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ABSTRACT

The formation mechanisms of the barrier layer (BL) and its seasonal variability in the Arabian Sea (AS)
are studied using a comprehensive dataset of temperature and salinity profiles from Argo and other archives
for the AS. Relatively thick BL of 20-60 m with large spatial extent is found in the central-southwestern AS
(CSWAS), the convergence zone of the monsoon wind, during the peak summer monsoon (July-August)
and in the southeastern AS (SEAS) and northeastern AS (NEAS) during the winter (January—February).
Although the BL in the SEAS has been reported before, the observed thick BL in the central-southwestern
AS during the peak summer monsoon and in the northeastern AS during late winter are the new findings
of this study. The seasonal variability of BL thickness (BLT) is closely related to the processes that occur
during summer and winter monsoons. During both seasons, the Ekman processes and the distribution of
low-salinity waters in the surface layer show a dominant influence on the observed BLT distributions. In
addition, Kelvin and Rossby waves also modulate the observed BL thickness in the AS. The relatively low
salinity surface water overlying the Arabian Sea high-salinity water (ASHSW) provides an ideal ground for
strong haline stratification in the CSWAS (during summer monsoon) and in NEAS (during winter mon-
soon). During summer, northward advection of equatorial low-salinity water by the Somali Current and the
offshore advection of low-salinity water from the upwelling region facilitate the salinity stratification that is
necessary to develop the observed BL in the CSWAS. In the SEAS, during winter, the winter monsoon
current (WMC) carries less saline water over relatively high salinity ambient water to form the observed BL
there. The winter West India Coastal Current (WICC) transports the low-salinity water from the SEAS to
the NEAS, where it lies over the subducted ASHSW leading to strong haline stratification. Ekman pumping
together with the downwelling Kelvin wave in the NEAS deepen the thermocline to cause the observed
thick BL in the NEAS.

# Department of Marine Science, University of Southern Mississippi, Hattiesburg, and NASA Stennis Space Center,

1. Introduction

The role of haline stratification in limiting the mixed
layer depth (MLD) and in the development of an in-
termediate layer called the barrier layer (hereinafter
referred to as BL) between the MLD and the top of the
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thermocline was first reported in the Pacific by Lukas
and Lindstrom (1991). The difference between the iso-
thermal layer depth (ILD) and MLD is defined as the
BL thickness. The BL inhibits entrainment cooling of
the mixed layer by preventing the exchange of heat
with cooler subsurface layers and thus plays a signifi-
cant role in the evolution of sea surface temperatures
(SSTs). The BL acts as a “barrier” for the transfer of
heat, momentum, mass, and nutrient fluxes between
the mixed layer and the thermocline. The Tropical
Ocean Global Atmosphere (TOGA) Coupled Ocean—
Atmosphere Response Experiment (COARE) has
shown the robustness of the BL in decreasing the en-
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trainment cooling in the western Pacific warm pool
(Tomczak 1995; You 1995; Ando and Mc Phaden 1997;
Vialard and Delecluse 1998a,b). Vialard and Delecluse
(1998a) reported the complex impact of the BL on SST.
In regions of a very shallow mixed layer (ML), the BL
traps a significant part of the penetrating solar radia-
tion, leading to temperature inversions (Jerlov 1968;
Lewis et al. 1990; Anderson et al. 1996). Further, in the
presence of the BL, the oceanic response to wind forc-
ing also increases (Vialard and Delecluse 1998a) by
trapping momentum in the ML. Weakening of the BL
off Sumatra was identified to be an important process
that reinforces the oceanic anomalies favoring the
strengthening of air-sea interaction during the Indian
Ocean dipole/zonal mode (IODZM) events (Murtu-
gudde et al. 2000; Murtugudde and Busalacchi 1999;
Masson et al. 2002). All of the above findings show the
importance of BL in regulating ocean—atmosphere in-
teractions, which in turn affect weather and climate.

The main candidate that forces BL is the presence of
a halocline in the surface layer. The halocline in the
surface layer occurs when the surface salinity is reduced
significantly, compared to the subsurface layer by pro-
cesses such as excess precipitation over evaporation,
river runoff, and redistribution of the low-salinity water
by horizontal advection. These low-salinity water fluxes
can act in concert, as in the Bay of Bengal (Thadathil et
al. 2007), or individually, as, for example, in the western
Pacific, where high precipitation is accompanied by
westerly wind bursts, the former (latter) favoring a shal-
low (deeper) ML (Anderson et al. 1996).

In the northern Indian Ocean, besides the Bay of
Bengal (BOB), there are also regions of strong haline
stratification that are conducive to the formation of a
thick BL. Figure 1 shows a comparison of profiles with
haline stratification from representative regions in the
northern Indian Ocean. Although Sprintall and Tom-
czak (1992) and Rao and Sivakumar (2003) discussed
the BL formation in the Indian Ocean, these studies
were based on sparse datasets. On a regional scale, a
few studies exist for the BOB and the southeastern
tropical Indian Ocean. Masson et al. (2002) performed
the same analysis as Sprintall and Tomczak (1992) us-
ing the monthly climatology of Levitus (1998) and re-
ported a thick (40 m) and robust BL in the BOB during
November—March with maximum spatial extent in Feb-
ruary. Using time series measurements made from a
stationary location (18.5°N, 89°E) in the northern
BOB, Vinayachandran et al. (2002) have described the
observed intraseasonal evolution of BL during the sum-
mer monsoon of 1999. Using the Argo and other hy-
drographic data, Thadathil et al. (2007) provided a
comprehensive analysis of the BL formation and its
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seasonal variability in the BOB. In another comprehen-
sive study using hydrographic data archives, Qu and
Meyers (2005) studied the formation mechanisms and
seasonal variation of BL in the southeastern tropical
Indian Ocean (SETIO). They reported a thick BL (~40
m) to the west of Sumatra.

As shown in Fig. 1, there are three regions in the
Arabian Sea (AS) where the haline stratification near
the surface is strong and favorable for the formation of
a thick BL. Shenoi et al. (2004) studied the observed
decaying phase of the BL in the southeastern AS
(SEAS). Durand et al. (2007) simulated the BL in this
region qualitatively.

A comprehensive study on the BL formation and its
seasonal variability in the three regions (2, 3, and 4
shown in Fig. 1) in the AS has been lacking due to the
paucity of data. Significant reduction in surface salinity
(E — P, runoff, and circulation) need not always be the
cause for haline stratification and BL formation. Sub-
duction of high-salinity water underneath a marginally
low salinity surface water may also induce the required
haline stratification in the surface layer to form a BL as
seen in the regions 4 and 5 shown in Fig. 1. The BL
formation in the northeastern AS (NEAS) and central-
southwestern AS (CSWAS) (addressed in this study), is
caused by such subduction of high-salinity water. The
transport of surface low-salinity water from the equator
to the southwestern and central AS by the Somali Cur-
rent during summer monsoon and the existence of Ara-
bian Sea high-salinity water (ASHSW) in the subsur-
face layer (Rochford 1964; Shenoi et al. 1993; Morrison
1997; Kumar and Prasad 1999; Prasad and Ikeda
2002a,b; Joseph and Freeland 2005) lead to a strong
haline stratification. During winter, the poleward flow-
ing West India Coastal Current (WICC; Shetye et al.
1991; McCreary et al. 1993) carries the relatively fresh
water from the BOB to the northeastern AS and sits
over the subsurface ASHSW.

One of the salient features of the BL formation in the
northern Indian Ocean during winter is the presence of
temperature inversion within the BL [Thadathil and
Gosh 1992 (SEAS); Thadathil et al. 2002; Thadathil et
al. 2007 (BOB); Qu and Meyers 2005 (SETIO); Durand
et al. 2004; and Shenoi et al. 2004 (SEAS)]. Doe (1965)
and Banse (1968) reported surface layer temperature
inversion in the NEAS caused by strong haline strati-
fication. Thadathil et al. (2007) proposed a new method
to compute the BL in the regions of temperature inver-
sion. Since the method of Thadathil et al. represents the
BL more realistically, the same methodology is used in
this study to describe the BL in the entire basin.

The deployment of Argo profiling floats in the AS
has generated a novel dataset that is ideal for BL com-
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FiG. 1. Regions of significant haline stratification in the Indian Ocean. Region 1: northern
Bay of Bengal, Region 2: eastern south-equatorial Indian Ocean, Region 3: southeastern
Arabian Sea, Region 4: central southwestern Arabian Sea, and Region 5: northeastern Ara-
bian Sea. The red and blue curves show temperature (7') and salinity (S), respectively.

putations along with hydrographic data collected in the
AS under the national programs, archived in the Indian
Oceanographic Data Centre (IODC). The World
Ocean Atlas 1998 (WOA-98) and the updated WOA-
2001 consist of only limited data from the IODC ar-
chive. Therefore, the combination of these data from
three different sources (WOA-2001, IODC, and Argo)
facilitates a comprehensive dataset for the AS to re-
solve the BL structure and its variability. In this study,
we examine the BL formation and its variability using
this comprehensive dataset. The rest of the paper is
organized as follows: Section 2 describes the data and
methodology used in the study. The seasonal variability

of BL thickness (BLT), ILD, and MLD are presented
in section 3. In section 4 the formation mechanism of
the BL is examined, which is followed by a summary
and conclusions in section 5.

2. Data and methodology

The spatial distribution of data used in the present
study is shown in Fig. 2. Figure 2a represents the station
coverage of profiles from Argo floats. Under the inter-
national Argo project, Argo profiling floats are de-
ployed in the AS by national and international agen-
cies. High-quality temperature and salinity profiles
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FiG. 2. Geographical distribution of hydrographic (temperature and salinity) stations in the Arabian Sea
considered in the present study: (a) Argo profiling floats, (b) IODC, (c) WOA-2001, and (d) all three sources
(Argo + I0DC + WOA-2001). The number of stations within each category is given in parentheses in the

respective panels.

from the floats generated during December 2001-
October 2006 are used in the present study. The Argo
depth resolution is about 10 m down to 100 m and,
therefore, should resolve the BL in the AS with reso-
lution ~10 m. The expected accuracies of temperature
and salinity from the floats are 0.005°C and 0.01 psu,
respectively (Argo Science Team 2000). Though the
Argo data have been subjected to real-time quality
check, the data used in the present study have been
subjected to additional quality check using “float-to-
float” and “float-to-ship” CTD validations as reported
by Thadathil and Muraleedharan (2004) and Thadathil
et al. (2007). The data were linearly interpolated at 1-m
intervals.

The spatial coverage of hydrographic data from the
IODC archive is shown in Fig. 2b. Figure 2c represents
the WOA-2001 station coverage in the AS for selected
hydrographic data (bottle and CTD) with “good” qual-
ity flags. While selecting the data from WOA-2001 and
IODC databases, duplicate profiles from both archives
are removed. In the case of bottle data, if a particular
station does not have data at all standard depths up to

100 m, the stations are not considered for the present
study. If data at any standard depth above 100 m is
missing, it results in inaccurate representation of the
BL. In all cases, profiles shallower than 100 m are not
considered for analysis. Figure 2d represents the spatial
coverage of total stations from all three sources. Sea-
sonal distributions of number of profiles in each 1° X 1°
grid box from the combined data are provided in Fig. 3.
While the data coverage is satisfactory for the summer
monsoon, the northeastern AS shows sparse coverage
for the winter monsoon. The uncertainty involved in
objective mapping of the variables to this data-sparse
region is discussed in section 3.

We computed ILD and MLD from individual pro-
files. The MLD is defined as the depth at which

B do,
Otiz=h] = O¢[z=0] + ATﬁ s 1)

where 0,(,—) is the surface o, value, AT the desired
temperature criterion [1°C, following Wyrtki (1971)],
and do,/dT is the coefficient of thermal expansion
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Fi1G. 3. Seasonal distribution of number of profiles in 1° X 1° bins from the combined product (a) December—
February, (b) March-May, (c) June-August, and (d) September—-November. Radius and shading of the circles

indicate the number of profiles.

evaluated using the surface temperature and salinity
(Sprintall and Tomczak 1992; Kara et al. 2000; Rao and
Sivakumar 2003). The ILD, the depth up to the top of
the thermocline, is defined as the depth at which tem-
perature decreases by 1°C from SST (Sprintall and
Tomczak 1992; Kara et al. 2000; Rao and Sivakumar
2003). The above definition of ILD holds well for nor-
mal temperature profiles without any temperature in-
version in the surface layer (Thadathil et al. 2007), but
not during winter, when the SEAS experiences large-
scale temperature inversions near the surface (Tha-
dathil and Ghosh 1992; Gopalakrishna et al. 2005;
Shankar et al. 2002; Durand et al. 2004) and the BL also
attains its maximum thickness and horizontal extent.
The seasonal variability of temperature inversion cal-
culated from a comprehensive dataset of XBT and
MBT is shown in Fig. 4 with the stations shown in the
background. Therefore, in this study, for profiles with

temperature inversions, ILD is derived using the defi-
nition of Thadathil et al. (2007). Here, ILD is defined as
the depth at which the temperature at the base of the
inversion layer is equal to the temperature at the top of
the inversion layer. After computing MLD, ILD, and
BLT, monthly scattered data of all parameters have
been objectively mapped to a common grid (1° X 1°)
using the kriging method (Deutsch and Journel 1992;
Cressie 1991).

3. Seasonal variation of BLT

The seasonal evolution of BLT in the AS (Fig. 5)
shows large variability with a rich spatial structure.
During the premonsoon months of April-May, the AS
is free of BL. The BL sets in with the onset of summer
monsoon (June) in the southwestern AS. With the
progress of the season, it builds up both in thickness
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FiG. 4. Surface layer temperature inversion in the Arabian Sea
derived from XBT and MBT data archived in the IODC. The red
dots show locations of inversion and the black dots indicate sta-
tion locations (MBT and XBT). Inversions greater than 0.2°C are
contoured at interval 0.2°C.

and spatial extent, reaching the peak during August
and decaying with the withdrawal of the summer mon-
soon during September-October. A thick BL (20-60
m) is found in the central AS, southeast of the Findlater
jet and almost covers the southern AS except the
SEAS. During winter, the distribution of BLT shows a
distinctly different pattern from that of the summer
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monsoon. By November, the BL in the CSWAS van-
ishes completely and a thin BL (~20 m) appears in the
SEAS. The BL in SEAS grows in strength and extent
by December and propagates northward hugging the
west coast of India in January. By February, a large
area of 20-60-m thick BL is formed along the entire
west coast of India with the thicker BL adjoining the
coastline. The thick BL shows more offshore extent in
the SEAS compared to the BL in the northeastern ba-
sin. In February, the thickness of the northward extent
of the BL increases and the BL exhibits westward
spreading, covering almost the entire northern AS. By
March the BL begins to decay and disappears by April.
Although the distribution of the winter monsoon BL
in the northeastern AS (shown in broken white con-
tours in Fig. 5) is mapped based on sparse data, the
presence of strong temperature inversion (derived from
spatially well represented XBT and MBT data) in the
northeastern AS during winter (Fig. 4) justifies the ob-
jectively mapped thick BL shown in this region during
winter.

4. Forcing mechanisms

In the AS, the surface layer is forced by local winds
during the summer and winter monsoons. Since it is
confined to low latitudes, propagating waves (coastally
trapped Kelvin waves and associated Rossby waves)
also force the surface layer of the basin remotely. The
local winds, besides causing zones of divergence and
convergence in the basin, also control the SST through
turbulent vertical mixing and air-sea heat fluxes (Bauer
et al. 1991). While Ekman pumping, propagating long
waves, and net surface heating cause variability in the
ILD, turbulent fluxes of heat, freshwater, and momen-
tum across the air-sea interface and horizontal advec-
tion in the surface layer cause variability in MLD.
When the MLD is determined by thermal stratification
caused by net surface heat flux alone (weak wind speed
regimes), both MLD and ILD will be nearly equal, re-
sulting in a BLT minimum. Wind stresses tend to op-
pose the formation of BL by increasing surface turbu-
lent kinetic energy and deepening the ML. Therefore,
the main candidate that facilitates a thick BL is the
freshwater flux (E — P + R) and its redistribution by
horizontal advection (Ekman and geostrophic) in the
surface layer. Since the freshwater flux and its redistri-
bution by horizontal advection have a direct influence
on the sea surface salinity (SSS), throughout this study
the SSS is used as a proxy for the freshwater flux. Con-
sidering the above aspects, the processes involved in
the observed BL formation are examined in light of the
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formation mechanism(s) and variability of MLD and
ILD for the summer and winter monsoon seasons.

a. Summer monsoon

During the summer monsoon, the surface circulation
in the AS is dominated by Ekman drift driven by the
southwesterly winds (Cutler and Swallow 1984; Shan-
kar et al. 2002; McCreary et al. 1993; Schott and Mc-
Creary 2001) as shown in Fig. 6. While Fig. 6¢c shows the
surface Ekman currents (Pond and Pickard 1983) for
July, Fig. 6d shows the total surface currents (sum of
Ekman and geostrophic currents) for the same month.

75 8
LONGITUDE (°E)

F1G. 5. Annual distribution of barrier layer thickness (m). Contour interval is 10 m, labeled at 20-m intervals.

For computing the surface Ekman drift the Quick Scat-
terometer (QuikSCAT) winds are used. Geostrophic
currents are computed from the Aviso gridded product
of merged European Remote Sensing Satellite-1/2 (ERS-
1/2) and Jason-1 sea level anomaly (SLA) weekly glob-
al datasets during September 2001-May 2007 distribut-
ed on a Y¥5° Mercator grid using the method of Chelton
et al. (2003). One of the prominent processes in the
basin during the summer monsoon is the development
of a divergence zone northwest of the Findlater jet
(Findlater 1969) and a convergence zone southeast of it
(Bauer et al. 1991). Figure 7 shows wind stress curl
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FIG. 6. Ekman surface current (ms™') and total surface current (m s~ ') for (a), (b) February and (c), (d) July.
Total surface current is the sum of Ekman and geostrophic currents. Ekman current is computed from the
QuikSCAT winds during July 1999-May 2006. Geostrophic currents are computed from gridded product of merged
ERS-1/2 and Jason-1 sea level anomaly weekly global datasets (produced by Ssalto/Ducacs and distributed by

Aviso) during September 2001-May 2007 distributed on a 5° Mercator grid.

(QuikSCAT winds are used owing to their better spa-
tial resolution) in the basin for winter (February; Fig.
7a) and summer (July; Fig. 7b). During the summer
monsoon (Fig. 7b), the negative and positive wind
stress curls demarcate the divergence and convergence
zones in the basin respectively. In the region of Ekman
divergence, the effect of turbulent mixing by strong
monsoon winds in deepening the MLD/ILD is opposed
by the shoaling of isotherms due to suction. In contrast,
the Ekman pumping in the convergence zone promotes
the MLD/ILD deepening along with the turbulent ver-
tical mixing by strong winds. The manifestation of these
processes can be seen in the distribution of both MLD
and ILD in Figs. 8 and 9, respectively. During April-
May, throughout the basin the MLD is found to be thin
(20-40 m). This is due to weak wind-driven mixing and
higher net heat gain by the ocean surface.

The onset of southwest monsoon winds in June
causes shoaling of the MLD along the coastal regions of
the basin and deepens it in the interior, especially in the

central southwestern basin. The shallow MLD in the
coastal regions and deeper MLD in the open ocean
continue until September. During this time, the CSWAS
is characterized by relatively low salinity water. The
Somali Current carries low-salinity water from the
equatorial region, and the low-salinity water is also ad-
vected to the CSWAS from the Somalia upwelling re-
gions (Bauer et al. 1991; Morrison 1997; Joseph and
Freeland 2005) as is evident from the distribution of
surface salinity during summer (Fig. 10). This low-
salinity water is trapped over the ASHSW, which
spreads along the eastern AS toward the equator, the
core of which can be seen at 100 m (Fig. 1, region 5).
After the formation of ASHSW in the northern AS
during winter (Rochford 1964; Shenoi et al. 1993; Ku-
mar and Prasad 1999; Prasad and Ikeda 2002a,b), it
subducts to deeper layers (~100 m) as it spreads toward
the equator along the 24-0, surface (Rochford 1964;
Shenoi et al. 1993; Morrison 1997; Kumar and Prasad
1999; Prasad and Ikeda 2002a,b; Joseph and Freeland
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FIG. 7. Wind stress curl (X10~7 N m~3) for (a) February and (b) July computed using the QuikSCAT winds during
July 1999-May 2006. Shading interval is 1.0 between [—10, 10] (ftp:/ftp.ssmi.com/gscat).

2005). The subduction of ASHSW takes place during
winter in the region north of 15°N (Prasad and Ikeda
2002a,b). During July, the Ekman convergence in the
CSWAS (Fig. 7b) drives a deep ILD of 100-120 m
(Fig. 9).

Thus, the limiting of the MLD due to high saline
stratification, caused by the subducted ASHSW, and
deepening of the ILD, due to the Ekman convergence
associated with negative wind stress curl, facilitate for-
mation of the observed thick BL in this region during
July-September. Although the monsoon forcings are
conducive for a thick BL, the observed reduction in
BLT during September could be due to the arrival of
upwelling Rossby waves in the central basin from the
west coast of India during this time (McCreary et al.
1993).

b. Winter monsoon

Responding to the weak northeasterly winds, the sur-
face Ekman drift in the basin is generally directed west-
ward (Fig. 6a). Total surface currents (sum of Ekman
and geostrophic currents) for February are shown in
Fig. 6b. The poleward flowing WICC becomes weaker
as it moves toward higher latitudes, though this current
is less evident in Fig. 6d. Figure 11 represents the sur-
face salinity distribution for the period November—
February. The transport of low-salinity water from the
BOB to the SEAS by the North Equatorial Current
(NEC) and from the SEAS to the northeastern basin by
the WICC is well depicted in Fig. 11. The WICC flows
poleward against weak local winds (Cutler and Swallow
1984; Shetye et al. 1991; McCreary et al. 1993). Mc-
Creary et al. (1993) reported the role of propagating
Kelvin waves in driving the WICC. Downwelling
coastal Kelvin wave packets, generated by the collapse

of the summer monsoon winds in the northern BOB,
force a current that brings low-salinity water from the
BOB to the SEAS in November—February. They also
trigger downwelling Rossby waves along the west coast
of India; these waves propagate westward and cross the
SEAS. Presence of the low-salinity water in the surface
layer of the eastern AS over the high-salinity local wa-
ter generates a strong stratified layer, as shown in Fig.
1. The saline stratified surface layer shoals the MLD in
this region (Fig. 8). However, the propagating down-
welling Kelvin wave deepens the ILD to nearly 100 m
(Fig. 9). Thus, the shallow MLD and deep ILD cause a
thick BL (20-50 m) in the southeastern AS (Fig. 5).
Although these forcings are sustained only until Feb-
ruary, a thick remnant BL is seen even in March
(Fig. 5).

As seen in Fig. 4 and reported by many authors (Tha-
dathil and Gosh 1992; Durand et al. 2004; Shankar et al.
2004; Gopalakrishna et al. 2005; Kurian and Vinay-
achandran 2006; and Thompson et al. 2006), surface
layer temperature inversion is a salient feature of the
BL seen in the SEAS. Durand et al. (2007) depict the
formation mechanism of the BL and inversion in the
SEAS using an OGCM. They concluded that the trans-
port of the merged flow [East India Coastal Current
(EICC), winter monsoon current (WMC)] and the re-
circulation within the SEAS] of low salinity and low
SST [due to surface cooling (Luis and Kawamura
2002a,b)] over the downwelled high-salinity local water
was the formation mechanism for the observed BL.

The presence of a thick BL (20-50 m) in the north-
eastern basin during January—February is seen in Fig. 5.
During the winter monsoon, the poleward-flowing
WICC (Shetye et al. 1991; McCreary et al. 1993) carries
low-salinity water from the BOB to the northeastern
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AS where it blankets the subsurface ASHSW. Doe
(1965) observed strong haline stratification off Karachi,
Pakistan, during January, and Banse (1968) reported
the occurrence of a near-surface temperature inversion
in this region during January-February. Although the
ASHSW forms in the surface during November, the
ASHSW core is subducted to 50-60 m and moves to-
ward the northeastern boundary by January—February
(Kumar and Prasad 1999). Thus, the subsurface
ASHSW and the surface low-salinity WICC water lead
to a stratified upper layer. During this time, as shown in
Fig. 7a, the negative wind stress curl intensifies in this
region to deepen the ILD there. The haline stratifica-
tion shoals the MLD and the downwelling Kelvin wave
and negative wind stress curl deepen the ILD to form
the observed thick BL.

5. Summary and conclusions

This study provides a detailed description of the sea-
sonal variation of the BLT in the Arabian Sea using
historical hydrographic (WOA-2001 and 10DC ar-
chives) and recent Argo data. The seasonal variability
of the BLT is closely related to the oceanic processes
that occur during summer and winter monsoons. Dur-
ing both seasons, the Ekman drift and distribution of
low-salinity waters in the surface layer and subduction
of ASHSW are the dominant influence on the observed
BLT distributions. In addition, the coastal Kelvin waves
and the westward-propagating Rossby waves also modu-
late the observed BLT in the eastern and central AS.

For clarity in understanding these processes schemat-
ics showing the monsoonal forcing and other important
processes are presented in this section. Figure 12b
shows a schematic of the forcing mechanisms for the
observed distribution of BLT during the summer mon-
soon. The summer monsoon facilitates the following
major processes in the AS that affect the distribution of
the BLT.

During the summer monsoon, a divergence zone oc-
curs north of the maximum wind axis (Findlater jet)
and a convergence zone south of it. In the region of
Ekman divergence, the effect of turbulent mixing by
strong monsoon winds in deepening the MLD/ILD is
mitigated by the shoaling effect of upwelling. In con-
trast, Ekman pumping in the convergence zone pro-
motes the MLD/ILD deepening along with the turbu-
lent mixing by strong winds. The Somali Current carries
a wide band of low-salinity water from the equator and
dumps it in the Ekman convergence zone. The offshore
advection of low-salinity water from upwelling regions
also contributes to the surface freshening. During this
period the ASHSW, which is formed and subducted in
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FiG. 10. Distribution of sea surface salinity in the Arabian Sea
during the summer monsoon. Contour interval is 0.1 for SSS
greater than 35 psu, label shown for 0.2; for SSS less than 35 psu
the contour interval is 0.4 psu.

the northern AS (north of 15°N) during winter, spreads
toward the equator as a subsurface salinity maximum.
The presence of this salinity maximum (ASHSW) and
the overlying equatorial low-salinity water (carried by
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the Somali Current) together facilitate the haline strati-
fication that is sufficient to develop the observed BLT
in this region during summer.

During winter (November—February), the winds re-
verse from southwesterly to northeasterly. A schematic
of the forcing mechanisms for the observed BLT in the
SEAS and in the northeastern basin is shown in Fig.
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F1G. 12. Schematic of the forcing mechanisms explaining the
variability of ILD, MLD, and BLT during (a) January-March and
(b) June-September. The red looping arrow shows the southward
spreading of the ASHSW being formed and subducted during
winter in the region north of 15°N; blue shades along the coast
indicate upwelling zones.

12a. The WMC off the southern Indian tip is a unified
current from the eastern Indian Ocean and the EICC.
One branch of the WMC flows around the Laccadive
high (LH) and flows poleward as the WICC. Thus,
these two currents (WMC and WICC) carry low-
salinity water from the head and southern bay into the
SEAS and farther to the northeastern basin. Off the
southern Indian peninsula, the waters are cooled (due
to wind-driven evaporation) by the strong gap (because
of the topography of the southern Indian peninsula and
Sri Lanka) winds of the northeast monsoon. Note also
that these winds advect dry continental air masses over
the ocean, favoring strong evaporation. In the SEAS,
cool freshwater overlying the warm saline local waters
facilitates a strong saline stratified layer that is condu-
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cive to temperature inversions and a thick BL, as ob-
served in Figs. 4 and 5, respectively. This is the time
when downwelling Kelvin and Rossby waves traverse
the SEAS and tend to deepen the ILD along the way.
Thus, the shallow MLD due to strong haline stratifica-
tion and weak winds and deep ILD due to the propa-
gating downwelling waves develop the observed thick
BL in the SEAS.

In the northeastern Arabian Sea the forcing mecha-
nisms are similar, but more candidates join in the BL
forcing, shown schematically in Fig. 12a. The WICC
carries low-salinity water into the northeastern basin as
an effect of the poleward-propagating downwelling
Kelvin wave. By the time the WICC and the Kelvin
wave reach this region, the ASHSW subducts to deeper
depths and allows less saline WICC waters to occupy
the surface layer. Toward the later part of the winter
(January-February), the negative wind stress curl in-
tensifies in this region to reinforce the ILD deepening
caused by the downwelling Kelvin wave that has prop-
agated through the region earlier. All of these forcings
(as shown in Fig. 12a) support formation of the thick
BL in this region during January-February.
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It has come to our attention that a coauthor’s name was misspelled in ‘““Seasonal
Variability of the Observed Barrier Layer in the Arabian Sea,” by Thadathil et al., which
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coauthor listed on this paper’s title page should be Raghu Murtugudde.

The staff of the Journal of Physical Oceanography regrets any inconvenience this error
may have caused.

© 2009 American Meteorological Society



	The University of Southern Mississippi
	The Aquila Digital Community
	3-1-2008

	Seasonal Variability of the Observed Barrier Layer in the Arabian Sea
	Pankajakshan Thadathil
	Prasad Thoppil
	R.R. Pao
	P.M. Muraleedharan
	Y.K. Somayajulu
	See next page for additional authors
	Recommended Citation
	Authors


	tmp.1481221517.pdf.o6ScM

