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To Characterize the	  variability	  of	  the	  SIO	  S-‐MAX	  
	  pool	  through	  the	  analysis	  of	  mulW-‐source	  datasets	  
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To Determine the	  physical	  mechanisms	  controlling	  

	  the	  SIO	  S-‐MAX	  variability	  
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0th DESCRIPTION 

global accuracy of 0.01 psu [Wong et al., 2003]. A study by
Kobayashi and Minato [2005] of the eastern tropical Indian
Ocean shows that Argo accuracy was within !0.01 psu even
up to 1000 db. Huang et al. [2008] reported that the least
accuracy from Argo is observed in the eastern tropical Indian
Ocean, thus the accuracy for the entire Indian Ocean can
be considered to be within the expected global accuracy of
0.01 psu.
[7] In this study, we made use of the outputs from the high

resolution HYCOM for the 2003–2006 period. HYCOM is a
1/12" horizontal resolution (#7 km at midlatitudes and 3.5 km
at the North Pole) and 32 hybrid layers in the vertical, is
isopycnal in the open stratified ocean, and makes a smooth
transition to a terrain-following (s) coordinate in coastal
waters using the layered continuity equation [Bleck, 2002].
The model’s use of varying vertical coordinates allows it to
effectively simulate the characteristics of ocean circulation as
well as interior water mass distribution. These features are
very important especially in the study of transport of ocean
properties such as salinity, as the dynamics are strongly influ-
enced by localized processes hence the use of a fixed depth
will be inefficient [Chassignet et al., 1996]. HYCOM has the
capability of selecting among several different vertical mixing
sub-models; this version uses K-Profile Parameterization
(KPP) [Large et al., 1994]. This feature is essential for our
study, as salinity distribution, especially in the surface ocean,
is partly dependent on vertical mixing.
[8] This version of HYCOM was initialized using monthly

mean temperature and salinity from the 1/4" Generalized
Digital Environmental Model (GDEM4) climatology [Carnes
et al., 2010] in January. This experiment was then run for
13 years using climatological monthly mean wind and
thermal forcing constructed from the 0.3125" NCEP Climate
Forecast System Reanalysis (CFSR) over the 1993–2009
time frame. In addition, 6-h variability from CFSR over
the period January 2002–December 2003 was added to the
climatological wind-forcing (but not the thermal forcing)
to add the higher frequency variability needed for realistic
simulation of the surface mixed layer. In order to keep the
evaporation minus precipitation budget on track, the model
weakly relaxes to monthly mean SSS from the Polar Science
Center Hydrographic Climatology (PHC) SSS. The actual
SSS relaxation e-folding time depends on the MLD and is
(30 days $ 30 m/MLD m) days, i.e., it is more rapid when
the MLD is shallow and less so when it is deep. This virtual
salt flux is sufficient to avoid long-term drift in SSS, but
not so strong as to inhibit SSS anomaly formation. The SSS
relaxation is in addition to the evaporation-precipitation
budget.
[9] Once the model was determined to be equilibrated after

being spun-up with climatological forcing, the simulation was
then continued using 1 hourly NCEP CFSR, heat fluxes and
precipitation fields for the period 1993–2010 as the forcing.
Monthly varying discharge from 986 global rivers is included
as a surface precipitation flux (but not as a volume flux).
There is no assimilation of any ocean data, including SST,
and no relaxation to any other data except SSS to keep the
evaporation minus precipitation balance on track. Because
we are using the global version of HYCOM, there is no
sponge layer across the lateral boundaries. The model allows
the Indonesian Throughflow (ITF) to flow into the Indian

Ocean, enabling salt to be conserved in the steady state
while potentially varying from year to year.
[10] We analyzed the solar radiation and heat fluxes

using Objectively Analyzed air-sea Heat Fluxes (OAFlux)
Version 3 data [Yu et al., 2007] available on a 1" $ 1" grid
for the period 2003–2006. The OAFlux products are con-
structed from an optimal blending of satellite retrievals and
three atmospheric reanalyzes. Daily fluxes are computed
from the optimally estimated variables using the COARE
bulk flux algorithm 3.0. OAFlux evaporation data was used
in salt budget estimation.
[11] Precipitation data for this study was obtained from the

Global Precipitation Climatology Project (GPCP) data set
[Adler et al., 2003]. The GPCP data set is produced from
measurements from rain gauges and satellite infrared and
microwave sensors and is available on a 2.5" $ 2.5" grid.
[12] We define and compute theMLD as the depth where the

water density is higher by 0.2 kg.m%3 than the surface density
[McPhaden et al., 2009]. Similarly, the isothermal layer depth
(ILD) is defined as the depth at which the temperature changes
by 1"C from the temperature at the ocean surface.
[13] For consistency, the data sets in this study were

re-gridded onto a common grid (2.5" $ 2.5") using linear
interpolation.

2.2. Methods
[14] Following Delcroix and Henin [1991], Rao and

Sivakumar [2003] and Foltz and McPhaden [2008], the
mixed layer salt budget can be written as
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where S is mixed layer salinity, h is the depth of the upper
mixed layer, E is evaporation, P is precipitation, U is zonal
component of velocity, V is meridional component of
velocity, We is entrainment velocity, and Sz=h is the salinity
just below the MLD. The terms in equation (1) from left to
right are the salinity tendency, sea surface freshwater flux,
zonal salt advection, meridional salt advection, entrainment
and residuals (R) which represents physical processes that
are unaccounted for. We split the horizontal (zonal and
meridional) advection into Ekman drift and geostrophic
current components in order to understand their relative
roles, magnitudes and effects in the salt balance of the SEAS
region (white box in Figure 1). Geostrophic component of
the horizontal salt advection was estimated from
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where Ug and Vg are the surface geostrophic current com-
ponents computed respectively from
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where z is sea surface height (SSH) from TOPEX/Poseidon
and Jason altimetry data, g is acceleration due to gravity
(9.8 ms%2) and f is the Coriolis parameter (2Wsinf, where W
is the angular velocity of the Earth).
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[15] The Ekman wind drift components of the horizontal
salt advection was estimated from

Ues ! Ue
!S
!x

andVes ! Ve
!S
!y

; "4#

where Ue and Ve are the surface Ekman drift components
computed respectively from

Ue !
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andVe !
$tx
ro fh

; "5#

where the surface wind stress t = raCDywas computed using
the 1% & 1% gridded pseudostress (y) data set with air density
ra = 1.2041 kg m$3 and drag coefficient CD = 0.0015
[Bourassa et al., 2005] from the Florida State University’s
(FSU) Center for Ocean-Atmosphere Prediction Studies
(COAPS). ro is the water density (1023 kg m$3).
[16] We computed the entrainment velocity,We, following

Stevenson and Niiler [1983],

We ! H
!h
!t

'r:hv
! "

; "6#

where n is the horizontal velocity and H is the Heaviside
unit function [=0 if (We + dh/dt < 0, =1 if (We + dh/dt > 0].
By this, only the entrainment (positive) velocity is consid-
ered whiles the detrainment (negative) velocity is not con-
sidered. This is because the water that flows out from the
bottom of the mixed layer has approximately the same
characteristics as the water in the mixed layer and hence will
not affect the salinity in the mixed layer [Ren and Riser,
2009].
[17] Following Swenson and Hansen [1999] and Kurian

and Vinayachandran [2007], the mixed layer heat budget
can be written as
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where T is the vertically averaged HYCOM temperature
over the depth of upper mixed layer, h, Qs is the near-surface
heat flux, Cp is the specific heat capacity of seawater
(4.0 & 103 J kg$1 K$1), U is HYCOM zonal component of
velocity, V is HYCOM meridional component of velocity,
DT is the difference between the vertically averaged tem-
perature of the mixed layer and the temperature just below
the mixed layer, We is the entrainment velocity and D
represents the residual term which includes processes which
we could not estimate directly from the data such as dia-
pycnal mixing and diffusion. In the first term of equation (7),
we have not considered the penetrative solar radiation as
suggested by Sengupta et al. [2008].
[18] The heat content (H) of the upper 40 m layer in the

SEAS was computed from HYCOM simulations using the
following relation:

H !
Z

roCpTdz; "8#

where T is mean temperature over depth interval of dz.

[19] In our estimations of the salt and heat budget
(equations (1) and (7)), monthly averaged parameters were
used. First, all terms were expanded as a time average plus a
departure from the time average. For example, salinity was
expanded as S ! !S ' S! (i.e., monthly average + departure
from average). All the terms involving departures from the
time average are then combined into the “residual” term,
which represents the difference between the tendency terms
(left hand side) and budget terms (right hand side) of
equations (1) and (7).

3. Results and Discussion

3.1. Comparison Between SMOS, Argo and HYCOM
Sea Surface Salinity
[20] We evaluate HYCOM SSS using Argo SSS. We

additionally assess the ability of the SMOS satellite to capture
the exchange of SSS between the Arabian Sea and the Bay of
Bengal via the SEAS region. Recently, Subrahmanyam et al.
[2012] discussed the general characteristics of Indian Ocean
SMOS-derived SSS on seasonal time scales. We present here
the selected monthly SSS distributions in 2010 derived from
SMOS, Argo and HYCOM in the northern Indian Ocean
(Figures 2a–2h). The general characteristics of SSS are well
captured in all three SSS products. In the northern Indian
Ocean, the Bay of Bengal has lower SSS as a result of pre-
cipitation exceeding evaporation and the influx of river-
runoff, whereas the Arabian Sea has higher SSS as a result of
evaporation exceeding precipitation [Prasad and Ikeda,
2002; Joseph and Freeland, 2005; Nyadjro et al., 2011].
Additionally, the Arabian Sea is semi-enclosed, bounded on
three sides by landmasses with connections to the highly
saline Persian Gulf and Red Sea. Salinity in the northern
Indian Ocean is partly balanced by salt exchange between the
Arabian Sea and Bay of Bengal via the monsoon-influenced
seasonal reversing currents [Schott andMcCreary, 2001; Rao
and Sivakumar, 2003; Nyadjro et al., 2010]. The waters
exchanged between these two basins pass through the SEAS
region and affect the salt budget in the ASMWP.
[21] Although SMOS is not able to resolve the SSS along

the coastal regions (Figures 2a, 2d, 2g, and 2j), nevertheless,
the arrival of low saline waters from the Bay of Bengal
into the SEAS region is well captured (Figure 2g). The
SMOS-observed SSS shows the occurrence of the lowest
SSS in December–February in the SEAS region (Figures 2d
and 2g). Bay of Bengal also contributes to the freshwater
advection to the southern tropical Indian Ocean along the
coast of Sumatra (Figure not shown).
[22] The HYCOM simulated current vectors are super-

imposed on the HYCOMSSSmap (Figures 2c, 2f, 2i, and 2l).
During the winter (Figures 2a–2f), less saline waters from
the Bay of Bengal are advected by the southward flowing
East India Coastal Current (EICC) into the West India
Coastal Current (WICC) via the westward flowing Northeast
Monsoon Current (NMC) [Vinayachandran et al., 1999;
Subrahmanyam et al., 2011]. These broader currents are
depicted schematically in Figures 2b, 2e, 2h, and 2k. The low
saline waters imported into the SEAS region become notice-
able in December (Figures 2d–2f) and peaks by February
(Figures 2g–2i). It is worth mentioning that this is better
captured by SMOS (Figure 2g) than Argo (Figure 2h) and
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RG-‐ARGO:	  S,	  h,	  dS/dt	  
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We:	  Entrainment	  Velocity	  
S:	  Sal	  MLD	  
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	   	   	   	   	   	   	   	   	   	   	  	  	  Expansion	  

§ Decadal	  Variability	  	  
§ Seasonal	  	  

ContracWon	  à	  ADV	  and	  ENTR	  	  
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SUMMARY 


