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ABSTRACT

Results are presented from two cases of a model of the seasonal
circulation in the northwest Indian Ocean. The model is a nonlinear
reduced gravity transport model, with realistic basin geometry and
using observed winds as forcing. One case is forced by the monthly
mean of the FGGE winds while the other is forced by the monthly mean
climatological winds. The two cases are compared and inferences are
made as to the importance of the different mechanisms at work in the
generation and decay of the Somali Current system during the
southwest monsoon. The Southern Hemisphere currents are shown to
reverse prior to the local winds, due to the relaxation of the
northeast monsoon winds. The southern gyre of the two gyre system
responds primarily to the Southern Hemisphere fradewinds, while the
northern gyre forms north of 4°N in response to the development of
the Findlater jet and its associated wind stress curl. The two gyre
system collapse is highly correlated with a decrease in the westerly
component of the equatorial wind stress. The circulation patterns
are strongly influenced by the gradient of the wind stress curl, as
well as by the curl itself. The transition from southwest to
northeast monsoon conditions depends on the remnants of the previous

season's circulation patterns.

northeast monsoon conditions depends on the remnants of the previous

season's circulation patterns.
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FIGURE

1

LIST OF FIGURES

Model Geometry. Shading indicates land
boundaries, The islands of Socotra and the
Seychelles and their surrounding shallow banks
are represented as land boundaries. The
southern boundary and a portion of the eastern

boundary are open.

Staggered mesh used in finite difference
approximation, showing relative location of U,
V and H points. J is the index in the zonal
(¢) direction and K is the meridional (©)

index.

Model wind stress derived from the FGGE wind
data for 16 March. Arrows indicate direction,
while contours give magnitude. The winds are
weak and variable, but with some southwestward
wind stress remaining from the NE monsoon.

Contour interval is 0.1 N m-2,
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Model wind stress derived from the FGGE wind
data for 16 April., The winds along the
southern Somali coast reverse in early April,
due to a westward extension of the Southern
Hemisphere tradewinds, while north of the
equator the winds are still Tight and

variable. Contour interval is 0.1 N m-2.

Model wind stress derived from the MMC case
for 16 April. Winds are very light, with some
weak northward winds beginning to form along
the Somali coast south of the equator. The
westward extension of the Southern Hemisphere
trades is not as strong in this case, possibly
because of the sparse number of observations

along 10°S. Contour interval is 0.1 N m-2,

Model wind stress from the FGGE case for 16
May. Northeastward winds are now found all
along the coasts of Africa and Arabia. The
maximum wind stress occurs in the Southern
Hemisphere as a northwestward extension of the
tradewinds. Simultaneously, another area of
large wind stress builds over the northern

Arabian Sea, forming the beginnings of the
large wind stress builds over the northern

Arabian Sea, forming the beginnings of the
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Findlater jet. There is a belt of weak
convergent winds along the equator. Contour

interval is 0.1 N m-2,

Model wind stress from the MMC case for 16
May. North to northeastward winds are also
found along the African and Arabian coasts,
although not as strong as in the FGGE case,
particularly in the Southern Hemisphere
tradewind extension and in the extreme
northern Arabian Sea. Contour interval is 0.1

N m-2.

Wind stress curl from the FGGE case for 16
May. Dashed contours indicate negative
values. A large patch of negative curl has
developed over the northern Arabian Sea,
associated with the developing Findlater jet.
Another less intense area of negative curl has
formed off the southern Somali coast,
associated with the extension of the Southern
Hemisphere trades. From the equator to 10°N,
there is almost no curl to the wind stress.
Contour interval is 1.0 x 10-7 N m=3, Labels

are in units of 20-8 N m-3.

vonctour m1ntervatl 1s i.,4Y X LU N M7, Laoeis

are in units of 20"8 N m-3.
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Wind stress curl from the MMC case for 16 22
May. The patch of negative curl over the
northern Arabian Sea is much weaker than in
the FGGE case, because the Findlater jet is
not as well developed at this time in this
case. The negative curl in the Southern
Hemisphere is almost as strong as in the FGGE
case, even though the winds are much weaker.
This is due to the northeastward turn the
winds must make as the approach the African
continent. Contour interval is 1.0 x 10-7 N

m-3. lLabels are in units of 10-° N m=3.

Wind stress from the FGGE case for 16 June. 24
The area of maximum wind stress is now south

of the island of Socotra, and the magnitude of

the stress has increased dramatically. There

is still a relative minimum in the stress

along the equator, and the extension of the

Southern Hemisphere trades has strengthened.

Contour interval is 0.1 N m~2,

Wind stress from the MMC case for 16 June. 25
There are two relative maxima in the Northern

Hemisphere, one to the east of Socotra, and
There are two relative maxima in the Northern

Hemisphere, one to the east of Socotra, and
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another to the south. The minimum stress is
again found along the equator, and the
extension of the Southern Hemisphere trades
has strengthened. Contour interval is 0.1 N

m=2,

Wind stress curl from the FGGE case for 16
June. There are now three relative maxima in
negative curl, with the most intense patch of
negative curl centered at 5°N, 53°E, just off
the Somali coast. There is a strong gradient
of wind stress curl that roughly follows the
core of the Findlater jet. This curl gradient
causes a differential Ekman pumping, with
downward Ekman pumping on the eastern side of
the jet core, and upward Ekman pumping on the
western side. This differential Ekman pumping
can greatly influence the wind driven ocean
circulation. Contour interval is 1.0 x 107 N

m-3. Labels are in units of 10-8 N m-3.

Wind stress curl from the MMC case for 16
June. The curl pattern is quite different
from the FGGE case, but we still see a

relative maximum in negative curl centerd at

from the FGGE case, but we still see a

relative maximum in negative curl centerd at
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5°N, 53°E. There is another relative maximum
in negative curl to the east of Socotra, at
about 12°N, There is also a strong gradient
in the wind stress curl, but this gradient
divides into two branches at 13°N. One branch
is oriented east-west along 13°N, and the
other, weaker branch trends
northeast-southwest, roughly paralleling the
Arabian coast. Contour interval is 1.0 x 10-7

N m=3. Labels are in units of 10-% N m-3,

Wind stress from the FGGE case for 16 July. 29
The winds reach their maximum intensity in mid

to Tate July. The strongest winds occur to

the south and east of Socotra, and the weakest

winds occur along the equator. Contour

interval is 0.1 N m-2.

Wind stress from the MMC case for 16 July. 30
The étrongest winds occur in mid to late July

in this case also, because of the Fourier

harmonics interpolation scheme that was used

in both cases. The pattern of the wind stress
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for this case is very similar to that for the
FGGE case at this time, but the peak magnitude
is about 20% lower. This is due to the

effects of long term averaging and interannual

variability. Contour interval is 0.1 N m-2,

Wind stress curl from the FGGE case for 16 31
July. A very large patch of negative wind

stress curl has formed off the Somali coast

from south of the equator to 20°N, with the

maximum negative values occurring, at 8°N,

58°E., The gradient of wind stress curl has
intensified, but is in the same position as in

the preceeding month. Contour interval is 1.0

x 10=7 N m=3, Labels are in units of 10-8 N

m-3.

Wind stress curl from the MMC case for 16 32
July. There is strong negative curl offshore

of the Somali and Arabian coasts, with maximum
negative values occurring at 13°N, 63°E, and

secondary relative maxima occurring at 6°N,

55°E and at 9°N, 59°E. The gradient of the

curl, with its two branches, has intensified,

but remains in approximately the same
curl, with its two branches, has intensified,

but remains in approximately the same
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location. The maximum negative values of the
curl are the same for this case as for the
FGGE case, although their locations differ.
Contour interval is 1.0 x 10-7 N m=3, Labels

are in units of 10-8 N m=3.

Wind stress from the FGGE case for 16 34
September. Beginning in late July and

continuing through August and early September,

both the wind stress and wind stress curl

decrease in magnitude very rapidly in the FGGE

and in the MMC cases. By mid-September, the

maximum wind stress is only 30% of its peak

magnitude in the FGGE case. At this time, the

wind stress fields are essentially the same in

both cases. Contour interval is 0.1 N m-2,

Upper Tlayer velocity from the FGGE case for 7 37
March for the Somali coast region. Arrows

indicate speed and direction. Every fourth

mesh point is shown. Scale is in upper

right-hand corner. Vectors larger than 1.0

-1

ms are truncated. Velocities less than 0,03

ms=! are not shown. Northward flow is just
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beginning along the southern Somali coast,
even though the Tocal winds do not reverse for
another month., Eastward flow is present along
a portion of the equator. There is a band of
onshore flow at 5°N, which splits northward

and southward at the coast.

Upper layer velocity from the FGGE case for 16 38
April, as in Figure 19. The winds have just

begun to reverse south of the equator, but are
primarily onshore north of the equator. There

is a gyre-like circulation pattern forming

along the coast south of the equator. The

onshore flow from the previous month has moved

to the south, and feeds a northward flow along

the Somali coast between 4°N and the Horn of

Africa, with some recirculation at 6°N.

Upper layer velocity from the MMC case for 16 39
April, as in Figure 19. There is northward

flow along the Kenya and Somali coasts, but

instead of recirculating south of the equator

as in the FGGE case, this flow turns eastward

along the equator into a broad meandering

equatorial current, that is not present in the

along the equator into a broad meandering

equatorial current, that is not present in the
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FGGE case. There is northward flow along the
Somali coast between 7°N and 12°N, but it is

much weaker than in the FGGE case.

Upper Tayer velocity from the FGGE case for 16
May, as in Figure 19, The gyre south of the
equator is now well developed. There is
another weak offshore flow developing between
3°N and 5°N. There is northward flow through
the channel between Socotra and the Horn of
Africa and across the Gulf of Aden, very
similar to that inferred from satellite images

at this time of the year.

Upper layer velocity from the MMC case for 16
May, as in Figure 19, The Southern Hemisphere
gyre is tighter, with a larger transpoft than
in the FGGE case. There is a weak offshore
flow developing between 6°N and 8°N, with some
onshore flow beginning to appear at 3°N, 52°E,
This flow will Tater become the great whirl.
There is very 1little flow through the channel

in this case.
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Upper layer velocity from the FGGE case for 16
June, as in Figure 19. The offshore flow that
was between 3°N and 5°N now extends from 5°N
to 10°N. Part of this flow has formed a
closed eddy centered at 5°N, to form the
beginning of the great whirl of the two gyre
circulation. The southern gyre now lies south
of 2°N, with a strong recirculation stradling
the equator. There is a broad southwestward
Sverdrup-like flow farther offshore that
crosses the equator and feeds into the

southern gyre.

Upper layer velocity from the MMC case for 16
June, as in Figure 19, The two gyre
circulation pattern develops similarly to the
FGGE case, bhut the current speeds are nbt as
strong. The great whirl forms at about 5°N in
both cases. The boundary current separates

at a lower latitude in the MMC case, and the
flow through the channel is in the opposite
direction. In this case, an eastward jet
forms along 13°N, fed by outflow from the
great whirl., This jet is not seen in the FGGE

case.

great whirl, This jet is not seen in the FGGE

case.
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29

Upper Tlayer thickness for 16 June from the MMC
case. Note slope along 13°N., Contour

interval is 2 m.

Upper layer velocity from the FGGE case for 1
July as in Figure 19, The velocity scale has
changed and velocities less than 0.05 ms=' are
not shown. The great whirl is fully
developed. Flow through the channel has
decreased considerably. The recirculation

region in the southern gyre is intensifying

and is accelerating northward.

Upper layer velocity from the MMC case for 1
July as in Figure 27, The great whirl is well
developed and is centered at 7°N., The
recirculation region in the southern gyFe is
not as strong in this case and has not yet
begun to accelerate northward, and there is
flow from the southern gyre into the great
whirl. The eastward jet at 13°N is still

present, with no meandering evident.

Upper layer velocity from the FGGE case for 19

July, as in Figure 27. As the wind stress

ST Py e LA VASI NN 4 LU LHIT D UL, LA DT [V L7

July, as in Figure 27. As the wind stress

begins to relax, both the great whirl and the
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31

southern gyre are moving northward. There is

evidence of a new eddy forming in the southern

‘gyre at the equator.

Upper layer velocity from the MMC case for 19 52
July, as in Figure 27. As the winds begin to

relax, the recirculation region in the

southern gyre intensifies and moves northward.

A second eddy has formed in the southern gyre,

Jjust south of the equator. The great whirl is

now centered at 8°N to 9°N, The outflow from

the great whirl is beginning to meander to

form the Socotra eddy. Veak eddies are

beginning to form to the north of Socotra and

in the Gulf of Aden.

Collapse of the two gyre system in the FGGE 53, 54, 55

case. (a) upper layer velocity on 25 July, as
in Figure 27, The recirculation region from
the southern gyre is beginning to interact
with the great whirl. Flow from the great
whirl is beginning to pass through the
channel. OQutflow from the great whirl to the

southeast of Socotra is beginning to meander.

southeast of Socotra is beginning to meander.
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(b) upper layer velocity for 1 August, as in
Figure 27. The recirculation region from the
southern gyre is coalescing with the great
whirl. The flow through the channel and along
the north side of Socotra is increasing, and
small eddies are forming to the north and
west. The outflow from the great whirl to the
southeast of Socotra is meandering intensely.
(c) upper layer velocity for 4 August, as in
Figure 27, The recirculation region from the
southern gyre has completely merged with the
great whirl, Closed eddy circulations are
forming in the meandering outflow from the
great whirl to the southeast of Socotra. The
eddy at the equator is strengthening, as are

the eddies to the north and west of Socotra.

Upper layer velocity from the MMC case

for 19 August, as in Figure 27. The
coalescence of the great whirl and the
southern gyre is just beginning at this time,
much Tater than in the FGGE case. The Socotra
eddy is fully developed to the east of

Socotra, with a small cyclonic circulation

-y [ Py R N T R L R R IV V]

Socotra, with a small cyclonic circulation

xviii
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between it and the great whirl., There is a
Targe eddy Tocated at the equator, with
considerable offshore flow to the north of it,
so that there is not a continuous boundary
current all along the coast. This situation
persists until the onset of the northeast
monsoon. Otherwise, the collapse of the two
gyre system in this case proceeds much the

same as in the FGGE case.

33  Upper layer velocity from the MMC case 58
for 16 October, as in Figure 27. The great
whirl flow has been completely forced through
the channel, due to the relaxation of the wind
stress curl gradient, so that there is now a
clockwise circulation around the island of
Socotra. The southern part of this
circulation becomes the source of the

southward flowing winter Somali current.

34 Northward component of transport across 60, 61
sections following the coast vs time and

latitude, for (a) the FGGE case and (b) the




MMC case. Lines A and B follow the separation
region between the southern and northern gyre.
Lines C and D follow the center of the
southern gyre recirculation region. Line E
follows the northward movement of the great
whirl. Units are 10% m3 s-1, Contour

interval is 10 x 10°% m3 s-1,

XX




INTRODUCTION

Recent observations have revealed a great deal of information
on the development of the Somali Current system with the onset of
the southwest (SW) monsoon. The picture that has emerged is that of
a complicated multiple gyre circulation pattern, with rapid
transitions from one configuration to another. The Somali Current
develops from a weak southward flow to a very strong northward

current, with transports of more than 60 x 10° m3s-!

, in roughly
four months. This is quite a spectacular change, especially when
compared to the seasonal variations in the other oceans. Excellent
reviews of the recent observational and theoretical advances in this
area are given by Schott (1983) and Knox and Anderson (1984).

During northern winter, the winds over the northwestern Indian
Ocean are northeasterly (the NE monsoon) and drive a southwestward
boundary current along the coast of Somalia. This current meets the
northward flowing East African Coastal Current (EACC), which is
driven by the Southern Hemisphere tradewinds, off the coast of
Kenya, and hoth flow offshore. As the NE monsoon relaxes, the EACC
pushes farther northward, causing the coastal currents to reverse

prior to the local wind reverses along the coast of Kenya and

southern Somalia (Leetmaa, 1972; Anderson, 1981). By mid-April, the

southern Somalia (Leetmaa, 1972; Anderson, 1981). By mid-April, the



winds in the Southern Hemisphere reverse, turning first onshore and
then northward, as the Southern Hemisphere tradewinds extend to the
northwest. There is northward flow up to the equator, where it
turns offshore and recirculates to the south forming a southern
gyre. There is weak northward flow north of 5°N, with southward
flow between the equator and 5°N. In May, the winds reverse all
along the Somali coast. The winds are actually a jet-like structure
(Findlater, 1971), fed in the south by the Southern Hemisphere
tradewinds. This jet, known as the Findlater jet, is the
atmospheric equivalent of an oceanic western boundary current,
confined in the west by the highlands of Kenya and Ethiopia. Much
of the jet's path is over land at very low latitudes. The Findlater
jet migrates northward as it intensifies during the SW monsoon, so
that the wind reversal occurs at different times at different
latitudes. There is northward flow and upwelling all along the
Somali coast, but the southern gyre still turné offshore within a
few degrees north of the equator. 1In early June, the core of the
Findlater jet crosses the coast at about 8°N and becomes very
strong. At this time a seéond gyre appears between 4°M and 8°N, It
was this gyre that was described by Findlay (1866) as the great
whirl. By late June, the two gyre system is well established, with
wedges of cold upwelled water extending out from the coast just to
the north of the offshore flow in both gyres. This pattern remains

quasi-stationary until late July or early August, when the winds
the north of the offshore flow in both gyres. This pattern remains

quasi-stationary until late July or early August, when the winds



begin to weaken. At this time, the southern cold wedge migrates
rapidly northward and merges with the northern wedge, signaling the
coalescence of the two gyres. The Somali Current is now a more or
less continuous boundary current from 10°S to 10°N. Sometime during
the height of the SW monsoon, another clockwise gyre appears to the
east of the island of Socotra, appropriately named the Socotra Eddy
(Bruce, 1979). This eddy also appears to be a regular feature of
the seasonal cycle. Sometime in October, the winds again reverse
with the onset of the NW monsoon, and the southward Somali Current
quickly develops. Much less is known about this part of the cycle,
as it is much less dramatic and has not aroused as much attention.
The features described above have proven to be highly repeat-
able. The presence of the two gyre system was found in historical
data for most of the years where there was sufficient data by
Swallow and Fieux (1982). Bruce (1973, 1979) found the two gyre
system in 1970 and 1976, and it also was quite'prominent in the 1979
INDEX observations (Schott and Quadfasel, 1982; Leetmaa, et al.,
1982; Swallow et al., 1983). Bruce (1979) also documented the
presence of the Socotra Eddy in the four years from 1975-78. The
observations indicate that the great whirl forms north of 4°N
(Schott and Ouadfasel, 1982), rather than being advected from the
equator as some theories suggest (eg. Hurlburt and Thompson, 1976;
Cox, 1976, 1979; Lin and Hurlburt, 1981). It thus appears that

different mechanisms are responsible for the development of the
Cox, 1976, 1979; Lin and Hurlburt, 1981). It thus appears that

different mechanisms are responsible for the development of the



southern and northern gyres. Anderson (1981) implies that the
southern gyre is forced by the Southern Hemisphere tradewinds, and
the current crosses the equator due to inertial overshoot as in
Anderson and Moore (1979), while the great whirl is generated
farther to the north by the Finlater jet as it leaves the coast
around 9°N. Lin and Hurlburt (1981) have also shown that the great
whirl can be generated in this manner. Schott and Quadfasel (1982)
suggest that the local curl of the wind stress in the developing
Findlater jet may also be important in the generation of the great
whirl,

Several authors have tackled the question of the relative
importance of remote vs local forcing in the generation of the
Somali Current system (see Knox and Anderson (1984) for a review).
Most conclude that local forcing effects, i.e., those within the
boundary region, are important for the early stages of the current
spin-up, but that remote forcing effects becoﬁe important at a Tater
time. These models usually included a very idealized wind stress
forcing, with the region of wind stress curl located far away from
the bhoundary, and neglected the spatially and temporally very
complicated structure of the wind field over the Indian Ocean. In
Luther and 0'Brien (1984) they used observed climatological winds in
a model with a realistic geometry, and were ahle to reproduce most
of the observed features described above. The presence of a large,

time-varying region of wind stress curl within and just offshore
of the observed features described above. The presence of a large,

time-varying region of wind stress curl within and just offshore




of the boundary region was a key factor in the development

of the Somali Current system in that model. The fact that the model
included the entire seasonal cycle was also shown to be important in
accurately simulating the observed circulation patterns.

In this paper we will use the model described in Luther and
0'Brien (1984) driven by the monthly mean of the winds from the
first GARP Global Experiment (FGGE) of 1979, and compare those
results to those from the model driven by the monthly mean
climatology (MMC) winds. We will concentrate on the development and
decay of the two gyre system in these two cases. It will be shown
that the great whirl develops at about 5°N under the influence of
the local or very nearby wind stress curl, while the southern gyre
responds to the local winds and the Southern Hemisphere tradewinds.
The two gyre system collapses when the westerly component of the
winds at the equator begin to decrease. Not only is the local wind
stress curl important, but also the strong graaient in the wind
stress curl associated with the Findlater jet greatly influences the
development of the Somali Current system through a differential
Ekman pumping.

We will briefly describe the model in the next section, and
then compare and contrast the two different wind fields used to
drive the model. Ve next will describe and compare the model
results in the two cases before finally interpreting these results

in the context of previous theoretical work.
results in the two cases before finally interpreting these results

in the context of previous theoretical work.



THE MODEL

We use the nonlinear reduced gravity transport equations to
model the upper ocean response to an applied wind stress. Due to
the latitudinal extent of the model, we use spherical coordinates,
with ¢ (Tongitude) increasing 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 (¢, ) velocity components in the
upper layer and H is the thickness of the upper layer, the equations

of motion are

U L3 U2y, 1 .
3 " T coso 5'{H"' * 5‘§E{H—J - (2%sin6)V

_g 3H2 T(q))

= e T T PT A2y (1a)
av L 13 v2 s
+ cose 3—{ T H—- + (28sind)l
_q 2 (e
= 5 gg + Tpl) + AV2Y (ib)
9 9 3
CRETIETE R



o (p2-p1) . .
where g' = —p5—— g is the reduced gravitational acceleration,

a is the earth's radius, 2 is the earth's rotation rate, and A is a
kinematic eddy viscosity. The wind stress, T = (t(o), =(8)), 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 (lc) is linear. It also has the
advantage that the discretization of the advective terms in (la) and
(1b) 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 40E to 73E and from 10S to 25N. The model geometry
is shown in Fig. 1. The boundary conditions along all solid (land)
boundaries are the no slip conditions:

u=v=20
The southern boundary along 10S and a portion of the eastern
boundary, from 5S to the equator, are open boundaries, the boundary
condition there being a variation of the Sommerfeld radiation
condition developed by Hurlburt (1974) and described in Camerlengo
and 0'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
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Model Geometry. Shading indicates land boundaries. The islands of
Socotra and the Seychelles and their surrounding shallow banks are
represented as land boundaries. The southern boundary and a portion

of the eastern boundary are open.
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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.

Egs. (1) are solved numerically on a 135 x 74 finite difference
mesh. The sé]ution mesh is staggered in space as shown in Fig. 2.
The model resolution is 1/8° in the zonal direction (4¢) and 1/4° in
the meridional direction (A6). The equations of motion are
integrated in time using a leapfrog finite difference scheme, with a
forward time difference used every 99th time step to eliminate the
computational mode. The model time step is 30 min. The advective
terms are computed by first averaging adjacent U, V 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
nonlinear growth of numerical noise in the model.

In the Tinearized form of the reduced gravity equations, one
must prescribe the linear phase speed for the particular baroclinic
mode one wishes to model: C? = g'Hy. In the nonlinear form, there
is no analogous phase speed parameter, only g'; however, in the
numerical solution of (1) one must prescribe the initial upper layer
thickness, Hy. This is analogous to prescribing an initial phase

speed, but this does not remain constant as the model fields evolve,

Speed, but this does not remain constant as the model fields evolve,
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Fig. 2.

Staggered mesh used in finite difference approximation, showing

relative location of U, V and H points. J i{s the index in the zonal

(¢) direction and K {s the meridional (0O) index.
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as the variations in H are large compared to Hy. 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 frictional term is required to damp out the grid scale noise in
the model to prevent this noise from growing through nonlinear

interactions.

For the results presented here, we set Hy = 300 m,

A=1.4x 10% m%s-! and the reduced gravity g' = 0.03 m s=2. The

1}

model is integrated from rest, beginning at 0000 GMT on 1 January,
using an exponential 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 WIND FORCING

Two different wind data sets are used to derive the forcing
fields for the model. For one case, we use the dynamically
assimilated FGGE Level III-b wind data (see Bengtsson et al. (1982)),
obtained from the National Center for Atmospheric Research. These
data consist of global analyses on a 1.875° latitude by 1.875°
longitude mesh at each of 15 standard levels every 12 hours (every 6
hours during the winter and summer special observing periods) from
00h GMT on 1 December 1978 to 12h GMT on 30 November 1979, We
extract the winds only at the 1000 mbar level, and form a
psuedostress from each observation. The psuedostress is defined as
the wind vector G multiplied by its magnitude: Jlgl. We then
compute the monthly mean psuedostress from these data to facilitate
comparison with the MMC data.

The MMC data were obtained from the United States National
Climate Center in Ashville, North Carolina, from their Global Marine
Sums TD-9757 data set. These data consist of standard meteorological
observations compiled on 1° Marsden squares from over 60 years of
ship reports. This data set was derived from the TD-11 data, that

were also used by Hastenrath and Lamb (1979). The wind observations

consist of an averaged 8-point wind rose on each 1° square for each
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consist of an averaged 8-point wind rose on each 1° square for each

month of the year. From this wind rose, we compute a psuedostress

12
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vector for each of the eight compass directions, and then average
these vectors to get the monthly mean psuedostress on each square.
The data are smoothed by a Hanning filter in both directions,
additionally weighted by the number of observations on each square.
The resultant fields compare well to those computed by Bruce (1983)
and by Hellerman and Rosenstein (1983) for this area.

Once we have a monthly mean psuedostress for both wind data
sets, they are treated identically, allowing, of course, for the
different spatial resolutions. To interpolate from the monthly mean
to the model time step, we compute the mean and first five Fourier
harmonics at each point, and use these to construct daily values for
the year. We then interpolate linearly from the daily values to the
model time step. To interpolate in space from the wind data mesh to
the model mesh, we use the natural bicubic spline interpolant. This
results in a complete annual cycle of wind psuedostress for both the
FGGE and MMC cases that is continuous in space'and time and has
continuous first and second derivatives in space. These psuedostress

fields are converted to wind stress by the bulk aerodynamic formula:
> > >
T = paCpW|W]| (2)

where pz is the density of air and Cp is a constant drag
coefficient. For the results presented here, we use the values py =
1.2 kg m~? and Cp = 3.75 x 10-3. The large value for Cp is used

because we are projecting the wind stress on such a deep upper
1.2 kg m=? and Cp = 3.75 x 10°°. The Targe value for Cp is used

because we are projecting the wind stress on such a deep upper
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layer. As we will show, the upper layer transports driven by the
wind stress values thus obtained agree well with observations.

As stated above, we will concentrate here on the period March
to October, which includes the SW monsocon and both transitions.
Figure 3 shows the model wind stress for March from the FGGE case.
This is the transition period from the NE monsoon to SW monsoon
conditions. The wind stress from the MMC case at this time are very
similar. The Northern Hemisphere winds are still dominated by the
NE monsoon, while the Southern Hemisphere winds are beginning to
break up, and have an onshore component along the coast at 5°S.
There is a convergence zone at 8-10°S, from 50°F to 70°E. In early
April in the FGGE case, the winds along the southern Somalia and
Kenya coasts reverse as the Southern Hemisphere tradewinds extend
toward the northwest (Fig. 4). The convergence zone is now at about
7°S. The winds in the Morthern Hemisphere have turned to onshore
along the Somali coast. The northern Arabian Sea is dominated by a
weak anticyclonic circulation, with stronger winds to the east along
the Indian coast. The equatorial winds are easterly in the western
part of the basin, and westerly in the eastern part. The patterns
are somewhat similar in the MMC case (Fig. 5). The strength of the
Southern Hemisphere tradewind extension is not as great. Westerly
winds cover much more of the equatorial region in this case, and the
convergence zone is slightly farther to the north. The winds along

the Indian coast are also much weaker.
convergence zone is slightly farther to the north. The winds along

the Indian coast are also much weaker,
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Fig. 4.

Model wind stress derived from the FGGE wind data for 16 April. The
winds along the southern Somali coast reverse in early April, due to
a westward extension of the Southern Hemisphere tradewinds, while

north of the equator the winds are still light and variable.
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north of the equator the winds are still light and variable.

Contour interval is 0.1 N m~2,
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In May (Fig. 6 and 7) the winds become south-southwesterly all
along the coast of Somalia and Kenya. The Findlater jet can now be
seen in both cases, although it is more intense in the FGGE case.
The Southern Hemisphere tradewinds have penetrated much farther
north in the FGGE case, and consequently the convergence zone is
farther north. The jet pushes farther inland over Kenya and Somalia
near the equator in the FGGE case, resulting in a minimum in the
alongshore wind stress at the equator. In the FGGE case, the jet is
strongest in the Southern Hemisphere trades, and in the extreme
northern Arabian sea, while in the MMC case the strongest winds
occur off the northern Somali coast. Westerly winds are found along
the equator east of 58°E in both cases.

The wind stress curl distribution is very different in the two
cases, as can be seen from Fig. 8 and 9. Most of the differences
can be attributed to differences in the strength and location of the
Findlater jet. Since the jet is more intense %n the FGGE case, the
horizontal shears are larger and the curl is therefore greater.

Much of this can be attributed in turn to the effect of the
climatological averaging -- the interannual variability in the
position of the jet tends to make it more diffuse in the mean. The
curl field in the FGGE case is of course much smoother, because the
data were dynamically assimilated using a global general circulation
model (Bengtsson et al., 1982), which tends to produce relatively

smooth curl fields. The gross features, however, are similar in some

model (Bengtsson et al., 1982), which tends to produce relatively

smooth curl fields. The gross features, however, are similar in some
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Fig. 6.

Model wind stress from the FGGE case for 16 May. Northeastward
winds are now found all along the coasts of Africa and Arabia. The
maximum wind stress occurs in the Southern Hemisphere as a
northwestward extension of the tradewinds. Simultaneously, another
area of large wind stress bullds over the northern Arabian Sea,

forming the beginnings of the Findlater jet. There is a belt of
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forming the beginnings of the Findlater jet. There is a belt of

weak convergént winds along the equator. Contour interval is 0.1 N

m"z.
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Fig. 7.

Model wind stress from the MMC case for 16 May. North to
northeastward winds are also found along the African and Arabian
coasts, although not as strong as in the FGGE caée, particularly in

the Southern Hemisphere tradewind extension and in the extreme

coasts, although not as strong as in the FGGE caée, particularly in
the Southern Hemisphere tradewind extension and in the extreme

northern Arabian Sea. Contour interval is 0.1 N 2.
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" Wind stress curl from the FGGE case for 16 May. Dashed contours
indicate negative values. A large patch of negative curl has
developed over the northern Arabian Sea, associated with the
developing Findlater jet. Another less intense area of negative
curl has formed off the southern Somali coast, associated with the

extension of the Southern Hemisphere trades. From the equator to

10°N. fhoera {c almaet nmAa Al ewa wloo g0 oo - . . .

extension of the Southern Hemisphere trades. From the equator to
10°N, there is almost no curl to the wind stress. Contour interval

fs 1.0 x 107 N mn3. lLabels are in units of 108 N n~3.
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Wind stress curl from the MMC case for 16 May. The patch of
negative curl over the northern Arabian Sea {s much weaker than in
the FGGE case, because the Findlater jet 1is not as well developed
at this time in this case. The negative curl in the Southern
Hemisphere is almost as strong as in the FGGE case, even though the

winds are much weaker, This 1Is due to the northeastward turn the
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winds are much weaker, This 1{s due to the northeastward turn the
winds must make as they approach the African contiment. Contour

interval is 1.0 x 10=7 N m~3. Labels are in units of 10°% N a3,
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respects. There are large areas of negative curl to the right of the
core of the jet (facing downstream), and a line of zero curl that
roughly follows the core of the jet. The areas of negative curl are
found off the southern Somali coast where the southern hemisphere
tradewinds turn northward to feed the jet, and over the northern
Arabian Sea, where the jet is most intense, and where it bends
eastward toward the Indian subcontinent.

In early to mid-June (Fig. 10 and 11) the "main onset" of the SW
monsoon occurs, and the strength of the wind increases dramatically.
Maximum wind stress values are found just off the coast of northern
Somalia where the Findlater jet leaves the coast. In the MMC case
there are two relative maxima, one to the east and one to the south
of Socotra, while in the FGGE case there is only one to the south of
Socotra. Again the jet is more intense in the FGGE case for the
reasons mentioned above. The convergence zone is found at about 2°N
in the FGGE case and at about 2°S in the MMC case, resulting in
easterly winds along the equator east of 62°FE in the FGGE case, while
the MMC winds are still westerly there. A large area of negative
wind stress curl develops between the equator and 12°N, with maximum
negative values occuring at 5°N in both cases (Fig. 12 and 13). 1In
the MMC case, there is another relative maximum, stronger than the
one at 5°N, Tlocated along 12°N. In both cases there is a very strong

gradient in the wind stress curl that follows the core of the jet.

gradient in the wind stress curl that follows the core of the jet.
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Fig, 10.

Wind stress from the FGGE case for 16 June. The area of maximum
wind stress is now south of the }sland of Socotra, and the magnitude
of the stress has increased dramatically. There is still a relative
minfmum in the stress aloang che'equator, and the extension of the
Southern Hemisphere trades has strengthened. Contour interval is

0.1 N m~2.

Southern Hemisphere trades has strengthened. Contour interval is

0.1 N m—z.
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Fig., 11.

Wind stress from the MMC case for 16 June. There are two relative
maxima in the Northern Hemisphere, one to the east of Socotra, and
another to the south. The minimum stress is again found along the
equator, and the extension of the Southern Hemisphere trades has

strengthened. Contour interval is 0.1 N m~2,

strengthened. Contour interval is 0.1 N m~2,
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Fig. 12.

Wind stress curl from the FGGE case for 16 June. There are now
three relative maxima in negative curl, with the most intense patch
of negative curl centered at 5N, B°E, just off the Somali coast.
There {s a strong gradlent of wind stress curl that roughly follows
the core of the Findlater jet. This curl gradient causes a
differential Ekman pumping, with downward Ekman pumping on the
eastern side of the jet core, and upward Ekman pumping on the

western side. This differential Ekman pumping can greatly {nfluence

eastern side of the jet core, and upward Ekman pumping on the
western side. This differential Ekman pumping can greatly {influence
the wind driven ocean circulation. Contour {nterval is 1.0 x 10~/ N

m'3. Labels are in units of 1078 N n~3,
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Wind stress curl from the MMC case for 16 June. The curl pattern is
quite different from the FGGE case, but we still see a relative
maximum in negative curl centerd at 5N, B°E. There is another
telative maximum in negati;e curl to the east of Socotra, at about
12°N. There is also a strong gradient in the wind stress curl, but
this gradient divides iﬁto two branches at 13°N. One branch is

oriented east-west along 13°N, and the other, weaker branch trends

this gradient divides into two branches at 13°N. One branch is
oriented east-west along 13°N, and the other, weaker branch trends
northeast-southwest, roughly paralleling the Arabian coast. Contour

interval is 1.0 x 10‘7 N m~3. Labels are in units of 1078 ¥ a”
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In the MMC case (Fig. 13) this gradient splits at 13°N, with one
branch oriented to the northeast and the other to the east along
13°N. This is an indication that the jet itself splits, as reported
by Findlater (1971). One would expect that these strong gradients in
the wind stress curl will greatly influence the ocean's response,
since it will drive a corresponding gradient or differential Ekman
pumping, i.e., upward Ekman pumping beneath the positive curl and
downward pumping beneath the negative curl, resulting in a tilting of
the pycnocline. We can see from Fig. 12 and 13 that the curl and its
gradients are stronger in the FGGE case.

The height of the monsoon occurs in mid-July in both cases
(Fig. 14 and 15). In the FGGE case, the maximum stress occurs
southeast of Socotra, while in the MMC case, a single maximum now
occurs to the east of Socotra. The maximum stress in the MMC case
is about 20% lower than the FGGE case. In the FGGE case, the
convergence zone is at 3°N, while in the MMC cése it is still just
south of the equator. The curl patterns for both cases (Fig. 16 and
17) are similar to those the preceeding month, but the curl and its
gradients have become much stronger. Negative curl covers almost
the entire basin, with the exception of the Arabian coastal region.
The maximum negative curl is about the same in both cases, but
occurs in different lTocations. Both cases have relative negative
maxima in the curl at 7°-8°N, but in the MMC case the largest value

of negative curl occurs along 13°N. It is important to note that in
maxima in the curl at 7°-8°N, but in the MMC case the largest value

of negative curl occurs along 13°N, It is important to note that in
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Fig. 14.

Wind stress from the FGGE case for 16 July. The winds reach their
maximum intensity in mid to late July. The strongest winds occur to
the south and east of Socotra, and the weakest winds occur along the

equator. Contour interval is 0.1 N 2.

the south and east of Socotra, and the weakest winds occur along the

equator. Contour interval is 0.1 N a2,
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Fig. 1S.

Wind stress from the MMC case for 16 July. The strongest winds
occur {n mid to late July in this case also, because of the Fourier
harmonics iaterpolation scheme that was used in both cases. The
pattern of the wind stress for this case is very similar to that for
the FGGE case at this time, but the peak magnitude is about 207

lower. This is due to the effects of long term averaging and

LueE ruun Cdse du Lils Clme, DUL Cne peax magnitude 1S aboul ZUx
lower., This is due to the effects of long term averaging and

{nterannual variability. Contour interval {s 0.1 N a2,
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Wind stress curl from the FGGE case for 16 July. A very large patch
of negative wind stress curl has formed off the Somali coast from
south of the equator to 20°N, with the maximum negative values
occurring, at 8°N, B°E. The gradient of wind stress curl has
intensified, but {s in the same position as {n the preceeding month.

Contour {nterval is 1.0 x 10=7 N m‘3. Labels are i{in units of

intensified, but {s in the same position as in the preceeding month.
Contour interval {s 1.0 x 107 N m~3. Labels are in units of

1078 N 3,
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Fig. 17.

Wind stress curl from the MMC case for 16 July. There is strong
negative curl offshore of the Somali and Arabian coasts, with
maximum negative values occurring at 13°N, 63°E, and secondary
relative maxima occurring at 6°N, S55°E and at 9°N, D°E. The
gradient of the curl, with its two branches, has intensified, but
remains in approximately the same location. The maximum negative

values of the curl are the same for this case as for the FGGE case,
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values of the curl are the same for this case as for the FGGE case,

although their locations differ. Contour interval is 1.0 x 10-7 N

o3, Labels are in units of 1078 N m=3.
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hoth cases there are very large values of negative curl very near
the Somali coast boundary region.

In mid- to late July the winds begin to relax. This relaxation
is very rapid in August and September. The patterns in the stress
and its curl remain much the same as those for July in both cases,
but their magnitudes decrease substantially. By mid-September, (Fig.
18) the wind stress values are about 30% of their July values in both
cases. The Southern Hemisphere tradewinds are retreating to the
south. By Tate October, the Northern Hemisphere winds begin to
reverse, and in mid-to late November, the northeasterly winds push
across the equator, along the southern Somali and Kenya coasts. The

NE monsoon is fully developed by late December.
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Fig. 18.

Wind stress from the FGGE case for 16 September. Beginning in late
July and continuing through August and early September, both the
wind stress and wind stress curl decrease in magnitude very rapidly
in the FGGE and in the MMC cases. By mid-September, the maximum
wind stress is only 30% of its peak magnitude in the FGGE case. At

this time, the wind stress fields are essentially the same {n both
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this time, the wind stress fields are essentially the same {n both

cases. Contour {nterval is 0.1 N m~2.




RESULTS

The model is integrated from rest for a period of three years
for each case, with the annual wind cycle repeating each year.

After the first year of integration, a regqular seasonal cycle is
established in the model fields. We disregard the first two years
of model integration to be sure the seasonal cycle is completely
spun up, and present the results from the third year. We
concentrate here on the details of the development and decay of the
Somali Current system during the SW monsoon in the two cases. Many
features in the two cases are similar, and when there are
differences, they must of course be related to differences in the
two wind fields.

During the NE monsoon, the model Somali Current flows southward
along the coast from Socotra to 5°S, where it meets a weak northward
flowing current, and both turn offshore and meander into the
interior. The northward flowing current in the model is much weaker
than its real world counterpart, the EACC, because the model stops
at 10°S and therefore only includes a small portion of the Southern
Hemisphere tradewinds, which drive the EACC. Therefore, the
mechanism of Anderson and Moore (1979) and of Anderson (1981) of

inertial overshoot of the EACC causing the early reversal of the

inertial overshoot of the EACC causing the early reversal of the
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Somali Current is missing in this model. Still, as early as March 7,
in both cases, several weeks before the local winds reverse, there is
evidence of northward flow along the coast between 4°S and the
equator (Fig. 19). This is due to the relaxation of the alongshore
pressure gradient that formed in response to the NE monsoon winds,
which reached their peak in mid-Jdanuary. Similar behavior was
reported in a model by Philander and Delecluse (1983). They showed
that the pressure gradient force set up by a cross-equatorial wind
stress along a western boundary opposes the flow just south of the
equator, but is in the same direction as the flow to the north of the
equator, so that a relaxation of the wind stress causes a prompt
reversal of the flow just south of the equator, but has T1ittle effect
on the flow to the north of the equator.

Also in Fig. 19, we see an onshore flow at 5°N, that splits at
the coast with part flowing to the south and a very weak part to the
north. This flow is also found in the MMC case at about 7°N, and is
a remnant of the source region of the Somali Current during the NE
monsoon, which is moving southward as the wind stress curl patterns
change.

By mid-April (Fig. 20), as the winds begin to reverse, a
clockwise gyre begins to form south of the equator in the FGGE case,
driven by the northwestward extension of the Southern Hemisphere

tradewinds. In the MMC case (Fig. 21) the alongshore flow does not
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Fig. 19.

Upper layer velocity from the FGGE case for 7 March for the Somali
coast region. Arrtows indicate speed and direction. Every fourth
mesh point is shown. Scale is in upper right-hand corner. Vectors

l are truncated. Velocities less than 0.03 ms~!

larger than 1.0 ms~™
are not shown. Northward flow 1is just beginning along the southern
Somall coast, even though the local winds do not reverse for another

month. Eastward flow is present along a portion of the equator.

There {s a band of onshore flow at 5°N, which splits northward and

month. Eastward flow Is present along a portion of the equator.
There is a band of onshore flow at 5°N, which splits northward and

southward at the coast.




Fig. 20.
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Upper layer velocity from the FGGE case for 16 April, as in Figure

19. The winds have just begun to reverse south of the equator, but

are primarily onshore north of the equator. There is a gyre-like

circulac
The onsh
feeds a

Horn af

feeds a

Horn of

ion pattern forming along the coast south of the equator.
ore flow from the previous month has moved to the south, and

northward flow along the Somali coast between 4°N and the
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northward flow along the Somali coast between 4°N and the

Africa, with some recirculation at H°N.
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Fig. 21.

Upper layer velocity from the MMC case for 16 April, as in Figure
19. There is northward flow along the Kenya and Somali coasts, but
instead of recirculating south of the equator as in the FGGE case,.
this flow turns eastward along the equator into a broad me#ndering
equatorial current, that 'is not present in the FGGE case. There is
northward flow along the Somali coast between 7°N and 12°N, but {t

is much weaker than in the FGGE case.

northward flow along the Somali coast between 7°N and 12°N, but it

{s much weaker than in the FGGE case.
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recirculate south of the equator, but feeds into an eastward
equatorial current. This equatorial current is driven by the
westerly winds along the equator seen in Fig. 5. Both the eastward
current and the westerly winds are absent in the FGGE case. A jet
similar to this equatorial current was first reported by Wyrtki
(1973) during the monsoon transitions and explained theoretically by
0'Brien and Hurlburt (1974) as a transient response to the onset of
westerly winds. The predicted width of this jet is twice the
baroclinic equatorial radius of deformation, or about 500 km. This
is in agreement with equatorial current in the MMC case.

The currents north of the equator also differ at this time. In
the FGGE case, the winds have a northward component north of 5°N,
and drive a northward flow there, while south of 5°N, the winds
still have a southward component and drive a weak southward flow
there. In the MMC case, only the northward flow is found.

In May, northward flow is found all along the Kenya-Somali
coast (Fig. 22 and 23). The Southern Hemisphere flow turns offshore
at the equator and recirculates to the south in both cases. This
southern gyre 1is narrower and stronger in the MMC case because the
nearshore winds are stronger even though the offshore winds are
weaker than in the FGGE case (see Fig. 6 and 7). The equatorial jet
in the MMC case is dissipating. There are second offshore turning
flows developing in both cases to the north of the equator. In the

FGGE case, this flow is between 3°N and 5°N, while in the MMC case,

tlows developing in both cases to the north of the equator. In the

FGGE case, this flow is between 3°N and 5°N, while in the MMC case,
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Fig. 22.

Upper layer velocity from the FGGE case for 16 May, as {n Figure 19.
The gyre south of the equator i{s now well developed. There fis
another weak offshore flow developing between 3°N and 5 N. There 1s
northward flow through the channel between Socotra and the Horn of
Africa and across the Gulf of Aden, very similar to that {nferred

from satellite images at this time of the year.

o ciie eesvew wae Uuin UL AuEl, veELy S1miLlar to that interred

from satellite images at this time of the year.
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Fig. 23.

Upper layer velocity from the MMC case for 16 May, as in Figure 19.

The Southern Hemisphere gyre is tighter, with a larger transport
than {n the FGGE case. There is a weak offshore flow developing
between 6;N and 8°N, with some onshore flow beginning to appear at
3°N, R°E. This flow will later become the great whirl. There is

very little flow through the channel in this case.

I R hm e e - R “ale pL AL Wil e LucTic Ld

very little flow through the channel in this case.
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it is between 6°N and 8°N, These latitudes coincide in both cases
with the latitude where the Findlater jet moves back offshore, as
can be seen in Fig. 6 and 7. Anderson (1981) and Lin and Hurlburt
(1981) have suggested that this northern part of the Findlater jet
is responsible for generation of the great whirl. As we will see,
this offshore flow does develop into the great whirl, but the local
(or nearly local) curl of the wind stress is also important, as
suggested by Schott and Quadfasel (1983), and by Fig. 8 and 9.

In the FGGE case, the flow along the northern Somali coast
passes through the channel between Socotra and the Horn of Africa
(Ras Aser or Cape Guardafui, as it is also known) and meanders west
and then eastward across the mouth of the Gulf of Aden. Similar
flow occurs in the MMC case, but it is much weaker. This behavior
has been inferred from satellite infrared imagery and in situ data
by B. J. Cagle (personal communication) in ear]y May of 1980. This
current appears to be driven by the local wind stress, and
controlled by the coastline geometry.

In June the winds increase considerably, and the Findlater jet
leaves the coast at 9°N in the FGGE case and 8°N in the MMC case,
which is where the maximum wind stress values occur (Fig. 10 and
11). The offshore flow, however, recirculates in a closed gyre
centered at 5°N in both cases to form the great whirl (Fig. 24 and
25). This is also the latitude of the relative maximum in negative

wind stress curl in both cases (Fig. 12 and 13). The center of
25). This is also the latitude of the relative maximum in negative

wind stress curl in both cases (Fig. 12 and 13). The center of
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Fig. 24,

Upper layer velocity from the FGGE case for 16 June, as in Figure
19. The offshore flow that was between 3°N and 5°N now extends from
S°N to 10°N. Part of this flow has formed a closed eddy centered at
S°N, to form the beginning of the great whirl of tﬂe two gyre
circulation. The southern gyre now lies south of 2°N, with a strong
recirculation stradling the equator. There is a broad southwestward

Sverdrup-like flow farther offshore that crosses the equator and

tecirculation stradling the equator. There is a broad southwestward
Sverdrup-like flow farther offshore that crosses the equator and

feeds {nto the southern gyre.
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Fig. 25.

Upper layer velocity from the MMC case for 16 June, as in Figure 19,
The two gyre circulation pattern develops similarly to the FGGE
case, but the current speeds are not as strong. The great whirl
forms at about 5°N in both cases. The boundary current separates

at a lower latitude in the MMC case, and the flow through the

channel {s in the opposite direction. In this case, an eastward jet

forms along 13°N. fed hv Aaitflaw fram tha aranr ohi=l 1 1 Y O R A

channel is 1in the opposite direction. 1In this case, an eastward jet
forms along 13°N, fed by outflow from the great whirl. This jet {s

not seen In the FGGE case.
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of these patches is located only 2° to the east of the center of the
great whirl, so that the lag time between changes in the curl and
changes in the great whirl is very short, especially at this Tow
latitude, and is on the order of a few days.

The southern gyre now turns offshore at 2°N and recirculates
southward across the equator. This recirculation is much stronger
in the FGGE case because there is much more negative vorticity input
by the wind stress curl in this case. In both cases, there is a
Sverdrup-T1ike southwestward flow farther offshore that crosses the
equator and enters the southern gyre. This flow is stronger in the
FGGE case because the negative wind stress curl is stronger.

In the MMC case, outflow from the great whirl passes to the
southeast of Socotra and feeds an eastward jet along 13°N (Fig. 25).
This jet follows the strong gradient in the wind stress curl along
13°N seen in Fig. 13, and is maintained by the‘different1a1 Ekman
pumping and induced pycnocline slope associated with that gradient
(Fig. 26), The curl gradient in the FGGE case (Fig. 12) parallels
the Arabian coast and also drives a northeastward current, part of
which can be seen at the top of Fig. 24,

By early July, the two gyre system is fully developed. In the
FGGE case, the equatorial winds change from westerly to easterly to
the east of 60°E (Fig. 10) in early June, and by late June the
recirculation region from the southern gyre increases its transport

and accelerates northward (Fig. 27). A similar response occurs in

recirculation region from the southern gyre increases its transport

and accelerates northward (Fig. 27). A similar response occurs in



Fig. 26.

Upper layer thickness for 16 June from the MMC case. Note slope

along 13°N. Contour interval i{s 2 m.
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Fig. 27.

Upper layer velocity from the FGGE case for | July as in Figure 19.
The velocity scale has changed and velocities less than 0.05 ms ~ !
are not shown. The great whirl is fully developed. Flow through

the channel has decreased considerably. The recirculation region in

the southern gyre is intensifying and i{s accelerating northward.

the southern gyre is intensifying and i{s accelerating northward.
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the MMC case, but not until mid-July and is triggered by a decrease
in the westerly component of the equatorial wind stress. In Fig.
28, the recirculation region is still south of 2°N in the southern
gyre on 1 July.

Ry Tate July in the FGGE case (Fig. 29), the southern gyre has
reached 6°N and is beginning to interact with the great whirl, which
is now between 7°N and 12°N. The Northern Hemisphere winds are just
beginning to decrease at this time. There is still very 1ittle flow
from the great whirl passing through the channel.

In the MMC case at this time (Fig. 30), the southern gyre has
just begun its northward migration, triggered, it appears, by the
decrease in the westerly component of the near-equatorial winds.
Another eddy has formed just south of the equator in the southern
gyre. To the east of Socotra, another eddy is forming in the
outflow from the great whirl and will become the Socotra Eddy.

Between 25 July and 4 August in the FGGE case, we see the
southern gyre and the great whirl coalesce (Fig. 31). After the
coalescence, there is a more or less continuous boundary current all
along the east African coast with some smaller eddies found on its
offshore side. The flow through the channel steadily increases,
forming an eddy to the north of Socotra. To the east and southeast
of Socotra, outflow from the great whirl forms large meanders that

will later close into a larger clockwise eddy with a smaller
rniintarrlarbuica addu hatunan i+ Aand +ha ~rnaat+ ki LT

will Tlater close into a larger clockwise eddy with a smaller

counterclockwise eddy between it and the great whirl.
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Fig. 28.

Upper layer velocity from the MMC case for | July as in Figure 27.
The great whirl {s well developed and is centered at 7°N. The
recirculation region in the southern gyre is not as strong in this
case and has not yet begun to accelerate northward, and there is
flow from the southern gyre into the great whirl. The eastward jet

at 13°N {s still present, with no meandering evident.

flow from the southern gyre into the great whirl. The eastward jet

at 13°N 1is still present, with no meandering evident.
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Fig. 29.

Upper layer velocity from the FGGE case for 19 July, as in Figure
27. As the wind stress begins to relax, both the great whirl and
the southern gyre are moving northward. There 1s evidence of a new

eddy forming in the southern gyre at the equator.
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Fig. 30.
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Upper layer velocity from the MMC case for 19 July, as in Figure 27.

As the winds begin to relax, the recirculation region in the

southern gyre intensifies and moves northward.

A second eddy has

formed in the southern gyre, just south of the equator. The great

whirl {s now centered
whirl {s beginning to

are beginning to form
whirl i{s beginning to

are beginning to form

Aden.

at 8°N to 9°N. The outflow
meander to form the Socotra

to the north of Socotra and

meander to form the Socotra

to the north of Socotra and

from the great

eddy. Weak eddies

{in tha i 1f AF

eddy. Weak eddies

in the Gulf of



Fig. 3la.

Collapse of the two gyre system in the FGGE case. Upper layer velocity
on 25 July. The recirculation region from the southern gyre is
beginning to interact with the great whirl. Flow from the great whirl
is beginning to pass through the channel. Outflow from the great whirl

to the southeast of Socotra is beginning to meander.
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Fig. 31b.

Collapse of the two gyre system in the FGGE case. Upper layer
velocity for 1 August. The recirculation region from the southern
gyre is coalescing with the great whirl. The flow through the
channel and along the north side of Socotra is increasing, and small
eddies are forming to the north and west, The outflow from the great

whirl to the southeast of Socotra is meandering intensely.

whirl to the southeast of Socotra is meandering intensely.
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Fig. 3lec.

Collapse of the two gyre system in the FGGE case.

Upper layer

velocity for 4 August. The recirculation region from the southern gyre
has completely merged with the great whirl. Closed eddy circulations
are forming in the meandering outflow from the great whirl to the
southeast of Socotra. The eddy at the equator is strengthening, as

are the eddies to the north and west of Socotra.

are the eddies to the north and west of Socotra.
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The coalescence of the southern gyre and the great whirl occurs
in the MMC case between 19 and 28 August (Fig. 32), in much the same
manner as in the FGGE case. A prominent eddy forms at the equator
in this case, with significant offshore flow just north of the
equator. In the FGGE case, only a small eddy forms at the equator
at this time, but it is mostly confined to the offshore edge of the
current. This difference can be explained by the difference in
strength of the Southern Hemisphere winds, which are much weaker in
the MMC case. The boundary current is not as strong, and does not
have enough inertia to overcome its tendency to turn offshore north
of the equator,

As the wind stress curl gradient relaxes in August and
September, the pressure gradient that was maintained by the
differential Ekman suction becomes unbalanced. As this forcing is
removed, more and more of the great whirl flow passes through the
channel, until by October, there is a clockwise flow around the
island of Socotra (Fig. 33). The southern part of this flow will
become the source of the NE monsoon Somali current. Southward flow
steadily overrides the northward flow, pushing it to 5°S by late

November or early December.
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Fig. 32.

Upper layer velocity from the MMC case for 19 August. The

coalescence of the great whirl and the southern gyre i{s just

beginning at this time, much later than in the FGGE case. The
Socotra eddy is fully developed to the east of Socotra, with a small
cyclonic circulation between it and the great whirl. There is a
large eddy located at the equator, with considerable offshore flow
to the north of it, so that there 1s not a continuous boundary
current all along the coast. This situation persists until the

onset of the northeast monsoon. Otherwise, the collapse of the

Fwun ovra cvetoam {n rhiec mraca nraraade mirh rha cama ne {n rha ©ANE |

onset of the northeast monsoon. Otherwise, the collapse of the
two gyre system {n this case proceeds much the same as in the FGGE

case. |
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Fig. 33.

Upper layer velocity from the MMC case for 16 October. The great
whirl flow has been completely forced through the channel, due to
the relaxation of the wind stress curl gradient, so that there is
now a clockwise circulation around the island of Socotra. The
southern part of this circulation becomes the source of the

southward flowing winter Somali currenr.

southern part of this circulation becomes the source of the

southward flowing winter Somali current.



DISCUSSION AND CONCLUSION .

By comparing the results of this model for these two separate
cases, we can draw some conclusions about the relative importance of
the different forcing mechanisms in the generation and decay of the
two gyre system in the Somali Current. Figure 34 (a and b)
summarizes the development and collapse of the two gyre system by
showing the northward component of transport across 2° zonal
sections following the coast with time and distance. The minimum in
northward transport along lines A and B indicates the separation
between the southern gyre and the great whirl. The southern gyre
recirculation region forms in early May in each case. Its center is
indicated by the relative maximum along lines C and D. It moves
very slowly northward through May and June. DNuring this period, the
separation region remains at about 2°N. In early June, the great
whirl forms between 4°N and 8°N, and steadily increases its
transport. In late June in the FGGE case and mid July in the MMC
case, the separation region abruptly begins to move northward, as
the recirculation dramatically increases its transport and its
northward speed. Both move northward at an average speed of 25
km/day in the FRGE case (18 km/day in the MMC case). The northward

migration of the separation region (the relative minimum along line

Rll/Uay 11 Lie ruaac cdd>e (Lo Kil/gdy 1N Tne MMy case ). Ine nortnward
migration of the separation region (the relative minimum along Tine

B) can be interpreted as the northward movement of the cold wedge
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Fig. 34a.

Northward component of transport across sections following the coast
vs time and latitude for the FGGE case. Lines A and B follow the
separation region between the southern and northern gyre. Lines C
and D follow the center of the southern gyre recirculation region.

Line E follows the northward movement of the great whirl. Units are

10 m3 s™!., Contour interval is 10 x 10° m3 s—!.

fm = vremma e vitLLo aLrc

109 m3 s™!., Contour interval is 10 x 10® m3 s—!,



Fig. 34b.

Northward component of transport across sections following the coast
vs time and latitude for the MMC case. Lines A and B follow the
separation region between the southern and northern gyre. Lines C
and D follow the center of the southern gyre recirculation region.
Line E follows the northward movement of the great whirl. Units are

105 m3 s~!, Contour interval is 10 x 10°% m3 s7!,

106 m3 s~!, Contour interval is 10 x 10® m3 s~!,
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observed in satellite images by Brown et al. (1980), Evans and Brown

(1981) and Swallow et al. (1983).

As the southern gyre approaches

the great whirl, it also moves northward, although much more slowly,

as it is confined by Socotra to the north.

In Tate July in the FGGE

case (late August in the MMC case) the southern gyre catches the

great whirl, and the two coalesce., This is

observed in satellite

images as a coalescence of the southern cold wedge with a northern

cold wedge.

The question remaining is what triggers the northward migration

of the southern gyre? The large increase in transport occurs only

in the recirculation region as it moves away from the equator and

not to the south. As its transport increases, its self advection

speed also increases. This transition occurs at northward transport

values of about 30 x 108 m3s-! in the FGGE case and 20 x 10% m3s-!

in the MMC case. This seems to rule out the idea that the steadily

increasing transport reaches some critical value after which it

becomes unstable and advects northward, as was suggested in several

other models (e.g., Hurlburt and Thompson, 1976; Cox, 1976, 1979;

Lin and Hurlburt, 1981). The northward movement coincides with a

decrease in the westerly component of the winds along the equator in

both cases, although this occurs at different times in each case.

This certainly points to something in the wind field triggering the

northward movement. If the

comnonent that AdAarcrraacac ar

northward movement. If the

component that decreases or

winds along the
avan rhanaac +n

winds along the

even changes to

equator have a westerly
aactarly +hic will enAnd

equator have a westerly

easterly, this will send
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a stream of downwelling Rossby wave energy westward that will
quickly reach the western boundary and cause a convergence of mass
there. This convergence would intensify the recirculation region of
the southern gyre and cause it to accelerate northward through
nonlinear self advection. In the FGGE case, the convergence zone in
the winds crosses the equator around 1 June, causing the equatorial
winds to shift from westerly to easterly to the east of 60°E. It
would take a first mode equatorial Rossby wave approximately 20 days
to travel from 60°E to the Somali coast, which is consistent with
timing of the northward acceleration of the southern gyre. 1In the
MMC case, the winds all across the equator have a westerly
component. As these westerly winds decrease in mid-July,
downwelling Rossby wave energy almost immediately reaches the Somali
coast, since it is generated all along the equator. This again is
consistent with the increase in transport of the southern gyre
occuring in mid-July.

Also from Fiqure 34 we can see that the southern gyre in the
FGGE case moves northward faster because its transport is about 25%
larger than in the MMC case. 1Its translation speed also increases
slowly as its transport increases.

We have shown that the spatial and temporal inhomogeneity of
the winds play a crucial role in the development of the Somali
Current system. The pre-monsoon onset conditions are important in

determinina the earlv current revercals. Tha relavatinn nf tha NF

Current system. The pre-monsoon onset conditions are important in
determining the early current reversals. The relaxation of the NE

monsoon winds is sufficient to cause the currents to reverse south
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of the equator, so that the mechanism of early forcing by the
Southern Hemisphere tradewinds, which are not included in this
model, is not necessary. This is not to say that forcing by the
Southern Hemisphere tradewinds is not important. Our EACC is very
weak or non-existent at times because of their absence. The
tradewinds do come far enough north Tater in the SW monsoon that
they become important in our model. Anderson and Moore (1979)
showed that it is the curvature of the wind near the equator that ic
jmportant in determining the separation point of the southern gyre,
but that this is modified by the inertial effects. Perhaps our
southern gyre would penetrate farther north if we had resolved more
of the Southern Hemisphere tradewinds.

It appears that the wind stress curl is as important in the
development of the great whirl as is the local wind stress. As
Anderson (1981) and Lin and Hurlburt (1981) showed, the great whirl
can be generated by the alongshore winds associated with the
Findlater jet as it crosses the Somali coast at about 9°N, without
the presence of a wind stress curl. Anderson (1981) found that the
center of this northern gyre, and hence the maximum alongshore
velocities, were located at the same latitude as the maximum
Tongshore winds, while Lin and Hurlburt (1981) found that the gyre
forms just south of the wind maximum. Their model winds also
included a significant curl in the vicinity of the gyre development.

In our model the center of the great whirl is located at the same

In our model the center of the great whirl is located at the same
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latitude as the maximum negative wind stress curl throughout June
and early July, while the maximum wind stress is located farther to
the north. The negative vorticity input by the wind stress curl
appears to control the location of the great whirl in both cases.

The mechanism of forcing by the differential Ekman pumping
associated with the strong gradients in wind stress curl has not, to
our knowledge, been reported elsewhere, and requires further
investigation. It appears to be important in the formation of both
the great whirl and the jet at 13°N. Compare for instance Figure 13
and 26, The strong gradients in upper layer thickness closely
parallel the gradients in wind stress curl. The relaxation of this
forcing is also important in the formation of the Socotra eddy and
in the movement of the great whirl flow through the channel.

The results of this model have been very encouraging this far.
We are in the process of extending the model to include the entire
Indian Ocean north of 25°S so that we may include the effects of the
Southern Hemisphere tradewinds and the equatorial wave guide east of
73°E. We are also studying the differential Ekman pumping
mechanism, How sensitive is it to the parameterization of the wind
stress as the body force over the upper Tayer? How does the
relaxation of this forcing generate the eddies observed in the
model? Might we expect this mechanism to be important in other
areas of the world where the curl gradients are not as strong? le

hope to report progress in these areas in the near future.
areas of the world where the curl gradients are not as strong? We

hope to report progress in these areas in the near future.
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