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Indian Ocean sea surface salinity variations in a coupled model
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Abstract The variability of the sea surface salinity (SSS)
in the Indian Ocean is studied using a 100-year control
simulation of the Community Climate System Model
(CCSM 2.0). The monsoon-driven seasonal SSS pattern in
the Indian Ocean, marked by low salinity in the east and
high salinity in the west, is captured by the model. The
model overestimates runoff into the Bay of Bengal due to
higher rainfall over the Himalayan—Tibetan regions which
drain into the Bay of Bengal through Ganga—-Brahmaputra
rivers. The outflow of low-salinity water from the Bay of
Bengal is too strong in the model. Consequently, the model
Indian Ocean SSS is about 1 less than that seen in the
climatology. The seasonal Indian Ocean salt balance
obtained from the model is consistent with the analysis
from climatological data sets. During summer, the large
freshwater input into the Bay of Bengal and its redistri-
bution decide the spatial pattern of salinity tendency.
During winter, horizontal advection is the dominant con-
tributor to the tendency term. The interannual variability of
the SSS in the Indian Ocean is about five times larger than
that in coupled model simulations of the North Atlantic
Ocean. Regions of large interannual standard deviations are
located near river mouths in the Bay of Bengal and in the
eastern equatorial Indian Ocean. Both freshwater input into
the ocean and advection of this anomalous flux are
responsible for the generation of these anomalies. The
model simulates 20 significant Indian Ocean Dipole (I0D)
events and during IOD years large salinity anomalies
appear in the equatorial Indian Ocean. The anomalies exist
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as two zonal bands: negative salinity anomalies to the north
of the equator and positive to the south. The SSS anomalies
for the years in which 10D is not present and for ENSO
years are much weaker than during IOD years. Significant
interannual SSS anomalies appear in the Indian Ocean only
during IOD years.

Keywords Indian Ocean - Salinity - Interannual
variation - Coupled model - Indian Ocean Dipole

1 Introduction

Vertical stratification in the ocean is dependent on salinity
and therefore salinity plays an important role in the near-
surface thermodynamics of tropical oceans (Miller 1976;
Cooper 1988; Lukas and Lindstrom 1991; Sprintall
and Tomczak 1992; Murtugudde and Busalacchi 1998).
Reduction of sea surface salinity as a result of rainfall or
river discharge into the ocean can lead to the formation of a
barrier layer, which may prevent entrainment of cooler
thermocline water into the mixed layer and consequently
maintain warmer sea surface temperature. The penetration
of solar radiation below the mixed layer (which is found to
be thin in regions of low salinity) can lead to the formation
of sub-surface temperature inversions in the ocean
(Anderson et al. 1996; Kurian and Vinayachandran 2006).
Salinity effects have been found to influence the mixed
layer depth in several places in the tropical ocean (Sprintall
and Tomczak 1992; Murtugudde and Busalacchi 1998). In
the Indian Ocean, a barrier layer has been observed in the
Bay of Bengal (Vinayachandran et al. 2002a), eastern
equatorial Indian Ocean (Eriksen 1979; Godfrey et al.
1999) and in the southeastern Arabian Sea (Shankar et al.
2004). Salinity effects can also lead to dynamic height
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variations and changes in velocity by affecting the
momentum distribution (Han et al. 1999; Howden and
Murtugudde 2001).

The sea surface salinity (SSS) distribution in the North
Indian Ocean exhibits large spatial variability (Donguy and
Meyers 1996). The Arabian Sea is characterized by high
salinities due to the excess of evaporation over precipita-
tion (Rao and Sivakumar 2002) and its proximity to two
high-salinity seas namely, the Red Sea and the Persian
Gulf. On the other hand, the Bay of Bengal has large excess
of precipitation over evaporation and is a receptor of large
discharge from several rivers. Consequently, the salinity in
the Bay of Bengal is much below the mean salinity of the
world oceans. The high rainfall received in the eastern
equatorial Indian Ocean causes the salinity there to be less
than that in the west. Thus, in general, the eastern half of
the Indian Ocean has lower salinity than the west.

The seasonal salinity balance in the Indian Ocean is
determined by the fresh water sources/sinks and the
redistribution of the resulting low/high-salinity water by
ocean currents (Rao and Sivakumar 2002). The seasonally
reversing monsoon currents in the North Indian Ocean
(Schott and McCreary 2001; Shankar et al. 2002) transport
low and high-salinity waters from their source regions and
the horizontal SSS patterns are strongly influenced by
ocean circulation. Within the Bay of Bengal, the East India
Coastal Current (EICC) and the North Bay Monsoon
Current export fresh water away from the source
region (Shetye et al. 1991; Vinayachandran et al. 2002b;
Vinayachandran and Kurian 2007). The EICC (Shetye
et al. 1996) carries low-salinity water from the river
mouths into the southern Bay of Bengal (Vinayachandran
et al. 2005) and into the eastern Arabian Sea (Shetye et al.
1991; Shenoi et al. 2005; Kurian and Vinayachandran
2007; Durnad et al. 2007). In addition, a substantial amount
of low-salinity water escapes from the Bay of Bengal along
the eastern boundary (Han and McCreary 2001; Howden
and Murtugudde 2001; Jensen 2001, 2003; Sengupta
et al. 2006). The seasonally reversing monsoon currents
(Shankar et al. 2002) facilitate exchange of water between
the Arabian Sea and the Bay of Bengal. During winter, cool
northeasterlies blowing over the northern Arabian Sea
(McCreary et al. 1993) lead to the formation of a high-
salinity water mass (Shenoi et al. 1993), which advects
southward along with the monsoon currents. During sum-
mer, the Southwest Monsoon Current carries high-salinity
Arabian Sea water into the Bay of Bengal (Vinayachandran
et al. 1999a). Elsewhere, in the equatorial Indian Ocean,
the Wyrtki jets affect the distribution of low-salinity water
in the eastern equatorial Indian Ocean (Masson et al. 2002)
and the Somali Current in the western Arabian Sea trans-
ports low-salinity water northward (Schott and McCreary
2001).
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Owing to the paucity of data, little is known about the
interannual variability of SSS in the North Indian Ocean.
Nevertheless, limited amount of repeat observations that
are confined to shipping lanes suggest that salinity vari-
ability could be high in the tropical Indian Ocean (Delcorix
et al. 2005). Rao and Sivakumar (2002) also found from
SSS data along two shipping lanes that considerable
interannual variability occurs during El Nino years. Large
interannual freshening anomalies occur in the Indo-Aus-
tralian basin due to advection of freshwater from the
Indonesian Seas (Phillips et al. 2005). Salinity anomalies in
the eastern equatorial Indian Ocean feed-back onto the sea
surface temperature anomalies. Masson et al. (2004) found
that salinity effects reinforced oceanic anomalies and
enhanced air—sea interaction favourable for the evolution
of the 1997 Indian Ocean Dipole (IOD). In the Bay of
Bengal, however, interannual sea level variations are not
affected by the interannual variations of river discharge
(Han and Webster 2002). Barring the few studies (such as
the ones listed above), however, details of basin-wide
spatio-temporal structure of the interannual variations of
Indian Ocean SSS and their mechanisms have not yet been
pursued.

A major hurdle for interannual salinity simulation by
ocean models is the lack of reliable freshwater forcing.
Reliable estimate of one of its components, namely rainfall,
has recently become available from different sources.
Among different precipitation products, CMAP (Climate
Prediction Centre Merged Analysis of Precipitation; Xie
and Arkin 1998) data set produces salinity simulation
closest to the observation (Yu and McCreary 2004). Thus,
in the eastern equatorial Indian Ocean where interannual
SSS anomalies are caused by precipitation anomalies and
ocean dynamics (Perigaud et al. 2003), interannual simu-
lation of salinity have been possible. However, there are no
reliable interannual estimates of runoff that can be used for
forcing ocean models. Estimation of river discharge by the
inversion of ocean model simulation (Yaremchuk et al.
2005) appears to be promising but this has not been
attempted at interannual time scale.

Coupled models have the advantage that forcing for the
ocean is obtained from component models of atmosphere
and land and no external forcing data sets are necessary.
Coupled models have been used for studying the inter-
annual variations of salinity in the Pacific and Atlantic
Oceans (e.g. Mignot and Frankignoul 2003), but no such
study has been reported for the Indian Ocean. Coupled
model studies concerning the Indian Ocean have focused
on air-sea interaction, particularly in association with the
10D (lizuka et al. 2000; Gualdi et al. 2003; Lau and Nath
2003). In this paper, we investigate the Indian Ocean SSS
variability using the output from a coupled model that is
described in Sect. 2. We first examine the seasonal salinity
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variations and associated processes and compare them with
climatologies and existing analyses (Sect. 3). We then
examine the interannual variability (Sect. 4) and show that
significant salinity variability occurs in the North Indian
Ocean only during the IOD years (Sect. 5). Important
results from this study are summarised in Sect. 6.

2 The coupled model

The model used in this study is the Community Climate
System Model version 2 (CCSM2) which consists of
an atmospheric model, an ocean model, a land—surface
model and a sea—ice model (Kiehl and Gent 2004). The
individual models interact through a coupler. The
atmospheric model, the Community Atmospheric Model
(CAM2), was run at T-42 resolution, i.e. a resolution of
about 280 km and with 26 vertical levels. We have used
Eulerian dynamics with semi-Lagrangian moisture trans-
port for our simulation. The parameterization of cumulus
convection is done using the Zhang and McFarlane (1995)
scheme. Shortwave computations are done using the
method of Briegleb (1992). The land model used in the
present study was the Community Land Model version
2.0 (CLM2.0) at T-42 resolution (i.e. same as that of the
atmosphere). CLM2 (Bonan et al. 2002) has a river run-
off scheme to route stream flows.

The ocean model used in CCSM2 is the Parallel Ocean
Program (POP), which interacts with the atmospheric
model through the coupler, once a day. The longitudinal
resolution in the model is approximately 1° whereas the
grid spacing is variable in the meridional direction. It is
0.27° at the equator, decreasing to 0.54° at 33° and
remaining at this value at higher latitudes. The model has
40 vertical levels, the thickness of which varies from 10 m
in the top 50-250 m in the deep ocean. The horizontal
mixing scheme in the model uses spatially dependent
meridional and zonal viscosity coefficients (Smith and
McWillimas 2003; Smagorinsky 1963) and the K-profile
parameterization (Large et al. 1994) is used for vertical
mixing. Further details of the ocean model as well as other
component models may be found in Smith and Gent
(2002). A spin-up initial condition, at the end of a 350-year
integration was obtained from NCAR and the model was
integrated for 100 years starting from this initial condition.
Details of the experiment and initial model evaluation have
been presented in Janakiraman et al. (2005)

Janakiraman et al. (2005) compared the mean monsoon
rainfall and its interannual variability in this simulation
with observations and found that the coupled model offers
significant improvement in rainfall simulation because the
coupled evolution of monsoon is represented better in
the coupled model (Nanjundiah et al. 2005). Consequently,

the CCSM simulation is able to capture the high rainfall
over the Bay of Bengal. This is crucial for this study
because, as we shall show, fresh water input into the Bay of
Bengal is a focal point that determines the interannual SSS
variability of a much larger region in the Indian Ocean. The
model interannual variability of the Indian summer mon-
soon rainfall is much larger compared to observations.
However, a typical character of this interannual variability
is that years of high rainfall is interspersed with that of low
variability and this feature is well captured by the model.
The model also reproduces the seasonal cycle of sea sur-
face temperature in the Indian Ocean, but the simulated
temperature is slightly cooler compared to climatology. For
a detailed description of the model please see Janakiraman
et al. (2005).

3 Seasonal climatology
3.1 Salinity

Figure 1 compares the seasonal cycle of SSS in the Indian
Ocean simulated by the CCSM2 with the World Ocean
Atlas 2001 (WOA2001) climatology (Conkright et al.
2002). In the north Indian Ocean, the western part has
higher salinity and the eastern part shows lower salinity
due to the asymmetry in the fresh water forcing which is
marked by large excess in the Bay of Bengal and deficit in
the Arabian Sea (Donguy and Meyers 1996; Boyer and
Levitus 2002; Rao and Sivakumar 2002). The high-salinity
water in the Arabian Sea spreads southward and into the
Bay of Bengal during the summer monsoon (Murty et al.
1992; Vinayachandran et al. 1999a). Also, the low-salinity
water flows out of the Bay of Bengal along its eastern
boundary (Shetye et al. 1996; Han and McCreary 2001;
Jensen 2001; Sengupta et al. 2006). This seasonal sloshing
and spreading of low and high-salinity water is simulated
by the CCSM (Fig. 1).

The northern Bay of Bengal is the major source region
for low-salinity water in the Indian Ocean. Large differ-
ences between the model salinity and climatology are seen
in this region (Fig. 1). The model salinity in the northern
Bay of Bengal near the river mouths is less than that of the
climatology throughout the year. Spreading of the river
plume along the coasts during the peak summer monsoon
months, however, is similar between the model and data.
The transport of low-salinity water by the EICC (Shetye
et al. 1996) during the winter is clearly seen in the model
simulation (Fig. 1). Part of this low-salinity water is also
seen to reach the southeastern Arabian Sea during the
winter monsoon, consistent with the climatology. The
equatorial Indian Ocean shows higher salinity in the west
and lower salinity in the east in both observations and
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Fig. 1 Bimonthly maps of sea

surface salinity (SSS) in the
Indian Ocean from WOAO1
Climatology (Conkright et al.
2002) and from CCSM2. Rows
1 and 3 correspond to the model
and rows 2 and 4 to
observations
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simulations. The model salinities are, however, 1-1.5 less
than the WOAO!1 climatology.

This difference between the model and climatology can
be attributed to the Bay of Bengal being too fresh and
advection of this fresh water. Although climatological data
show low salinities near the river mouths during the pre-
monsoon months of March—-May, the model salinity in
these regions is too low during these months (Fig. 1). The
model salinity near the northern boundary of the bay during
March is less than 25 whereas in the climatology it is
above 30. Similar differences are also seen during the
summer monsoon. In addition, the outflow of low-salinity
water from the Bay of Bengal along its eastern boundary
occurs too early in the model. These deficiencies in the
model simulation are the reasons for the basin-wide
decrease in salinity in the model.
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On the whole, the major features of SSS and its seasonal
cycle in the CCSM are similar to that in the climatology.
However, the models SSS is too fresh over most of the
Indian Ocean throughout the year. This difference is very
high in the northern Bay of Bengal where there is large
river runoff into the ocean.

3.2 Freshwater input

The flux of fresh water from the atmosphere as well as from
the land affects the salinity distribution in the ocean.
Therefore, it is essential that the model reproduce these
forcing fields realistically in order to simulate the salinity
field accurately. In this section, we compare the difference
between evaporation and precipitation (E — P), runoff and
their seasonal variations with observations. For observations
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Fig. 2 E-P (mm/day) from the
model (left panels) and from

observed climatologies (right
panels). For observation,
evaporation is taken from Josey
et al. (1999) and precipitation
from CMAP (Xie and Arkin
1998). Positive values (shaded
in red) indicate that evaporation
exceeds precipitation
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we use Josey et al. (1999) climatology for evaporation and
CMAP (Xie and Arkin 1998) climatology for precipitation.
The CMAP precipitation climatology used here is for the
period January 1979-September 2004 and is obtained from
http://www.cdc.noaa.gov/cdc/data.cmap.html.

The difference between evaporation and precipitation
(E — P) is compared in Fig. 2 for January, April, July and
October. The observed E-P climatology shows freshwater
loss to the atmosphere to the north of about 5°N during
December—April and gain to the south of it up to about
15°S. During the summer monsoon, the Bay of Bengal and
the eastern Arabian Sea becomes regions of excess pre-
cipitation over evaporation; this pattern is present during
May—October. This overall pattern is simulated well by the

model but there are several differences between the model
and climatology.

In January, there is a net gain of freshwater by the ocean
from the atmosphere between about 15°S and 10°N and
loss elsewhere. This gain in the observations has one
maximum in the southern tropical Indian Ocean. The
model, however, shows two regions of high values, one in
the southern Bay of Bengal and the other between 0° and
10°S in the west. This difference is due to the deficiency in
the simulation of the rainfall in the model; the model
rainfall shows two highs compared to one seen in the
CMAP data set. The loss of freshwater in the Arabian Sea
and Bay of Bengal is overestimated in the model due to
the lager evaporation in the model than in the observations.
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Similar differences are also noted during April. In the
model, there is a band of fresh water gain that stretches all
across the Indian Ocean whereas the data show much larger
meridional spread than in the model and the band weakens
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Fig. 3 Runoff from the model into the northern Bay of Bengal (thick
line) compared to the observed climatological discharge (thin line). In
the case of model, runoff into the Bay of Bengal to the north of 10°N
is taken. Observations are from SAGE/UNESCO (Vorosmarty et al.
1996) and all rivers for which data is available are taken into account

Fig. 4 Seasonal cycle of

India (70— 9O0E, 5—30N Land Only)

towards the west. During the summer monsoon, both model
and observations show three regions of heavy rainfall; off
the west coast of India, over the Bay of Bengal and in the
eastern equatorial Indian Ocean. The model rainfall in the
eastern equatorial Indian Ocean is stronger; in the Bay of
Bengal, it is too far away from the coast, and in the Arabian
Sea, it is weaker leading to magnitudes of the freshwater
water flux differing from that in the observations, although
the overall spatial pattern is similar in both observations
and model.

There is large input of fresh water into the Bay of
Bengal from runoff. Considering that this is a major forcing
function for Indian Ocean salinity we have attempted to
compare the runoff in the model with observations. This is
not an easy task for several reasons. There are several
major and minor rivers discharging into the Bay of Bengal.
We have taken discharge data for all the rivers in the Bay
of Bengal that are available from the Global River
Discharge Database (http://www.sage.wisc.edu/riverdata;
Vorosmarty et al. 1996). For model discharge we have
integrated the runoff into the Bay of Bengal to the north of
10°N. The annual cycle of the runoff is similar in both
model and observations (Fig. 3). However, the peak dis-
charge in the model is much larger than in the data. Note
that the actual river discharge into the Bay of Bengal can
be larger than that seen in Fig. 3 because, often the
discharge measurement stations are located upstream
[whether the exclusion of Bangladesh discharge is causing
this difference could not be confirmed using the model
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Fig. 5 Terms of the salinity

(a) Tendency

(b) Horizontal

equation for July. a Local rate :
of change of salinity, 20°N
b contribution from horizontal
advection, ¢ contribution from
fresh water input and

d contribution from vertical
processes. The white patches in
the Bay of Bengal indicate o°
values beyond the color bar. F
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because (a) Bangladesh is represented by little more than
one grid point in the model and (b) the model appears to
underestimate the Bangladesh rainfall]. In addition, dis-
charge data for rivers such as Irrawady, Meghna and
Salween are not available. Nevertheless, considering that
the difference between the model and data is huge and the
simulated salinities are too low, it is reasonable to conclude
that the model overestimates runoff into Bay of Bengal.
We next examine the processes responsible for this high
runoff.

3.3 Cause of high runoff

Since runoff is related to precipitation, we analyse the
simulation of the seasonal cycle of rainfall over the Indian
region. The seasonal cycle of rainfall over India simulated by
CCSM2 (Fig. 4a, also shown by Nanjundiah et al. 2005)
compares well with the observed seasonal cycle over this
region. Therefore, the cause of the large runoff into the Bay
of Bengal appears to be very intriguing. In addition to the
Indian region, rainfall over the Tibetan plateau and the
Burmese region contribute to runoff into the Bay of Bengal.
The high runoff could be due to higher rainfall over these
regions or due to problems with the runoff parameterization.

The Himalayan—Tibetan region primarily drains into the Bay
of Bengal by Brahmaputra and, to a lesser extent, by the
Ganga river systems. The rainfall over this region is signi-
ficantly overestimated by the model (Fig. 4b). This could be
related to the steep orography over this region and to the
interaction between orography and cumulus parameteriza-
tion. The other region of significant orography is the
Burmese coast adjoining the Bay of Bengal. Though these
mountains are short and narrow, they play a significant role
in enhancing rainfall over this region (Xie et al. 2006). High
rainfall from this region drains into the Bay of Bengal pri-
marily through the Irrawady and Salween river systems.
Analysing the simulated rainfall over this region, we notice
that the model consistently underestimates Burmese rainfall
(Fig. 4d). This could be due to the coarse resolution of the
atmosphere model because of which the narrow Burmese
orography is not resolved. The resolution of this orography is
extremely important for realistic simulation of high rainfall
over the Burmese region.

Freshwater influx in the form of precipitation over the
Bay of Bengal can also have a significant impact on
salinity. Comparing the seasonal cycle of rainfall over Bay
of Bengal (Fig. 4c), we notice that the local rainfall over
the Bay is in close agreement with the observed. Only
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Fig. 6 Same as in Fig. 5 but for
November
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during the peak monsoon month of July does the model
slightly overestimate the rainfall over this region. Thus, it
appears that low salinity in model simulations is caused by
higher runoff into the Bay and the overestimation of rain-
fall over the Himalayan and Tibetan region is the cause for
this higher runoff.

3.4 Processes

The equation for the conservation of salt within the mixed
layer (Ferry and Reverdin 2004), neglecting mixing and
diffusion, can be written as

38 /0t = (—udS/ax — vas/dy) + ((S_y — ST(W_p)W_,
+(S—S_y)dh/dt) /h+ (E — P — R)S/h

(1)

where S, u, and v are the mixed-layer salinity, zonal
velocity and meridional velocity respectively, W_;, and S_,,
are the vertical velocity and salinity respectively at the base
of the mixed-layer, and I' is a Heaviside step function
depending on W_,,. E is evaporation, P is precipitation, and
R is runoff, and their sum gives the net freshwater flux into
the ocean. The first, second and third terms in the above
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equation represent the contribution from horizontal pro-
cesses, vertical processes and freshwater input to the
salinity tendency respectively (Ferry and Reverdin 2004).

Figure 5 shows the salinity balance for July. Large
decrease in salinity is noticed in the western Bay of Bengal
(Fig. 5a) due to the large freshwater input into this region
from rivers as well as rainfall (Fig. 5c). The eastern
boundary of the Bay of Bengal and parts of the EIO also
show freshening. In the eastern Bay, this is attributed to
fresh water flux and it southward advection. The freshening
in the equatorial Indian Ocean is caused by the advection
low-salinity water from the Bay of Bengal (Fig. 5b). Parts
of central Bay and eastern Arabian Sea show increase in
salinity due to the advection by monsoon currents (Murty
et al. 1992; Vinayachandran et al. 1999a; Shankar et al.
2002). There is a non-trivial advection of low-salinity
water through the Indonesian throughflow but this does not
have a significant impact of the salinity change due to the
opposing effect of freshwater input (Fig. 5¢).

Vertical processes have significant contributions only in
two regions; one in the western Bay of Bengal and the
other off Sumatra. It is in these regions that the SSS shows
very low values creating large vertical gradients and strong
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Fig. 7 Standard deviation of
anomalies of (a) sea surface

(a) Salinity

(b) Freshwater

salinity (psu) (b) from
freshwater input term (c)
horizontal advection term and
(d) vertical processes term from
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CCSM2 for the 100-year period.
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stratified layer. Off the coast of Somalia, there is a decrease
in salinity and an increase off the coast of Oman, associ-
ated with the monsoon circulation (Schott and McCreary
2001). In the Bay of Bengal, vertical processes have sig-
nificant contribution around the confluence of the poleward
flowing EICC and a freshwater plume that moves south-
ward (Shetye et al. 1991). The EICC is driven by poleward
alongshore winds and the latter by wind stress curl in the
Bay of Bengal and remote forcing from the equatorial
Indian Ocean (Shankar et al. 1996, McCreary et al. 1996;
Vinayachandran et al. 1996). The fresh plume subducts
below the EICC and flows as an undercurrent and during
this process considerable vertical exchange of salt and
freshwater takes place. The vertical exchange of salt taking
place off Sumatra is attributed to coastal upwelling.

The pattern of local rate of change of SSS in November
is very different from that in July (Fig. 6a). Salinity in the
western Bay of Bengal increases in November due to the
export of the low-salinity water by the EICC (Shetye et al.
1996). In fact, the entire coastal region of the Bay shows an
increase as the freshwater received during the summer

monsoon is removed by ocean circulation. Advective
process (Fig. 6b) contribute to an increase in salinity along
the coast and decrease in the southern parts of the Bay
(Vinayachandran et al. 2005). The decrease in salinity in
the southeastern Arabian Sea is also attributed to the
advection by coastal currents and the Winter Monsoon
Current. To the south of the Bay of Bengal, between 10°S
and 10°N, there is high rainfall in the model, but the
salinity tendency is dominated by horizontal advection. A
similar process also occurs in the southwestern tropical
Indian Ocean. In the western Arabian Sea, the opposing
tendencies off the coast of Somalia and Oman are also
determined by horizontal advection. In summary, the
winter SSS distribution, in general, is determined by
horizontal advection.

Rao and Sivakumar (2002) carried out a similar analysis
using a climatological data set. They found that advection
by ocean circulation determines the spatial distribution of
salinity during winter. During summer, the large fresh
water input into the Bay of Bengal and its redistribution
stands out prominently in the spatial pattern. The results
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Fig. 8 Monthly standard
deviations of sea surface salinity

CCSM SSS (psu) Anomaly SD

for February (top left panel),
May (top right panel), August
(bottom left panel) and
November (bottom right panel)

60°E 80°E 100°E

obtained from the present analysis is very similar to that of
Rao and Sivakumar (2002), suggesting that the CCSM2 has
a realistic representation of the salt balance in the north
Indian Ocean.

The large variability of freshwater input and its advec-
tion in the Bay of Bengal suggests two pathways for the
export of freshwater from the Bay of Bengal. One is along
the east coast of India and the other along the eastern
boundary of the bay. The former takes place during the
northeast monsoon when the EICC flows equatorward
carrying low-salinity water along with it (Shetye et al.
1996) and the latter takes place for several months begin-
ning from the peak of summer monsoon. These export
pathways are consistent with that seen in climatological
data sets and model simulations (Han and McCreary 2001;
Jensen 2001; Sengupta et al. 2006). It is quite encouraging
to note that the coupled model is able to capture the export
pathways correctly.

4 Interannual variability
The interannual SSS variability is examined using monthly

anomalies calculated with respect to the 100-year model
climatological annual cycle. The standard deviation of the
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SSS anomalies in CCSM2 (Fig. 7a) exceeds 0.25 over
most of the North Indian Ocean. Higher values are seen in
the Bay of Bengal with the maximum occurring off the
mouths of major rivers. SSS variability is maximum in the
northern Bay of Bengal and minimum in the Red Sea and
to the south of about 15°S. These model results are in good
agreement with the observations that show the standard
deviation of SSS in the Indian Ocean in the range of 0.1-
0.3 with higher values south of India (Delcorix et al. 2005).
Standard deviations higher than 0.5 are also seen off
Sumatra in the eastern equatorial Indian Ocean. The
interannual variability in the North Indian Ocean is about
five times larger than that seen in a coupled model simu-
lation for the Atlantic (Mignot and Frankignoul 2003), but
is comparable to that in a model of the western north
Atlantic off the mouths of the Amazon and Orinoco rivers
(Ferry and Reverdin 2004).

In order to understand the processes that lead to inter-
annual variations in the model, we have calculated standard
deviations of the anomalies of each of the terms in the
salinity equation. Fresh water input into the ocean (Fig. 7b)
has large variability in the Bay of Bengal which is pri-
marily concentrated off the river mouth of Ganga—
Brahmhaputra, Godavari—Krishna and Irrawady. Over the
rest of the domain, fresh water input variability is rather



P. N. Vinayachandran, R. S. Nanjundiah: Indian Ocean sea surface salinity variations 255

Fig. 9 Same as in Fig. 8 but for

the freshwater input term in the
salinity equation. Units are
10797 -1

100°E 40°E

low. Variability in vertical processes (Fig. 7d) is localized
in two regions: one is in the Bay of Bengal along the east
coast of India, where a river plume advects equatorward
during and the summer monsoon (Shetye et al. 1991, 1996;
Vinayachandran et al. 2002a; Vinayachandran and Kurian
2007) and the other is off the coast of Sumatra in the
eastern equatorial Indian Ocean. The variability associated
with vertical processes is much lower than that of fresh-
water input and its advection by currents. The standard
deviation of horizontal advection anomaly shows largest
values among all the three terms on the RHS of Eq. 1.
Large advection anomaly standard deviations are seen in
the Bay of Bengal and in the eastern equatorial Indian
Ocean (Fig. 7c). Advection of low-salinity water from the
Bay of Bengal affects the equatorial Indian Ocean to the
east of about 70°E. Large advective anomalies indicate that
redistribution of freshwater input is an important factor in
deciding the spatial structure of interannual SSS variability
in the model. Thus, the freshwater input into the Bay of
Bengal and its advection determines the interannual vari-
ability of SSS in a major part of the north Indian Ocean.
Interannual variability exhibits strong seasonal cycle
associated with the monsoons. The monthly anomaly
standard deviation ranges between 1 and 2 in the northern
Bay of Bengal throughout the year (Fig. 8) but it is less

than 1 over most of the North Indian Ocean. In general, the
variability is minimum during the pre-monsoon months of
April-May over the entire north Indian Ocean. Large
seasonal variation in the interannual signal is seen along
the east coast of India where the variability is higher during
the summer monsoon when the precipitation and river
discharge are at their peak. High values are also seen off
Sumatra during October—December. The equatorial region
is marked by high variability during October—December;
two zonal bands on either side of the equator with standard
deviation as high as 1 extend westward from the eastern
boundary (Fig. 8, November panel). The northern band is
stronger and travels westward faster. Both bands extend up
to the western boundary during December, with the
intensity decreasing westward. This pattern of salinity
variability is caused by IOD events (see next section). A
similar pattern was noticed by Perigaud et al. (2003) in
their interannual salinity simulation using an ocean model
forced by observed freshwater forcing. This result is also
consistent with the numerical simulation during the 10D
event of 1997 (Masson et al. 2004), which showed large
negative salinity anomalies to the north of the equator and
large positive salinity anomalies to the south. The negative
anomalies extend farther westward than the positive
anomalies.
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Fig. 10 Same as in Fig. 8 but
for the horizontal advection

CCSM Advection Anomaly SD

term in the salinity equation.
Units are 10797 57!

100°E 40°E 100°E

Relative roles of net fresh water flux versus advection by
ocean currents are examined using monthly standard
deviation of anomalies of terms in Eq. 1. The freshwater
flux anomaly standard deviation (Fig. 9) suggests that the
large interannual standard deviation of salinity in the Bay
of Bengal during the summer monsoon is caused by
anomalies of (E — P — R)S/h. The equatorial Indian
Ocean and the southern tropical Indian Ocean show
moderate variability in the freshwater forcing during boreal
winter. On the other hand, advection anomalies (Fig. 10)
contribute throughout the year suggesting that ocean
dynamics plays an important role in the persistence of
salinity anomalies. Note, for example, that there are large
advection anomalies in the Bay of Bengal during February,
when the freshwater input does not show a corresponding
variability. The flux anomalies lead to some salinity
anomaly in the southern tropical Indian Ocean and near
the eastern and western boundaries of the EIO during
November—December. However, the westward advection
of these anomalies appears to have a large contribution to
the total salinity anomalies. Influence of vertical processes
(Fig. 11) is confined to the east coast of India during the
summer monsoon and off the coast of Sumatra during
winter; the latter extends westward along the equator in a
narrow zonal band.
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In summary, the largest interannual variability is seen in
the northern Bay of Bengal, where the largest impact of
freshwater input associated with the monsoon is felt. Sec-
ondary variability is seen off the coast of Sumatra and
along the equator. Freshwater input and its advection from
the above two source regions determine the interannual
variability over a large region in the Indian Ocean.

5 Impact of Indian Ocean Dipole

After the Bay of Bengal, the region with large interannual
variability in the model is seen in the eastern equatorial
Indian Ocean. It is now well established that there are strong
air—sea coupled interannual signals in this region associated
with the IOD (Saji et al. 1999; Webster et al. 1999) and
ocean dynamics plays a critical role in the evolution
of coupled air—sea processes (Murtugudde et al. 1999;
Vinayachandran et al. 1999b, 2002b; Vinayachandran and
Kurian 2007; Rao et al. 2002; Chang et al. 2006). Large
salinity anomalies were present in the eastern equatorial
Indian Ocean during the IOD years of 1994 and 1997 and
during 1998 (Perigaud et al. 2003; Masson et al. 2004).
Salinity anomalies show large standard deviation during
November (Fig. 8), when sea surface temperature and sea
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Fig. 11 Same as in Fig. 8 but

CCSM Vertical Process Anomaly SD

for the vertical processes term in

tllz)e_(s]glisrlilty equation. Units are 20°N N
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Fig. 12 Dipole Mode Index (DMI) from the model sea surface
temperature data set. DMI (Saji et al. 1999) is defined as the
difference in SST anomalies between western and eastern Indian
Ocean. For the west, average is taken over the box 50°-70°E, 10°S—
10°N and for east 90°-100°E, 10°S-Equator. SST anomalies are
normalized by their standard deviation shown in the right corner of
the panel

surface height anomalies associated with the IOD are high.
Are the larger variability seen in the CCSM output related to
the IOD events in the model? We examine this issue in
detail below.

IOD years in the model are identified using the Dipole
Mode Index (DMI) as defined by Saji et al. (1999); the
DMI is given by the difference in sea surface temperature
anomalies between eastern and western equatorial Indian

Ocean and is shown in Fig. 12. In this 100-year run, the
model simulates several IOD events and the maximum
positive DMI occurred during the model year 32. Here we
consider the DMI events that lasted for at least 4 months
consecutively with the normalized DMI exceeding 1.5
times its standard deviation. There were 20 such events.
Composite anomaly maps were prepared for these 20
model IOD years to isolate the influence of these events.
Composites were also made for the year before the IOD
and the year after it.

Again, there are two regions with high variability: one is
in the Bay of Bengal and the other in the eastern equatorial
Indian Ocean (Fig. 13). Positive salinity anomalies first
appear in the western Bay of Bengal during July of the
dipole year and then they spread southward along the east
coast of India and eastward in the offshore direction.
During January, these anomalies travel around Sri Lanka
into the Arabian Sea, along the west coast of India. During
October, a band of positive anomaly is seen all across the
Bay of Bengal and it is replaced by large negative ano-
malies in the following January—March period. In the
equatorial region, two bands of salinity anomalies—one
positive and the other negative—are seen on either side of
the equator, both originating from the eastern boundary
(Fig. 13, November panel). The negative anomaly band
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Fig. 13 Bimonthly maps of
composite SSS anomaly from
the model. Monthly composites
are made out of 20 IOD years in
CCSM2

40°E 60°E 80°E

100°E 40°E 60°E 80°E

-1.2

appears first, off the northern coast of Sumatra during July
and then propagates westward during the summer mon-
soon. This negative anomaly band extends all across the
Indian Ocean by September and remains there for several
months. The band of positive anomaly first appears during
June—-August south of Java, grows further and spreads
westward in the following months. This band however,
does not penetrate as far westward as the northern band.
Although SSS anomalies begin to weaken in January, large
negative anomalies exist in the western Indian Ocean and
in the south central Indian Ocean till the next summer
monsoon.

Masson et al. (2004) used an ocean general circulation
model to investigate the salinity effects on the 1997 dipole
event. Their salinity simulation showed negative anomalies
to the west of Sumatra and positive anomalies over the rest
of the equatorial Indian Ocean (between 60° and 90°E,
Equator-5°N). The anomaly pattern simulated by the
CCSM compares well with this although the negative SSS
anomalies in the CCSM extends farther westward sug-
gesting that westward currents are stronger in CCSM.
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Thompson et al. (2006) examined the salinity anomalies
during the IOD years using an ocean general circulation
model. The positive salinity anomalies as well as their
westward advection in their simulation were weaker than in
Masson et al. (2004), probably due to the fact that
Thompson et al. (2006) relaxed the model salinity to cli-
matology. The negative anomalies in Thompson et al.
(2006), crossed the equator much more to the west than in
either Masson et al. (2004) or the present CCSM2
simulation.

In order to find out processes that determine the simu-
lated pattern of SSS anomalies in the coupled model, we
have prepared composite maps of all the terms of the
salinity equation for the IOD years (Fig. 14). Two bands of
SSS anomalies of opposite sign in the equatorial region
(Fig. 13, September panel) are located under two bands of
precipitation anomalies of opposite sign (Fig. 14b). There
is a band of increased precipitation between India and the
equator and the low-salinity band is located under this rain
belt. Negative rainfall anomalies appear off the coast of
Sumatra in August (Fig. 14b), causing positive SSS
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Fig. 14 Composite anomaly SEPTEMBER
maps of for September (left : : :
panels) and November (right (a)E

panels) for evaporation (a, f),
precipitation (b, g), freshwater
input term (c, h), horizontal
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anomalies (Fig. 13) and this negative anomaly patch
advects westward in October and November (Fig. 14i).
Horizontal advection of positive salinity anomalies are,
however, seen in a narrow band confined to the equatorial
region, with negative anomalies on either side. Note that
the magnitude of contribution from horizontal advection
anomaly composites are much higher than that of either
fresh water input or vertical processes, particularly near the
equator. Oceanic processes, both vertical and horizontal,
have more spatial structure than the freshwater input and
salinity anomalies. From these maps we find that the
atmospheric flux of fresh water into the ocean and its

100°F

advection by ocean currents determines the simulated
composite IOD anomaly patterns.

A very interesting result that has emerged from our
analysis is that large salinity anomalies occur in the Indian
Ocean during IOD years. Further, anomalies of such
magnitude are present only during IOD years. This is
illustrated below by considering non-IOD years and El
Nino years.

ENSO events in the model were identified using Nino3.4
SST anomalies. Years in which the SSTA exceeded 1.5
standard deviation were defined to be ENSO years and
there were eleven such events in the model. Among these,
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Fig. 15 ENSO composite
anomaly maps of SSS for May, 20°N r
July, September and November.
Composites are made out of 10°N F
seven El Nino events in the

model (see text) oo [

20°S

o

45°E 5B°E  65°E  75°E

85°E  95°E

105°E °E  55°E B5°E 75°E 85°E  95°E 105°E

~
o

20°N /
10°N 7

0o f

2008 4 L I L

45°E  55°E  65°E  75°E  85°E  95°E 105°E 45°E  55°E

B5°E  75°E  85°E  95°E 105°E

Fig. 16 Residual composite
anomaly maps of SSS for m (a)
May (b) July, (c¢) September and
(d) November. From the 10°N
100 years of model output all

the IOD years are excluded and 0°
the remaining years are used for
the composite. In addition, for
May and July, the year
succeeding an 10D was
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four co-occurred with an IOD event. The remaining seven
ENSO events were used for preparing composite maps of
pure ENSO events (Fig. 15). During July, positive SSS
anomalies are present during El Nino years in the Bay of
Bengal, southeastern tropical Indian Ocean and in the
Arabian Sea. The coastal regions of the Bay of Bengal
show negative salinity anomalies. These anomalies are
smaller in magnitude compared to the IOD composite.
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Moreover, they are short-lived: the anomalies that appear
in July do not persist even till September.

The severity of the IOD is manifested in composite
anomaly maps for years excluding the IOD years. This is
called the residual composite. Figure 16 shows such com-
posites for May, July, September and November. For the
case of May and July the year succeeding the IOD year was
also excluded from the composite. The residual maps
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clearly show that SSS anomalies are much weaker than in
the IOD composite (note that the scale of the color bar is
different for Figs. 13, 16). Negative anomalies of the order
of about 0.4 is seen in the northern Bay of Bengal. The
western equatorial Indian Ocean shows anomalies of the
order of 0.3 during October—December. Negative anoma-
lies are seen off Sumatra during September in contrast to
the positive anomalies seen during IOD years (Fig. 13). In
summary, large interannual SSS anomalies exist in the
Indian Ocean only during IOD years.

6 Summary and conclusions

The freshwater forcing in the Indian Ocean is characterized
by large spatial asymmetry: there is a net freshwater input
into the Bay of Bengal and the eastern equatorial Indian
Ocean, whereas there is a net loss from the Arabian Sea.
Consequently, the salinity in the west is much higher than
in the east. A major component of the freshwater input is
the large river discharge into the Bay of Bengal. Due to the
lack of reliable observations of river discharge, simulation
of interannual salinity fields, using ocean models forced by
observations, have not been possible. In this paper, we have
presented seasonal and interannual variations of Indian
Ocean sea surface salinity and their governing processes,
from a 100-year simulation using a coupled model
(CCSM2).

The seasonal evolution of Indian Ocean salinity distri-
bution in CCSM2 is in good agreement with observations.
The export of low-salinity water out of the Bay of Bengal and
intrusion of high-salinity water into the bay is reasonably
well represented in the model. However, the model SSS is
1-1.5 less than climatology. The main reason for this
difference is the overestimation of runoff into the Bay of
Bengal, which results from an overestimation of rainfall over
Himalayan and Tibetan region, this rainfall draining into the
Bay of Bengal through the Brahmaputra and Ganga river
systems. On the other hand, the model tends to underestimate
the rainfall over the Burmese region, which has short and
narrow mountains. It is possible that the poor representation
of orography in the atmospheric component of the coupled
model is responsible for this deficiency, which might be
reduced with an increase in horizontal resolution.

The spatial structure of the seasonal cycle of Indian
Ocean SSS is determined by net fresh water input into the
ocean (that is, the sum of evaporation, precipitation and
runoff) and its redistribution by ocean circulation. Pro-
cesses that control spatial patterns of salinity are consistent
with that obtained from climatological estimates (Rao and
Sivakumar 2002). In summer, the fresh water input into the
Bay of Bengal and into the eastern equatorial Indian Ocean
is the crucial process, whereas during winter the advection

by ocean currents becomes the determining factor. Sig-
nificant vertical exchange of salt and freshwater occurs
along the east coast of India and off the coast of Sumatra.

Interannual variations of model salinity are found to be
large in the Bay of Bengal (1-2) and in the eastern equa-
torial Indian Ocean. In the rest of the Indian Ocean, it is, in
general, less than 0.5. Most of this variability is caused by
the freshwater flux into the Bay of Bengal, into the eastern
equatorial Indian Ocean and the advection of these fresh
anomalies by ocean currents. The winter-time interannual
variations in the equatorial Indian Ocean is marked by two
zonal bands along either side of the equator, under the
influence of the IOD. The model simulates twenty signifi-
cant IOD events and large high-salinity anomalies are
present off the coast of Sumatra in response to the reduced
rainfall in that region. This band extends westward along
with the progression of the IOD life cycle. To the north of
the high-anomaly region there is a band of low-salinity
anomalies that extend all across the Indian Ocean, which is
attributed to excess rainfall in this region.

A surprising result from this study is that the Indian
Ocean SSS anomalies are high only during the IOD years.
A comparison of composite salinity anomaly maps show
that the magnitude of salinity anomalies, particularly in the
10°S—10°N band, during the IOD years is about three times
larger during IOD years than during non-IOD years and El
Nino years.
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