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Abstract - Results of a numerical model of the wind driven seasonal circulation in the Arabian
Sea are presented, with particular emphasis on the ocean’s response to the monsoon winds.
The model equations are the fully nonlinear reduced gravity transport equations in spherical
coordinates. The model resolution is 1/8° in the east-west direction and 1/4° in the north~
south direction. The model basin geometry corresponds as closely as possible to that of the
north-west Indian Ocean from 40°E to 73°E and from 10°S to 25°N, and includes the gulfs
of Aden and Oman, and the islands of Socotra and the Seychelles. The southern boundary and
a portion of the eastern boundary, from the equator to 6°S, representing the opening between
the Maldives and the Chagos Archipelago, are open boundaries. At other boundaries, the no-
slip condition is applied. The wind stress data used to force the model comes from the NOAA
National Climate Center’s TD-9757 Global Marine Sums data, which consists of monthly mean
winds compiled on 1° squares from over 60 years of ship observations. These data are inter-
polated in time using the mean and first five Fourier harmonics at each point, and then inter-
polated linearly to the model grid. The model equations are integrated in time using centered
finite differences in time and space (a leap-frog scheme), with lateral friction treated by a
Dufort-Frankel scheme.

After a one year spin up, the model settles into a regular periodic seasonal cycle, even
though the solution to the model equations is locally highly nonlinear, with large nonlinear
eddies developing in the same location at the same time of year from one year to the next.
The development of the model Somali Current system with the onset of the (northern hemi-
sphere) summer monsoon is consistent with the available observations in the region. The model
reproduces many of the observed features in this region, such as the two-gyre circulation
pattern, and the timing and movement of these features corresponds well with their real world
counterparts. The model also shows an eastward jet forming in late June to early July at 13°N,
just to the east of Socotra. This jet is fed by flow coming out of the great whirl. The break
down of the two-gyre pattern occurs in mid to late August, when the southern gyre breaks up
into several smaller eddies, the northern-most of which coalesces with the great whirl. Numer-
ous small cyclonic eddies develop along the Arabian coast, from the Gulf of Oman into the
Gulf of Aden, in early to mid August, and persist well into the winter monsoon. The model
shows that it is possible to simulate very complicated flows, if one has sufficient wind data,
using fairly simple models with a realistic basin geometry.

1. INTRODUCTION

THE NORTHWEST Indian Ocean, the Arabian Sea, is unique among the world’s oceans in
that the winds over the ocean basin reverse semiannually, blowing from the southwest during
the northern summer, and from the northeast during the northérn winter (the southwest and
northeast monsoons). The periodic reversals in the winds drive corresponding reversals in the
currents of the upper ocean. These seasonal reversals of the wind and surface circulation over
such a vast area are remarkable when compared to the seasonal signals in the Atlantic or Pacific
Oceans. The Somali Current has surface velocities and mass transports that exceed those of the
Gulf Stream but that change direction every six months. There are numerous eddies in the
Arabian and Somali basins that recur on a seasonal basis. The Indian Ocean is thus an ideal
place in which to study the time-dependent nature of the response of the ocean to changing
winds,
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The currents in the Arabian Sea bhasins evolve rapidly into a very complex pattern of eddies
with the onset of the southwest monsoon. Associated with these eddies are very strong hori-
zontal temperature gradients and current shears. BRUCE (1973, 1979, 1983) and BROWN,
BRUCE and EVANS (1980) have described-the eddies associated with the Somali Current
system in some detail. Recent attention has focused on the two gyre nature of the Somali
Current onset. SWALLOW and FIEUX (1982) have reviewed the available historical data and
found that the two gyre circulation pattern, with one clockwise gyre situated south of 5°N and
another between 5°N and 10°N, is usually present in June. It is the northern gyre that was
dubbed the ‘great whirl’ by FINDLAY (1866). More recent observations, especially those
during the 1979 Indian Ocean Experiment, have revealed more details of the development
of the two gyre system. SWALLOW, MOLINARI, BRUCE, BROWN and EVANS (1983)
have described the reversal of the Somali Current with onset of the southwest monsoon during
1979 using temperature, salinity and current measurements. These observations are summarized
in SCHOTT (1983). ,

Very little attention has been paid to the northeast monsoon, from December to January,
primarily because it is so much weaker than the southwest monsoon and therefore less dramatic.
BRUCE (1983) describes the long term monthly mean wind stress patterns obtained from ship
observations, for both monsoons, and relates these to the observed ocean circulation patterns.
These same wind data for the Indian Ocean are described in an atlas by HASTENRATH and
LAMB (1979).

The numerous eddies in the northern Arabian Sea have been observed by CAGLE and
WHRITNER (1981) using satellite infrared imagery (Fig. 1). They find that the eddies appear
to be controlled both by the wind forcing and by topographic features associated with the
coastline geometry. The eddies persist for long periods of time-and appear to strengthen and
weaken without significant advection.

We have developed a wind-driven numerical model to investigate the seasonal cycle of
currents in the Arabian Sea. The nonlinear model includes a realistic basin geometry and is
forced by observed mean monthly winds on a high resolution mesh in spherical coordinates,
There are several earlier models of the Indian Ocean. COX (1970) developed a multi-layer
model that was driven by idealized seasonal winds and temperature. The model was integrated
for two centuries to arrive at a steady annual signal. The slow response time of the very deepest
layers in the model necessitated the very long integration. HURLBURT and THOMPSON
(1976) were the first to demonstrate the highly nonlinear nature of the eddies that form in the
Somali Current during the onset of the southwest monsoon. COX (1976) found that local
forcing by the wind dominates during the onset of the monsoon, but that remote forcing by
equatorially trapped waves may alter the flow at later times. COX (1979) found that the move-
ment of the eddies was strongly influenced by the basin geometry. LIN and HURLBURT
(1981) showed that the spin-up of the Somali Current system could be effectively modeled
using only the first baroclinic mode. They also demonstrated that the temporal and spatial
distribution of the wind stress is crucial in determining the location and movement of the
eddies in the Somali Current. ANDERSON and MOORE (1979) consideréd the Somali Current
as a free inertial cross-equatorial jet, forced by the southern hemisphere trades and.fed by the
South Equatorial Current (SEC) and the East African Coastal Current (EACC).

All previous models have considered only the response of the Indian Ocean to very idealized
wind forcing, considering primarily the response of the western boundary region to the sudden
onset of the southwest monsoon. No models to date have looked at the eddies found in the
northern Arabian Sea. The model we present here examines the response of the Arabian Sea to
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FIG. 1. Interpretation of infrared image of the coastal region south of the Gulf of Oman.
Strong fronts are indicated by solid lines, weak fronts by dashed lines. A strong flow is indi
cated, associated with a major feature which propagates from the upwelling off the south tip
of the Island of Masirah. A cold cyclonic eddy is indicated to the north of this tounge-like
feature. A sequence of warm and cold eddies is indicated in progression down the coast of the
Arabian Peninsula, and major features associated with points of land are repeated along the
coast. Image was taken on 26 October 1980 by the NOAA-6 satellite. From CAGLE and
WHRITNER (1981).

actual observed winds over the entire seasonal cycle. Other models of the onset of the Somali
Current have considered only the spin-up of an ocean which is initially at rest in response to
an impulsively applied, constant wind stress. As we will show, the past season’s circulation
influences the onset of both the (northern hemisphere) summer and winter Somali Current,
so that to accurately model either, we must model the entire seasonal cycle.

We present here the results of one particular model simulation, and compare these results
with recent observations. We focus our attention on the westem boundary region, particularly
the Somali Current regime, because that is where the most prominent variations occur and
where the great majority of observations are made. This is not to say that currents in other
areas of the Arabian Sea are not important, but the observations there are very limited. We
prefer to concentrate here on a description of the model and to emphasize the agreement
between the model results and observations. We will leave a detailed analysis of the model
dynamics to future papers.

2. -MODEL FORMULATION

To model the upper ocean response to an applied wind stress, we assume that the ocean
consists of two incompressible, hydrostatic, homogeneous layers of slightly different densities,
p; and p,, with the interface between the two layers representing the pycnocline. We make the



356 M. E. LUTHER and J. J. O’'BRIEN

further simplifying assumption that at some depth in the lower layer, the horizontal pressure
gradient vanishes. This has the effect of eliminating the barotropic mode from the problem.
The response of the system then consists of a single baroclinic mode. In fact, observations
indicate that the first baroclinic mode dominates the Somali Current response to wind forcing
(DUING, 1978). The equations governing the motion in the upper layer for this mode are the
so-called reduced gravity equations. Many investigators have used the linearlized form of: these
equations to model the tropical Atlantic and Pacific oceans (cf. ADAMEC and O’BRIEN, 1978;
CANE, 19791, b; KINDLE, 1979; BUSALACCHI and O’BRIEN, 1980), while others have used
the fully nonlinear form to model the Somali Current (ANDERSON and MOORE, 1979; LIN
and HURLBURT, 1981).

For this model, we use the fully nonlinear reduced gravity transport equations. Due to the
latitudinal extent of the Arabian Sea, we use spherical coordinates, with ¢ (longitude) increas-
ing eastward and @ (latitude) increasing northward. If we define the eastward and northward
components of the upper layer transport as U = uH and V = vH respectively, where (u, v) are
the depth-independent (¢, 8) velocity components in the upper layer and H is the thickness of
the upper layer, the equations of motion are:
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where g' = (p; — p1)/p2 & is the reduced gravity, a is the earth’s radius, Q is the earth’s rotation
rate, and A is a kinematic eddy viscosity. The wind stress, # = (%, 7??), is applied as a body
force over the upper layer (CHARNEY, 1955). The transport form of the reduced gravity
equations has the advantage that the continuity equation (2.1c) is linear. It also has the advan-
tage that the discretization of the advective terms in (2.1a and b) involves spatial averaging of
the dependent variables, thus improving the numerical stability of the solution.

For the model geometry, we simulate the coastline of the Arabian Sea from 40°E to 73°E
and from 10°S to 25°N. The model geometry is shown in Fig. 2. The boundary conditions
along all solid (land) boundaries are the no slip conditions:

u=9=0.,

The southern boundary along 10°S and a portion of the eastern boundary, from 6°S to the
equator, are open boundaries, the boundary condition there being a variation of the Sommer-
feld radiation condition developed by HURLBURT (1974) and described in CAMERLENGO
and O’BRIEN (1980). The eastern boundary from the equator to the Gulf of Khambat is
closed, and the no slip boundary condition applies there. This simulates the Laccadive and
Maldive islands which close off the eastern side of the Arabian Sea. The south-eastern corner
of the model basin is closed off by the Chagos Archipelago, and again, the no slip boundary
condition applies along the coast of this island.

Equations (2.1) are solved numerically on a 135 x 74 finite difference mesh. The solution
mesh is staggered in space as shown jn Fig. 3. The model resolution is 1/8° in the zonal direc-
tion (A¢) and 1/4° in the meridional direction (A8). The equations of motion are integrated
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FIG. 2. Model geometry. Shadded areas indicate land boundaries. The shallow banks around
Socotra, the Chagos, and the Seychelles are represented as land boundaries, as are the Maldives
and Laccadives. The southern boundary and the eastern boundary, from 5°S to the equator,

are open,
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FIG. 3. Staggered mesh used in finite difference discretization of the governing equations,
showing relative location of U, V and H points.
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FIG. 4. Wind pseudo-stress vectors used as forcing for the model. Pseudo-stress is defined as

WIW|, i.e., it is 2 measure of wind stress independent of drag coefficient. (a) January average,

at the height of the northeast monsoon. (b) April average, at the transition from the northeast

monsoon to the southwest monsoon. (c) July average, at the height of the southwest monsoon.

(d) October average, at the transition from the southwest monsoon to the northeast monsoon.
Contour interval is 10 m? 873,
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in time using a leapfrog finite difference scheme, with a forward time difference used every
15th time step to eliminate the computational mode. The model time step is 30 min. The
advective terms are computed by first averaging adjacent U, ¥ and H values in space to form the
desired product at the appropriate meshpoint and then forming the standard, second order
accurate, centered finite difference approximation. The spatial averaging helps suppress non-
linear noise in the model. The viscous terms are treated with a Dufort-Frankel scheme. ,

In the linearized form of the reduced gravity equations, one must prescribe the linear phase
speed for the particular baroclinic mode one wishes to model: C* =g'H,. In the fully non-
linear form, there is no analogous phase speed parameter, only £'; however, in the numerical
solution of (2.1) one must prescribe the initial upper layer thickness, Ho. This is analogous to
prescribing an initial phase speed, but this does not remain constant as the model fields evolve,
as the variations in A are large compared to H,. The average thickness of the upper layer is
not constant, due to inflow and outflow at the open boundaries during the seasonal cycle. The
other free parameter in the model is the kinematic eddy viscosity, A. This cosmetic friction,
sometimes referred to as sub-grid scale parameterization, is required to damp out the grid scale
noise in the model to prevent this noise from growing through nonlinear interactions.

The model is forced using the climatological monthly mean winds. The wind data were
obtained from the United States National Climate Center's Global Marine Sums TD-9757 data
set, and consist of surface wind observations compiled on 1° squares from over 60 yr of ship
reports. The monthly averages for some representative months are shown in Fig. 4. The data
are interpolated in time using the mean and first five Fourier harmonics at each point in space,
and then interpolated linearly in space to the model grid. The wind stress is computed from the
bulk aerodynamic formula:

= p CpHIW|, (2:2)

where p, is the density of air, Cp, is a drag coefficient and W is the wind velocity. In the calcu-
lations to be presented here, we have taken p, = 1.2kgm™ and Cp = 3.75 x 107>. Since the
winds from which the stresses are computed are so highly averaged, we felt it unnecessary to
use a variable drag coefficient, as the stress computed from the average wind is not the same as
the average stress. The seemingly large value of the drag coefficient was chosen because the
averaging process tends to underestimate the actual stress, and because reduced gravity models
tend to underestimate the wind driven currents. The values of surface stress thus obtained
agree well with those computed by HELLERMAN and ROSENSTEIN (1983). In an earlier
version of this model, it was found that the circulation patterns produced were not sensitive
to small variations in the magnitude of the drag coefficient. The model was also shown not to
be sensitive to small variations in the parameters H, and A. Those parameter studies will be
discussed in another paper. For the results presented here, we set Hy = 300m, 4 = 750m?* s™*
and the reduced gravity g’ = 0.03ms™

3. RESULTS

The model is integrated from rest, beginning at 0000 GMT on 1 January, using an exponen-
tial taper with an e-folding time of 20 days to reduce the initial transients. For simplicity, the
model year has 360 days, with each month having 30 days. The model fields spin up very
quickly, due to the strong, time-varying nature of the forcing, and to the short response time
of the equatorial ocean. After the first year, a seasonal cycle is established with a regular period,
even though the solution is locally highly nonlinear. We present the results from the third year
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FIG. 5. (a) Instantaneous upper layer thickness for 0000 hr GMT on 1 January year 3. (b)

Upper layer thickness for 1 January year 4. The seasonal cycle is established, and there is vir-
tually no difference between the two years. Contour interval is 4m.
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FIG. 6. Instantaneous upper layer velocity for 1 January year 3. Not all solution mesh points

are shown. Vectors less than 0.02ms"! are surpressed, and vectors greater than 0.4 ms™! are

truncated. The winter Somali Current is fully developed. The eddies in the northern Arabian
Sea off the Arabian Peninsula are remnants of the previous summer’s circulation.

of integration. Figure 5 shows the H field at the end of the second and third years to illustrate
the periodicity of the circulation. At this time the winter monsoon is at its peak intensity (see
Fig. 4). The upper layer velocity for 1 January is shown in Fig. 6. The winter Somali Current is
well developed, with southwestward flow along the western boundary from east of Socotra
(12°N) all the way to 4°S, where it meets a northward coastal current, and both flow offshore.
There is northward flow through the channel between Socotra and the Horn of Africa, and
three large eddies north of Socotra, along the Arabian coast from the mouth of the Gulf of
Aden to 20°N. In February, this circulation begins to break down into numerous weak eddies
(Fig. 7), and by late March, we can see the beginnings of the summer Somali Current forming,
with northward flow commencing between the equator and 4°S (Fig. 8), even though the local
winds do not reverse for another two weeks. A weak anticyclonic feature develops just south
of Socotra at this time, while the eddies north of Socotra have dissipated. There is an upwelling
along the coast of the Arabian Peninsula from the Gulf of Oman to 15°N associated with a
weak anticyclonic gyre. '

By 1 April, northward flow exists all along the coast from 7°-8°S to 2°N, and by mid to
late April, after the onset of northeastward winds, has become very strong (Fig. 9). This current
turns offshore at 2°N, forming a broad gyre. A wedge-shaped area of shallower upper layer



363

A model of the seasonal circulation in the Arabian Sea

YERR

FEBRUARY

(a)

105

OE

7

4SE  SOE

40E

YEAR 3

FEBRURRY

(b) Same as

FIG. 7. (a) Same as Fig. 5 except for 1 February year 3. Contour interval is 2 m.
Fig. 6. )
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FIG. 8. (a) Instantaneous upper hayer thickness for 0000 hr GMT on 21 March year 3 in the

Somali Coast region. Contour interval is 1 m. (b) Instantaneous upper layer velocity. Again,

vectors less than 0.02m s are surpressed and vectors greater than 0.4ms™ are truncated.
Not all mesh points are shown.
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FIG. 9. (a) Same as Fig. 8(a) except for 21 April year 3. Contour interval 1m. (b) Upper
velocity, as in Fig. 8(b).
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FI1G. 10. (@) Same as Fig. 8(a) except for 11 May year 3. Contour interval is 1 m. (b) Upper
layer velocity, as in Fig. 8(b).
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FIG. 11. (a) Same as Fig. 8(a) for 11 June year 3. Contour interval is 4 m. (b) Upper layer
velocity, as in Fig. 8(b).
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thickness, indicating upwelling, extends eastward from the Somali Coast from about 2°N to
4°N. North of this wedge, a weak anticyclonic circulation is beginning to form between
4°N and 11°N. This anticyclonic feature has become stronger by early to mid May, form-
ing a second closed gyre (Fig. 10). The boundary current in the southern gyre still turns off-
shore at 2°N, and feeds an eastward equatorial current. There is also a strong recirculation
region between 2°N and 3°S in the southern gyre. By late May, there is evidence of an upwell-
ing wedge to the north of the northern gyre, at 9° to 10°N (Fig. 11). The two gyre Somali
Current system now seems to be established, with the southern gyre located between 9°S
and 2°N, and the northern gyre (the great whirl) located between 3°N and 9°N. At this
time, however, the great whirl is still weak, and there is some flow from the southern gyre
inoto the northern gyre. There is also strong upwelling along the Somali coast from 3°N to
9°N.

In early June, the situation is much the same, with the northern gyre increasing in intensity.
By mid June, the offshore flow in the northern gyre splits just to the southeast of Socotra, with
part of the current retuming to the south in the interior of the gyre, and part flowing to the
northeast, where it feeds an eastward jet at 13°N (Fig. 11). The separation region between the
two gyres is characterized by several small eddies, from the equator to about 3°N. The locations
of the gyres remain constant through mid July, although the currents continue to intensify.
The boundary current separation region in the southern gyre, between the equator and 4°N,
becomes increasingly unstable, with increasing eddy activity. In late July, after the wind stress
begins to decrease, both gyres move northward. By 1 August (Fig. 12), the great whirl lies
between 6°N and 11°N, and the southern gyre, which has now become two eddies rather than
a single gyre, is located between 5°N and 8°-9°S. Flow through the channel between Socotra
and the Horn of Africa increases at this time, and the mid-latitude jet at 13°N begins to meander
considerably. A cyclonic eddy is beginning to form north of Socotra, in the mouth of the Gulf
of Aden. ,

In late August, a large eddy separates from the southern gyre and moves northward, and
by 1 September, is beginning to coalesce with the great whirl (Fig. 13). Another large eddy
remains at the equator, between 2°N and 2°S, where it will stay until the onset of the winter
monsoon. South of this eddy, there is still a northward flowing boundary current. The great
whirl still lies between 6°N and 11°N, but flow through the channel and around the north
side of Socotra has increased in intensity. The meandering jet has formed several eddies to
the east and northeast of Socotra, and there are cyclonic eddies along the coast of the Arabian
peninsula from the Gulf of Oman to the Gulf of Aden. During September, the great whirl
weakens, and by 1 October, almost all the boundary current flow goes through the channel
(Fig. 14), forming a closed anticyclonic gyre around the island of Socotra,

The winds off Somalia reverse in mid October and cause a strengthening of the currents in
the southern part of the gyre around Socotra by 1 November (Fig. 15). This flow splits at
9.5°N, with part of it retuming to the north through the channel, and the rest of it flowing
southward along the coast to form the winter Somali Current. This current flows all the way to
the equator, where it meets the northward flowing remnants of the summer Somali Current
southern gyre. Both currents tumn offshore into a meandering equatorial current. This offshore
flow continues to push southward, moving to 3°S by 1 December (Fig. 16). Remnants of the
summer anticyclonic flow persist to the north and east of Socotra throughout the winter
monsoon. This pattern remains unchanged through December, and the following January the

cycle repeats (Fig. 5).
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FIG. 12. (a) Same as Fig. 8(a) for 1 August year 3. Contour interval is 10 m. (b) Upper layer
velocity, as in Fig. 8(b). At this time the great whirl is fully developed, and another eddy to
the east of Socotra is clearly evident. .
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FIG. 13. (a) Same as Fig. 8(a) for 1 Ssptember year 3. Contour interval is lb m. (b) Upper hayer
velocity, as in Fig. 8(b).
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FIG. 14. (a) Same as Fig. 5 for 1 October year 3. Contour interval

velocity, as in Fig. 6.
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FIG. 15. (a) Same as Fig. 5§ for 1 November year 3. Contour interval is 10 m. (b) Upper layer
velocity, as in Fig. 6.
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4. COMPARISON WITH OBSERVATIONS

Observations of currents and temperature in the Somali Current regime were, until recently,
sparse at best, especially during the winter monsoon. SCHOTT (1983) provides a comprehensive
summary of the recent observations in the area, concentrating mainly on the measurements
during the Indian Ocean Experiment (INDEX) of 1979. SCHOTT (1983) summarizes the
seasonal cycle of the Somali Current as follows:

“1. During the winter monsoon, from November to February, the Somali Current flows southward along
the coast from Ras Hafun to about 2°-3°S where it meets the East African Coast Current and then both
turn offshore into the Equatorial Counter Current.”

In Figs 6, 7, 15 and 16 we see the development of the winter Somali Current and the East
African Coastal Current in the model. The Equatorial Counter Current in the model forms near
the equator in early November and moves southward, reaching 4°S by 1 January; however, in
the model, southward flow extends to 7°S by 1 February.

*2. In early March, when winds off Northern Somali are still southward, the current north of 5°N already
reverses northward. This is due to the wind stress curl distribution off Somalia which has a maximum at
about 5°N causing strong onshore flow at that latitude. Consequently, the surface flow at the Somali
coast splits up into a northward and a southward branch at S°N.”

Figure 17 shows this occurring in the model at a slightly higher latitude, near 6.5°N. It is likely
that the position of the maximum in the wind stress curl to which Schott refers varies from
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FI1G. 17. Upper layer velocity for 11 March year 3, at the end of the northeast monsoon, as in
Fig. 8.
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FIG. 18. Upper layer velocity for 1 April year 3, as in Fig. 8(b). Northward flow has commenced
south of the equator.

year to year and was slightly farther south in 1979 than on average; however, 1.5° is not a very
large difference.

“3. In April, shortly after the occurrence of onshore and northward winds south of the equator, a shallow
northward cross equatorial current develops which turns offshore north of the equator.”

In Fig. 18, we see the model currents flowing northward across the equator and turning off-
shore between 1° and 2°N on 1 April.

“The latitude of offshore turning migrates northward during April to May. A cold wedge of upwelled
water develops along the coast north of the offshore turning flow. North of 5°N the surface flow con-
tinues to flow northward during this time . . .’

In Fig. 9, we see that the offshore turning flow is at about 3°N on 21 April, and that a large
wedge-like feature is forming between 3°N and 5°N from a lifting of the pycnocline, indicating
upwelling. To the north of this feature the flow is still northward.

“4, In early May, the winds turn to southerly, parallel to the coast over the whole Somali Current regime.
Coastal temperatures north of the equator drop simultaneously. The latitude of offshore turning flow is
now 3°-4°N with strong coastal upwelling north of it. North of that offshore turn a typical upwelling
regime develops with northward surface flow, an undercurrent and cold water along the coast.”

The upper layer thickness in Fig. 10 shows a thinning of the upper layer, indicating cooler
surface temperatures, from 1°N to 9°N along the Somali Coast. The offshore turning in the
model Somali Current has moved back to the south, however, and is now at about 2°N. Again,
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this could vary from year to year. To the north of 2°N, a typical upwelling regime does indeed
exist, with northward surface flow and upward vertical velocities (as inferred from pycnocline
movements) along the Somali Coast. Of course, there is no undercurrent in this model, since
there is only one dynamically active layer.

*“S. When the final monsoon onset occurs, defined by strong winds off northem Somalia and a strong
anticyclonic wind stress curl offshore, the northern gyre is generated within two weeks, most likely
through Rossby waves excited by the offshore wind stress curl. Immediately upon the occurrence of
strong coast-parallel winds, the coastal temperatures drop drastically and simultaneously north of 5°N.
When the northern gyre is fully generated, coastal temperatures rise again. There is now a two gyre
system in existence with offshore flow at 3°-4°N, an upwelling wedge north of it, and offshore flow
again north of 9°N with a second upwelling wedge off Ras Hafun. This pattern stays about stationary
until mid August.”

Figure 11 shows the northem gyre well defined by 11 June with very strong upwelling along
the coast. The strong winds off northern Somalia occur at about this time. The latitude of the
offshore tuming in the southern gyre is still about 2°N. It is suspected that Rossby waves
excited by the wind stress curl play a part in generation of this northern gyre, but this has not
yet been investigated fully. By mid July, this pattern has shifted northward slightly (Plate 1),
and the locations of the offshore flows agree well with Schott’s description. The upwelling
wedges can be inferred from the vertical velocity as computed from the continuity equation.
The wamming of the coastal temperatures is not seen in the model, since no thermodynamics
are included. The eastward jet in the model to the northeast of Socotra is essentially just an
extension of the northern gyre. This pattern remains stationary until early to mid August.

6. The winds off northern Somalia start to decrease in September. In August or September, the two
gyre system collapses rather suddenly. This is documented by the propagation of the southern cold
wedge to the north. The northern cold wedge also moves northward and then back southward, and
finally both seem to merge. A continuous boundary flow is then established . . .

In Fig. 19, we sce the beginning of the collapse of the two gyre system in the model. The
northern portion of the southern gyre, which has become very unstable, separates and moves
northward, eventually merging with the northern gyre to form a continuous boundary flow
from 2°N to 10°N. In the model there is increasing flow through the channel west of Socotra.
This flow may be unrealistic, in that the model channel is much wider than the passage between
Abd al Kuri and Ras Aser. It would be helpful to know just how much flow actually does go
through that passage. The model does not show the southern gyre merging completely with the
northemn gyre. A part of the southern gyre remains between 4°S and 1°N, with offshore flow at
1°N, and stays in this location until the onset of the winter monsoon.

“7. After the coalescence of the two gyres the bouxidary current is stationary again, now as the conven-
tionally known Somali Cusrent, as it is displayed in textbooks and atlases, fed in the south by the East
African Coast Current and the South Equatorial Current and flowing along the coast from 4°S to 10°N.”

Here, the model results differ from the observations. The circulation pattern along the coast
from 10°S to 10°N remains essentially unchanged from that in Figs 14 and 13 until the onset
of the winter monsoon.

*“The onset of the northeast monsoon occurs in November: within a few days the currents along the coast
turn southward.”

In Fig. 15, we see that the model coastal currents reverse at about the same time as the winds
due to the strengthening of the onshore flow in the southern part of the summer northem



PLATE 1. Upper layer velocity for 16 July year 3. The great whirl and the upwelling wedges

(blue areas) are clearly evident. Color scale represents vertical velocity at the interface as com-

puted from the continuity equation. The velocity components have been averaged over 15 days
centered on the 16th.
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FI1G. 19. Upper layer velocity for 21 August year 3, as in Fig. 8(b). The summer monsoon cir-
culation is beginning to break up.

gyre. Thus, the onset of the winter monsoon is influenced strongly by the previous summer’s
circulation.

BRUCE (1983) examined the wind stress field over the western Indian Ocean derived from
the same data base as our wind stress. He compared the wind stress and wind stress curl patterns
with the observed circulation and thermocline topography. Even though he used a much more
complicated analysis scheme, his wind stress patterns look much the same as ours. Figure 20
shows our average wind stress curl for May, June and July (in BRUCE, 1983, Figs 3, 4 and 5).
If we compare these with the upper layer thickness for 1 June, July and August (Fig. 21) we
see a very similar relationship to that described by BRUCE (1983). The maxima in upper layer
thickness correspond to the regions of negative wind stress curl during the previous month, as
one would expect, especially in July and August. The anticyclonic gyre to the south of Socotra
(the great whirl) on 1 July is centered at the same latitude and to the west of the minimum in
wind stress curl for June. Similarly, the broad gyre to the east of Socotra corresponds to the
large region of minimum wind stress curl at that same location in June, while the core of the
Somali Current follows the line of zero curl. By 1 August, the great whirl has moved northward,
as has the minimum curl. The gyre to the east of Socotra has tightened into what BRUCE
(1979) called the Socotra eddy, and the thermocline topography (upper layer thickness) is
still closely related to the wind stress curl. The westward displacement of the maxima in upper
layer thickness relative to the minima in wind stress curl is indicative of westward propagating
Rossby waves radiating from the curl minima.

SWALLOW, MOLINAR, BRUCE, BROWN and EVANS (1983) present charts of surface
currents and depth of the 20°C isotherm during the southwest monsoon of 1979. There is
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FIG. 20. Average wind stress curl. (a) May. Contour interval js 7 X 107® Ntm™. Labels are
scaled by 10°. (b) June. Contour interval is 2 X 10~? Nt m 2, Labels are scaled by 10*. (c) July.
Contour interval is 3 X 10~7 Nt m™3. Labels are scaled by 10°.

generally good agreement between their observations and the model results, especially during
the onset phase of the southwest monsoon. For instance, their Fig. 5 and our Fig. 10 both show
the doming of the isotherms (thinning of the upper layer) off the Somali Coast between 5°S
and the equator with the surface current turning offshore at about 2°N during the early stages
of the monsoon. In the later stages of the monsoon, the offshore flow in the model between the
northern and southern gyres in the Somali Current is not as strong as in SWALLOW et al
(1983) observations. The model is also unable to reproduce the strong upwelling wedge between
the two gyres, as there are no thermodynamic effects and no exchange of water between the
upper and lower layers, although the wedge can be inferred from the vertical velocity, and of
course it cannot reproduce the surface density fronts that they observed.

There are several possible explanations for the discrepancies between the model and the
observations. The model contains only one baroclinic mode, and for some of the observed
features of the seasonal cycle, higher modes may be important. The model forcing is a climato-
logical average forcing, and it is suspected that the interannual variability in the wind field
may be large. The forcing also does not contain any information at periods shorter than two
months, due to the fact that we used monthly mean winds. Shorter period fluctuations in wind
stress may be important for triggering some of the observed shifts in the seasonal cycle.

The boundary imposed at 73°E is another limiting factor in the model. Even though the
island chains along 73°E do effectively close off much of the Arabian Sea, there are still many
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FIG. 21. Instantaneous upper layer thickness. (a) 1 June year 3. Contour interval is 3m. (b)
1 July year 3. Contour interval is 8 m. (c) 1 August year 3. Contour interval is 10 m.

wide, deep channels through the islands. Observations indicate that at times there is consider-
able flow through these channels. The absence of the equatorial Indian Ocean east of 73°E also
precludes the possibility of any remote forcing that has its origins-in that region. Perhaps an
-even greater constraint on the model is the boundary at 10°S. ANDERSON and MOORE
(1979) have indicated that the action of the southern hemisphere easterlies (the Trades) on the
SEC and the EACC can have a large effect on the onset of the summer Somali Current. Since
our model ends at 10°S, it cannot resolve the SEC, which is centered at 15°S, and therefore
does not include the effects of the Trades. We hope to extend the model to include the entire
Indian Ocean north of 25°8S as soon as sufficient computing resources become available.

The only instability mechanism for generating the intense eddies in the model is that of
barotropic or shear instability. It is possible that during some phases of the monsoon cycle,
baroclinic instabilities become important. All told, however, this relatively simple model
does a remarkable job of simulating the observed features of the seasonal cycle in the Somali
Current.

5. SUMMARY AND CONCLUSIONS

We have shown that the seasonal circulation in the Arabian Sea can be modeled accurately if
we have sufficient wind data. Using climatological mean winds, we have been able to reproduce
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many of the observed features of the seasonal variation in the Somali Current system. We have
every reason to believe that if we had better wind data, we could produce more accurate model
simulations. Given accurate wind data on a timely basis, we could hindcast, and possibly fore-
cast, the evolution of the surface currents in the Arabian Sea.

This model indicates that the entire seasonal cycle must be modeled in order to accurately
simulate both the summer and winter monsoon onsets. The circulation patterns from the
previous season greatly influence the development of the following season’s circulation.

We have presented here only one particular case study from the model. In future papers
we will look more closely at the dynamics of the circulation in the model. Work is underway
to extend the model to include higher frequency wind data as input, and to investigate the
effects of interannual variability in the wind field on the model currents.
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