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Abstract
TOPEX/POSEIDON altimeter data and wind data are used to calculate the geostrophic
transport and Ekman transport in the northern Arabian Sea within the upper 500 m. In the
summer, the upper 500-m layer in the northern Arabian Sea is horizontally divergent, with
a transport going out of the northern Arabian Sea across 15.753N reaching a maximum of
10;10 m s\ in late June. In the winter, it is horizontally convergent, with a transport within
the upper 500 m layer across 15.753N reaching about 5;10 m s\ into the northern Arabian
Sea. The mean net transport for 1993}1995 out of the northern Arabian Sea across 15.753N
within the upper 500 m is estimated to be 0.74;10 m s\. Most of the deep water upwelling
across the 500 m depth, which compensates for the loss of waters in the upper 500-m layer,
occurs in the eastern part of the northern Arabian Sea. The North Equatorial Current is found
to de#ect into the Arabian Sea during the NE Monsoon and the Spring Intermonsoon periods.
In addition, estimates are made of the net transport into and out of the region encompassed by
the US Joint Global Ocean Flux Study (JGOFS) Arabian Sea Process Study. The total
transport out of the US JGOFS region is approximately 3.5}4.0;10 m s\ in July of 1995 in
the upper 500 m. Analysis of the mean sea surface height for the Arabian Sea shows a periodic
change with the seasonal monsoon, with a typical depression of the ocean surface during the
summer indicative of Arabian Sea cooling. The yearly change of the averaged sea surface height
at 15.753N is of the order of 15 cm. Rossby wave propagation also was observed at 15.753N in
the sea surface height "elds.  1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The wind "eld over the Arabian Sea undergoes a semiannual monsoonal reversal.
In summer, heating of the Asian land mass results in low pressure over Asia and high
pressure over the Indian Ocean. The geostrophically balanced air #ow results in
a strong, topographically steered southwesterly wind (SW Monsoon) during summer
(e.g., Findlater, 1969; Bruce, 1983; Hastenrath and Lamb, 1979). During winter, the
cooling of the northern hemisphere land mass results in a high pressure over land and
low pressure over the Indian Ocean, which reverses the direction of the monsoon
winds from southwesterly to northeasterly (NE Monsoon). The SW Monsoon produces a low level jet (Findlater, 1969) along the Somali coast, which extends across the
Arabian Sea from Somalia to India in a southwest to northeast direction (parallel to
the coast of the Arabian Peninsula). The SW Monsoon, as the continuation of the
southern hemisphere trade winds, is much stronger than the NE Monsoon. The wind
speed within the jet during the SW Monsoon reaches 14 m s\, while the maximum
wind speed within the jet during the NE Monsoon is generally less than 8 m s\
(Cadet and Diehl, 1984). The NE Monsoon determines the climate of the northern
Indian Ocean during the northern hemisphere winter. The SW Monsoon determines
the climate of the northern Indian Ocean during the northern hemisphere summer.
The winds are generally weak during the intermonsoonal periods, with the Fall
Intermonsoon being signi"cantly shorter than the Spring Intermonsoon (Weller et al.,
1998).
The reversal of the monsoon winds causes a dramatic change in the Arabian Sea.
Forced by the semiannually reversing wind, the Somali Current reverses from southwestward during the NE Monsoon to northeastward during the SW Monsoon. Many
studies have focused on the reversing Somali Current system (e.g., Swallow et al., 1983;
Bruce, 1973; Anderson and Rowlands, 1976). Anderson and Rowlands, 1976), using an
analytical model, showed that the reversal of the Somali Current is a result of both
local forcing and remote forcing. Initially, local forcing is important, but remote
forcing becomes important gradually as the monsoon progresses. The Somali Current
develops from a slow southward #ow into a northward #ow with a transport of more
than 80;10 m s\ within four months of the onset of the SW Monsoon (Leetmaa
et al., 1982).
With the focus of study on the Somali Current, little attention has been paid to the
circulation in the northern Arabian Sea and along the Arabian Peninsula. Most of our
knowledge about the #ow within the northern Arabian Sea is from the geostrophic
calculations made with very coarse resolution hydrographic data (Wyrtki, 1971;
Bruce, 1968), sparse ship drift data, and sparse satellite-tracked drifter data. The
transport function and the dynamic topography, computed using available data
(Wyrtki, 1971), show that a weak seasonally reversing circulation pattern exists in the
northern Arabian Sea. During summer, the strong SW winds blowing parallel to
the coast are favorable for upwelling. The wind-driven o!shore Ekman transport of
the surface layer results in coastal upwelling along the Arabian Peninsula. Coastal
upwelling causes an o!shore pressure gradient that results in a compensating northeastward-#owing geostrophic #ow, known as the East Arabian Current. This current
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leaves the coastal region near Ras al Hadd, at the entrance of the Gulf of Oman,
where the geostrophic surface #ow exceeds 1.0 m s\. Elliot and Savidge
(1990) estimated the along shore #ux in the top 300 m of a region extending
100 km from the Arabian Peninsula to be of the order of 10;10 m s\. Another
important feature in the Arabian Sea, which is closely related to this strong coastal
current, is the coastal upwelling. In addition to coastal upwelling, open ocean
upwelling driven by positive wind-stress curl occurs o!shore to the northwest of the
Findlater Jet. To the southeast of the Findlater Jet, surface-water convergence results
in a mixed-layer deepening driven by negative wind-stress curl (Findlater, 1969; Bauer
et al., 1991).
Observations made on submesoscale sampling grids, in combination with satellite SST data, suggest that high surface nutrients in the o!shore regions of the
US JGOFS Arabian Sea sampling grid during the SW Monsoon are associated
with complex dynamics in the upwelling zone that include cool "laments, similar
to those formed in other upwelling regions (Abbott and Barksdale, 1995; Manghnani
et al., 1998). These observations also suggest that it is di$cult for the wind regime
to produce organized upwelling circulations o!shore (K.H. Brink, personal
communication; Brink et al., 1998). The hypothesis is that any coherent o!shore
upwelling northwest of the Findlater Jet quickly becomes unstable and collapses into
an eddy "eld, as shown in the acoustic Doppler current pro"ler data (Flagg and Kim,
1998).
Until recently, was been no systematic study of the #ow in the northern Indian
Ocean. Acoustic Doppler current pro"ler (ADCP) measurements made during the US
Joint Global Ocean Flux Study (JGOFS) Arabian Sea Process Study (ASPS) in 1995
show the region to be dominated by mesoscale eddies (Flagg and Kim, 1998).
Therefore, it is di$cult to use surface drifters or current meters to derive a synoptic
picture of the surface #ow regime. With the advent of the altimetric satellites (e.g.,
GEOSAT, TOPEX/POSEIDON), sea-surface-elevation data can be used to compute
sea-surface geostrophic velocity to get some indication of the surface #ow (Jacobs
et al., 1992). (If a good geoid was available or if the distribution at some deep reference
level was known, then the absolute #ow could be computed.) Devasena et al. (1995)
made the "rst attempt to study the seasonal variability in the Arabian Sea using
GEOSAT altimeter data.
The objectives of this paper are twofold. The "rst goal is to describe the transport budget in the northern Arabian Sea using hydrographic and sea-surfaceheight data. For this e!ort, the ASPS hydrographic data are used to depict the
typical geostrophic shear in the upper 500-m layer within the northern Arabian Sea
during 1995. This is used in conjunction with TOPEX/POSEIDON altimeter data for
1993 through 1995 to estimate geostrophic transport across 15.753N, 8.53N and
across the JGOFS standard cruise track (Fig. 1). The wind-driven component of the
upper-ocean #ow is estimated using Ekman transports, derived from Navy Operational Global Atmosphere Prediction System (NOGAPS) modeled wind data. The
second goal of this study is to quantify the sea surface height variability in the
northern Arabian Sea using the satellite-derived sea-surface anomalies (SLA) at
15.753N.
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Fig. 1. Chart showing the standard US JGOFS track, the cross-basin transect at 15.753N, and the
cross-basin transect at 8.53N and the north-south transect from 15.753N and 8.53N to the coast of Pakistan.

2. Data
2.1. TOPEX/POSEIDON altimeter data
The TOPEX/POSEIDON (T/P) altimeter uses a dual-frequency radar system to
accurately determine the height of the ocean surface (within 4 cm) from the altitude of
1336 km. The data used in this study are sea level anomalies (SLAs) derived from the
measurements of the height of ocean surface relative to a three-year mean "eld
(1993}1995) to which all the standard environmental corrections are applied and then
objectively interpolated to a 1/43 resolution global grid (Hendricks et al., 1996). The
T/P altimeter has a 10-day repeat cycle. Hence, the data are in the form of quasisynoptic, 10-day, objectively analyzed maps of SLA. Geostrophic velocity anomalies
are calculated from the SLA data. The spacing between individual ground tracks of
the satellite is about 250 km and the along-track grid points have been sub-sampled at
25 km resolution. The objective analysis scheme dictates that the greater the number
of along-track points that sample an ocean feature the more realistic its spatial
representation in the maps. If a feature varies temporally in intensity or moves about
a mean position in space, at time scales less than 10 days, it may appear dilated in the
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objectively analyzed maps. Thus, while the analysis may not preserve "ne-scale
structure in SLA, mesoscale features O(200 km) in size with time scales of O(10 days)
are resolved with reasonable accuracy. These data provide valuable insight into the
dynamics of the region, when used in conjunction with the other data sets.
If the seasonal variability of the northern Indian Ocean is so great that the mean
#ow, if any, is comparatively negligible, then the utilization of SLA data is particularly
advantageous. In fact, if the mean can be neglected relative to the instantaneous
oscillating "eld associated with the monsoonal forcing, the residual geostrophic
velocity associated with the sea level deformation "eld is in fact representative of the
total #ow. This implies that in "rst approximation we can assume that the geostrophic
velocity estimated using TOPEX/POSEIDON is representative of the total velocity
"eld.
2.2. Wind xeld data
Modeled wind-stress data for the Arabian Sea for 1993}1995 from the Navy
Operational Global Atmosphere Prediction System (NOGAPS) are used in this study
(John Kindle, personal communication). NOGAPS is a global spectral model with
a resolution of 79 triangular truncation, corresponding to a 1315 transform grid.
NOGAPS has proven to be competitive with any of the forecast models run by the
large operational forecast centers around the world. The Navy depends on NOGAPS
for a wide range of applications, from ballistics in the stratosphere to air seainteraction #uxes to drive general circulation ocean models (Rosmond, 1992). Some
veri"cations have been done with the performance of the NOGAPS. The NOGAPS
root-mean-square wind error in the Northern Hemisphere between 18 October and
1 November 1979 at 1000 mb was less than 2 m s\ after a NOGAPS run of 6 h. Thus,
as the input data were updated every 12 h, the NOGAPS should provide a good
estimation of the wind "eld over the Arabian Sea. In addition, the NOGAPS wind
"elds agreed well with the real-time measurements made by a mooring array in the
central Arabian Sea (Weller et al., 1998).
2.3. Hydrographic data
Between September 1994 and December 1995, the US JGOFS Arabian Sea Process
Study (ASPS) collected extensive, high-quality hydrographic data (temperature, salinity, dissolved oxygen and nutrients) during all seasons in the northern Arabian
Sea. An analysis of this unique data suite is presented in Morrison (1997) and
Morrison et al. (1998,1999). All of the hydrographic data are available from the US
JGOFS data base maintained at the Woods Hole Oceanographic Institution
(http://www1.whoi.edu). These data include the exact time and date for each cast.
`Readmea "les accompany the data from each of the Thompson legs and give details
on data processing and collection procedures, as well as on data quality. In this paper,
CTD data, collected at each of the JGOFS standard stations for cruise TN049 in the
summer of 1995 (07/18/95}08/13/95) and cruise TN054 in the winter of 1995
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(11/30/95}12/26/95), are used to compute mean geostrophic shear for the JGOFS
region (see Fig. 1). This information is used in the computation of the upper layer
transport.

3. Methods
Ocean current systems with length-scales greater than 50 km and time-scales longer
than one day can be approximated to be in steady state in the momentum equation. In
the Arabian Sea, with the long length scales of the surface water movement and the
relative stable monsoon winds, the Coriolis force ( f ) can be regarded as balanced by
friction and the horizontal pressure gradient, eliminating the time-dependent term.
The governing equations become
!g *g 1 *q
W,
u"
#
f *y of *z

(1)

g *g 1 *q
V.
v"#
!
f *x of *z

(2)

Here u is the zonal current velocity, which is the summation of the zonal components
of geostrophic velocity and Ekman velocity, and v is the meridional current velocity,
which is the summation of the meridional component of the geostrophic velocity and
the Ekman velocity. The x and y components of the turbulent wind stress are q , q ,
V W
respectively. The steric height relative to the no-motion layer in the deep ocean is g, o
is the density of the sea water, and f is the Coriolis parameter. Therefore, u and v can
be expressed as
u"u #u


v"v #v


where u and v are the geostrophic components of the current velocity expressed
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The Ekman transport per unit width then can be derived by integrating (3) and (4)
over the Ekman depth H,




M "
V
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u dz"# W,

of

(5)
\&

q
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v dz"! V,
(6)
W
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\&
where M and M are the zonal and meridional Ekman transports per unit width,
V
W
and q and q are the zonal component and meridional component of the wind stress
V
W
on the sea surface.
In the northern Arabian Sea, the bottom of the pycnocline typically has a depth of
300}500 m (Morrison et al., 1998). Below the pycnocline, the density gradient is small
and therefore the geostrophic #ow is weak. Fig. 2 shows the mean geostrophic shears
relative to 500-m depth in the ASPS region, derived from the hydrographic data
during cruise TN049 in the summer of 1995 and cruise TN054 in the winter of 1995.
When assuming that the depth of no-motion is at 500 m, the mean geostrophic pro"le
for each of these cruises is nearly identical. Therefore, to get a "rst-order approximation of the mean #ow in the northern Arabian Sea, the averaged mean geostrophic
pro"le is used to represent the typical vertical distribution of geostrophic #ow.

Fig. 2. The mean geostrophic pro"le for the US JGOFS region derived from hydrographic data from cruise
TN049 for the summer of 1995 (SW Monsoon) and cruise TN054 for the winter of 1995 (NE Monsoon)
where the depth of no-motion is assumed to be 500 meters. The geostrophic shear is shown as the ratio
between geostrophic velocity in the upper layer and the sea surface geostrophic velocity.
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As discussed above, the anomalies of the surface geostrophic velocity (relative to an
unknown mean) are computed from the T/P SLA. Therefore, with the typical geostrophic pro"le, the geostrophic transport anomaly can be computed from the T/P
SLA gradient using the equations









g *g 

u dz"!
r(z) dz,
(7)

f *y
\
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Here the M and M are the zonal and meridional geostrophic transports per unit
V
W
width within the upper 500 m, g is the sea-surface height anomaly (SLA), and the

geostrophic pro"le r(z) is a function of the ratio between the geostrophic velocity at
depth z and the sea surface geostrophic velocity within the layer between the sea
surface and 500-m depth. In other words, we compute an estimate of the relative
geostrophic transport for the upper 500-m layer by using the shape of the typical
geostrophic pro"le for the northern Arabian Sea and the surface geostrophic velocity,
derived from the altimeter data, to integrate the geostrophic #ow. The total transport
per unit width thus becomes a sum of the geostrophic and Ekman transports:
M "
V

¹ "M #M ,
(9)
V
V
V
¹ "M #M .
(10)
W
W
W
In this study, since T/P SLAs are relative to the three-year mean sea-surface height,
we are only able to compute the geostrophic #ow variability relative to an unknown
three-year mean. Therefore, while the absolute geostrophic #ow may have some "xed
bias, the variability is correct. In the same sense, the total transport which is the sum of
the geostrophic transport and the Ekman transport is also the transport with a bias
due to mean geostrophic #ow. If the seasonal variability of the northern Indian Ocean
is so great that the mean #ow, if any, is comparatively negligible, then in "rst
approximation we can assume that the geostrophic velocity estimated using T/P is
representative of the total velocity "eld. We will give evidence that this is a reasonable
approximation and that for the purposes of this paper the arbitrary mean appears to
be approximately zero in the US JGOFS region. Therefore, the SLAs approximate the
actual steric heights and the geostrophic velocity anomalies approximate the actual
geostrophic velocities. We can compute the geostrophic transport relative to an
arbitrary three year mean within the upper 500 m.
For the purpose of calculating the transport within the upper layer in the Arabian
Sea Process Study (ASPS) region, the ASPS cruise track is divided into two sections
(Fig. 1). The cruise track between standard JGOFS stations N1 and N11 (Morrison
et al., 1998) is section J1, and the track between station N11 and station S1 (Morrison
et al., 1998) is section J2. In addition, to study the basin-wide transport budget for the
northern Arabian Sea, two transects across the Arabian Sea at 15.753N and 8.53N also
are used (see Fig. 1). The section at 15.753N is chosen because it closes o! the northern
Arabian Sea while still encompassing the US JGOFS ASPS study region. The section
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at 8.53N coincides with World Ocean Circulation Experiment (WOCE) section I1.
For the transect at 15.753N, section T1 is from the east Arabian coast to the center of
the transect (15.753N, 633E) and section T2 is from the center of the transect to the
west Indian coast. The center of the transect is chosen by maximizing the transport
through the western part of the transect that should coincide with the mean position
of the Findlater Jet. T1 encompasses the region of positive wind-stress curl to the
northwest of the Findlater Jet, while T2 encompasses the region of negative windstress curl to the southeast of the Findlater Jet. A south}north transect (T3) from
15.753N, 633E to the coast of Pakistan is used to look at the east-west transport in the
northern basin. The transect at 8.53N is used to study the upper-layer water budget in
the region of the Somali Current system. Speci"cally, it is used to compare with mean
geostrophic and Ekman transport estimates at this latitude (Chereskin et al., 1997) for
June and September of 1995 using data collected during the WOCE Indian Ocean
Expedition (WIOE).

4. Results
4.1. Surface wind stress
Surface wind-stress "elds for 1995 are derived from the NOGAPS modeled wind
"elds. To characterize the wind-stress "eld during the SW Monsoon and NE Monsoon, mean wind-stress "elds for August 1995 and February 1995 are shown (Fig. 3).
In February during the NE Monsoon, wind stress over the Arabian Sea is relatively
weak. Near the coast of Somalia, the stress reaches a maximum of 0.1 Pa. In the ASPS
region north of 153N, the wind stress is of the order of 0.02 Pa. In August during the
SW Monsoon, the wind stress is strong over the entire Arabian Sea with maximum
wind stress found at approximately 103N, 503E near the Somali coast. The wind stress
in the central Arabian Sea along the jet maximum is approximately 0.2 Pa. These
wind "elds are consistent with climatology. During the transition period, the wind
becomes weaker with no signi"cant features.
4.2. Water budget in the northern Arabian Sea
The water budget for the northern Arabian Sea over the period 1993}1995
is estimated by computing the time-series of net northward transport through
15.753N for 10-day periods using the methods discussed above. In Fig. 4(1), the net
geostrophic transport and net Ekman transport across section T1 shows a periodical
change in phase with the seasonal monsoon (as depicted by the winds at 15.753N,
633E).
An important thing to note in Fig. 4 and subsequent transport time-series "gures is
that when the reference winds change sign, the curves for geostrophic and Ekman
transports cross at close to the zero transport line. This leads us to believe that the
actual mean that has been removed from the SLAs is negligible and that the anomalies
of surface geostrophic velocities computed from the altimeter data are actually

1560

W. Shi et al. / Deep-Sea Research II 46 (1999) 1551}1575

Fig. 3. Mean wind stress in Pa: (a) during February 1995 and (b) during August 1995.
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Fig. 4. Net geostrophic transport, net Ekman transport and net total transport: (1) northward across T1;
(2) northward across T2; (3) eastward across T3; and (4) northward across T1#T2. The mean wind stress
for 15.753N, 633E is presented in (5) to allow the reader to more easily reference the changes in geostrophic
and Ekman transports to the monsoonal winds.

quite close to the actual geostrophic surface velocity. Therefore, these plots are
representative of the actual geostrophic transport.
With the onset of the SW Monsoon in May, the Ekman #ow and geostrophic #ow
respond simultaneously for all of the three years, with the geostrophic transport
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becoming northward and the Ekman #ow becoming southward. With the collapse of
the SW Monsoon, both the geostrophic transport and the Ekman transport weaken.
The onset of the NE Monsoon causes both the Ekman #ow and the geostrophic #ow
to reverse their direction, but due to the weakness of the winds, the magnitudes of the
transports are much less during the NE Monsoon. The total transport, which is the
sum of the geostrophic transport and the Ekman transport, still shows periodical
variation with the seasonal monsoon, and it is dominated by the geostrophic transport. The magnitude of the total transport reaches a maximum of 6}8;10 m s\
during the SW Monsoon. The peak of the total transport occurs in late September at
the end of the SW Monsoon instead of early July when the wind is strongest,
indicating a lag between the winds and the establishment of the narrow, geostrophic
East Arabian Current (Tomczak and Godfrey, 1994). This lag is consistent with the
fact that the monsoon reversal "rst starts to the south in the region near Somalia and
propagates northward. Most of the northward transport through this section is
associated with the narrow East Arabian Current with weak and variable #ow further
o! the coast. On the other hand, because this section lies to the west of the Findlater
Jet, the winds over this region are relatively constant (Fig. 3), with southward Ekman
transport evenly distributed across this section.
The Ekman #ow through section T2 (Fig. 4(2)) is southward during the SW
Monsoon, reaching 5;10 m s\ in the mid-summer. The geostrophic #ow across
this section is also southward during the SW Monsoon, 1803 out of phase with
the geostrophic #ow observed at section T1 (Fig. 4(1)). Now geostrophic #ow is in
phase with Ekman transport, i.e., #owing to the south during the SW Monsoon. The
geostrophic #ow across this section is signi"cantly weaker than the geostrophic #ow
across section T1. With the reversal of the winds during the NE Monsoon, both the
geostrophic #ow and the Ekman #ow become northward through section T2. In
general, the Ekman and the geostrophic transports are weaker during the NE
Monsoon, which are to be expected because the winds are considerably weaker. The
SLA "eld in the Arabian Sea indicates that the anomalously high transport in January
1994 is associated with a cyclonic mesoscale eddy passing through both sections T1
and T2. This eddy is also associated with the geostrophic transport minimum at
section T1 (Fig. 4(1)) at that time. The e!ects of eddies passing through sections T1
and T2 on the geostrophic transport can also be observed during late June and early
December 1994. At these times, the crossings of the eddies through these sections
cause rapid change in geostrophic transport at sections T1 and T2. The total transport
across section T2 also shows a periodic change with the seasonal monsoon. During
the SW Monsoon, the southward total transport reaches around 10;10 m s\ in
all the three years. Except for the anomalous high transport across section T2 in the
January 1994 which was caused by an eddy, the total northward transport across
section T2 during the NE Monsoon is generally smaller than the total southward
transport during the SW Monsoon.
The zonal transports (section T3) also are shown in Fig. 4(3). Compared to the
meridional geostrophic and Ekman transports, the zonal geostrophic and Ekman
#ows are weak during both SW Monsoon and NE Monsoon. The eddies that a!ect
the geostrophic transport across section T1 and T2 are also apparent as rapid changes
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in the geostrophic transport. The Ekman and geostrophic #ows are both eastward
during the SW Monsoon and reverse to westward during the NE Monsoon. The net
eastward transport through section T3 reaches 5;10 m s\ during the SW Monsoon of all the three years. The net #ow reverses to a westward direction during the
NE Monsoon of all the three years, but the magnitude of the #ow is quite variable due
to the existence of eddies.
The transport across section T1#T2 shows the net transports into or out of the
northern Arabian Sea across 15.753N (Fig. 4(4)). Due to the seasonal monsoon, the
Ekman transport shows a signi"cant periodic change. The net southward Ekman
transport reaches around 9}11;10 m s\ in early July during all the three years.
During the NE Monsoon, the northward Ekman transport is less than 5;10 m s\
in all three years. The net geostrophic transport across 15.753N is smaller but still
appears to change periodically with the monsoon wind reversal. During the SW
Monsoon, geostrophy tends to transport water into the northern Arabian Sea. The
maximum northward geostrophic transport reaches 3}4;10 m s\, but the time of
maximum northward transport appears to be independent of the development of the
SW Monsoon. In the summer of 1993, the maximum geostrophic transport occured
during the late SW Monsoon while it occured earlier in 1994 and 1995. The geostrophic transport is very weak in the other seasons. Since the Ekman transport
is much larger than the geostrophic transport across this transect, the total transport
is dominated by the Ekman #ow. The time-series of total transport across T1#T2
(Fig. 4(4)) is quite similar to the Ekman transport across this transect.
Putting the pieces together for a look of the mean circulation within the
northern Arabian Sea leads to a picture where the mean, basin-wide #ow during the
SW Monsoon is anticyclonic, which reverses to cyclonic during the NE Monsoon.
During the SW Monsoon, the circulation resembles the circulation within other
mid-latitude basins, with a relatively strong western boundary #ow, the East Arabian
Current.
At the 8.53N parallel, the Ekman transports across S1, S2 and S3 (Fig. 5) are quite
similar to the Ekman transports across sections T1, T2 and T3, except somewhat
stronger. This is because this section passes close to the basin-wide wind-stress
maximum (Fig. 3). At section S1, the southward Ekman transport reaches
15;10 m s\ during the SW Monsoon while the northward Ekman transport
reaches 5;10 m s\ during the NE Monsoon. Across section S2 (Fig. 5(2)), the
Ekman transport displays the periodic monsoonal reversal. The magnitude of the
Ekman transport across section S2 is smaller than the magnitude of the Ekman #ow
across section S1 (Fig. 5(1)) during both the SW Monsoon and NE Monsoon. This is
associated with the fact that the maximum winds are found further to the west at
8.53N (in the region just o! the Somali coast) than at 15.753N. As found further north,
zonal Ekman transport (Fig. 5(3)) shows that the zonal Ekman #ow is weak during all
the three years and that it reverses direction with the seasonal monsoon. The Ekman
#ow is eastward during the SW Monsoon and reverses to westward during the NE
Monsoon. The total Ekman transport across the cross-basin transect S1#S2
(Fig. 5(4)) re#ects the stronger winds at the 8.53N parallel; the maximum Ekman
transport of 20;10 m s\ is seen during the SW Monsoon in all the three years.
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Fig. 5. Net geostrophic transport, net Ekman transport and net total transport: (1) northward across S1;
(2) northward across S2; (3) eastward across S3; and (4) northward across S1#S2. The mean wind stress
for 8.53N, 633E is presented in (5) to allow the reader to more easily reference the changes in geostrophic
and Ekman transports to the monsoonal winds.

The northward Ekman transport across this section reaches a maximum of about
8;10 m s\ during the NE Monsoon. Fig. 5(4) also indicates that the SW Monsoon is weaker in 1995 than in 1993 and 1994, with the total Ekman transport in the
summer of 1995 smaller than in the other two years.
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At 8.53N, due to the involvement of the North Equatorial Current, the time-series of
geostrophic transports across section S1, S2 and S3 become quite complicated.
During the SW Monsoon, the strong Somali Current causes the geostrophic transport
across section S1 to be much higher in the summer of 1993 and 1994, but the
geostrophic transport is relatively weak in the summer of 1995. This circumstance
might be caused by weaker winds, which also cause a decrease of the southward
Ekman transport in the summer of 1995. The northward geostrophic transport
reaches its maximum shortly after the onset of the SW Monsoon in mid-June, but with
the development of the recirculation gyre, the northward transport across section S1
gradually decreases even when the wind is strong in July. With the collapse of the SW
Monsoon, the geostrophic transport reverses, reaching its minimum value in late
November. Unlike the geostrophic transport across section T1 at 15.753N, the
geostrophic transport across section S1 (8.53N) displays no regularity during the NE
Monsoon and the Spring Intermonsoon periods.
At section S2 (Fig. 5(2)), a conspicuous feature is the signi"cant northward geostrophic transport during the NE Monsoon. The geostrophic transport exceeds
20;10 m s\ during the NE Monsoon between 1993 and 1994. In 1995, the
northward transport persists until April. This is consistent with the hydrographic data
which shows the westward #owing North Equatorial Current de#ected into the
Arabian Sea across section S2 in 1995. Equatorial water is found at 153N during
ASPS cruise TN045 between March 13 and April 9, 1995 (Morrison et al., 1998). The
geostrophic transport across section S2 becomes negative as early as January during
1993 and February during 1994. During the SW Monsoon, the geostrophic #ow
reverses to the south.
Across section S3, the geostrophic transport is not in phase with the seasonal
monsoon. The geostrophic transport becomes positive in early February during
both 1993 and 1994. The eastward geostrophic transport during the spring transition period in 1993 and 1994 is even larger than the eastward geostrophic transport
during the same period in 1995. This may re#ect the e!ect of the westward North
Equatorial Current which de#ects into the Arabian Sea and persists in the spring
transition period of 1995. Similar to the geostrophic transport across section T3, the
total transport is dominated by zonal geostrophic transport. The weak zonal geostrophic transport indicates weaker winds in the summer of 1995 than in the other two
years.
The geostrophic transport budget across the transect (S1#S2) at 8.53N is somewhat di!erent from the geostrophic transport across the transect (T1#T2) at 15.753N
(Fig. 5(4)). During the SW Monsoon, the geostrophic #ow is once again northward
into the Arabian Sea. But the period of time when the transport is to the north
varies interannually, presumably associated with interannual variability of the SW
Monsoon. The geostrophic transport is zero in the middle of the SW Monsoon in
1993 and 1995, while it becomes zero at the end of the SW Monsoon in 1994. In the
late Spring Intermonsoon period during all the three years, there is a signi"cant
southward geostrophic transport across S1#S2. The geostrophic transport across
the transect is still out of phase with the Ekman transport. At the onset of the SW
Monsoon in May, the southward geostrophic transport reaches a maximum.
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Table 1
Transport estimate comparison
Time

WOCE
geostrophic

TOPEX
geostrophic

WOCE
Ekman

NOGAPS
Ekman

Jun. 5}19, 1995
Sep. 12}26, 1995

#6.3
!8.2

#4.8
!9.4

!17.6$2.4
!7.9$2.7

!19.6
!8.5

Derived from the vertical geostrophic transport pro"le for the upper 300 m layer (Chereskin et al., 1997).
Geostrophic transport variability relative to three year mean.

Northward geostrophic transport occurs during the NE Monsoon between 1993 and
1994, but it is much weaker during the NE Monsoon between 1994 and 1995.
The geostrophic transport across the transect at 8.53N is comparable in magnitudes
and direction to the Ekman transport with a small net volume transport across
section S1. Across section S2, the total transport is larger during the NE Monsoon due
to the fact that the geostrophic #ow and the Ekman #ow are of the same sign.
Meanwhile, the total transport across S1#S2 is dominated by the Ekman #ow
during the SW Monsoon. The geostrophic #ow becomes important to the total
transport across S1#S2 during the NE Monsoon because of the e!ect of the North
Equatorial Current. At this transect, once again, water moves into the Arabian Sea
during the NE Monsoon and out of Arabian Sea during the SW Monsoon, but the
magnitude of the total transport is larger than the total transport across 15.753N.
Table 1 shows the comparison of the transports derived from the cruise wind data
and hydrographic data collected during two cruises along this latitude during the
WIOE (Chereskin et al., 1997) to those estimated from TOPEX SLAs and NOGAPS
winds. The results are quite comparable. This gives additional support to the suggestion that the three-year mean removed from the TOPEX data is indeed quite small
and the NOGAPS winds are reasonable. It also shows that the meridional geostrophic transport bias across section S1#S2 is about 1.2}1.5;10 m s\ and that
the three-year mean transport is northward. Considering the strong northward
Somali Current during the SW Monsoon and the North Equatorial Current entering
the Arabian Sea during the NE Monsoon, this bias is reasonable.
4.3. Flow through the JGOFS study region
The geostrophic transport across section J1 shows no obvious geostrophic surface
#ow pattern during the three years (Fig. 6(1)). The transport peaks across this section
appear to be caused by mesoscale eddies which cross both sections J1 and J2. The net
transport peak across section J2 is larger than that across section J1, which is
reasonable because the magnitudes of the winds at section J2 are considerably larger
than at section J1. The geostrophic #ow across section J1 is very weak for all the three
years. The Ekman #ow is also weak due to the weak winds. Across section J1, most of
the time the Ekman transport is southward into the US JGOFS region. As expected,
the maximum southward Ekman transport occurs in July during the SW Monsoon.
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Fig. 6. Net geostrophic transport, net Ekman transport and net total transport: (1) northward across J1
(out of the US JGOFS region); (2) northward across J2 (into the US JGOFS region); and (3) into the US
JGOFS region across sections J1 and J2. The mean wind stress at 17.833N, 64.703E is presented in (4) to
allow the reader to more easily reference the changes in geostrophic and Ekman transports to the
monsoonal winds.

The Ekman transport is weak but still southward into the US JGOFS region during
the winter. With weak geostrophic #ow and Ekman #ow, the total transport across
the section J1 is small during all three years.
Along the section J2, the geostrophic transport normal to the track varies periodically over the monsoonal cycle. At this section, the northward along-shore geostrophic #ow (East Arabian Current) is obvious during the SW Monsoon. During the
NE Monsoon, geostrophic transport becomes southward out of the US JGOFS
region. Similar to the geostrophic transport across section J1, the e!ects of eddies are
obvious in the geostrophic transport across J2. The geostrophic transport peaks in
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April of 1993 and March of 1994 appear to be associated with eddies. The Ekman #ow
is in the opposite direction to the geostrophic #ow across this section. During the SW
Monsoon, the Ekman transport across this section reaches 5;10 m s\ while
during the NE Monsoon, the northward Ekman transport is 1}2;10 m s\.
Comparing the geostrophic #ow and the Ekman #ow across section J1 with the
geostrophic #ow and the Ekman #ow across section J2, it is clear the magnitude of
#ow across the northern US JGOFS track (J1) is much smaller than that across the
southern US JGOFS track (J2), indicating a longer residence time for the waters in the
northern extreme of the basin (see Morrison et al., 1998).
The magnitude and direction of the Ekman and geostrophic transport through the
US JGOFS region (J1#J2) are linked to the seasonal monsoon winds (Fig. 6(3)).
There is a net geostrophic transport into the US JGOFS box during the SW Monsoon
with the geostrophic #ow across southern US JGOFS track (J2) stronger than the
geostrophic #ow across the northern US JGOFS track J1. During the NE Monsoon,
stronger southward transport across J2 results in a net geostrophic transport out of
the US JGOFS box. During the SW Monsoon, the net Ekman transport which is the
di!erence between the Ekman transport out of the US JGOFS box across section J2
and the Ekman transport into the US JGOFS box across section J1, is approximately
4;10 m s\ during all the three years. Similarly, during the NE Monsoon, the net
Ekman transport into the JGOFS region is 1.5;10 m s\.
The total transport across the US JGOFS region shows the impact of the reversal of
the monsoon winds. Since the total Ekman transport across the US JGOFS region
exceeds the geostrophic transport into the US JGOFS region for most of the time
during the SW Monsoon, the net volume transport is thus out of the US JGOFS
region during most of the time in the SW Monsoon. In addition, the total transport
across the US JGOFS track (J1#J2) displays interannual variability. In the summer
of 1993, the total transport reaches a peak value of 5;10 m s\ simultaneously
with the peak of the SW Monsoon in July. In the summer of 1994, the geostrophic
transport into the US JGOFS box is opposite to the Ekman transport out of the
JGOFS box during the peak of the SW Monsoon. The total transport out of the US
JGOFS box reaches a maximum in the August 1994. In 1995, the total transport
becomes positive with the geostrophic transport into the US JGOFS box exceeding the
Ekman transport out of the US JGOFS box in August. Since the Ekman transport
across US JGOFS box shows periodical change with little interannual variability, the
irregularity of the total transport is mostly caused by the geostrophic transport across
US JGOFS box. This is consistent with the fact that this region is dominated by eddies.
4.4. Sea level anomaly and Rossby waves
For all the three years, the averaged SLAs at 15.753N drop sharply with the onset of
the SW Monsoon in May (Fig. 7). The averaged SLA changes from 7 to 8 cm above the
three-year mean topography to more than 5 cm below the three-year mean topography
within a period of 2}3 months. In 1994, it reaches 8 cm below the mean. With the
weakening and collapse of the SW Monsoon, the sea-surface height begins to rise. This
rising process lasts until the beginning of the SW Monsoon in the following year.
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Fig. 7. Time-series of mean sea level anomaly (SLA) at 15.753N (T1#T2).

Lowered sea-surface height in summer is contrary to what might be expected at
these latitudes; sea level would be expected to rise because of its increase in steric
height due to seasonal warming. Here we see a signi"cant decrease in steric height
associated with the `Arabian Sea coolinga process, where convective overturning due
to strong winds, advection of cool water from the upwelling zone along the coast of
Oman, and/or open ocean upwelling, results in a cooling of the water and a reduction
in the steric height (DuK ing and Leetmaa, 1980). Fig. 8 is the mean SST in the summer
for the whole basin derived from satellite AVHRR data. Here it is easy to observe the
summer cooling in the Arabian Sea due to the SW Monsoon.
Fig. 9 shows the temporal evolution of averaged SLA at 15.753 in which SLA across
this section shows a periodicity associated with the monsoon. Before the onset of the
SW Monsoon, the sea levels at 15.753N are above the mean SLA. With the onset of the
SW Monsoon, the SLA's begin to decrease. The sharpest SLA decreases happen near
the Arabian coast and the Indian coast in the upwelling zones. During the SW
Monsoon, extremely low sea levels along the coasts, together with the relatively higher
sea level in the central basin, helps to keep the anticyclonic, geostrophic circulation
pattern in the northern Arabian Sea.

1570

W. Shi et al. / Deep-Sea Research II 46 (1999) 1551}1575

Fig. 8. Mean sea surface temperature for the northern Arabian Sea in the summer of 1995.

In Fig. 9, we observe Rossby wave perturbations (shaded areas on "gure) during all
the three years. The Rossby waves propagate from the Indian coast to the west across
the basin. Fig. 10 shows the SLA variation over a three and half month period. On
December 20, 1994, the mean SLA is zero at 573E. By February 27, 1995, the position
where the mean SLA is zero has propagated to 53.73E. This equates to a phase
velocity of 6}7 cm s\. In the eastern part of the basin, westward Rossby wave-like
characteristics are still observable. The slope of the SLA contours in Fig. 9 indicate
a phase speed of 6}7 cm s\.
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Fig. 9. Time versus longitude plot of SLA at 15.753N parallel. The dark region highlights the westward
propagating Rossby wave in 1994 (SLA in centimeters).
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Fig. 10. SLA (cm) variability from November 11, 1994, to March 19, 1995.

5. Discussion
In the northern Arabian Sea, the current "eld is weak and eddy-dominated. Wyrtki
(1971) and Bruce (1968) used the surface dynamic topography to "nd that the mean
geostrophic #ow is clockwise (anticyclonic) in the summer (SW Monsoon) and
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anticlockwise (cyclonic) in the winter. In this study, both the geostrophic transport
and the Ekman transport are considered in computing the total transport budget in
the upper 500 m layer. The total southward transport across the section at 15.753N
during the SW Monsoon is much larger than the total northward transport across
that transect during the NE Monsoon. The three-year mean southward transport at
that latitude is approximately 0.74;10 m s\. This implies that, in the Arabian Sea
north of 15.753N, 0.74;10 m s\ of the intermediate or deep water needs to be
upwelled to replenish the water above 500 m which is being advected out of the
Arabian Sea. It is evident from property distributions that the volume transport of
water into Arabian in intermediate layers is mostly from sources south of the equator
(Warren, 1994). In addition, Warren (1981) found evidence for three deep western
boundary currents in a section along latitude 18.03S. In the bottom-water layer, the
northward #owing western boundary current in the southern Somali Basin supplies
the water to the northern Somali Basin, and the bottom water of the Arabian Basin
enters mainly from the Somali Basin through the Owen Fracture Zone (Warren and
Johnson, 1992; Johnson et al., 1991).
A notable feature in Fig. 4 is that the total transports across sections T1, T2 and T3
are inconsistent. This re#ects the volume exchange between the upper 500-m layer and
the deeper layer. In the region enclosed by sections T1, T2 and the Arabian coast, the
relatively small di!erence in net transport between sections T1 and T3 indicates that
there is little deep water being actively upwelled into the upper 500 m. While in the
region enclosed by sections T2, T3 and the Indian coast, a large di!erence between the
total transport across sections T2 and T3 implies active upwelling into the upper
500 m. Therefore, it appears the most of the active upwelling from the deep ocean to
the surface layer is con"ned to the eastern side of the Arabian Sea.
The transport across the US JGOFS Arabian Sea standard cruise track should be
helpful in understanding the chemical and biological process happening in the
northern Arabian Sea. The total transport in the upper layer shows interannual
variability with the interannual variation of monsoons. In the summer of 1993 and
1994, the upper layer became divergent with the onset of the SW Monsoon with
a maximum transport out of the region of 4;10 m s\ in the mid-summer in 1993,
which must be replaced by upwelling from the intermediate to deep layers. In 1995,
the upper layer became divergent in late March, which is much earlier than in the
other two years. During the mid summer of 1995, peak transport out of the US
JGOFS region was about 2;10 m s\, which suggests that upwelling was weaker
in 1995.
Rossby waves have been observed in all the world oceans (Chelton and Schlax,
1996). Extensive work has been done regarding the e!ect of westward propagating
Rossby waves on the development of the Somali Current (Anderson and Rowland,
1976; Simmons et al., 1988) during the SW Monsoon. The free Rossby wave propagating dispersion relation suggests that the Rossby wave at 15.753N is a Mode 1
baroclinic Rossby wave, which is typically generated by the displacement of the
thermocline. In the Arabian Sea, negative wind-stress curl to the east of the Findlater
Jet deepens the thermocline in the central basin while to the west of the Findlater Jet,
upwelling shallows the thermocline (Rao et al., 1989; Bauer et al., 1991). With the
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collapse of the wind "eld at the end of the SW Monsoon, the readjustment of the sea
surface results in a westward propagating Rossby wave. Rossby waves are evident in
model studies of the Arabian Sea. Simmons et al. (1988) show Rossby wave propagation from the central basin to the Arabian coast at the latitude of 13.03N. They
estimate the Rossby wave phase speed to be approximately 10 cm s\, which is higher
than the phase speed of 6}7 cm s\ observed at 15.753N. The SLA "elds also suggest
the possibility of Rossby wave generation near the west Indian coast which appears to
propagate into the central basin with a phase speed of 6}7 cm s\. When these waves
propagate into the central basin in the summer, they lose their signature in the SLA
"elds. It is possible for the Rossby wave characteristics to be altered by wind forcing
and buoyancy forcing. Further study is necessary to understand the mechanism of the
Rossby wave and its e!ect on the circulation gyre in the northern Arabian Sea.
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