Development of the Subsurface Currents of the

Northern Somali Current Gyre from March to July 1979

Abstract. Measurements from March to July 1979 by current meters moored be-
tween the shelf and the deep sea from 5° to 8°N show that there was shallow (< 150-
meter) coastward and northward circulation between 6° and 8°N long before the
onset of the southwest monsoon. After the onset, a powerful coastward flow devel-
oped offshore around 6°N, branching into northward and southward flows at the
continental rise while the current deepened to more than 250 meters. There seemed
to be a separate circulation on the shelf with some counterflow to offshore. All cur-
rent records show that there were strong fluctuations with periods of 3 to 6 days.

Recent work has shown that the Somali
Current, at least in the early stages of the
southwest monsoon, is not a continuous
boundary current from south of the equa-
tor to 10°N, as is presented in the text-
book maps of ocean currents. Instead,
the circulation along the East African
coast is characterized by a sequence of
two gyres that can differ in size from
year to year (/). During the Indian Ocean
Experiment (INDEX), the development
of the shoreward part of the northern
gyre and the zone separating both gyres
were studied at depths ranging from 80
to 720 m by an array of six current-meter
moorings (M1 to M6) deployed at the
shelf and continental slope off Somalia
in March 1979 and retrieved in July by
the Columbus Iselin (Fig. 1a). The water
depths at these stations ranged from 180
m (MS5) to 2500 m (M4). One mooring
(M6) was put on the top of a seamount,
which extended from a water depth of
4000 m up to 1800 m. An additional
mooring (M7) was deployed at 2°20’S in
1000 m of water off Kenya, at a site
where we already had a mooring in 1976
(2). Besides the current-meter moorings,
two wind-recording buoys (W1 and W2)
(Fig. 1a) were moored in shallow water,

and one additional temperature recorder
was installed at Ras Hafun.

In addition to this array, four moorings
were deployed between 17 and 28 May
from the Discovery. Three of the posi-
tions (273 to 275) are shown in Fig. la;
the fourth was located farther to the
south. Each was moored for about 1
month. However, the joint recording in-
terval was only about 3 weeks. The
depths of these instruments were about
300, 600, 900, and 2200 m (3).

The wind recordings at W1 and W2
were only partly successful in the rough
environment. The northern station (W2)
yielded a good record until 8 June (Fig.
2a) and showed that, although the direc-
tion of the wind stabilized after 8 May,
its speed remained low until early June.
At the southern station (W1), the direc-
tion sensor was lost in early May and the
whole instrument mast on 10 June. The
wind speed record there shows two
phases of stronger winds around 16 and
26 May and then a gradual increase after
S June. Hence both wind records suggest
a ‘‘multiple onset’’ of the monsoon but
are too limited to reflect the complete de-
velopment of the monsoon. Also, local
effects (for example, sheltering through

high coastal cliffs) may be of importance
in judging these records from near the
coast ().

The development of the northern gyre
from March to July 1979 is shown in Fig.
1, b to k, for three depth ranges. To elim-
inate a substantial fraction of the pow-
erful fluctuations (Fig. 2b), we present
20-day averages and then 10-day averag-
es.

Currents at 80 to 130 m. In March,
long before the onset of the monsoon,
there was a quite steady northward cur-
rent at 80 m at M2 (Fig. 1b and Fig. 2a);
but 50 m deeper the currents were much
weaker and fluctuated more, with a small
net coastward component. Overall, in
the months before the monsoon’s onset,
there was a clear change in the current
pattern at 110 to 135 m between 5° and
7°30’N: the two northern stations (M3
and M4) recorded no southward flow at
all (5). At the southern end of the coastal
array (M1), there were prolonged phases
of northward or southward flow. At M6,
the flow was mostly coastward or north-
ward; M2 recorded a rotation from
northward at 80 m to mostly coastward
at 135 m.

After the monsoonal onset (Fig. 1, gto
k), the current at M6 increased in veloc-
ity to about 50 cm/sec coastward (6). At
M4 the northward current strengthened,
and at M1 the current was south to
southeast; that is, it had an offshore com-
ponent. At M2 the current turned toward
the coast at 80 m, with a southward com-
ponent in the onshore flow at 135 m.
There is also an indication that the zone
of onshore flow migrated to the north
and reached M4 in late May or early June
(Fig. 1, f and g), but moved back south
toward M6 as the monsoon progressed.
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Fig. 1. Current distributions for different time periods and depths. (a) Topography and mooring locations. (Upper panel, b to k) Currents at 110 to
135 m (straight arrows) and at M2 (80 m) (wavy arrows). (Lower panel, b to k) Currents at 230 to 370 m (wavy arrows) and at 700 to 900 m (straight
arrows). Acronyms: RSMAS, Rosenstiel School of Marine and Atmospheric Sciences; /0S, Institute of Oceanographic Sciences.
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Fig. 2. Current and wind variability. (a) Low-passed vector time series (cutoff period, 2 days) for currents at M2 and M5, wind at W2, and
temperature at M5. (b) Low-frequency horizontal kinetic energy (Ey;,) spectra of currents at several stations and wind at W2; cpd, cycle per day.

The currents at 130 m at M5 on the
shelf were quite different from those at
nearby M2 (Fig. 1 and Fig. 2a). For long
periods the flows at these locations were
in opposite directions, suggesting that a
different pattern may prevail on the
shelf. Figure 2a also shows the temper-
ature at 30 m at MS: there was warming
when the current flowed southward, and
cooling after it turned northward. The
cooling was possibly the result of water
advected from the divergence to the
south of our array (7).

Currents at 220 to 370 m. The records
from M4, M2, and M1 along the conti-
nental slope are puzzling. At M4 the flow
at 220 m was southward until about 20
June (8), and at M1 the current at 230 m
was southward throughout. Yet between
these two stations, at M2, the current at
230 m remained northward until the rec-
ord ended on 10 June. Figure 1, f to h,
shows additional current vectors for this
level. A consistent pattern is not obvi-
ous, perhaps in part because of depth dif-
ferences of the instruments and the baro-
clinic structure of the flow. In June the
surface layer seemed to deepen: the 135-
m current at M2 now had directions simi-
lar to those at 80 m (Fig. 2a), and the di-
rections of the current at M1 (230 m) and
M4 (220 m) generally agreed with those
at the 100-m levels.

Currents at 700 to 900 m. Near the
coast, the current at M2 (730 m) flowed
northward until 25 May, with only a brief
period of weak southward flow in March
(Fig. 1, lower panel, and Fig. 2a). After
the monsoon’s onset it flowed steadily
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southward at 15 cm/sec, while the flow in
the levels above was mainly coastward
(Fig. 1, i to k). At instrument moorings
273 to 275, the currents at 700 to 900 m
were better correlated with those at high-
er levels than those at the shoreward sta-
tion M2. These currents flowed south-
ward to onshore in early June, and then
turned northward, with a phase pro-
gressing from south to north. By late
June we observed northward flow at all
three offshore stations, and strong south-
ward flow at M2. We cannot say, how-
ever, whether a persistent pattern of
deep flow underneath the northern gyre
developed that was typical of the fully
developed phase. The current vectors at
700 to 900 m (Fig. 1) indicgte why there
is poor spatial coherence in the maps of
current vectors measured at 700 m from
ships with profiling instruments (9): the
ship surveys lasted too long, compared
to the kind of temporal variability that
exists even after averaging over 10 days,
to provide sufficient quasi-synoptic cov-
‘erage (10).

The flow pattern deduced from Fig. 1
agrees well with the ship sea surface
temperature observations of Brown et
al. (7), who, in their map for 22 June to
31 July, show warmer open ocean water
(> 25°C) converging at the coast around
7°N. Our results for the northern area
(Fig. 1, i and k)—especially the coast-
ward flow—also compare well with the
surface currents and salinity patterns de-
scribed by Diiing et al. (11) for 6 June to
30 July, although Fig. 1i suggests that
their current pattern should be com-

plemented by a southward flow off Obbia
toward the divergence at 4°N during this
time (12).

An interesting feature in Fig. 1, f and
g, is that the northward migration of the
coastward flow to M4 seems to be ac-
companied by a northward migration of
the offshore flow [found by Diiing et al.
(1)) to M1.

We do not know whether our later re-
cordings (Fig. 1, i and k) reflected the
fully spun-up phase of the northern gyre
in late July; but if so, the time series
show that the gyre took less than 2
weeks for full development after the cir-
culation pattern recorded in May. The
general conclusion from Fig. 1 is that the
northern gyre already existed as a shal-
low circulation in March, long before the
onset of the southwest monsoon, and
that it was strongly enhanced by the
monsoon in June and July. Future nu-
merical models should focus on this be-
havior of the eddy rather than its genera-
tion at the equator and movement north
along the coast (/3).

There is substantial interannual varia-
bility in the northern Somali Current sys-
tem. Two of our stations, M1 at 5°N and
M7 at 2°20'S, were moored at sites
where instruments were located in
previous years during the same time
of year. At 2°20'S the M7 records
for 1979 (not shown in Figs. 1 and 2)
show northeastward currents at 95 and
155 m from 8 March to 7 July, except for
2 days in late March. This northeastward
flow is in agreement with that shown in
the maps of Diiing et al. (11) and in the
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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 (/4); 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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Evolufion 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.

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 (/-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 (¢). 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 (/2) 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 wm). Satellite thermal
data were not corrected for atmospheric
water vapor effects (/3) 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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