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ABSTRACT 

Magnitudes of net total northward fluxes of air and water vapour into the Arabian 
Sea across an equatorial section extending from 42" E to 75" E and from sea surface 
to the 450 mb level are computed for September 1963 and June through September 
1964, a period during which a large number of ships' reports in the equatorial West 
Indian Ocean and Seychelles (04"36' S, 55'30' E) aerologiclal data were specially avail- 
able as part of the International Indian Ocean Expedition meteorology programme 
in addition to routine meteorological data. The computed values exhibit seasonal 
variation from 4.11 x 10lp tons/day for air and 3.34 x 1O'O tonslday for water vapour 
during June to 3.99 x 1Ola  tons/day for air and 3.04 x 1010 tons/day for water vapour 
during September with a maximum of 5.02 x 10l8 tons/day for air and 4.43 x 1O'O 
tons/day for water vapour during July, in 1964. The transports during September 
1963 are 2.52 x 1Ola  tons/day for air and 2.35 x 10'" tonslday for water vapour. The 
above equatorial fluxes for both air and water vapour are seen to  constitute about 
60-80 % of the net total eastward fluxes across a meridional section of the same verti- 
cal extent as the equatorial section but extending from the equator to about 26" N 
roughly along the West coast of India. The computed value of the net total northward 
flux of water vapour during July 1964 is shown to be nearly double that computed 
earlier by Pisharoty (1965), which is 2.2 x 1O'O tons/day. The difference is largely due 
to a stronger meridional component of wind used in the present investigation for the 
middle and western sectors of the equatorial section as suggested by Seychelles aero- 
logical data and ships' reports along the equator. Occurrence of very strong meridio- 
nal components of winds in equatorial East Africa and Somalia during the northern 
summer has been reported by Findlater (1969). Strong evidence in support of large- 
scale cross-equatorial flow in the west Indian Ocean is found from radio-activity and 
satellite data. 

1. Introduction 

In a recent paper (Saha, 1968), the author, 
using the streamline-isotach analysis of a mon- 
soon situation during July 1963, has shown 
that in the vertical section along meridian 
60" E, there is indication of considerable cross- 
equatorial flow of air in the lower troposphere 
from the southern to the northern hemisphere. 
Pisharoty (1965) who computes net total north- 
ward flux of water vapour across an equatorial 
section extending from 42" E to 75"E and 
from sea surface to the 450 mb level finds a 
value of 2.7 x 10''' tom/day during July 1963 
and 2.2 x 10'" tons/day during July 1964. He 
shows, however, that these values are rather 
small, being almost one-half to one-third those 
of the net total eastward fluxes across a meri- 
dional section of the same vertical extent but 
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extending from equator to about 26" N roughly 
along the west coast of India. From his investi- 
gation Pisharoty concludes that "the Arabian 
sea branch of the Indian SW monsoon appeared 
to be primarily a northern hemispheric trade 
wind system blowing from the equator north- 
eastwards into peninsular India, (thus differing 
from the NE trades of the Pacific), rather than 
the deflected southeast trades of the southern 
hemisphere". More recently, Findlater (1909) 
has computed the net total northward flux of 
air across an equatorial section extending from 
35" E to 75" E and from surface to the 600 mb 
level and finds a mean value of 7.8 x 10" 
metric tons/day for July. In  the present in- 
vestigation, the magnitude of the cross-equa- 
torial flux of air as well as water vapour has 
been computed for September 1963 and June 
through September 1964, using a method simi- 
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lar to Pisharoty’s but additional data which 
were specially available as part of the Inter- 
national Indian Ocean Expedition meteorology 
programme during these months. Computed 
value of the flux of water vapour for July 1964 
is shown to be much higher than that com- 
puted earlier by Pisharoty. Evidence in sup- 
port of large-scale cross-equatorial flow of air 
and water vapour in the western Indian Ocean 
during the northern summer monsoon season 
is produced from radioactivity and satellite 
radiation data. 

2. Pisharoty’s work 

Pisharoty (1965) computed net total north- 
ward flux of water vapour across the equatorial 
section referred to earlier using a working for- 
mula, 

where dFldZ is the horizontal flux per unit 
length normal to the lateral boundary, q is the 
specific humidity expressed in grams per kilo- 
gram of the moist air, u is the wind speed nor- 
mal to the boundary wall, and the subscripts 
refer to the millibar level to which the values 
of q and u apply. The above formula is based 
on the assumption that the 1000 mb data 
applies to the 1000-950 mb layer, the 850 mb 
data to the 950-800 mb layer, the 700 mb data 
to the 80&650 mb layer, the 600 mb data to 
the 650-550 mb layer and the 500 mb data 
to the 550-450 mb layer. Although not specific- 
ally stated, it appears from Pisharoty’s paper 
referred to above that he used the mean aero- 
logical data of Gan Island (OO”41’ S, 73’09’ E), 
Dar-es-Salaam (06”53’S, 39”16’ E )  and Nai- 
robi (Olo18’S, 36”45’E) for July, 1963 and 
1964 and daily dropsonde temperature and 
humidity observations on a few days in June 
and July, 1963 a t  a few isolated locations in 
the extreme western and eastern parts of the 
Arabian Sea near the equator, for his compu- 
tations. In the paper, Pisharoty states that the 
total fluxes were computed by him “using the 
above data and taking each station to be re- 
presentative over an appropriate length of 
the boundary”. The details of the representa- 
tive lengths, important though they are, are, 
however, not given; nor are given the values 

of winds and humidities used in the computa- 
tion. The adequacy of using the above method 
and data for computing net water vapour 
fluxes across the equator in the western Indian 
Ocean, however, requires close examination. 
Observations show that there is considerable 
longitudinal variation in the wind and humi- 
dity structure of the lower troposphere along 
the equator in the west Indian ocean. Meri- 
dional components of winds which are gener- 
ally strong and steady in the west and middle 
sectors of the equatorial section become pro- 
gressively weak and unsteady in the eastern 
sector (Crowe, 1952). Fig. 1 which shows the 
daily upper winds of Seychelles and Gan Is- 
land during July 1964 brings out clearly the 
difference between the two stations in re- 
gard to cross-equatorial flow. Further, the 
use of meteorological data a t  standard pres- 
sure levels to represent conditions in finite 
pressure layers, especially that a t  1000 mb to 
apply to 1 000-950 mb layer, does not appear 
to be quite justified in view of the observational 
fact that both wind and humidity undergo rapid 
variation with height. For this reason, it ap- 
pears more appropriate to use a mean value for 
the layer than the reported value a t  a fixed 
level. 

3. Present work 

(a) Method 
The author has, therefore, carried out fresh 
computations of the net northward fluxes of 
water vapour as well as air across the equator 
in the West Indian Ocean using a method simi- 
lar to Pisharoty’s but additional data and more 
realistic representative lengths. 

The formulae used for the fluxes are: 

V(p,Z)dpdZ, and 
9 0  

where Fa and F,  are the net total northward 
fluxes of air and water vapour respectively 
across the equator, 

p is barometric pressure 

Z is length along the equator 
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Pig. 1. Daily upper winds at Seychelles and Gan Island up to 500 mb level during July, 1964. 

V ( p ,  1 )  is meridional component of wind, ex- L, = 70-75” E ( 550 km) 

p ,  = 1 000 mb p1 = 950 mb 

pa =800mb p ,  = 650 mb 

pa = 550 mb p t  = 450 mb 

pressed as function of p and 1, V - 
positive to north. 

is humidity mixing ratio, expressed as 
function of p and 1. 

q (p ,  I) 

g is acceleration due to gravity 

pb, p ,  

and 

are respectively pressures a t  bottom 
and top of the vertical section. 

L is the total length of the section along 
the equator. 

The computation is carried out by dividing the 
total length L into four representative sectors 
and the total depth (pb -pt)  into five pressure 
layers. The representative sector lengths and 
pressure levels used are: 

L, = 42-50” E ( 880 km) 

L, = 50-60” E (1 100 km) 

L, = 60-70” E (1 100 km) 
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Mean values of meridional component of 
wind and humidity mixing-ratio in individual 
pressure layers in each sector are worked out 
and the net total flux across each sector com- 
puted. Sector fluxes are then algebraically ad- 
ded to obtain the net total northward flux acrom 
the equatorial section. 

(b) Data and analysis 
All available surface reports including ships’ 

observations within about 5 degrees of the 
equator and the aerological soundings of Nai- 
robi (above 800 mb), Dar-es-Salaam, Seychel- 
les and Gan Island are used in the study. Fig. 
2 shows the distribution of the mean meridional 
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Fig. 2. Distribution of mean meridional ( v )  and Zonal (u) components of the wind and humidity- 
mixing-ratio ( 9 )  values at surface from 40" E to 95" E along the equator during July, 1964. v ,  posi- 
tive to north; u, positive to east. 

(w) and zonal (u) components of the wind and 
humidity-mixing-ratio (9 )  a t  surface from 40" E 
to 95" E along the equator during July, 1964. 
For lack of space, data for 1 month only are 
presented. It may be seen that the values of 
the relevant parameters a t  surface a t  five- 
degree (longitude) intervals together with the 
aerological data a t  standard pressure levels of 
stations mentioned above enable a reasonable 
analysis to be made of data required for com- 
putation of fluxes. In  this context, availability 
of aerological data from Seychelles Island ap- 

pears very crucial and important. The aero- 
logical data of Seychelles, however, were avail- 
able for September, 1963 and June through 
September, 1964, hence the computation could 
be carried out for this limited period only. Fig. 
3 shows a typical analysis of the distributions 
of the mean meridional component of the wind 
and the mean humidity-mixing ratio during 
July, 1964. The relevant values were picked up 
from such analysed maps and used for com- 
putation. It may be noted in passing that the 
vertical pressure layers used in the present 
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Fig. 3. Distribution of mean meridional component of wind ( v )  and humidity-mixing-ratio ( 9 )  values in 
the vertical section along the equator during July, 1964. -, isolines of meridional components of 
winds in m/sec; ---, isolines of humidity-mixing ratio values in g/kg. v,  positive to north. 
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Table 1. Values of rnean nteridiolzal cmpnent  of wand (v) and humidity-mixing ratio (q)  used C 
the comptation of fluxes across the equator 

v, mbc;  9, g m l k  
Sector Sector Sector Sector 
42-50" E 50-60" E 60-70" E 70-75' E 

Layer 
(mb) 2, P 2, !? v P 2) P 

September, 1963 
Surface- 
950 4.0 
950-800 3.0 
800-650 2.0 
650-550 0.5 
550-450 - 0.5 

June, 1964 
Surface- 
950 5.2 
950-800 6.0 
800-650 3.0 
650-550 0.5 
550-450 0.2 

July, 1964 
Surfece- 
950 6.5 
950-800 7.0 
800-650 3.5 
650-550 - 0.5 
550-450 - 1.3 

August, 1964 
Surface- 
950 6.5 
950-800 7.0 
800-650 4.0 
650-550 - 2.0 
550-450 - 1.8 

September, 1964 
Surface- 
950 4.0 
950-800 5.0 
800-650 3.0 
650-550 1.5 
550-450 1.0 

13.0 4.5 
10.0 4.0 
6.0 2.5 
3.0 0.8 
1.5 0.2 

12.5 4.8 
9.5 5.0 
5.0 4.0 
2.0 1.8 
1.5 1.0 

13.0 7.0 
9.0 8.0 
4.5 5.0 
1.7 3.2 
1.0 2.0 

11.0 6.0 
9.0 6.5 
4.5 4.0 
1.5 1.0 
1.5 - 0.5 

12.5 5.0 
8.5 5.5 
5.0 3.5 
2.5 1.5 
1.5 0.5 

13.5 1.6 
10.5 1.0 
6.2 0.6 
3.5 0.4 
1.8 0.3 

14.0 2.7 
10.0 2.5 
5.0 2.0 
2.0 0.8 
1.8 0.5 

15.0 3.5 
10.5 4.0 
5.0 2.8 
2.0 0.5 
1.0 - 0.6 

13.0 3.6 
10.2 4.0 
4.5 2.0 
1.5 0.5 
1.6 0.2 

13.5 2.5 
10.0 2.2 
5.2 2.0 
2.8 1.0 
1.6 0.8 

14.0 0.5 
10.6 0.0 
6.3 0.3 
3.7 - 0.3 
2.0 0.5 

14.5 1.5 
10.2 0.5 
5.2 0.2 
2.5 - 0.2 
2.0 0.0 

15.5 1.8 
11.0 - 1.2 
5.3 - 1.0 
2.5 - 0.5 
1.5 - 1.0 

13.5 2.3 
10.4 1.0 
5.5 - 0.2 
2.0 0.1 
1.8 -0.1 

13.8 1.5 
10.2 - 0.5 
5.4 0.1 
2.9 0.6 
1.8 0.4 

15.0 
10.8 
6.8 
4.0 
2.0 

15.0 
10.6 
5.6 
3.0 
2.2 

16.0 
12.0 
5.5 
3.0 
2.0 

14.0 
10.5 
6.0 
2.5 
2.0 

14.0 
10.6 
5.5 
3.0 
2.0 

investigation are the same as used by Pisha- 
roty, but basic computational data for each 
layer are obtained in the manner stated above. 
Table 1 gives the values of the mean meridional 
component of wind (v) and the humidity-mix- 
ing ratio (q) for the different sectors and pres- 
sure layers, actually used in the computation. 

( c )  Rmultrr 
Results of the computation are presented in 

Table 2. 
The values in Table 2 may be compared with 

the corresponding net total eastward fluxes 
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across a meridional section of the same vertical 
extent but extending from equator to about 
26" N along the west coast of India which me 
given in Table 3. 

The percentage ratio of the net total north- 
ward flux across the equatorial section to the 
net total eastward flux across the west coast 
section, without allowing for differences in the 
horizontal extents of the sections, is given in 
Table 4. 

If the flux densities per degree latitude/ 
longitude are compared, the percentage ratios 
given in Table 4 would vary from 50 to 66% in 
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Table 2. Magnitudes of net total northward air 
and water vapour fluxes across the equatorial 
section in the Western Indian Ocean 

Sept. June July Aug. Sept. 
1963 1964 1964 1964 1964 

Net air flux ( lo1* 
tons/day ) 2.52 4.11 5.02 4.33 3.99 

Net water vapour 
flux (lolo tons/ 
day 1 2.35 3.34 4.43 3.94 3.04 

the case of air and 47 to 58% in the case of 
water vapour, on the basis of reduction by a 
factor of 26/33 i.e. 0.788. 

As already mentioned, Findlater found a 
mean value of 7.68 x 1012 metric tons/day dur- 
ing July for the net total northward flux of air 
across an equatorial section extending from 35" 
to 7 5 " E  and from surface to 600 mb level. 
His values of cross-equatorial components of 
winds at low levels over the eastern slopes of 
Kenyan Highlands were very large and this 
substantially accounts for his higher value of 
net total northward flux of air across the equa- 
tor during July than in the present investiga- 
tion. 

4. Radioactive evidence 

A large-scale interhemispheric transport of 
air in the Indian monsoon region is strongly 
indicated by recent measurements of increased 
radioactivity in surface air a t  Bombay (18" 57" 
72"55' E )  and a few other monitoring stations 
in India following French nuclear tests in the 
southern hemisphere (test site, 21" S, 138" W) 
during the Indian summer monsoon season, 
1966-68 (Rangarajan et al., 1969) with a time 
lag of about 24 to 3 weeks. Since the back- 

Table 3. Magnitudes of net total eastward fluxes 
of air and water vapour across a meridional sec- 
tion along the west coast of India (about longitude 
75" E )  

Sept. June July Aug. Sept. 
1963 1964 1964 1964 1964 

Net air flux (1012 
tons/day) 3.987 5.228 6.019 5.660 5.476 

Net water vapour 
flux (10'" tons/ 
day) 3.604 5.051 5.906 5.803 5.127 

Table 4. Percentage ratio of net total northward 
flux across the equatorial section to the net total 
eaatward flux across the west coaat section 

~ ~ 

Sept. June July Aug. Sept. 

Air flux 63.0 78.5 83.6 76.5 72.9 
Water vapour flux 65.2 66.1 73.4 68.0 59.2 

ground radioactivity was low prior to most of 
these tests which were in the low and medium- 
yield ranges, the conclusion is irresistible that  
the fission-product activity from the tests was 
transported by the prevailing tropospheric 
circulation from the test site to India. Available 
meteorological data may point to two possible 
transport routes, one via the lower tropospheric 
trade-wind circulation and the other via the 
upper westerlies (UNSCEAR, 1967). The author 
has, however, recently shown (Saha, 1970a) 
that the trade-wind layer in the region of the 
test site is rather shallow ( < 1.5 km a.s.1.) and 
that the trade-winds are not strong and steady 
enough to effect transport within the observed 
time. The probable route to India, therefore, 
appears to be one via the tropospheric zonal 
westerlies round the globe to the western In- 
dian Ocean, whence the strong meridional 
components of the lower tropospheric southeast 
trades south of the equator and southwest winds 
north of the equator effect rapid transport to  
India, in a total period of about 24 to 3 weeks. 
There appears to be support for this route from 
the radioactivity data of two southern hemis- 
pheric monitoring stations, viz. Pretoria (26' S ,  
28" E) and Aspendale (38" S, 145" E ) ,  both of 
which responded to the French tests in the same 
manner as Bombay but with different time 
lags. A remarkable feature of the transports to  
India is that while the effects of tests carried 
out during the monsoon months were recorded 
a t  Bombay with appreciable intensity, that  
reaching the station in June or October about 
the time of onset or withdrawal of the monsoon 
was hardly detectable. Possibility of a major 
exchange of radioactive tracers between the 
hemispheres by way of the monsoon circulation 
was first pointed out by Junge (1962). 

5. Satellite evidence 
By far the most impressive visual evidence 

of the interhemispheric character of the mon- 
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soon circulation is provided by recent satellite 
television photographs and i n f r a - r e d  radiation 
pictures of cloud bands extending across the 

on the basis of velocity shears developing in 
the southeast trades as they move from the 
southern to  the northern hemisphere and turn 

equator into both the hemispheres in the In- 
dian Ocean region. 

In  a paper to be published shortly in Tellwr 
(Saha, Sikka t Krishna Rao, 1970b), the 
authors have reported a photoprint of NIM- 
BUS-I1 night time HRIR data on 16 June 
1966, which shows an interhemispheric cloud 
band between 50" E and 60" E which is clearly 
suggestive of c r o s s - e q u a t o r i a l  flow. They have 
discussed the formation of such cloud bands 

into the southwest monsoon. 

6. Conclusion 
Results of the present investigation show that 

a sizeable portion of the total amount of air 
and water vapour that enters into the summer 
monsoon circulation of India is derived from 
the southern hemisphere. Evidence in support 
of large scale cross-equatorial flow of air is 
found from radio-activity and satellite data. 
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IIEPEHOC BO3AYXA B BOAFIHOrO IIAPA YEPE3 BKBATOP B 3 A I I A A H 0 8  YACTM 
l l H A B m C K O r 0  OKEAHA B IIEPHOA JIETA B CEBEPHOM IIOJIYIIIAPBB 

BbIsHCJIeHbI BeJIH4AHbI HOJIHMX IIOTOKOB BO3- 

A p a B A f i C K O r O  MOPR qepe3 BKBBTOP B P a f i O H e  OT 
42" B. A. A 0  75" B. A. A OT IIOBepXHOCTH MOPR A0 
Y P O B H R  450 M U  38 C e H T R 6 p b  1963 r. A AIOHb- 
C e H T R 6 P b  1964 r.  - I I epHOA,  BO BpeMR KOTOpOrO 
B A O 6 a B J I e H A e  K Obbl'IHbIM MeTeOpOJIOrA ' i eCKAM 
AaHHbIM 6bmn HOCTYnHbI 6onbmne KOJlM4eCTBa 
CBOAOK C ~ o p a 6 n e f i  B 3 K B a T O p H a J I b H O f i  o 6 n a c ~ ~  

Ayxa A BoARHoro  napa K cesepy B CTOPOHY 

B a a n a ~ ~ o i 4  qacw B H a A f i c K o r o  oKeaHa M aapo- 
normecKne A a H H b r e  B pafioHe CefimenbcKax 

peHm npoBoAmmcb B TeseHne MeTeoponorH- 
secKofi nporpaMMbI M e H c A y H a p O n H O f i  a ~ c n e -  
A c r q u a  B BHAA~~CKOM oKeaHe. BbIsMCJIeHHbIe 
3HaqeHMtI  06HapyHcABaIOT Ce30HHbIe A3MeHeHAR 
OT 4,11*10'a TOHH/@Hb AJIR BO3AyXa A 3,34.10" 
T O H H / A e H b  AJIR BOAHOrO naps B CeHTR6pe C 
MaKCAMYMOM, PaBHbIM 5,02.10" TOHH/AeHb AJIR 
B O 3 A Y X a  M 4,43'101° TOHH/AeHb AJIR BOARHOrO 

COCTBBJIRIOT 2,52* 10'' TOHH/AeHb AJIR BO3AYXa A 
2,35.10" TOHH/AeHb AJIR BOARHOrO m a p a .  HpA- 
BeAeHHbIe BbILUe 3KBaTOpAaJIbHbIe IIOTOKH B03- 
A y X a  A BOARHOrO naps COCTBBJIRIOT OKOJIO 

OCTPOBOB (4"36' IO. IU., 55"30' B. 8.). 3 T A  A3Me-  

napa B m m e  1964 r. IIOTOKA B CeHTtIbpe 1963 r. 

60-80% IIOJIHbIX nOTOKOB B BOCTOqHOM H a -  

TO& Xe BepTHKaJIbHOfi KIpOTRWeHHOCTII, VTO I( 

OT aKBaTOpa A 0  26" C. U. I I ~ U ~ J I H ~ M T ~ J I ~ H O  
BAOJIb 3ana~Horo B e p e r a  BHAMA.  BbIYkiCJIeHHOe 

H O r O  napa A AIOJIe 1964 r. npA6JIA3ATeJIbHO B 

Hee ~ I H U l a p O T M  (1965), KOTOpOe COCTaBJIReT 
2,2* 10'' TOHH/AeHb. P a 3 H A q a  B OCHOBHOM 
06%RCHReTCR 66nbIIIMMH MePMAHOHaJIbHbIMH 
HOMnOHeHTaMA BeTpa, WCnOJIb3OBaHHbIMH B 

VaCTeB 3KBaTOpAaJIbHOl 'O CeqeHEiR, KOTOpble 

HbIM C Cef i IUeJ IbCKAX OCTPOBOB H CYROBbIM CBOR- 
K a M  BAOJIb 3KBaTOpa. HantrsHe O q e H b  CAJIbHblX 
M e p H A H O H a J I b H b I X  KOMnOHeHT BeTpa B BKBaTO- 
PAaJIbHOfi BOCTOsHOf i  A+pmre A C O M a J I I l  JIeTOM 

JIefiTepOM (1969). XOpOIIIee IIOATBepXAeHAe Ha-  
JIAqAR KpynHOMaCIUTabHOrO nOTOKa sepe3 BKBB- 

M O X H O  HafiTH no AaHHbIM P a ~ H O a K T H B H O C T I l  H 
CnyTHUKOBbIM AaHHbIM. 

n p a s n e w m  qepes MepHAHoHanbHoe ce4eHHe 

a ~ s a ~ o p u a n b ~ o e  ceseme, HO npocmpamqeecrl 

3 ~ a s e ~ ~ e  nonnoro noToKa K cesepy AJIR BOAR- 

A s a  pasa 6onbme ~ H ~ ~ ~ H I I R ,  nonysemoro pa- 

A a H H o M  w c c n e & o B a H H u  AJIR cpegHeltt II s a n a ~ ~ o f i  

nonysamTcR CornacHo a 3 p o n o r a q e c ~ a ~  Aan- 

cesepHoro nonymapm 6b1no oTMeseHo @ITHA- 

TOP B a a n a ~ ~ o f i  s awn  BHRaftcKoro oKeaHa 
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