecting force due  to  the earth ’s ro ta tio n  reverses its d irection 
a t th e  equa to r and  is w eak in eq u a to ria l regions, a ir flow is m ore directly 
from  high to  low pressure than  is the case in  higher latitudes. T he influence 
o f  A frica on th e  atm ospheric c ircu la tion  extends 800 kilom etres east o f  the 
con tinen t and  m erges w ith th e  influence o f  A sia fa rther north . In  the 
no rth e rn  hem isphere sum m er, a t  least over the  low  la titude portion  o f  the 
In d ian  O cean, a huge wind g y re  flows from  the sou th-east a round  the 
n o rth e rn  edge o f  the sou th  In d ia n  O cean anticyclone and tow ard  the coast 
o f  A frica near th e  equato r, sw ings in to  the sou th  across the equa to r and 
th en  south-w est to  parallel th e  A frican , A rab ian , and  A sian coasts and , 
finally , sweeps across Ind ia , B u rm a , and the Indo -C h ina/T hailand  Peninsula 
as the south-w est o r sum m er m o n so o n  (see F igure 1 (b)).

Six m onths la ter a  com plete reversal takes place (F igure 1 (a)). N o rthern  
A frica is cold an d  southern  A frica  is w arm  and  so the w inds blow  from  the 
n o rth  across the eq u a to r in the w estern Ind ian  O cean. W ith  th e  southw ard
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ocean , as we have already seen, and  w inds now  blow  out from  h igh pressure 
over A sia tow ard  relatively low  pressure over th e  Ind ian  O cean. This 
w inter m onsoon  blows generally from  the no rth -east and  is m uch w eaker 
th an  the sum m er m onsoon. T he difference is accounted  fo r by th e  trem en­
dous barrie r o f the H im alayas interposed betw een the very cold a ir of 
cen tral A sia and the Ind ian  O cean. E ast o f  the m ountain  barrie r over 
sou th  C hina th e  w inter m onsoon  is m uch stronger than  the sum m er m on­
soon and  tem peratures, la titude  for la titude , are  m uch low er over sou th  
C hina during  th e  w inter th an  over Ind ia . A s m igh t be expected, A ustralia 
also experiences m onsoons, bu t on  a  sm aller scale.
T he no ted  English scientist, E dm und  H ailey, w riting  in the  Philosophical 
T ransactions o f  the R oyal Society in 1686, explained the m achinery o f  the 
m onsoons in term s th a t can  scarcely be bettered  even today . “ Such as 
one (cause) is, I conceive, th e  A ction o f  th e  Suns B eam s upon  the A ir and 
W ater, as he  passes every day over the O ceans, considered together w ith the 
N a tu re  o f Soyl and Scituation  o f the adjoyning C ontinen ts : I say, therefore, 
first th a t according to  the Law s o f  Sta tics  th e  A ir which is less rarified or 
expanded by heat and  consequently  m ore po n d ero u s , m ust have a M otion  
tow ards those  parts there of, which are  m ore rarified  and less ponderous, 
to  bring  it to  an A equilibrium . .  . ”
O ne way o f  defining a m onsoon  régim e over the oceans is to  consider as 
m onsoonal those overw ater areas w here the d irections o f the  average 
winds change by m ore th an  90° betw een w inter and sum m er. F o r  this 
purpose we shall have to  exclude the regions o f  very light w inds o r calm s, the 
doldrum s, w here directions can fluctuate widely a n d  ra ther meaninglessly 
over sh o rt intervals. A  diagram  (F igure 3) o f  this d is tribu tion  poin ts up  the 
fact th a t th e  m onsoons a re  essentially a  phenom enon o f  the no rthern  
hem isphere. This is n o t surprising  because the sou thern  hem isphere is also 
know n as the “ w ater”  hem isphere, and  only in a few  localities off the east 
coast o f A frica and a ro u n d  no rth e rn  A ustralia  is th e  overw helm ing m odi­
fying influence o f the  ocean on the  seasons overcom e by the ocean-continent 
in teraction  which produces the m onsoons.
So far we have concentrated  on w hat was p robab ly  th e  original connotation  
o f m onsoon , and w hat is certainly still the sailor’s  and fisherm an’s defini­
tion , nam ely, a  seasonal change in w ind d irection. In  the days o f sail this 
change was o f prim e im portance  and in fac t accounted  fo r the very early 
developm ent o f  considerable trans-ocean trad ing  in  the northern  Indian  
O cean. To the m illions o f  peasan ts and  farm ers inhab iting  the borders o f 
th e  Indian  O cean, how ever, the m onsoons signify weather changes asso­
ciated w ith the seasonal changes in w ind direction . Reference to  F igure 2 
and  the follow ing reasoning dem onstra te  w hy this is to  be expected. Since 
the pressure a t any po in t in  the a tm osphere is defined as th e  weight o f  the 
atm osphere above th a t p o in t it follow s th a t a  parcel o f air m oving upw ards 
undergoes decreasing pressure. T o p u t it an o th e r way the a ir parcel 
expands. This expansion uses energy an d  the only energy available is in the 
form  o f  heat. T he a ir therefore  cools as it rises. Conversely, descending 
a ir  is w arm ed by com pression. T he am o u n t o f w ater th a t the a ir can 
con tain  as vapour is a function  o f th e  tem pera tu re  of the air, so if  the air 
is sufficiently cooled som e o f  the w ater vapou r condenses to  form  clouds, 
and  if the clouds becom e th ick  enough , ra in  will fall from  them . A gain, 
should  the a ir  be full o f  c louds and  be forced to  descend  the resultant 
w arm ing could  evapora te  the clouds. C onsequently , clouds a re  alm ost 
invariably associated w ith rising a ir  cu rren ts and  clear skies with descending 
curren ts.
Rising and  descending a ir  cu rren ts are usually  linked to  the patterns o f 
a tm ospheric pressure as m easured a t th e  ea rth ’s surface. A s pointed  ou t 
earlier, a ir converges in to  areas o f  low  pressure, an d  since the atm osphere 
acts essentially as an  incom pressible gas in any one  horizontal level, the 
a ir m ust rise and consequently  cool. C onversely, in areas o f  surface high 
pressure diverging a ir  resu lts in sinking m otion  and  consequently a tm o-
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layers are m oisture-laden. A s it is also converging in to  a region o f  low 
p ressu re, it is lifted and  cooled. T he w inter m onsoon , on th e  o ther h and , 
alw ays blows from  land  to  sea and  its low er layers are  d ry . Besides, it 
diverges from  a region o f high pressure, sinking an d  being w arm ed in  the 
process. T hus, the sum m er m onsoon  brings ra in  an d  the w inter m onsoon  
d rough t.
W ere the relationsh ip  between a ir c irculation  an d  w eather as sim ple as it 
appears here , rain  w ould  always fall from  air spiralling in to  the low  pressure 
centres anchored  over th e  heated land , droughts and  fam ines resulting 
from  failure o f sum m er m onsoon rains w ould b e  unknow n and  exact 
p lann ing  could  ensure effective use o f  all ag ricu ltu ral land. U nhappily , 
a lthough  the winds change seasonally w ith com m endable regularity , the 
w eather by no m eans follows such a stra igh tfo rw ard  sequence, from  which 
con trariness stem  disasters such as the  great west In d ian  d ro u g h t o f  1899. 
In  th a t baleful sum m er the m onsoon winds over In d ia  were stronger th an  
n o rm al and  yet the rains th a t usually accom pany the w inds w ere alm ost 
entirely  absent. This w ould suggest th a t a lthough  a change o f th e  winds 
from  w inter to  sum m er is a  necessary cond ition , i t  is n o t a  sufficient one 
fo r the  developm ent o f sum m er rains in m onsoon  countries. Ju s t as w inds 
a re  th e  sa ilo r’s and  the fisherm an’s m onsoon  crite rion , rainfall is th e  
fa rm er’s.
F igure  4 show s the seasonal d is tribu tion  o f ra in  over th e  Indian  O cean and 
neighbouring  lands. In  regions w ith m onsoonal w ind régim es, we observe 
double  m axim a o f  rainfall in a narrow  band  extending from  equatorial 
A frica to  the G u lf o f T hailand and C am bodia . These result from  double 
m axim a o f  heating  corresponding roughly  to  the passage o f the sun  n o rth ­
w ard  across th e  equa to r on the 21st o f  M arch  an d  sou thw ard  across the 
eq u a to r on  the  23rd o f  Septem ber. N o rth  and  so u th  o f  this zone, a round  
th e  con tinen tal periphery, rainfall possesses a  single sum m er m axim um . 
A reas w ith desert clim ate are located generally over th e  continents b u t 
tow ard  the ir western edges, lying betw een regions o f  w inter m axim um  
ra in fa ll and  regions o f sum m er m axim um  rainfall.

T he  w ind d iagram  (Figure 3) indicates th a t the w hole o f the A rabian  Sea 
region is m onsoonal. As th e  sum m er m onsoon  circu lation  com prises air 
flowing a t low  levels from  sea tow ard land , it is surprising  to  learn from  the 
ra in fall ch a rt th a t the north-w estern  portions o f  the  A rab ian  Sea and  A rab ia  
have a  desert clim ate w ith less than  250 m illim etres o f  ra in  a year, w hereas 
th e  west coast o f Ind ia  receives betw een 1,500 and  4,000 m illim etres o f 
ra in  in the  five m onths o f the sum m er m onsoon . W hy should a  very signi­
ficant rainfall discontinuity  occur in apparen tly  continuous low-level flow, 
and  why should  th e  convergence an d  consequen t upw ard m otion  and 
cooling we m ight expect the m onsoon a ir  to  undergo  as it moves in land 
over W est Pakistan  result in little c loud and  insignificant rain  ?

In  every m onsoon region ra in  is in term itten t. A fter a week to ten  days o f 
frequent show ers and periods o f con tinuous ra in , a  lull ensues, lasting from  
one to  tw o weeks when very little ra in  falls. T he rains then  resum e and  the 
m onsoon  is said to  have strengthened.
T his rhy thm  o f  the rains continues th ro u g h o u t th e  sum m er, a  pattern  quite 
con trary  to  th a t suggested by popu lar novelists w ho im ply th a t the m onsoon 
first sets in w ith a  trem endous ro a r , and  then th e  rains gush dow n w ithout 
ceasing for periods o f four to  five m onths to  be tu rn ed  off like a tap  when the 
season is over. W ere such the case, m onsoon  rainfalls would generally 
to ta l m ore th an  25,000 m illim etres in a  season, ra th e r than  the 1,500 to 
4,000 m illim etres which, m ore norm ally , are  observed in the w etter areas.

T hose parts o f  the w orld possessing w inter ra in fall m axim a lie outside the 
m onsoon  regions. T here, sum m er is th e  season o f  d ry  a ir and few d is tu rb ­
ances, and  w inter the season when m oist a ir m oves in from  the sea and 
depressions convert the  m oisture to  p rec ip ita tion . O ver the eastern U nited  
S tates, m ost o f  E urope, and  the open oceans ou tside the  equatoria l zone,
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I t  is n o t fo rtu itous th a t the m ain desert regions a re  sandw iched between 
areas w ith  w inter rainfall m axim a and  areas w ith sum m er rainfall m axim a. 
T he deserts a re  deserts because they are seldom  if ever traversed either by 
w inter or by sum m er rain-producing  systems.

Surrounding  every desert is a  region w here rainfall in  som e years is plentiful 
and , in o thers , fails a ltogether. T he inhabitan ts a re  generally herdsm en 
ra th e r than  agriculturalists.
O ccasionally m ajo r rearrangem ents in the c ircu la tion  o f  the atm osphere , 
little u n d ers tood  as yet, suddenly  tu rn  a m onsoon -ra in  region in to  a  desert 
by causing nearly com plete failure o f  the rains. T h e  rhythm  of rain-and- 
lull is com pletely d isrup ted  and cloudless day follow s m oonlit night until 
the land , w hich should  be green, begins to  look lik e  the centre o f  A rabia. 
Such relatively rare  events have cataclysm ic effects. N orm ally  luxurian t 
rain-fed  crops w ither and  die, and fam ine can be averted  only by massive 
shipm ents o f  food  from  outside. F igure 5, show ing  variability o f  rainfall 
over Ind ia  also depicts th e  chances o f d rough t. W estern India on  the 
borders o f  th e  desert has h igh  rainfall variability . E astern  Ind ia , well w ithin 
the  sum m er m onsoon  ra in  system , has low variability .

Sum m ing u p , we m ay delineate a sum m er m onsoon  in which m oist a ir 
flows a t low levels from  sea to  land and  a w inter m onsoon in w hich dry  
a ir flows a t low  levels from  land  to  sea. M onsoons result only where sharp 
seasonal tem pera tu re  differences develop betw een continent and  neigh­
bouring  ocean o r across an  equato r-spann ing  co n tin en t. C onsiderably 
m ore rain  falls during  the sum m er m onsoon  because o f the greater supply 
o f m oisture. Even so , it is an  in term ittently  rainy  m onsoon characterized 
by lulls in w hich very little ra in  falls.
D rough t m ay extend beyond its no rm al desert confines over bordering m on­
soon ra in  areas . T he effect is ca tastroph ic , particu larly  if such abnorm al con-

F ig u re  5
P er c en t v a riab ility  o f  ann 
ra in fa ll de te rm in ed  from  
lon g -p erio d  reco rd s  o f 
ra in fa ll m easu red  a t  thousi 
o f  s ta t io n s  in  In d ia  and  
P ak is tan . T h e  m ag n itu d e  
o f  th e  difference betw een 
to ta l ra in fa ll fo r  eac h  yea 
a t every  s ta tio n  a n d  th e  
lo n g -te rm  a n n u a l average 
expressed  as  a  percen tage  
th e  lo n g -te rm  an n u a l avei 
T h e  average  o f  these  
percen tages is th e  p e r  cen 
v a riab ility



NEED TO KNOW 
MORE

4
THE

INTERNATIO NAL 
INDIAN OCEAN 

XPEDITION (IIOE)

 — ,  v j v u u i u u m g  u  W U I U I ^ - W I U C  1 1 I C I C U I  U X U g l C a i

service in 1875. T he Ind ia  M eteorological D epartm en t and  its predecessor 
by n ine years, the  B atavia O bserva to ry , rap id ly  a tta ined  w orld renow n. 
M eteorologists o f the two services, draw ing on da ta  from  superb netw orks 
o f  surface w eather sta tions a n d  assiduously analysing Ind ian  O cean ship 
logs, strove to  foretell som e m on ths in advance, the intensity and d istri­
bu tion  o f  m onsoon rains over their countries. By the first quarter o f  this 
cen tury  their investigations, based  on statistics, encom passed observations 
from  all over the w orld. Success has rem ained tantalizingly  elusive, how ­
ever, and  apparently  is n o t to  be w on before the investigators adequately 
describe and  understand  day-to -day  w eather processes.

T h is goal has been partially  achieved over land , b u t, over the Ind ian  
O cean , a tm ospheric cond itions above the surface have rem ained largely 
unknow n . Even during  W o rld  W ar II and  the In ternational G eophysical 
Y ear, a tten tion  was fixed elsewhere.

C onsequently , a lthough  tim e h a s  been unk ind  to  various theories o f  long- 
ran g e  m onsoon  forecasting a n d  o f significant in teractions between the 
hem ispheres, it has n o t favoured  developm ent o f new ideas, particularly  
d irected  to  explaining the large-scale seasonal varia tions in the m onsoons, 
as well as th e  sharp  differences from  one w eek to  the next and between 
neighbouring  provinces. T he ocean provides m ore than  enough fuel for 
th e  m onsoon “ engine” b u t we are igno ran t o f how  the fuel is used o r of 
how  surplus energy, exported  from  m onsoon regions, m ay m odify the 
general a tm ospheric c irculation .

T he first m ove tow ard  filling th is  void in geophysical know ledge cam e from  
oceanographers, fascinated by th e  possible effects th a t a m assive reversal 
o f  th e  atm ospheric circulation  between w inter and  sum m er m ight have on 
th e  underly ing ocean.

W inds generate waves and ocean cu rren ts, and these in tu rn  red istribu te  
th ro u g h  horizon ta l and  vertical m otions th e  cold and  w arm  w aters o f  the 
ocean and their chem ical properties. These red istribu tions then  intim ately 
affect the popu la tion  o f the ocean. In  som e areas w ind-driven m ixing of 
the  surface layers o f  the ocean ensures th e  spread o f nu trien ts in one season, 
w hereas an  entirely opposite w ind circulation  in  th e  o ther season m ay 
equally  ensure th a t no  nu trien ts are d istribu ted . T hus life in the Indian  
O cean is p robab ly  very largely seasonally influenced and  itself takes on  a 
m onsoon  character.

N o t unexpectedly, a Scientific C om m ittee on  O cean R esearch (SC O R ), 
appo in ted  in 1957 by th e  In ternational Council o f Scientific U n ions, decided 
as a lm ost its first item  o f business to  p lan  a m assive m ulti-disciplinary 
investigation o f  th e  Ind ian  O cean. Tw o years later th e  In ternational Ind ian  
O cean E xpedition  as it  was nam ed got under way w ith the  dispatching of 
survey vessels to  th e  region an d  w ith jo in t sponsorship  by SC O R  and 
U N E SC O .

T h e In te rna tiona l Ind ian  Ocean E xpedition  was designed to  observe, 
describe, and  possibly explain the circulations o f  ocean and atm osphere 
and  exchanges across the ir interface, th e  chem ical com position  and d istri­
b u tion  o f  living things in the ocean, and  the b o ttom  topography  and 
coastal s truc tu re  o f an ocean which is m ore extensive than  A sia and A frica 
com bined.

A  fleet o f  ships from  m any nations —  ships carry ing  highly specialized 
equipm ent and  scientists —  are sailing th e  Ind ian  O cean on new voyages 
o f  discovery. M ore th an  20 countries, con tribu ting  m ore than  40 vessels 
staffed w ith scientific parties, will com plete m ore th an  160 cruises by  the 
end o f  1965.



A ustralia , E ast A frica, F rance, G erm any , Ind ia , Indonesia , Ja p a n , Paki­
s tan , Portugal, South  A frica, the U nited  K ingdom , the U nited  S tates, and 
R ussia are operating  from  1 to  12 ships each. In  ad d itio n , countries border­
ing the Ind ian  O cean prov ide shore stations and personnel fo r local obser­
vations, particularly  on  tida l changes and m eteorology.

In  1960 when m eteorologists becam e fully aw are o f  plans for the In te rn a ­
tional Ind ian  O cean E xpedition  they to o k  som e tim e to  grasp th e  potential 
significance o f the p rogram m e to  their discipline. A  m eteorology w orking 
group  appoin ted  in 1961 by the U .S . N ational A cadem y o f Sciences C om ­
m ittee on O ceanography w as th e  first to  develop a  p lan o f ac tion . T he 
group began logically, by defining w hat it considered were the  unsolved 
problem s o f th e  a tm osphere over th e  Indian  O cean , then suggested w hat 
steps should  be taken  to  ob tain  d a ta  sufficient to  give a good chance o f 
solving the problem s, and finally ou tlined  ways in  w hich the d a ta  should  be 
processed so th a t a  successful p rogram m e o f research  m ight be achieved. 
T w o interrelated problem s were defined. T he first is th e  general a tm ospheric 
c irculation  over the Ind ian  O cean region and the ro le  o f the m onsoons in 
the circulation. T he second relates to  sm all-scale m easurem ent o f  the 
exchange o f energy betw een ocean and  atm osphere , a problem  o f direct 
in terest to  physical oceanographers as well. A  study  o f the first problem  
dem anded a considerable increase in the density and  num ber o f  observations 
m ade over th e  Ind ian  O cean, using in the m ain  existing instrum ental 
techniques, and  then collecting every scrap o f  in fo rm ation  efficiently and 
quickly. In  the early  days W M O  was asked, an d  readily consented , to 
encourage countries bo rdering  on th e  Ind ian  O cean and  countries operating  
large m arine and  a ir fleets to  step up the quality  and quan tity  o f  their 
observations and to  m ake them  readily  available to  the investigators.
O f course, to  understand  thoroughly  the general circulation, one m ust 
eventually be able to  m ake accurate  m easurem ent o f the exchange of 
energy between the ocean and  the  atm osphere . S o  it is likely th a t final 
success in solving th e  first p roblem  m ight depend ra ther significantly on 
success in solving th e  second, th e  in strum enta tion  fo r w hich is only now  being 
developed.

M ost o f  the IIO E  research vessels in add ition  to  being equipped to  m ake 
a lm ost every type o f biological, geological, physical, and chemical oceano­
g raphic m easurem ent w ere p rovided w ith balloon-filling shelters and 
ground-receiving equ ipm en t to  enable  them  to  release “ rad iosonde” bal­
loons a t least once daily to  levels up  to  30 k ilom etres above th e  surface 
(F igure 6). Instrum ents carried by th e  balloons m easure tem perature, 
pressure, and hum idity  on the  way up . I t  is fo r tu n a te  th a t th e  new genera­
tion  o f  oceanographic research vessels, m any o f w hich have m ade their 
m aiden scientific voyages in the IIO E , are considerably  larger th an  their 
predecessors, thus enabling  m ultifarious in terre lated  experim ents and 
m easurem ents to  be m ade.
Even w ith th is im p o rtan t add ition  to  observations regularly m ade from  
m erchant ships, land  sta tions and  com m ercial a irc ra ft, the m eteorologist 
m ust rem ain unsatisfied. A lthough  40 research vessels are  participating  in 
th e  E xpedition, a t any one tim e fewer than  10 a re  m aking m easurem ents. 
These 10, spread over 75 m illion square  kilom etres of ocean, can scarcely 
begin to  collect a  significant am o u n t o f  usable in fo rm ation . C onsequently, 
m eteorologists have tu rned  to  o th e r sources o f d a ta .
C om m ercial and  m ilitary  tra n sp o rt a ircraft traverse the Indian O cean. 
T he w eather observations an d  p ic to ria l cross-sections constructed by the 
crews o f these planes are  being collected and  n o ted . C ertain aircraft have 
been fitted to  m ake tim e-lapse m ovie records o f  th e  clouds on their long 
over-ocean flights. T he technique is a relatively sim ple one developed m any 
years ago and  spectacularly  used in science films to  com press in to  a few
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movies have been taken  from  fixed ground  sta tions o f the changing cloud 
patterns in the heavens, thus allowing a com plete day’s sequence to  be 
subsequently  view ed in a few m inutes. T he next step has been to  place 
tim e-lapse cam eras on aircraft, have them  p h o tog raph  the clouds a t intervals 
o f  one fram e every three seconds, recording on 30 m etres o f  16-millimetre 
film every cloud w hich comes w ithin cam era range on a  six-hour flight. W hen 
the film is developed, it is run  th rough  a  p ro jec to r a t the norm al speed o f 
16 fram es a second an d  the viewer gets th e  ra ther exciting im pression o f 
flying a t ab o u t 50 tim es the speed o f  the a ircraft o r  a t a ro u n d  30,000 kilo­
m etres per h o u r. W hat a irborne  tim e-lapse photography  does th en , is 
reco rd  all th e  clouds visible in  strips ab o u t 2,500 kilom etres long and  
60 kilom etres w ide, a  qu ite  considerable im provem ent over spo t observations 
m ade from  single observing points.

Even this leaves vast observational gaps, particu larly  w hen we rem em ber 
th a t over the w hole o f  the sou thern  Ind ian  O cean only one com m ercial 
a ir rou te  is opera ted , linking Perth , C ocos, M auritius, and P retoria .

Luckily fo r the m eteorologist an even m ore spectacular observational tool 
cam e to  hand  w hen the first m eteorological ea rth  satellite, T IR O S  I, was 
launched in 1960 by th e  U .S . N atio n a l A eronautics and  Space A dm ini­
stra tion . T h ro u g h o u t the period o f m axim um  m eteorological activity in 
th e  E xpedition , du ring  1963 and 1964, a t least one and  often tw o w eather 
satellites w ere pho tog raph ing  the region. A  single satellite p h o tog raph  
taken  from  700 kilom etres above the surface o f the  earth  provides a stag­
gering am oun t o f  inform ation . W hen th e  satellite cam era points directly 
dow nw ard it records the cloud cover to a  resolu tion  o f abou t 3 kilom etres
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takes a sequency o f 32 o f these pho tographs overlapping one an o th e r and 
extending th rough  ab o u t 30“ o r 4 0 ' o f  latitude. U nfortunate ly  because of 
readou t and  program m ing lim itations, the T IR O S  fam ily o f satellites has 
pho tog raphed  the Indian  O cean region only sporadically . N evertheless the 
inform ation  they have provided is vital to  all studies o f  the m eteorological 
d a ta  from  th e  E xpedition. O n 28 A ugust 1964 th e  first o f  a new  fam ily of 
w eather satellites, N IM B U S I, was successfully o rb ited . T h is satellite 
pho tographs every p a rt o f the earth  once each day and also records the 
character and  height o f  night-tim e clouds using infra-red  rad ia tion  sensors. 
T he im plications o f this trem endous advance fo r o u r Ind ian  O cean investi­
gations are as yet n o t properly  understood , b u t it m eans th a t a t las t, w ith 
these and  all the o ther observations th a t have been m ost laboriously  m ade, 
collected, checked, and processed, we now  have fo r the first tim e the 
opportun ity  to  a ttem p t a com plete description — a t  least fo r the period 
during  which N IM B U S is operating  — o f the  w hole atm ospheric d istri­
bu tion  over the Ind ian  O cean.

O ther special m eteorological observations are  m aking significant con tri­
bu tions to  the p rogram m e. Heavily instrum en ted  research  a irc ra ft o f  the 
U .S . W eather B ureau and  the W oods H ole O ceanographic Institu tion  
(F igure 7) visited th e  Ind ian  O cean fo r extended periods during  the sum m er 
o f  1963, the late w inter o f 1963, and again in the sum m er o f 1964, ranging 
widely over th e  ocean bo th  no rth  and sou th  o f  the eq u a to r and m aking a 
bew ildering variety o f m easurem ents o f  com plex w eather system s which 
requ ire  the m ost detailed p rob ing  before successful analysis o f  their character 
is possible. T he planes carry tim e-lapse m ovie cam eras to  pho tog raph  the 
clouds and  to  record  the d istribu tion  o f p rec ip ita tion  determ ined by three 
rad a rs , they have instrum ents on board  fo r m easuring tem perature, hum i­
dity , w ind direction and  speed, liquid w ater con ten t o f the a ir, icing, altitude, 
a ir  pressure, and tu rbulence. O n som e o f  th e  a irc ra ft the inform ation  
gathered  by the instrum ents is au tom atically  p u t on  m agnetic tape  a t 
p redeterm ined rates which m ay be as often as fo rty  times per second. 
Processing can then be handled  by a  su itab ly  program m ed electronic 
com puter. A t hourly intervals during  a flight, a parachu te-borne  rad io ­
sonde, o r  “ d ropsonde” , is released from  th e  research a irc ra ft, rad io ing  back 
pressure, tem perature, and hum idity  d a ta  as it descends.

p laced  in  th e  B ay o f  Beng
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Besides giving general in form ation  ab o u t the  s truc tu re  o f large w eather 
system s, the equipm ent on  the research a ircraft is also designed to m easure 
sm all-scale in teractions betw een the ocean and th e  atm osphere.

Instrum ents on the W oods H ole a irc ra ft m easure the tu rbu len t flux and 
sh o rt an d  long-wave rad ia tion . C om bining this in fo rm ation  w ith p h o to ­
graphic records o f c loud and precip ita tion  d is tribu tion  and  data  from  
dropsondes m ay lead to  determ ination  o f the  energy budget o f the ocean- 
atm osphere system.

W ind profile m easurem ents designed to  elucidate som e o f  the aspects of 
atm osphere-ocean energy exchange w ere m ade in co llabora tion  w ith  the 
W oods H ole biological research vessel A N T O N  B R U U N . O n three 
different days a U .S . W eather B ureau a ircraft intercepted the ship en rou te  
from  M adras to  B om bay. A t each m eeting the ship  was steam ed slowly 
in to  w ind. W hile th e  w ind was continuously  m easured  on sh ipboard , the 
p lane executed a  pre-set flight p a tte rn  above, first flying over the ship into 
w ind a t 1,000 m etres, fo r ab o u t 15 k ilom etres, then  dropp ing  150 metres 
and  sw inging back across th e  ship again ; th is p rocedure was repeated until 
th e  p lane had  descended to  100 m etres above the sea. A ll this tim e data 
from  a G iannini gust p robe  located in the p lane’s nose were being recorded 
on m agnetic tape  a t a ra te  o f 40 tim es a  second. S ubseauent calculation



tíirougn  tn e  a tm ospnenc  m e n o n  layer an a  aiso assess tn e  m agn ituae  oí 
in ternal fric tion  w ithin the layer.

In  a p ro ject tim ed  to  coincide w ith the second v isit o f the research a ircraft 
to  In d ia  in early  1964, m eteorologists from  th e  U niversity  o f  W ashington 
sh ipped  a specially instrum ented  buoy (M E N T O R ) to B om bay (F igure 8) 
and  th en , w ith  the D u tch  tug Oceaan acting as te n d e r , au tom atically  recorded  
con tinuous m easurem ents o f w ind, tem pera tu re , and hum idity  in the 
layer o f  a ir from  the sea surface to  10 metres ab o v e  the surface in the area 
betw een 80 and  320 kilom etres w est o f B om bay. W hile th e  fine structu re  
o f air-sea in terac tion  was thus being reco rded , M E N T O R  was being 
“ boxed” by the  research  a ircraft flying a t heights betw een 450 an d  4,500 
m etres collecting d a ta  from  which the to ta l energy  en tering  and  leaving 
th e  1 3 0 x  1 6 0 x 5  kilom etres box could be evaluated .

A  group  from  the  U niversity  o f M ichigan installed pyrheliom eters, therm al 
rad iom eters, and  recorders a t fourteen Indian  O cean  island and  coastal 
sta tions to  m easure incident so lar and  a tm ospheric  rad ia tion . These 
variables as well as sea surface tem perature , a ir tem p era tu re , relative hum i­
dity and  w ind a re  being autom atically  recorded o n  U .S . research vessels 
in th e  In d ian  O cean (F igure 9). T he tabulated  d a ta  will be th e  in p u t to  a 
tu rb u len t flux m odel now  being developed. F ig u re  9

M easu rem en t o f  sea  su rfa
te m p e ra tu re
b y  b u c k et m ethod
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exam ple, special h igh-altitude balloons are being d istribu ted  to  aerological 
sound ing  stations in the region to  enable the circu lation  in  th e  high a tm o ­
sphere around  30 kilom etres to  be investigated as p a rt o f  a w orld-w ide study 
o f  a  strange 26-m onth fluc tuation  o f stra tospheric  w inds. A lso Expedition 
activities are  co-ord inated  w ith  those o f the In te rna tiona l Y ears o f  the 
Q uiet Sun. D uring  1964, u n d e r  U .S . N atio n a l A eronautics and Space 
A dm in istra tion  sponsorship , m eteoro log ical rockets were fired from  a few 
Ind ian  O cean stations as nearly  sim ultaneously as possible to  sam ple winds 
an d  tem peratures up  to  75 k ilom etres above the surface.

D a ta  are  n o t m uch use unless they can be collected, processed, and  used 
d irectly in research. The vast a rea  o f  the Ind ian  O cean, the  varied obser­
vations and  the sheer mass o f th e  data  dem anded th a t som e central directing 
organization  should  be established. T he G overnm ent o f  Ind ia  therefore 
m ost generously set up , equ ipped , and  staffed an In ternational M eteoro lo­
gical C entre (IM C ) fo r IIO E  on  the com pound  o f  C olaba O bservatory, 
B om bay , on  1 January  1963. F ro m  th a t da te  IM C  has been the focal point 
fo r all the  special m eteorological activity associated w ith th e  In ternational 
Ind ian  O cean E xpedition. In add ition  to  the m ore th an  100 staff m em bers 
p rov ided  by the  Ind ia  M eteorological D epartm en t, the centre has received 
significant con tribu tions in m en  and equipm ent from  the  U nited  States and 
from  the W M O  Special. F u n d  project.
T he In te rn a tio n a l M eteorological C entre collects, processes, and  distributes 
a ll types o f  m eteorological observations m ade over the Ind ian  O cean and 
su rround ing  countries during th e  years 1963 and 1964. I t  analyses these 
d a ta  on  horizon ta l charts p lo tted  twice daily fo r stan d a rd  m eteorological 
levels extending from  the surface to  th e  tropopause  a t a round  16.5 k ilo­
m etres, conducting  prelim inary  evaluation  and  research on the da ta  as 
expeditiously as possible. In  add ition , IM C  tra ins m eteorologists from  the 
region in analytical techniques and  forecasting m ethods and  also in troduces 
them  to  useful research w hich they m ight profitably  continue to  pursue 
afte r re tu rn ing  h o m e ; provides special fo recast and  o ther services to  the 
E xpedition  research vessels, a n d  com piles charts inco rpora ting  th e  data  
collected in form s o f value to  o th e r disciplines.
D a ta  collection is accom plished by rad io , backed up by m anuscrip t copies 
m ailed  from  m eteorological centres o f  the region. Processing takes various 
form s. T he W M O  Special F u n d  project has given an IBM  1620 com puter 
to  IM C  (F igure 10). T he com puter is used to  check the accuracy o f  all 
Ind ian  O cean ship  reports and all aerological soundings m ade in the region, 
and  then  to  derive various averages and d istribu tions. O f particu lar interest 
is a p rogram m e by which the com puter calculates the energy exchange 
betw een ocean and  atm osphere , using the d a ta  norm ally ob tained  from  
observations by m erchant sh ips. T he com puter is also used in a diagnostic 
fash ion  to  assist researchers in describing and  ob tain ing  prelim inary  under­
standings o f a tm ospheric  c irculation  com ponents. A t a la ter stage, after 
th e  E xpedition  is over, these ra th e r crude qualitative m odels will be further 
refined, b u t fo r th is, larger and faster com puters than  the 1620 will be needed.

T h ro u g h o u t th e  n igh t, staff in th e  sm all, a ir-conditioned com m unications 
room  have been receiving broadcast coded w eather reports from  the Indian 
O cean region in m orse code and  on  teleprin ters. P ictures o f charts analysed 
a  few m inutes before in the m eteorological centres a t N airob i, M oscow , 
Sangley P o in t and  C anberra  unroll from  facsim ile p rin ters (F igure 11). 
A cross th e  com pound  o f C olaba O bservatory in the Signal Office o f the 
w estern  R eg ional M eteorological C entre, o ther teleprin ters disgorge 
figure-cram m ed sheets o f paper contain ing detailed inform ation  on Ind ian  
w eather, an d  on  the w eather over the w hole eastern  hem isphere n o rth  o f 
th e  eau a to r.



This continuous stream  o f  d a ta  flows on to  the w eather p lo tters (Figure 12), 
who use a g raphic sh o rth an d  to  en ter each piece o f inform ation  a t its 
correct location on an ou tline  m ap o f  the region. O bservations m ade a t 
the earth ’s surface are  en tered  on one m ap , da ta  from  sounding balloons 
and  aircraft on o ther m aps assigned to  specific heights above the surface. 
T he observations recorded  on  this fam ily o f  m ap s , o r synoptic w eather 
charts, were all m ade a t th e  sam e tim e, a t m idday G reenw ich M ean Tim e 
or a t 5.30 p .m .,  Ind ian  S tandard  T im e, on  the p revious afternoon , a  fact 
o f im portance in th e  next step — analysis.

All the inform ation  available by rad io  fo r this p articu lar observing tim e 
having been p lo tted , the charts  are  passed to  tra in ed  professionals, who 
a ttem p t to  construct cohesive reasonable p ictures o f the d istribution  o f 
weather a t the observing tim e. T he analysts, as they a re  called, refer 
constantly  to  earlier ch a rts , to  the various charts o f  the family w ith which 
they are directly concerned, an d  to  th e  rad ioed  facsim ile analyses depicting 
conditions a round  and beyond the bo rders o f the Ind ian  O cean region, in



vaiiauiu, aucii ao p icaauic u c l w c c u  ute p io u eu  ooservations, ana  relating  
th e  resulting patterns to  the d is trib u tio n  o f w eather and w inds. Since in 
low  latitudes w ind p a tte rn s usually  can  be  readily related  to  w eather, the 
analysts a t IM C  (F igure 13) co n stru c t stream lines parallel to  the w inds and 
isotachs connecting  p o in ts  having th e  sam e wind speed (see F igure 12 and 
also F igure 1).

F ig u re  10 
U .S . I I O E  c o m p u te r  

ex p er t, L t .-C o l. 
F o r re s t  R . M ille r, a t 

th e  m a in  co n so le  o f  th e  
c o m p u te r

T h rough  the fo renoon , analysis proceeds, aided by late reports , and  a t 
a round  noon  by  in s tan t facsim ile p ictures o f c loud patterns over m illions 
o f square kilom etres o f  the n o rth e rn  Ind ian  O cean, received by the A u to ­
m atic P icture T ak ing  G round  S tation  a t IM C  from  a N IM B U S w eather 
satellite orb iting  overhead (F igure 14).

A lready a com pletely new cycle is under way. O bservations m ade a t m id­
night G reenw ich M ean  T im e (5.30 a .m . Ind ian  S tandard  T im e) are being 
received in the com m unications room  and  a re  being entered  on  a  fresh 
fam ily o f  synoptic charts by th e  w eather p lo tters.

By 2 p .m . the analysts have com pleted  the ir jobs and  hang  the p roducts 
a ro u n d  th e  wall o f th e  analysis room , each chart directly beneath  a  chart 
show ing average cond itions determ ined  fo r the sam e level fo r the sam e 
m o n th  in previous years. T hen  all th e  professional staff m em bers, visiting 
scientists, and  m eteorologists under tra in ing  assem ble (F igure 15). The 
analysts lead off a general discussion by explaining and  justify ing their 
analyses, others describe and  com m ent on details o r recoun t a trip  m ade 
the  previous day on a  research a ircraft. In  the give and take o f argum ent, 
new research ideas a re  b o rn  and  earlier ideas evaluated. W ith p repara tion  
o f  a synopsis o f the overall w eather situation  fo r dissem ination th rough  the 
Ind ia  M eteorological D epartm en t, th e  analysts’ w ork fo r the day is done. 
A  new team  takes over and com pletes the  next set o f analyses la ter th a t 
evening. A nd  so th e  daily  rou tine  has gone on th rough  all o f 1963 and 
1964.

F luctuations in rad io  p ropagation  an d  the great distances over w hich som e 
broadcasts are beam ed has m eant th a t less th an  50 per cent o f the w eather 
observations m ade in the Ind ian  O cean region are received by rad io  a t IM C . 
H ow ever, since research dem ands every scrap o f available d a ta , m eteo ro ­
logical services m ail copies o f the reports to  IM C , w here they are  “ back- 
p lo tted” on  th e  ap p rop ria te  synoptic charts.

T he d a ta  are  b o th  extensive and bulky. F o r exam ple, over 8,000 ship 
repo rts are  received, p lo tted , and analysed for every m onth , and  each 
rep o rt con tains 27 separa te  pieces o f  inform ation . T hus, ways o f  condens­
ing and  m aking  these and  other d a ta  m ore m anageable have had  to  be 
found , so th a t all researchers could  use them . T he microfilm ing, and  the 
card  punching  and  d a ta  processing units a t IM C  see to  that.

Six hundred  w eather charts , each a m etre square, can be photographically  
recorded  on a  single roll o f  35 m m  microfilm  weighing only 200 gram m es.

Key punch opera to rs record  all sh ip , island sta tion  and  upper-air reports 
on  punch  cards which are then checked by the com puter for erro rs, and 
processed in various ways useful to  research (Figure 16). C hecking and 
recom puta tion  o f d a ta , from  a radiosonde ascent, takes a skilled technician 
a t least ha lf an  h ou r. T he IBM 1620 does a m uch m ore accurate jo b  in 
one m inute . D ram atic  weight-saving is also possible ; 100,000 punch cards, 
con tain ing  100,000 ship reports, weigh 250 kilogram s. T he repo rts  can 
all be transferred  electronically to  a single reel o f  m agnetic tape  weighing 
less than  2 kilogram s.

Besides perform ing  the rou tine duties o f  a typical busy day, scientists and 
assistants a t IM C  devote  much tim e to  research, undertak ing  special 
p lo tting  and analyses, special com puter processing, and  referring to  earlier 
research  and  extensive w eather records. Prelim inary results were reported  
a t a  sym posium  held in Bombay in A ugust 1963, and  papers incorporating
t h p  rp .sn lt«  n f  in v p c t io n t in n e  n r p K pino-  n n W lc h o ^  ir.



years 1963 and  1964 will be readily able to  o b ta in  data  excerpts in forms 
suiting  their needs a t the cost o f  m aterials and  postage. T h e  region of 
in terest extends well beyond the Ind ian  O cean p ro p er, rang ing  from  20°E 
to  155°E and  from  50rS to 45,'N . T he IM C  file consists o f :

(ia) M icrofilm  copies o f all analysed synoptic charts.
(b) A m aster unanalysed synoptic ch a rt series p lo tted  on  sem i-transparen t 

paper su itable for reproduction  by ozalid  o r sim ilar processes.
(c) M icrofilm  copies o f  all synoptic b roadcasts fo r the reg ion , excluding 

synoptic da ta  incorporated  in publications such  as the D aily  W eather 
R eports o f India and th e  U nited  A rab  R epublic.

(cl) M icrofilm  copies o f a ircraft repo rts , a irline m eteorological logs, ship 
logs, e tc ., no t available under (c).

(e) E rror-checked punch card  records o f surface observations from  ships 
and  m id-ocean island stations.

(ƒ ) E rror-checked punch card records o f rad iosonde and  upper-w ind
observations m ade from  ships and  land  sta tions w ithin th e  region. 
T he com puter has been used to  recom pute soundings from  the  original 
coded m essages, to  in terpo late  significant level da ta , an d , finally, to 
punch  data  a t 50 m illibar intervals on  a new set o f cards.

M any m eteorological services in Ind ian  O cean countries have intensified 
d a ta  gathering and research. IM C  helps by p rovid ing  exchange and  liaison 
facilities. In  add ition  to  the U nited  S tates, th e  U n ited  K ingdom , Japan , 
th e  U .S .S .R ., and G erm any are  actively partic ipa ting , while W M O  experts 
in  clim atology and com puter m ethods a re  w orking a t  IM C  under th e  aegis 
o f the W M O  Special F und  project.
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F ig u re  11
Facsim ile  c h a r ts  w h ich  a id  ex te n d ed  analysis 
a t  IM C

¡gure 12
close-up  o f  a  sea-level c h a r t  u n d e r

• e n a r a t i n n  —  n o t e  e n v e r a  tie.



F igu re
A n a ly sts  a t  IM C  d iscussing  a  w eatl 

s itu a tio n  in  th e  so u th e rn  h em isphere-Ind i
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F ig u re  14
A n te n n a  sy stem  o f  A u to m a tic  Sate llite  
P ic tu re  T a k in g  (A P T ) e q u ip m e n t p ro v id ed  by 
th e  U .S . N a tio n a l Science F o u n d a tio n



F igu re
M e teo ro lo g ica l d a ta  being  tra n s fe rre d  
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F ig u re  15
S c i e n t i s t s  a t  I M F  a t t e n d i n g  a  m a



be achieved by the In ternational Indian  O cean Expedition 7 O ne tangible 
gain has been th a t scientists from  widely varying disciplines, co llaborating  
closely in a com bined investigation o f  the prob lem s o f  the ocean , have 
gained new insights in to  the disciplines o f  the o thers and also in to  ways in 
w hich the ir observations may help studies o f apparen tly  unrelated  cond i­
tions. F o r  instance, the m eteorologists’ observations o f  c loud cover and 
sunshine dura tion  greatly interest the m arine b io log ist since the am oun t o f 
p lan t grow th in the ocean is directly related  to  th e  process o f photosynthesis 
w hich in  tu rn  is affected by bo th  the am oun t o f  direct sunshine reach ing  the 
sea surface and  the length o f  the day.

O ne definite result which may take several years before being finally achieved 
will be the com pilation  and publication o f a series o f  atlases describing in 
as g reat detail as possible all the various d is tribu tions o f observable q u an ­
tities, physical, chem ical, and biological, below , in , and  above the ocean 
during  the period of the E xpedition . These atlases will prov ide research 
m aterial fo r m any years.

In  m eteorology w hat m ight we say o f progress to  d a te  ? Perhaps the m ost 
gratifying early  discovery has been th a t rou tine  Ind ian  O cean m eteorological 
observations, distinct from  those m ade fo r special research projects, are 
far m ore plentiful than  anyone had suspected. In particu lar, the unexpected 
w ealth  o f  inform ation  obtained th rough  th e  m ails an d  in m anuscrip t form  
from  ships and  aircraft, while strain ing th e  processing facilities a t IM C , 
has also enabled us to  begin investigations no t considered feasible w hen the 
p roject s ta rted . Im proved collection and  be tte r radio equipm ent could m ake 
m any such concealed data  im m ediately available to  the reg ion’s forecast 
centres.

C ertain ly  ou r data have tended to  favour som e existing theories o f  the 
a tm ospheric  circulation over o thers b u t it is doub tfu l w hether any really 
new theories have been developed. T his is scarcely surprising in view o f 
th e  w ay ideas on m onsoon systems have p ro liferated  over the last hundred  
years; ideas which unfortunately  had  little observational basis. Presum ably, 
a lthough  differential heating o f land and  sea establishes the m onsoon circu­
la tion , an additional m echanism  is necessary to  form  clouds and to  m ake 
the clouds give rain. There is little d o u b t th a t a tm ospheric disturbances 
(relatively short-lived depression o r  depression-like systems) lift the sea- 
supplied  m oisture hundreds o f  m etres to  sa tu ra tion  po in t then  cause the 
deep clouds thus form ed to  produce ra in . O ver Ind ia  tw o distinct types 
o f sum m er m onsoon d isturbance have been identified. “ M onsoon depres­
sions” bring  rain  to no rthern  B urm a, and  to  eastern  and north-eastern 
In d ia . Possessing som e o f th e  characteristics of w eak typhoons, they are 
m oderately  vigorous cyclonic circulations w hich a re  best developed in the 
atm ospheric  layers closest to  the g round . T he average m onsoon depression 
form s over th e  northern  part o f the Bay o f  Bengal an d  then  moves xather 
slowly w est-north-w estw ard along the general line o f  the G anges Valley. 
Som e m ay travel tow ard the no rth -east in to  A ssam . As they move along, 
copious rain  accom panies them . O ver western Ind ia , rain-producing 
cyclones usually form  ju s t off the west coast, m oving very little, and are 
m ost intense a t around 4,500 or 6,000 m etres above the surface. W hereas 
the Bay storm s are frequently accom panied by th under and lightning, the 
west coast storm s are  seldom  electrical perform ers. O ver W est A frica, 
rain  situations seem to  resem ble the w estern Indian  m odel, bu t over northern  
A ustralia  and  south-east A sia, system s sim ilar to  th e  Bay o f Bengal m onsoon 
depressions bring the rains. W hen in the form  o f typhoons, they are 
intense and  devastating.

M onsoon disturbances m ove slowly and  often erratically  and rem ain 
em bedded w ithin the m onsoon régim e w hich is itself a sem i-detached part 
o f the general atm ospheric c irculation  system . Possibly because o f  this 
ingrow n character, m onsoon d is turbances appear to  con tain  w ithin their 
circulations the seeds o f their decay. T he fine w eather o f  the lull is ju s t as

PRELIMINARY
FINDINGS
A N D
RESEARCH PL A t
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surface a ir pressure in to  w hich  the a ir  converges from  bo th  sides. R ather 
surprisingly, new observations confirm  th a t th roughou t the year in the 
w inter hem isphere there  is an o th e r  zone o f low pressure, less intense than 
th e  one in the sum m er hem isphere b u t nevertheless m arked  and  associated 
w ith  inflowing a ir and  bad w ea ther (F igure 1). This trough  is ra ther weak 
over A frica, w here, as m en tioned  earlier, a  strong  transequatoria l flow 
occurs from the w inter to th e  sum m er hem isphere. T he two troughs 
th rough  the course o f  the y ea r partic ipate  in a double oscillation. In  July 
the northern  hem isphere tro u g h  is found lying across A rab ia , Pakistan , 
an d  northern  Ind ia , w hile th e  southern  hem isphere trough  lies ju s t south 
o f the equato r. Between Ju ly  and Jan u ary  bo th  troughs move sou th , the 
no rthern  hem isphere trough  to  a  position  ju s t no rth  o f  the equato r and  the 
sou thern  hem isphere trough  to  a position  ab o u t 20° o r  25'’ south o f the 
eq u a to r. A fter January  the cycle reverses un til the troughs once m ore take 
up  their July positions. Cyclones o f  varying intensities frequently develop 
in the extensive and vigorous sum m er hem isphere trough  w ith consequent 
severe w eather. H ow ever, depressions m ay and  do develop in the w inter 
hem isphere trough  and  a lth o u g h  they are  generally w eak , on rare occasions 
they m ay reach hurricane force an d  do unexpected w idespread dam age. 
I t  is no t particularly  uncom m on especially in the spring and autum n transi­
tion  seasons to  observe trop ica l cyclones developing a t m ore or less the 
sam e tim e on both  sides o f th e  equato r.

Evidence is also accum ulating  to  su p p o rt th e  idea th a t there are p robably  
m any m ore individual m onsoon  régim es in the Ind ian  O cean th an  had 
previously been suspected. T he sum m er m onsoon o f  sou th  C hina for 
exam ple is know n to  be d istinct from  the sum m er m onsoon o f B urm a. 
U n til now  there has been a tendency to  lum p the sum m er rains o f  the 
Ind ian  subcontinent in to  one general category . N ow  it appears th a t there 
a re  three complexly related  com ponents to  the Indian  sum m er m onsoon, 
dom inating  the no rth-east, north-w est, an d  sou th  o f th e  country . The 
m onsoon o f north-east Ind ia  is th e  m ost steady and reliable o f all, depending 
fo r its rain  generally on the developm ent o f  m onsoon depressions in the 
northern  Bay o f Bengal and  on their subsequent m ovem ent w est-north- 
w estw ard up the G anges Valley. T he m onsoon  o f  north-w estern and 
w estern India on the o ther h an d  is m uch m ore variable. In  som e sum m ers 
w hen middle-level depressions develop over the north -eastern  part o f  the 
A rab ian  Sea, the rains a re  plentiful an d  w idespread. In o ther sum m ers, for 
reasons no t yet understood , th e  m eteorological conditions which produce 
th e  perm anent deserts o f  A rab ia , W est P ak is tan , and B aluchistan extend 
fa rther eastw ard than  norm al and  bring near-desert conditions to  n o rth ­
w est and  even west Ind ia , w ith quite d isastrous results. Such a sequence 
was w ithout doub t responsible for the ca tastrophic d rough t which laid 
w aste western Ind ia  in 1899.

T he th ird  com ponent o f  the Indian  sum m er m onsoon, over southern  penin­
su lar Ind ia , appears to  be largely independent o f  the north-east Indian  
com ponent and  occasionally independent o f the north-w estern Indian  
com ponent. T he rains here fall no t always as a direct result o f the develop­
m ent o f a tropical cyclone or depression b u t at times in response to more 
subtle changes in the apparently  steady, strong , low-level westerly air 
stream  which dom inates the sou th  from  m id-M ay to  m id-Septem ber. 
O n som e days this stream  converges enough to  result in upw ard m otion , 
condensation  o f  the a ir ’s heavy m oisture load, and  heavy rain . O n other 
days an equally subtle change in the o ther d irection tow ards divergence of 
the low-level flow results in sinking m otion , evaporation  o f clouds, and  a 
spell o f  d ry  w eather.

F o r  m any years m eteorologists th ough t th a t events in the southern  hem i­
sphere, in particu lar in the region o f the sou th-east trad e  w inds, were som e­
how  responsible for subsequent events during  the sum m er m onsoon in the 
northern  hem isphere, th e  tim e lag ranging  from  tw o o r  three days to  a 
w eek o r tw o. Evidence we have so far arrn m n ia to a  —



changes in th e  w inter hem isphere do no t appear to  p ro d u ce  o r to  De asso­
ciated  w ith significant changes in the sum m er hem isphere . N evertheless, 
when the sum m er m onsoon com ponent over sou th  Ind ia  is w eak, activity 
in the w inter trough  sou th  o f the equato r seems to  b e  greater th an  norm al 
and vice versa. W eather satellite pictures m ust be called in to  determ ine 
w hether a re lationsh ip  does exist.

A  particu larly  interesting p a rt o f the Ind ian  Ocean is receiving concentrated  
a tten tion  from  th e  research vessels.

This is th e  region extending abou t 1,000 k ilom etres off-shore from  sou th ­
eastern  A rab ia  and  Som alia, where the changes in w ind  and  ocean condi­
tions betw een sum m er and w inter a re  greater th an  in  any o ther p a rt o f the 
ocean (F igure 1). W here the south-w est m onsoon fo rces the coastal w aters 
to  upw ell, research  vessels have observed heavy concen tra tions o f  p lank ton , 
fish, an d  sea b irds.

W e know  th a t in general the ocean supplies energy to the a tm osphere by 
supplying heat to  evaporate  w ater from  the ocean surface. T he stronger 
the w inds and  the dryer the overlying a ir the m ore in tense  is the evaporation . 
So in tense is it  over the  central A rab ian  Sea in sum m er th a t a m easurable 
d rop  in tem pera tu re  results a t the ocean’s surface. The heat required  for 
evaporation  is stored  w ith the w ater vapour in th e  a ir in a la ten t form . 
W inds carry  th e  vapou r m any kilom etres from  its  source un til suitable 
forces cause the  a ir to  rise and  cool and  the w ater v ap o u r to  condense and 
form  clouds. C ondensation  releases th e  stored  h e a t which goes to  w arm  
the a tm osphere . T hus the ocean acts no t only locally  bu t often a t consider­
able distances to  m odify significantly the tem p era tu re  and  therefore the 
density d is tribu tion  in the atm osphere. U ntil n o w  m eteorologists and 
oceanographers have succeeded in m easuring th e  ra te  a t which the ocean 
adds hea t and  m oisture  to  the air when the sea surface is only slightly 
distu rbed . H ow ever, it may well be th a t by far the g reatest am ounts o f  heat 
a re  added  to  the a tm osphere from  the ocean by evapo ra tion  and conduction  
when th e  ocean surface is violently agitated  by gale w inds. A nd  it is under 
these very conditions th a t direct and accurate m easurem ents have so far 
been im possible. T he three m ethods o f m easuring  ocean-atm osphere 
exchange, m entioned  earlier, using rad iation  equ ipm en t on islands and 
ships, an instrum ented  free-floating m ast, and heav ily  instrum ented research 
aircraft are opening different avenues o f  a ttack  on this kno tty  problem . 
N ear the island o f Socotra  during the northern  hem isphere sum m er, sou th ­
erly and  south-w esterly  winds no t infrequently  exceed 80 kilom etres per 
hou r. U sually, strong  winds are accom panied by bad w eather over the 
oceanic trop ics, bu t in the region o f  S ocotra , the w eather in spite o f  these 
strong  w inds is alm ost always fine, w ith no rain  and  relatively little th in  low 
cloud . I t  is, therefo re , a fascinating area to s tu d y  air-sea in teraction.
T he high w inds favou r extrem ely rap id  evapora tion  from  the ocean surface 
add ing  heat in la ten t form  to  the air, w hereas a t th e  sam e tim e th e  much 
colder ocean abstrac ts  heat from  the air. W hat is th e  net effect o f these two 
opposing influences, as well as o f the vertical c ircu lation  o f  the m onsoon 
resulting  in sinking m otion over the sam e region (see F igure 2). It would 
seem th a t th e  stabilizing  effect o f the cool ocean su rface  and general sinking 
m otion  outw eigh the destabilizing effect o f  heat a d d ed  in latent form  from 
th a t surface because, over the western tw o-th ird s o f the A rabian  Sea, 
a lm ost no ra in  falls during the height o f the sum m er m onsoon. I t  is only 
when the a ir sw eeping from  the south-w est reaches the vicinity o f the 
Ind ian  coast th a t depression systems and the co asta l m ountain  ranges lift 
it enough to  p roduce  deep cloud systems and cop ious rains. T he sharp 
decrease o f  even the  heaviest and m ost persistent m onsoon  rains, observed 
as one flies w estw ard from  B om bay, is hard  to  believe a t first sight.
These, and o ther facets o f  the m any-sided p rob lem  of the general a tm o­
spheric circulation over the Indian  O cean, are  be ing  co-operatively studied 
in B om bay and  H onolu lu  by India. M eteoro log ical D epartm ent investiga-



CONCLUSION w cean exped ition  may tu rn  o u t  and w hat m ay be their im pact on the lives 
an d  fortunes o f the teem ing p eop les  inhabiting  th e  littoral o f  th is fascinating 
ocean. T he chances o f develop ing  a long-range forecasting system giving 
useful indications o f the in tensity  and  d is tribu tion  o f ra ins tw o o r three 
m onths in  advance seem as rem o te  as ever. T he atm osphere is tu rbu len t 
an d  chaotic and it is doubtfu l i f  we can do any better than  use long clima- 
tological records and detailed  statistics in o rder to  com e up  w ith a  sort 
o f  odds on w hat the next se a so n ’s rainfall will be.

H ow ever, continued study o f  m easurem ents m ade a t the interface between 
a ir and  sea m ay lead to  d iscovering , no t only how  energy is exchanged 
betw een these tw o in terlocked  system s, bu t also how  m uch is exchanged. 
T he discovery, when related to  world-wide pho tography  and radiom etry  
by  w eather satellites, could h e lp  us elucidate the role o f the m onsoons in 
th e  to ta l atm ospheric c ircu la tion . Possessing these essential prerequisites, 
we w ould have a  good chance o f  im proving short-range w eather forecasts, 
th a t is, forecasts extending o v e r two o r three days o r possibly a w eek. The 
benefits to  be derived from  even  this m odest im provem ent could  be consi­
derab le , particularly  in aiding flood prevention and  contro l and  in enabling 
irriga tion  engineers to  m ake th e  best possible use o f  stored  w ater. F o re­
casts o f  this length could aid  Ind ian  O cean fisherm en w ho are  forced to  
keep in p o rt during m uch o f th e  sum m er m onsoon because o f heavy seas. 
H ow ever, even a t the height o f  the m onsoon , lulls occur lasting a week or 
m ore  during  w hich a  tem porary  resum ption o f  large-scale fishing w ould be 
feasible. Since fish are m ore p len tifu l in sum m er th an  in w inter, a t least 
over the A rabian  Sea, the advan tage  to  the fisherm an from  these im proved 
short-range forecasts is obv ious. T he apparen tly  rhy thm ic natu re  o f  rain- 
an d -b reak , ra in -and-b reak , d u ring  the sum m er m onsoon encourages us to  
delve m ore deeply in to  the underly ing  causes o f  the rhy thm  and in particu lar 
th e  causes fo r in terrup tions o r changes in the rhy thm . F inding the rhythm  
o f  a to ta l season, how ever, seem s alm ost certainly beyond ou r im m ediate 
g rasp , to  be achieved only as p a r t  o f a  global w eather analysis and  forecast 
system  using a w ealth o f land-based  and satellite observations checked 
and  processed in the largest-sized com puters.








