
current profiles of Leetmaa et al. (9) at 
their site B, which was close to M7. The 
persistent northward flow in 1979 at this 
depth range was totally different from 
the flow we measured at this site in 1976 
(2), which showed many reversals at 84 
m until the end of April; the currents at 
134 m fluctuated even until the end of 
May before becoming steadily north- 
eastward. At 5?N three meters recorded 
basically southward flow between 190 
and 590 m from May to August 1977, and 
showed high correlation of the currents 
throughout this depth range. In 1979 the 
flow was much more baroclinic, with 
long phases of flow at 430 m running 
counter to that at 230 m. 

Strong fluctuations were superim- 
posed on the temporal variations of the 
gyre development; the horizontal kinetic 
energy spectra show significant peaks 
between 3 and 6 days (Fig. 2b). The 
wind measurements at W2 show energy 
peaks at shorter periods than the cur- 
rents and a large diurnal component (fil- 
tered out here) due to the sea breeze- 
land breeze effect. The period range of 
the current fluctuations shown in Fig. 2b 
suggests inertial waves (14); however, 
there is no clear tendency for the peak 
periods to decrease with latitude. Fur- 
thermore, at M7 (2?20'S), where the iner- 
tial period is 12.8 days, similar energy 
peak frequencies are seen. Also, in some 
spectra, second peaks occur at some- 
what higher frequencies. 

Other possible motions with these pe- 
riods are stable or unstable topographic 
waves, and several simple models for an- 
alyzing barotropic and baroclinic in- 
stabilities (15) are now being tested. 
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As the Somali Current system devel- 
ops each year during the southwest mon- 
soon (May through September), it exhib- 
its a strong thermal signature at the sea 
surface (1-3). This signature results from 
uplifting of isotherms on the shoreward 
side of the current and transport of cool- 
er water northward by the current from 
the equatorial region. The resulting hori- 
zontal temperature gradients provide a 
good means for tracing the surface circu- 
lation pattern of the Somali Current and 
its associated eddies (4). Several surveys 
since 1963 observed that the north- 
eastward-flowing Somali Current is part 
of the eddy field occurring with each 
southwest monsoon (5, 6). The current 
normally separates and diverges from 
the coast about 8? to 11?N (northern sep- 
aration) (7-9) and turns eastward and 
then southward farther offshore, forming 
a clockwise eddy. During some years, 
however, it also turns strongly offshore 
at about 4? to 5?N (southern separation), 
this portion of the current being associat- 
ed with a southern eddy, as observed by 
Bruce (10) during the southwest mon- 
soon of 1970. He described the flow as 
unstable and conjectured that the pattern 
was the result of northward propagation 
of an eddy from the equatorial region. 
Diiing (11), utilizing his own moored cur- 
rent meter data and Bruce's (12) temper- 
ature data from expendable bathy- 
thermographs, presented similar argu- 
ments for such an event. In both regions 
of northern and southern separation, in- 
tense upwelling of cold water occurs at 
the sea surface along the coast to the left 
of the current. 

Our observations are of two types: sea 
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surface temperature (SST) measure- 
ments from ships and satellite-derived 
radiometer temperature measurements 
from the TIROS-N satellite. Observa- 
tions by participating research vessels 
were routinely made during the 1979 In- 
dian Ocean Experiment, with close spac- 
ing between stations (- 40 km or less, 
depending on surface thermal gradients). 
Measurements were made from the Co- 
lumbus Iselin, Discovery, Wilkes, and 
Researcher from March through August 
1979 with bucket thermometers, contin- 
uous flow-through devices, and expend- 
able bathythermographs (accurate to 
? 0.1?C). Composite surface thermal 
maps were produced; ship observations 
presented here are excerpted from them. 

Satellite SST observations were de- 
rived from the advanced very high res- 
olution radiometer sensor aboard the po- 
lar orbiting satellite TIROS-N. The sen- 
sor has a nadir-earth resolution of 
approximately 1.1 km and a noise-equiv- 
alent temperature (a measure of the 
noise inherent to the instrument) of less 
than 0.012 K. Thermal data reported 
here were derived from band 4 (viewing 
channel, 9.8 to 11 tum). Satellite thermal 
data were not corrected for atmospheric 
water vapor effects (13) and are used 
here primarily for identification of pat- 
terns rather than absolute temperature. 
Overall calibration offsets between ship 
and satellite observations were checked 
by comparing weekly (or more frequent) 
ship surface measurements with corre- 
sponding satellite data; adjustments to 
true SST temperature were made when 
necessary. 

Evolution of the SST field, based on 
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Abstract. Satellite and research vessel observations of sea surface temperature 
during the southwest monsoon of 1979 show the development of large wedge-shaped 
areas of cold water along the Somali coast at both 5? and 10?N during June and July. 
The cold water associated with the large northern and southern Somali eddy systems 
could be traced several hundred kilometers offshore. By late August the cold wedge 
at 5?N translated northeastward as far as 10?N at speeds of 15 to 30 centimeters per 
second, indicating a coalescence of the systems. 

Evolution of Sea Surface Temperature in the 

Somali Basin During the Southwest Monsoon of 1979 

Abstract. Satellite and research vessel observations of sea surface temperature 
during the southwest monsoon of 1979 show the development of large wedge-shaped 
areas of cold water along the Somali coast at both 5? and 10?N during June and July. 
The cold water associated with the large northern and southern Somali eddy systems 
could be traced several hundred kilometers offshore. By late August the cold wedge 
at 5?N translated northeastward as far as 10?N at speeds of 15 to 30 centimeters per 
second, indicating a coalescence of the systems. 

595 595 



ship observations from April through 
August 1979, is mapped in Fig. 1, a to e. 

I I In late April (before the onset of the 
a H southwest monsoon), water warmer than 
c g 30?C was found near the coast as far 

south as 2?N (Fig. la). Here the equa- 
-- torial water, which extended along the 

e N coast as a narrow, cool band from the 
south, was separated by a weak front. 

^;.. 5 ~~Interior temperatures were above 30?C. 
By mid-May, cooling of coastal water 

I . R between 2? and 7?N was evident (Fig. 
lb), with weaker frontal development 

, - between 7? and 10?N. The thermal gradi- 
1C X ent in the southern frontal region was 
I 0.02?C per kilometer, with highly vari- 

~ able temperatures between 28? and 26?C 
along the coast of southern Somalia. 

A:^^\ - Gradients in the notthern region (8? to 
o-? 2 10?N) were weak, and the average tem- 

I a) perature was still around 30?C. 
'g By late May a strong thermal front had 

N , 3 developed at 3?N (Fig. lc). Its position 
IO and thermal gradient features were clear- 
- , ly observed in the ship and satellite re- 

, G sults. Simultaneous current measure- 
: = ments (14) show that the front was asso- 
\ ciated with strong offshore flow of the 
* Somali Current. Temperatures in this re- 

gion were about 26?C near the coast, 
S with a thermal gradient in early June at 

,> 3 O 0.025?C per kilometer. By this time cool- 
~ 

ing in the northern region had begun, 
t with temperatures down to 25.9?C near 

the coast at 8?N. A large thermal front 50 
.. V3 V to 100 km offshore and concave toward 

* . "S: I the coast had become established. 
' '- By mid-July the southwest monsoon 
, reached maximum strength; Fig. ld 

& , shows the strong northern and southern 
;F frontal regions that developed, and clear- 
o - ly depicts the wedge-shaped regions of 
8 cold upwelled water. The alongshore 

length of both wedges was approximate- 
.\ I ly 300 km, and they extended more than 

*.iT 9)5 400 km offshore. Temperatures as cold 
m as 18?C in the southern region were 

? . ^" found near the coast at 4?30'N, with the 
<, 3 cold water extending seaward. Thermal 
a- gradients reached 0.1?C per kilogram in 

- .5 b both frontal regions. In the northern re- 
gion the lowest temperatures (17.7?C) 
were offRas Hafun. The concave pattern 
of the front between 5? and 10?N is ap- 
parent. Concurrent satellite imagery (not 

L,, presented here) shows that the ship-de- 
rived frontal features illustrated in Fig. 2(0 

7 E1 Id were quasi-stationary during this peri- 
od. 

,, _ Figure le shows the thermal field ob- 

I\^ ~ served from the ships during late August 
and early September. The southern fron- 

. tal system had dissipated. The northern 
.:.:_: -^ system, however, remained, although 

t ~ the separation region had moved south 
z o by - 100 km. Near-coastal temperatures 
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were about 3?C cooler than in the pre- 
vious month. 

Figure 2 illustrates the temporal evolu- 
tion of the southern frontal region ob- 
served by satellite for the months of July 
and August. The frontal position was rel- 
atively stationary through the end of 
July; Fig. 2a outlines its extent. By 9 Au- 
gust the southern wedge (- 4?N) tended 
to widen somewhat, although no sepa- 
rate frontal feature appeared (Fig. 2b). 
The next observations, made on 17 and 
18 August, show that the front shifted 
150 km north (Fig. 2c). On 22 August the 
front was located more than 400 km 
north of the 9 August position. Coales- 
cence with the northern region front was 
observed in early September. Interpreta- 
tion of the consecutive positions of this 
front as a northward translation yields 
speeds of 15 cm/sec in early August and 
30 cm/sec in late August (mean rate, 
- 25 cm/sec). These rates are consid- 
erably greater than the 9.8 cm/sec report- 
ed for northern eddy translation in 1970 
(10). However, Duing (11) found a rate 
of 35 cm/sec for a 1975 event he inter- 
preted as a northward-propagating eddy. 
These satellite measurements correctly 
mirror the directly observed gradients 
over the entire period. There is good cor- 
respondence between frontal position 
data obtained by the two methods. 

The direct current measurements (14) 
obtained concurrently with most of our 
1979 SST observations indicate that the 
northern and southern separation re- 
gions during late May, June, and July are 
associated respectively with the north- 
ern and southern eddy systems in the So- 
mali Basin. This is similar to Bruce's (10) 
finding in early August 1970. Our tem- 
perature measurements show merging of 
the southern eddy with the northern cir- 
culation in a manner similar to that ob- 
served in late August of 1970, but with a 
more rapid northward translation. Our 
results are qualitatively in agreement 
with the modeling results of Cox (15), 
which show essentially stationary eddies 
for increased wind stress (or increased 
vertical mixing), whereas for decreased 
wind stress (as occurs during late August 
and early September during the south- 
west monsoon) there is a tendency for 
northward propagation. 
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In contrast with textbook upwelling 
systems in regions of eastern boundary 
currents, the upwelling off Somalia dur- 
ing the southwest monsoon is in a west- 
ern boundary region and is embedded in 
or closely related to a strong western 
boundary current (1, 2). Although in- 
tensive multidisciplinary studies of some 
of the eastern-boundary upwelling re- 
gions have been completed in recent 
years (3), investigations of the nutrient 
and biological regimes off Somalia 
ceased after the conclusion of the Inter- 
national Indian Ocean Expedition in 
1965. However, the 1979 Indian Ocean 
Experiment obtained nutrient and bio- 
logical data from this region before the 
southwest monsoon (leg 1, 26 February 
to 15 March), during its onset (leg 2, 24 
May to 24 June), and at its peak (leg 3, 7 
July to 4 August) (4). The most complete 
suite of biological and chemical data was 
taken during leg 3, when the placement 
of instrument stations was guided by sea 
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satellites. Usually only one region of in- 
tense upwelling is encountered off So- 
malia during the southwest monsoon (5), 
but sea surface temperatures have re- 
vealed the occasional presence of a sec- 
ond upwelling near 5?N (6). During leg 3, 
we observed centers of upwelling near 5? 
and 10?N; to our knowledge, this is the 
first chemical and biological description 
of dual upwelling in this region. 
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the areas of intense upwelling near 5? and 
10?N (Fig. 1). Maximum concentrations 
of dissolved silicon and reactive phos- 
phorus were also encountered in these 
areas (Table 1). Consistent with previous 
studies (6), the areas of intense upwelling 
were immediately north of regions where 
the flow had a strong offshore com- 
ponent (7), and were easily identified by 
their low sea surface temperatures (17? 
to 22?C). The offshore areas with nitrate 
concentrations between I and 5 ,umole/ 
liter that were observed close to the 
equator have been noted before (5); they 
probably arise from processes other than 
coastal upwelling, since satellite data 
show no upwelling to the south of 5?N 
during leg 3. 

The nitrate data for leg 2 suggest weak 
upwelling at a few locations. In the 
coastal zone at about 2?30'N, the maxi- 
mum concentration of surface nitrate 
was 3 ,/mole/liter, and there Were large 
increases in nutrient concentrations at 20 
to 100 m compared with those measured 
during leg 1. Upwelling at this site may 
subsequently have weakened, since the 
nutrient values here during leg 3 were in- 
termediate between those of legs 1 and 2. 
Although surface nitrate concentrations 
at 5?N were less than I 1umole during leg 
2, subsurface data suggest that upwelling 
may have begun there in that period. For 
example, four stations in the coastal 
zone near 5?N recorded a continuous in- 
crease in nitrate concentration at 50 m 
between legs 1 and 3 (,umole/liter): 0.4 in 
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Southwest Monsoon of 1979: Chemical and Biological 

Response of Somali Coastal Waters 

Abstract. In 1979 two areas of upwelling were observed offSomalia, one near 10N 
and one near 5?N. The areas of upwelling were characterized by sea surface temper- 
atures between 17? and 22?C, high concentrations of surface nutrients (5 to 20 micro- 
moles of nitrate per liter) and surface chlorophyll a (0.4 to 5.0 milligrams per cubic 
meter), primary productivity averaging 1.7 grams of carbon per square meter per 
day, and a phytoplankton assemblage dominated numerically by the diatom Nitzsch- 
ia delicatissima. 
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