GEOPHYSICAL RESEARCH LETTERS, VOL. 24,

NO. 21, PAGES 2541-2544, NOVEMBER 1, 1997

Observations of the Ekman balance at 8°30’ N in the
Arabian Sea during the 1995 southwest monsoon

T. K. Chereskin,! W. D. Wilson,? H. L. Bryden,?® A. Ffield,* and J.

Morrison®

Abstract. The Ekman transport is estimated from two
sets of hydrographic and shipboard acoustic Doppler
current profiler (ADCP) velocity observations made
during June and September 1995, during the southwest
monsoon in the Arabian Sea. Both sets of measure-
ments were made along latitude 8°30' N, designated
as World Ocean Circulation Experiment (WOCE) line
I1W, from Somalia to Sri Lanka. The Ekman transport
estimates calculated from ageostrophic velocity were
southward: 17.6+2.4 10° m® s~! in June and 7.9+2.7
10 m3 s~! in September. These direct estimates were
in good agreement with those predicted by the Ekman
balance using both shipboard and climatological winds.
The vertical structure of the ageostrophic velocity and
the stratification were quite different between the two
occupations of the transect. The wind-driven momen-
tum was confined to a very shallow layer in June (about
50 m) and the surface layer was strongly stratified,
with a maximum salinity layer at depths between 50
and 70 m. The ageostrophic velocity penetrated much
deeper in September (to about 160 m) and the pycn-
ocline was correspondingly deeper. In both cases, the
Ekman transport penetrated beneath the mixed layer,
to the top of the pycnocline.

Introduction

Ekman [1905] proposed a balance of forces in the sur-
face layer between a steady wind stress and the Coriolis
force, resulting in an anticyclonic velocity spiral with
depth and a net surface layer transport at right angles
to the wind direction. Integrated across an ocean basin,
the Ekman transport can be several tens of Sverdrups
(1 Sv = 108 m3 s~1). Strong, quasi-steady wind forcing
at low latitudes produces particularly large wind-driven
transports: a direct estimate at 11°N in the Atlantic
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Ocean is 12+5.5 Sv [Chereskin and Roemmich, 1991]
and a direct estimate at 10°N in the Pacific, along a
section roughly four times the length of the Atlantic
transect, is 62+10 Sv [ Wijffels et al., 1994]. The Ekman
transport is thus an important component of the flow,
and some estimate of it is required in order to close the
mass budget prior to estimating oceanic heat and prop-
erty fluxes. Since the Ekman transport is not usually
directly observed, it is most often estimated from wind
stress climatology. Two disadvantages of estimating the
Ekman transport from climatology are the uncertainty
of whether climatological winds are representative of a
particular period and the unresolved Ekman contribu-
tion to heat and property fluxes since its vertical struc-
ture (maximum depth of penetration) is unknown.
The Arabian Sea is an ideal location for the study of
wind-driven flows. Its circulation is dominated by two
monsoons — the southwest monsoon in boreal summer
and the northeast monsoon in winter. Winds are strong
and steady during the monsoons, weak and variable be-
tween them. A prominent feature of the monsoons is
the development of a strong, persistent, low-level atmo-
spheric jet. During the southwest monsoon, a south-
westerly jet forms over the Somali coast sometime in
April or May and extends out over the Arabian Sea
in June (Figure 1). Peak winds usually occur in July,
and the monsoon generally persists through Septem-
ber. The 1995 southwest monsoon followed this pattern
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Figure 1. Ship tracks and locations of hydrogra- -

phic stations. The southwest monsoon jet (SWMJ), the
Somali Current (SC), the Great Whirl (GW), and the
Southern Gyre (SG) locations are shown schematically.
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[Rudnick et al., 1997]. Associated with the atmospheric
jet is the Somali Current, a strong (speeds > 1 m s™1),
surface-intensified (upper 400 m), seasonally reversing
boundary current off Somalia. As the southwest mon-
soon intensifies, the Somali Current penetrates north-
ward, crossing the equator typically in May and 10°N in
late August [Schott et al., 1990]. The recirculation gyres
known as the Great Whirl and Southern Gyre also usu-
ally develop (Figure 1). Schott et al. [1990] estimated
the average summer transport of the Somali Current at
the equator to be 21 Sv northward, using moored cur-
rent estimates made in the upper 500 m, from the coast
out to 180 km offshore. At 8-10°N, the Somali Cur-
rent is augmented by the Great Whirl, and northward
transports are 2-3 times this amount, but much of the
additional transport recirculates locally [e.g., Fischer
et al., 1996]. At 8°30' N, any net northward boundary
current flow must be balanced by southward flow at the
same latitude because the Arabian Sea forms essentially
a closed basin north of 8°N. Air-sea heat exchange, high
evaporation rates, intense biological productivity, and
upwelling within the Arabian Sea during the southwest
monsoon all imply property transformations. In addi-
tion to being a source of salt, the Arabian Sea is a bi-
ological “pump” during the monsoons, and the Ekman
heat, freshwater, and nutrient fluxes are important com-
ponents of a meridional overturning cell. To determine
the net exchange of properties between the Arabian Sea
and the Indian Ocean, it is critical to identify the ver-
tical partitioning of the meridional flow across latitude
8°30’ N.

The purpose of this letter is twofold. First, we com-
pare direct estimates of Ekman transport in June and
September 1995 across latitude 8°30’ N in the Arabian
Sea to the Ekman tranports predicted by the wind. We
are aware of only two such direct estimates across the
width of an ocean basin: in the tropical Atlantic and
Pacific [Chereskin and Roemmich, 1991; Wijffels et al.,
1994] where the Trade winds force a northward trans-
port in the surface layer. In the Arabian Sea, the sea-
sonally reversing monsoon is responsible for a season-
ally reversing Ekman transport, southeastward during
the southwest monsoon and northwestward during the
northeast monsoon. The second goal of our letter is to
describe and compare the vertical structure of the wind-
driven flow, which was quite different between our two
occupations of the section. The total top-to-bottom
heat, salt, and property fluxes across 8°30’ N are the
subject of future work.

Method

In the northern hemisphere, the Ekman transport re-
lation predicts a net transport to the right of the surface
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where the Coriolis parameter f is twice the vertical com-
ponent of the earth’s rotation vector, p is the water
density, vg is the ageostrophic velocity component to
the right of the wind direction, and H is the maximum
depth of penetration of the wind stress.

We estimated the Ekman transport across two tran-
sects made from Somalia to Sri Lanka from the R/V
Baldridge (June 5-19, 1995) and R/V Knorr (Septem-
ber 12-26, 1995). Both transects consisted of 56 con-
ductivity-temperature-depth (CTD) stations, spaced ap-
proximately every 60 km in mid-ocean and more closely
at the boundaries (Figure 1). Shipboard ADCP velocity
observations and vector wind measurements were made
continuously along the ship tracks. The calculation fol-
lows that of Chereskin and Roemmich [1991], which we
summarize briefly below.

Vector-averaged winds were computed for the under-
way intervals between CTD stations. Large and Pond’s
[1981] bulk formulas, which provide speed-dependent
drag coefficients, were used to compute wind stress, as-
suming a neutrally stable atmospheric boundary layer.
A comparison of the along-track (eastward) stress calcu-
lated from shipboard winds to climatological winds for
June and September [Hellerman and Rosenstein, 1983]
(hereafter HR) is shown in Figure 2. HR stress was lin-
early interpolated to 8°30'N. The wind-based estimates
of Ekman transport are calculated from the along-track
integral of the along-track wind stress for each section,
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Both the ADCP and the CTD data provide esti-
mates of current shear rather than absolute current.
We estimated the ageostrophic shear as the difference
between the total current shear measured by the ship-
board ADCP and the geostrophic shear. The geostro-
phic shear was calculated between each CTD station
pair, and the total shear was averaged over the same
interval. In each case, the velocities were referenced to
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Figure 2. Comparison of in-situ shipboard wind
stress and Hellerman-Rosenstein climatological stress
for June and September.
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Figure 3. Transport per unit depth. Units are 10 m?s~! (Sv/m).

300 m, a depth far below the mixed layer and the max-
imum depth of direct wind influence. The key assump-
tion is that the ageostrophic flow is surface intensified
and vanishes at 300 m. The total flow is assumed to be
in geostrophic balance at 300 m. Above 20 m, the shal-
lowest depth sampled by the ADCP, the velocity was
assumed constant.

The direct estimates of Ekman transport are calcu-
lated from the along-track integral of the cross-track
ageostrophic velocity along each section (the transport
per unit depth, Figure 3), integrated vertically from
the surface to the maximum depth of penetration of
the wind stress.
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Table 1 summarizes the Ekman transport estimates.
Sensitivity of (3) to the choice of H is discussed below.

3)

Discussion and Summary

Overall, there is excellent agreement between our di-
rect and wind-based estimates of Ekman transport. The
shipboard estimates indicated about 18 Sv southward
Ekman transport in June and about 7 Sv southward in

Table 1. Ekman Transport Estimates

September. The climatological stress predicted some-
what larger values, about 23 and 10 Sv southward, re-
spectively. The climatological stress is much smoother
than the section snapshots (Figure 2). In June 1995, the
stress was anomalously low relative to HR at the west-
ern boundary, and in September 1995, the mid-basin
stress was low relative to HR. In assigning an error bar
to the wind-based estimates, we assumed that the 20%
uncertainty in the drag coefficient [Large and Pond,
1981] was the dominant error source. Error bars on
the ageostrophic estimate were calculated as in [Chere-
skin and Roemmich, 1991] using a bootstrap algorithm
[Efron and Tibshirani, 1993).

There is a striking difference in the vertical distri-
bution of the ageostrophic transport between June and
September (Figure 3). In each case, there is a surface
maximum that we identify as the Ekman flow. The
maximum decays with depth to a minimum at about
160 m, the depth used for calculating (3). In June al-
most all the transport (-17.3 Sv) was confined within a
very sharply defined layer between the surface and 50 m;
integrating to any deeper level did not change the total
transport by more than 1 Sv. In contrast, the Septem-
ber transport, about half of the June value, extended
about three times as deep. The transport in the top 50

Ageostrophic! Ship Wind HR Wind?
June -176+24 ~19.1+3.8 —22.7x45
September -79+27 —-64+13 -96+1.9

lintegrated from the surface to 160 m

2 Hellerman-Rosenstein [1983] climatological wind stress
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m was only about -3 Sv. There is a small maximum in
ageostrophic velocity below 160 m in September that is
associated with deep ageostrophic flow near 55°E, in the
Great Whirl. It is excluded from the integral because it
is probably not due to wind forcing. Ageostrophic non-
Ekman flows are the principal source of uncertainty in
the ageostrophic estimate of the Ekman transport. In-
tegrating below 160 m did not change the September
transport by more than 1.5 Sv.

The stratification was also quite different between the
two occupatioris of the section. The surface layer was
warmer in June than September, and a subsurface salin-
ity maximuin extended across much of the section, in
the depth range from 50 to 70 m, beneath the bulk of
the Ekman transport. In September, the salinity maxi-
mum layer extended to the surface in mid-basin, and the
mean depth of the layer was deeper (= 100 m) than in
June. These differences between June and September,
the monsoon onset and end, are consistent with clima-
tology [Levitus et al., 1994] and suggest quite different
Ekman heat and salt fluxes for the two periods.

The horizontal distribution of the ageostrophic flow
(i.e., the station pairs) followed the pycnocline pattern,
with much deeper penetration in the west, where the
pycnocline was deeper and the winds were stronger. We
defined the mixed layer as the depth where the density
increased by 0.01 kg m~2 from its surface value and
the top of the pycnocline as the depth at which the
density gradient increased by 0.01 kg m™*. The mean
mixed layer depth was quite shallow in both June and
September, about 10 m, and fairly uniform across the
sections. The depth of the pycnocline, however, was
quite different: mean top of the pycnocline in June was
15 m (with a range of 100 to 10 m), and the mean

"in September was 78 m (with a range from 220 m to
10 m). The pycnocline sloped upward from west to
east, and as the range numbers indicate, the slope was
more pronounced in September, with a much deeper
pycnocline at the western boundary than in June.

The penetration of the wind-driven flow beneath the
mixed layer, to the top of the pycnocline, appears to
be a common feature of direct observations of the Ek-
man transport; it was also observed in the Atlantic and
Pacific [Chereskin and Roemmich, 1991; Wijffels et al.,
1994]. The deep penetration means that the Ekman
layer advects water below the mixed layer. Thus, the
Ekman contribution to the heat and salt fluxes must
be measured; it can not be determined merely by infer-
ring the volume transport from the wind and using the
surface temperature and salinity. The Ekman heat and
salt fluxes and their contribution to the total fluxes are
the subjects of our continuing investigations.
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