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. 2¢). 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, Diiing (1) 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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Southwest Monsoon of 1979: Chemical and Biological

Response of Somali Coastal Waters

Abstract. In 1979 two areas of upwelling were observed off Somalia, one near 10°N
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.

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 (I, 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) @). The most complete
suite of biological and chemical data was
taken during leg 3, when the placement
of instrument stations was guided by sea
surface temperature data obtained from
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.

The data on nitrate concentrations ob-
tained during leg 3 clearly demonstrate

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 1 and 5 wmole/
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 suiface nitrate
was 3 umole/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 1 umole 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 4 continuous in-
crease in nitrate concentration at S0 m
between legs 1 and 3 (wmole/liter): 0.4 in
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Fig. 1. Surface nitrate
concentrations  (mi-
cromoles per liter) ob-
s served off Somalia
N during ‘leg 3 (7 July
to 4 August 1979).
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Mogadiscio . drographic stations.
[ -
\
m 10-15
15-20
21 1
45°E 50°
- e e St
E‘“\oﬁ\%\ Gulf of Aden Gabo Guardafui Tu
woy B Ay, . !
DY O T i
oW Ald
° Berbera Ras Hafun 10°
i ivit I/m3-da
Pgimary prgguct vi yég\g m lsg) Ras Mabber /} )
100 X T T ! i l
A s
Eil*Marina . K
Q e ?”
~~ /
L )
e "t
o Obbia ,////// o‘*}
9 x /////’L.:.(”//,// . -4 5°
s Wi y
3 \ Ras Assuad ”.”.’7’.'(//.//{/(//{// .
€ b B
3 x i //////////'
- e
'6”": o°
50
I

Fig. 2. Surface chlorophyll a concentrations (milligrams per cubic meter) observed off Somalia
during leg 3 (7 July to 4 August 1979). Dots indicate positions where samples were taken while
under way; circles indicate positions of stations where primary productivity was measured.
Hatched areas are those where surface concentrations of chlorophyll a were between 0.4 and
1.0 mg/m?®; crosshatched areas, those where the values were between 1 and 5 mg/m®. Inset
shows profiles of primary productivity in terms of carbon from three regimes during the south-
west monsoon in areas of upwelling (M), in areas of shoaling thermocline (X), and in areas
where sea surface temperatures were greater than 25°C (O); during the northeast monsoon
(A); and in the Sargasso Sea (@) (13).
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leg 1, 1.0 early in leg 2, 6.0 late in leg 2,
and 11.0 in leg 3. During leg 2 no data
were taken north of 10°N, but the initia-
tion of upwelling in the northern zone is
suggested by a surface nitrate value of
3.4 pmole/liter near the shore at 9°30'N.
During leg 1, surface nitrate concentra-
tions were generally less than 1 umole/
liter; data from hydrographic casts also
indicate an absence of upwelling.
Surface nitrate concentrations and sig-
ma-t (8) values during leg 3 (Fig. 1 and
Table 1) were higher in the northern area
of upwelling than in the southern, sug-
gesting stronger upwelling in the north.
The offshore depths of the upwelling wa-
ters are in accord with this view. The
residence times of waters with maximum
nutrient concentrations (Table 1) were
short compared to the rates of nutrient
uptake, which are based on specific
growth rates of phytoplankton and AC/
ANO;™ ratios (9). Consequently, we as-
sume that the maximum values for the
concentration of surface nutrients are
conservative, and have interpolated to
the depths at which these concentrations
were found outside the upwelling cen-
ters. Data from stations between 1° and
S5°N suggest that the maximum offshore
depth for waters rising to the surface
near 5°N was about 100 m, while data
north of 5°N suggest a maximum off-
shore depth of about 200 m for such wa-
ters near 10°N. Since the distribution of
stations was not ideal, these depths are
approximate, but their similarity to those
encouritered in eastern-boundary up-
welling systems is noteworthy.
Variations in water mass composition
and uptake by phytoplankton could con-
tribute to differences in surface nutrient
concentrations between the northern and
southern zones of upwelling. For ex-
ample, in the northern zone, the highest
concentrations of surface nutrients were
north of 10°12’N and were associated
with relatively high salinity, but the high-
est surface sigma-z’s and lowest surface
temperatures were south of this latitude
(Table 1). Salinity and nutrient concen-
trations on any given sigma-f surface be-
tween approximately 100 and 3000 m in-
crease toward the north off Somalia (Z, 5,
10), suggesting that variations at the sur-
face may be explained partly by composi-
tional variations in the rising waters. Sur-
face waters of lowest temperature, which
were associated with somewhat lower
amounts of nutrients (Table 1), were
found in or near areas of relatively high
concentrations of surface chlorophyll a,
suggesting that uptake also influenced
the concentration of surface nutrients.
With the 20°C isotherm used as an es-
timate of the depth of the thermocline
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(11), it can be seen that areas of cool sur-
face water at 5° and 10°N, where the flow
of the Somali Current changes from
northeastward to eastward, are areas
where nutrient-rich subthermocline wa-
ter surfaces. Shoaling of the thermocline
along the inshore edge of the Somali Cur-
rent should occur in a continuous man-
ner for several hundred kilometers south
of the areas of upwelling (/, /1), and the
thermocline depth should become less
than the depth of the euphotic zone at
some point south of the area of cool sea
surface temperatures.

At four stations on the southern edge
of the area of upwelling at 5°N (Fig. 2),
where the shoaling of the thermocline
might act to retain phytoplankton within
the euphotic zone and stimulate plant
growth, the mean depth of the mixed lay-
er was 23 m less than the mean of the
euphotic zone, and primary productivity
of carbon was 1.2 = 0.4 g/m*day. At
nine stations well outside the areas of up-
welling (sea surface temperature > 25°C)
and the effect of the Somali Current on
the thermocline, mean depth of the
mixed layer was 15 m greater than the
mean depth of the euphotic zone, and
primary productivity of carbon was
0.7 = 0.4 g/m>day. Ten stations were
postioned in the areas of upwelling (sea
surface temperature < 22°C) where the
depth of the mixed layer was approxi-
mately equal to the depth of the euphotic
zone. Primary productivity of carbon in
areas of upwelling was 1.7 = 0.8 g/m*
day. Differences in mean primary pro-
ductivity were significant only between
stations in the areas of upwelling and sta-
tions well outside the upwellings. Sur-
face samples of phytoplankton from the
areas of upwelling were dominated nu-
merically by Nitzschia delicatissima, a
diatom common in the upwelling off Peru
(I12). The average total number of cells
per milliliter was 560. Surface samples
from outside the upwellings were domi-
nated numerically by a mixture of dino-
flagellates and diatoms, with an average
total number of cells per milliliter of 55.

The effect of the shoaling thermocline
and enhanced primary productivity was
evidenced by increased amounts of
chlorophyll a at the sea surface (Fig. 2).
The edges of the upwellings at 5° and
10°N contained 0.4 to 1.0 mg of chloro-
phyll a per cubic meter, corresponding
generally to areas where isotherms of sea
surface temperature were between 22°
and 24°C and closely spaced (7). Chloro-
phyll a at 1 to 5 mg/m? occurred between
bands of 0.4 and 1 mg/m?® (Fig. 2), and at
stations along the northerly edge of the
upwelling at 5°N, chlorophyll a increased
from 0.4 mg/m® nearshore to 1.6 mg/m*
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Table 1. Selected values from the regions of upwelling near 5° and 10°N.

Num- . .
ber Tem- Salin- Concentration (uwmole/liter)
of . per ity Sig-
ob- Location ature (per madt
serva- O mil) NO;~ Si PO
tions
6 Near 5°N* 18.6 35.3 25.4 13.1 10.8 0.92
4 South of 10°12'NT 17.2 35.4 25.8 16.1 14.6 1.15
7 North of 10°12’N# 18.7 35.6 25.6 19.9 15.7 1.53

*Surface water with nitrate > 12.9 wmole/liter.

tiSurface water with nitrate > 19 umole/liter.

offshore. The nearshore center of the up-
welling at 5°N had low levels of chloro-
phyll a and high nutrient levels, while
offshore (downstream) chlorophyll a in-
creased and nutrients decreased (Figs. 1
and 2), relationships which are similar to
those observed off Peru (12).

The distribution of chlorophyll a at the
surface in the upwelling off Ras Hafun
was more complex (Fig. 2), probably be-
cause the circulation there includes the
influence of warm, saline water from the
Gulf of Aden and the effect of Ras Ha-
fun on the Semali Current. We speculate
that the chlorophyll a and primary pro-
ductivity observed in the nearshore part
of the upwelling at 10°N extends a con-
siderable distance into the interior of the
northwestern Indian Ocean. We base
this hypothesis on previous observations
of enhanced primary productivity at
60°E at the latitude of northern Somalia
(10) and on the gyre-like circulation, ex-
tending to 60°E, found during the south-
west monsoon of 1970 (5).

During the northeast monsoon (leg 1),
primary productivity of carbon at 12 sta-
tions from Ras Hafun to Lamu was
0.3 = 0.1 g/m*day, or about half that ob-
served at stations well outside the area of
upwelling in the southwest monsoon,
and similar to previous observations in
this area during the northeast monsoon
(10). Mean depth of the euphotic zone
was 57 m, and mean depth of the mixed
layer was 68 m. Surface samples of
phytoplankton were dominated numeri-
cally by nannoplankton and dinoflagel-
lates with an average of two cells per mil-
liliter.

The contrast in primary productivity
between the northeast and southwest
monsoons is seen clearly in the profiles
shown in Fig. 2; mean productivity off
Somalia during the northeast monsoon is
almost identical to that of the Sargasso
Sea off Bermuda (/3). During the south-
west monsoon, primary productivity in-
creased all along the Somali coast, the
least productive stations being two times
more productive than during the north-
east monsoon, and the areas of upwelling

fSurface water with nitrate > 15 umole/liter.

being ten times more productive (Fig. 2).
Near the end of May, just as the Somali
Current was becoming established, pri-
mary productivity of carbon near the
shore at 3°N was 1.8 g/m>-day. In July,
primary productivity at the same station
was 1.3 g/m*-day. This suggests that the
biological response to the southwest
monsoon was established by late May in
the upwelling near 5°N, and that it lasted
a minimum of 2 months.
S. L. SMITH

Oceanographic Sciences Divison,
Brookhaven National Laboratory,
Upton New York 11973

L. A. CopispoOTI
Bigelow Laboratory for Ocean Sciences,
West Boothbay Harbor, Maine 04575
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Equatorial Currents in the Western Indian Ocean

Abstract. Measurements were made in the equatorial Indian Ocean during spring
and summer 1979 from the Somali coast to 62°E in the interior of the western basin.
The detailed vertical profiles of horizontal current show that the energetic dominance
throughout the region of variability was on vertical scales of several hundreds of
meters, confined to within a few degrees of the equator, as observed in 1976. The
near-surface equatorial circulation responded directly to variations in the wind field,
and satellite-tracked drifter buoys showed the equatorial surface jet extending across
the width of the ocean. This eastward flow is generated by the eastward winds that
appear in the interval between the northeast and southwest monsoons. The zonal
velocity fluctuations extended in a consistent pattern over the observation region.
The time and meridional scales of the variability were similar to those observed in
1976, suggesting that the velocity field is dominated by long-term, equatorially

trapped motions with long zonal scales.

During spring and summer 1979, ob-
servations were made in the equatorial
western Indian Ocean between the Afri-
can coast and 62°E as a component of the
Indian Ocean Experiment (INDEX). The
focus of the equatorial observations was
the oceanic response to the greatly vary-
ing winds associated with the monsoons.
Pilot observations in 1976 (I, 2) and ear-
lier suggested that the velocity field in
the equatorial Indian Ocean is dominated
by a variety of equatorially confined mo-
tions. The observational program con-
sisted of compiling vertical profiles of
horizontal currents, tracking drifter
buoys by satellite, and deploying an ar-
ray of moored current meters. We report
here preliminary results from the first
two components.

The first set of vertical profiles of hori-
zontal velocity was made from the Co-
lumbus Iselin in early April 1979, well
before the onset of the southwest mon-
soon. The second set was made during
the period spanning May and June and
involved two ships: the French vessel
Marion Dufresne, which was stationed
in the vicinity of 62°E and made vertical
profiles of relative current (shear) and
deployed the drifter buoys; and the Co-
lumbus Iselin, which reoccupied the
sites at which profiles were made during
her first cruise. The profiles were obtained
with the White Horse, an acoustically
tracked, freely falling instrument. The
horizontal velocity profile is inferred

600

from the observed lateral displacement
of the instrument as it falls to the ocean
bottom and then rises to the surface (7,
2).

The deep equatorial jets in the Indian
Ocean (/, 2) were a focus for the INDEX
equatorial program. Subsequent obser-
vations in the western (3) and eastern (¢)
Pacific Ocean have confirmed their exis-
tence as a general feature of the equa-
torial velocity structure in the Indian and
Facific oceans. The observations in 1976
indicated that the zonal component of
flow has a time scale on the order of 1
month or longer, whereas the meridional
component is variable over periods of 1
week. These motions are confined to
within a few degrees of the equator. The
most energetic of the zonal jets in the In-
dian Ocean flowed toward the west, so it
was desirable to learn their extension in-
to the interior of the Indian Ocean and,
at the western boundary, their inter-
action with the Somali Current system.

The equatorial profiling program be-
gan in early April with the Columbus
Iselin. A total of 17 velocity and con-
ductivity, temperature, and depth pro-
files were made at 13 locations between
50° and 59°E. Most of the equatorial pro-
files away from the coast show eastward
flow extending to the thermocline. Be-
low this region there was westward flow,
concentrated in structures of relatively
short vertical extent, typically 100 to 200
m. The second cruise, in June, extended

0036-8075/80/0801-0600$00.50/0 Copyright © 1980 AAAS

the spatial coverage from 47° to 62°E,
and the 18 profiles made show similar
characteristics.

In the latter case, there was eastward
flow in the upper layers only to the east
of 52°E, and the region of westward
flow, extending to 2500 m, intensified.
Figure 1 shows the contours of horizon-
tal velocity obtained by the second Iselin
cruise. The zonal jets are evident in hori-
zontal bands of westward velocity in ex-
cess of 20 to 25 cm/sec in the upper 2000
m. The meridional component of flow is
smaller in amplitude and generally more
spatially and temporally variable. The
meridional structure of the flow is similar
to that observed in 1976 (2). The region
of energetic small-scale variability is
confined to within 3° of the equator. At 4°
from the equator, north and south, the
dominance of the large vertical scales
typical of mid-latitudes is present. The
profile observations from the Marion
Dufresne confirm this general structure
in the upper 500 m at 62°E, although only
relative current profiles were made.

The presence of equatorially trapped
structures with vertical scales of several
hundred meters is consistent with the
kinematics of vertically propagating
equatorial waves of planetary scale—the
equatorial Kelvin and Rossby waves (2,
5). Wunsch (6) suggested that monsoonal
variations in wind stress can generate a
downward-propagating equatorial Ross-
by wave of annual period whose vertical
scale is a few hundred meters. The verti-
cal-phase speed of such a wave is so low
that dissipation, together with scattering
from the bottom topography, can pre-
vent the formation of standing vertical
modes. Cane (7) and Philander and Paca-
nowski (8) argued that the response in
the upper equatorial ocean rapidly be-
comes nonlinear, so that the linear radia-
tion mechanism proposed by Wunsch
applies only beneath the thermocline. An
analysis of the combined moored current
meter and velocity profile data in terms
of the vertically propagating equatorial
wave models is desirable.

During the transition periods between
the two phases of the monsoon, there is
an interval of eastward wind along the
equatorial region of the Indian Ocean.
These winds apparently drive the east-
ward surface jet discovered by Wyrtki
(9) and documented by Knox (/0) near
Gan Island (70°E). During May 1979,
four drogued (20 m) drifter buoys were
launched from the Marion Dufresne at
0°, 62°E and tracked by the Argos system
aboard TIROS-N. Also, two drogued
buoys were launched from the Discovery
at 0°, 48°E, and in June two were de-
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