Author version: Remote Sens. Environ., vol.115(3); 2011; 944-956
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Abstract

Argo profiles of temperature and salinity data from the north Indian Ocean have been used to
address the seasonal and interannual variability of Sea Surface Salinity (SSS) and SSS Anomaly (SSSA)
in 2 boxes from the eastern Equatorial Indian Ocean (EIO: 5°S-5°N, 90°-95°E) and Southeastern
Arabian Sea (SEAS: 5°-9°N, 72°-76°E) and to compare with the HYbrid Coordinate Ocean Model
(HYCOM) simulated SSS for the period from January 2002 to February 2007. The observational period
covered one strong negative Indian Ocean Dipole Zonal Mode (IODZM) event in 2005 and a strong
positive IODZM event in 2006. The Argo profiles in each box captured the impact of these IODZM
events with a larger impact in the EIO box showing salting (positive SSSA, +0.9) during negative
IODZM (November 2005) and freshening (negative SSSA, -0.6) during positive IODZM (November
2006). A band of positive (negative) SSSA occurs in the central EIO during negative (positive) IODZM
event in 2005 (2006) under the influence of IODZM dynamics. The impact of IODZM event in the
SEAS is more evident during boreal winter months. The observed anomalous eastward (westward)
surface current contributed to the observed intense salting (freshening) during negative (positive)
IODZM event in the EIO. Following the IODZM events, the East India Coastal Current (EICC) gets
modulated through the propagation of downwelling/upwelling Kelvin Waves and further lead to the
freshening/salting in the SEAS during boreal winter. These are well corroborated with the HYCOM
simulations of SSS and currents. This study emphasizes that the HYCOM simulated salinity fields
would be useful to provide rapid checks revealing either problems or successes in the satellite retrievals
of salinity from the Soil Moisture and Ocean Salinity (SMOS) and Aquarius missions.
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1. Introduction

There are many well-documented studies on the seasonal and interannual variability of Sea Surface
Temperature (SST) in the tropical Indian Ocean from in situ observations, satellite measurements, and
model simulations. [see the elaborate reviews by Schott and McCreary (2001); Annamalai and
Murtugudde (2004); Schott et al., 2009 and the numerous references therein]. The interannual variability
in SST anomalies (SSTA) is interesting in the Equatorial Indian Ocean (EIO) wherein anomalous
cooling (negative SSTA) occurs by October-November off the Sumatra coast in the eastern EIO and
warming occurs in the western/central EIO, a phenomenon widely known as the positive IODZM event
(Saji et al., 1999; Webster et al., 1999). During the negative IODZM event, the eastern EIO shows
anomalous warming while the central/western EIO has negative SST anomalies (Saji et al., 1999 and
Rao et al., 2002). Murtugudde and Busalacchi (1999), Murtugudde et al. (2000) and Rao et al. (2002)
showed that the dynamics and thermodynamics and the associated circulation and subsurface variability
are affected during the 10D years in the tropical Indian Ocean.

Compared to temperature measurements, salinity observations are sparse both temporally and
spatially in the tropical oceans as there are no satellite salinity measurements as of now. However,
based on the climatological salinity data (Conkright et al., 2001) and sparse Sea Surface Salinity (SSS)
data collected along Ships of Opportunity shipping lanes, the seasonal cycles of SSS have been studied
to some extent in the tropical Indian Ocean (Donguy and Meyers, 1996; Rao and Sivakumar, 2003;
Murty et al., 2004 and Delcroix et al., 2005). Modelers also used the available information on SSS
variability for assessing numerical model performance (Murtugudde and Busalacchi, 1998) and for
understanding climate variability (Murtugudde et al., 2000).

With the launch of the Argo (Array for Real-time Geostrophic Oceanography) program, the number of
temperature and salinity profiles repeated with 5/10 day cycles increased considerably in the tropical

Indian Ocean (Anonymous, 2001) (visit http://www.incois.gov.in for more information). The Indian

National Center for Ocean Information System (INCOIS), Hyderabad is the regional nodal agency for
archiving the Argo profiles data gridded into 10-day cycles and 3°x3° boxes for the user community.
Ravichandran et al. (2004) discussed the first results of India’s Argo observations from SEAS
highlighting the annual cycle of Argo SSS with lower SSS occurring in January—February and higher
SSS during July—November. Shenoi et al. (2005) documented the evolution of SSS during March 2002—



April 2003 in the SEAS and reported that lower SSS waters first appeared in the eastern part of the
SEAS during February-March 2003. Vinayachandran et al. (2005) noticed the bifurcation of EICC off
east coast of Sri Lanka in non-1OD years and proposed that the low salinity waters from the Bay of
Bengal may reach the SEAS through the Winter Monsoon Current (WMC). Gopalakrishna et al. (2005)
studied SSS variability during 2002-05 and reported the occurrence of very low salinity waters in SEAS
(the south box in their Figure 3c) during December 2003-February 2004. The continued SSS
observations in the SEAS till June 2007 (Gopalakrishna, personal communication) showed considerable
interannual variation in SSS with very low SSS (<33.0) in January—February 2004 and 2006 and
relatively higher SSS (33.5 — 34.5) in February—March of 2003, 2005, and 2007. Phillips et al. (2005)
examined the interannual variability of upper ocean salt content in the southeast Indian Ocean.
Thompson et al. (2006) reported the Indian Ocean circulation and SSS variability during 10DZM
events, using different OGCM (Ocean General Circulation Model) simulations and assimilated data sets
of SODA (Simple Ocean Data Assimilation) and ECCO (Estimating Climate and Circulation of the
Ocean). They noted significant negative salinity anomalies in the central equatorial Indian Ocean (0-
5°N; 75-90°E) during the positive 10D events. However, due to the lack of observations of long-term
time-series salinity data in the tropical Indian Ocean, the interannual variability of salinity during the

I0DZM events is not completely documented.

The availability of long-term Argo profiles data motivated us to study the seasonal and interannual
variability of observed Argo SSS and SSSA in relation to the IODZM events in two 5°x5° boxes
selected in the eastern EIO and SEAS (Figure 1) during January 2002 — February 2007. The two
selected boxes are located in the region of higher SSS variability in the eastern tropical Indian Ocean
and help link the equatorial dynamics associated with the IODZM events and the observed interannual
variability of SSS in the eastern EIO and SEAS. The Dipole Mode Index (DMI) data
(http://www.jamstec.go.jp) for the study period suggests the occurrence of 2 positive IODZM events
with cooler eastern EIO in the years 2003 and 2006. Rao et al. (2004) mentioned that the IODZM event
in 2003 was intense in the June-September period and terminated early due to intraseasonal
disturbances. The year 2005 was identified as a negative IODZM event with warm SSTs in the eastern
EIO. Horri et al. (2008) reported that the year 2006 was a very strong positive IODZM event, with
highest anomalous cooling (up to ~2°C) off southern Java coast in November 2006. Yoneyama et al.
(2008), based on the MISMO (Mirai Indian Ocean cruise for the Study of the MJO-convection Onset)
field Experiment in the central EIO (0°, 80.5°E) and the eastern EIO during October - December 2006,



highlight the presence of low salinity waters at 10 m depth in the central EIO (80.5°E) and their
westward advection from the eastern EIO during the positive IODZM event in 2006 (Vinayachandran et
al., 2007). Anilkumar et al. (2007) also reported low salinity (<34.2) waters in the upper 40 m in the
central EIO (77°-93°E) and their westward spread along the equator during September—October 2006,
the period of positive I0ODZM event. McPhaden (2008) reported positive rainfall anomalies in the
central EIO (80.5°E) in November 2006 in association with the positive IODZM 2006 event.

In this study, we have used the archived gridded Argo products (http://www.incois.gov.in,

http://www.coriolis.eu.org) of temperature and salinity data in 3°x3° boxes and 10 day cycles for 5 year

long-duration in the above selected boxes to understand the seasonal and interannual variability of SSS.
This study has also prompted us to look into the performance of the high-resolution HYbrid Coordinated
Ocean Model (HYCOM) simulations of SSS and currents in comparison with Argo SSS data during the

IODZM events. River input and precipitation are also considered in the HYCOM simulations.

As the interannual variation of SSS is affected by the rainfall over the oceans, we have also
examined the rainfall data (Adler et al., 2003) obtained from Global Precipitation Climatology Project
(GPCP) [http://ftp.ncdc.noaa.gov/pub/data/gpcp/pentad/data] in the selected boxes.

Section 2 gives a brief methodology of Argo data analysis and descriptions of HYCOM simulations.
Section 3 describes results of the multi-year mean seasonal cycle and interannual variation of SSS and
SSSA both from Argo and HYCOM data sets in each box. Section 4 provides discussion on the
interrelationships between the SSSA variability in the two boxes and the linkage between the IODZM
dynamics and the observed SSSA variability in the two boxes through the anomalous surface circulation

derived from HYCOM simulations. Conclusions are given in Section 5.

It is expected that this study of comparison of Argo observed SSS with the HYCOM SSS fields
would provide the necessary background to use the high resolution and wide-scale modeled salinity
fields as a tool to compare and validate the satellite retrievals of SSS from the SMOS mission launched
by the European Space Agency (ESA) and the Aquarius mission to be launched by National
Atmospheric and Space Administration (NASA) and the Space Agency of Argentina (Comisién
Nacional de Actividades Espaciales, CONAE). These missions would provide the first-ever global

maps of sea surface salinity and offer the possibility of comprehensive SSS measurements.



2. Argo floats data and model simulations

2.1 Argo float data

Argo is a pilot programme of the Global Ocean Observing System. These data were collected and
made freely available by the INCOIS and Coriolis project and the national programmes that contribute
to it. The Argo Float mission was implemented in 1999 under the joint auspices of Climate Variability
(CLIVAR) and Global Ocean Data Assimilation Experiment (GODAE), to produce unprecedented
broad-scale measurements of temperature, salinity, and ocean circulation for climate and other
applications. There are about 3175 Argo floats worldwide and 506 active floats in the Indian Ocean as of
August, 2008 (http://www-argo.ucsd.edu/). Each Argo float is equipped to take salinity and temperature
vertical profiles up to the parking depth of 2000 m. After 5/10 days of repeat cycle the float returns to
the surface to transmit its position and data to a satellite, then returns to depth. The Argo salinity data in
the upper 100 m from EIO box and SEAS box are compared with the collocated Conductivity-
Temperature-Depth (CTD) salinity data at the stations in these boxes. In the SEAS, CTD (Seabird
Electronics Inc., USA) temperature and salinity profiles were obtained as part of the Arabian Sea
Monsoon Experiment (ARMEX) during 14 March — 10 April 2003 and 15 May — 19 June 2003 (Shenoi
et al., 2005) and during 15 April — 6 May 2005 (Murty et al., 2006a). Coinciding with the period of the
present study, there were two CTD salinity profiles in the SEAS box. Similarly, from the EIO box there
was one CTD salinity profile in September 2006, obtained as part of the Ocean Observing System

(O0S) program of the Ministry of Earth Sciences, Government of India.

In this study, we used the gridded Argo data product of 10 day interval in regular 3°x3° boxes

archived at the Argo data center in INCOIS (http://las.incois.gov.in) in the north Indian Ocean from
January 2002 to February 2007. Data at observation levels flagged in the Argo real-time quality control
(e.g., spike check, density inversion check) were excluded. Float profiles with data from sparse vertical
levels were also excluded in our analysis. The gridding was carried out based on a two-step interpolation
method (Kessler and McCreary, 1993). In the first step, the T-S data from each profile were linearly
interpolated to standard depths (i.e., 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600,
700, 800, 900 and 1000 m), thereby creating a modified dataset. In the second step, the temperature and
salinity of the modified dataset at each standard depth were mapped from irregular locations onto
regular 3°x3° grids and 10-day timescales. The Argo float location changed slightly within the selected



box (EIO and SEAS) for each 10-day cycle over the study period, and this time variation of Argo
profiles data was considered as 10-day interval time-series data from the selected boxes. Argo salinity at
5 m depth was taken as the Argo SSS. We extracted the Argo SSS data in the 5°x5° boxes located in the
eastern E10 (5°S-5°N, 90°-95°E) and SEAS (5°-9°N, 72°-76°E) (Figure 1). The EIO box is further sub-
divided into EIO-north box (2°-5°N), ElO-equator box (2°S-2°N) and EIO-south box (2°-5°S) to
examine the SSS and SSSA variability across the equator. From the original 10-day interval Argo SSS
data, monthly mean Argo SSS data were obtained and the 5-year mean seasonal cycle was constructed
for each box. The climatological monthly mean sea surface salinity data of the World Ocean Atlas of
2005 (WOAO05) (Antonov et al., 2006) in each box were also extracted for comparison with the monthly
Argo SSS data in each box. The interannual Argo SSSA time-series in each box was obtained after
removing the 5-year mean seasonal cycle of Argo SSS from monthly mean SSS in each year during
2002-06. In this study, for all the data sets, the seasonal cycle is defined as the time-variation of the
monthly means of the parameter from January to December. The seasonal and interannual variability in
Argo SSS and SSSA in each box are presented. The Argo SSS and SSSA are compared with the
HYCOM simulated SSS and SSSA in the boxes for the study period 2002-2006.

2.2 HYCOM simulations

In this study we used global HYCOM with 1/12° horizontal resolution and 32 hybrid layers in
vertical. The model is configured on a Mercator grid from 78°S to 47°N, while north of this latitude an
Acrctic dipole patch is used to avoid the singularity at the pole. HYCOM was initialized using monthly
mean temperature and salinity from the 1/4° Generalized Digital Environmental Model (GDEM3)
climatology (NAVOCEANO, 2003) in August. This experiment was then run for 13 years using
climatological monthly mean wind and thermal forcing constructed from the 1.125° European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA15) over the 1979-1993 time frame. In
addition, 6-hourly variability from the ECMWF operational model over the period September 1994 —
September 1995 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-precipitation budget on track, the model weakly relaxes to monthly mean SSS from the
Polar Science Center Hydrographic Climatology (PHC) of Sea Surface Salinity. The actual SSS
relaxation e-folding time depends on the mixed layer depth (MLD) (30 days x 30 m / MLD m), i.e. it is
more rapid when the MLD is shallow and less so when it is deep. The SSS relaxation 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.

Once the model was determined to be equilibrated after being spun-up with climatological forcing,
the simulation was then continued using 3 hourly Navy Operational Global Atmospheric Prediction
System (NOGAPS) winds, heat fluxes and precipitation fields for the period 2003-2006 as the forcing.
This version of the model uses the NASA Goddard Institute for Space Studies (GISS) level 2 Mixed

Layer scheme and includes monthly river runoff from 986 global rivers.

Daily HYCOM SSS simulations for the period January 2003 — December 2006 were used. We
compared the HYCOM SSS at the collocated Argo float location at 10-day intervals with the Argo SSS
during the observational period in each box (Figure 1) from the above 4 years period. HYCOM SSS data
is extracted in the two 5°x5° boxes as described for Argo. While there is one Argo profile for every 10
days in each box, the HYCOM simulations are of 10 day averages over the box. Monthly mean
HYCOM SSS data sets are obtained from the original daily HYCOM SSS data. Using the monthly
HYCOM SSS data sets from each box, the 5 year-mean seasonal cycle of SSS is obtained for each box

and interannual variation of HYCOM SSSA is obtained in a similar manner as Argo SSS analysis.
3. Results

3.1 Comparison of Argo salinity profiles with CTD salinity profiles

Figures 2a-b show the comparison of Argo salinity profiles with collocated CTD salinity profiles
in the upper 100 m both in the SEAS and EIO boxes, and it is found that Argo data in the upper 30 m
layer is consistent with the CTD salinity measurements. In the SEAS box, low salinity waters in the
upper 20 m in April (Figure 2a) represent the seasonal variation (Ravichandran et al., 2004). In the EIO
box, very low salinity waters are noticed in the upper 30 m (Figure 2b) in September 2006 both in Argo
salinity and CTD salinity profiles. The comparison shows smaller salinity differences in the upper 30 m,
which are typically of the order of 0.1. This comparison, thus, gives confidence that Argo salinity
profiles in each of EIO and SEAS boxes correctly captured the seasonal variations in sea surface

salinity.



3.2 Climatological sea surface salinity in the eastern tropical Indian Ocean

Rao and Sivakumar (2003) discussed the seasonal variability of SSS in the tropical Indian Ocean
using the comprehensive climatological data. Donguy and Meyers (1996) documented that the seasonal
variation of SSS in the EIO is in part due to the seasonal variation of surface currents (Shankar et al.,
2002) in this region. Before proceeding further with the Argo salinity data analysis results, we present
here the climatological (WOAO5) SSS variation for the representative month of the seasons — January
(winter monsoon), May (spring intermonsoon), July (summer monsoon) and October (fall
intermonsoon) (Figures 3a-d). Both the river run-off into the Bay of Bengal and precipitation over the
eastern tropical Indian Ocean (east of 65°E) are at minimum during spring intermonsoon (May), and are
at their maximum during fall inter-monsoon (October) (Varkey et al., 1996). Large seasonal variation
can be seen in the northern and western Bay of Bengal and Andaman Sea and also in the SEAS
(Delcroix et al., 2005). In January, a high (34.8) salinity tongue is noticed south of Sri Lanka with
salinity decreasing towards the Sumatra coast and SEAS (Figure 3a). In May, the low salinity waters in
the SEAS show their persistence from winter months due to the advection of low salinity waters from
the northern Bay of Bengal (Gopalakrishna et al., 2005) through the equatorward EICC (Figure 3b). In
July, the SSS is relatively high in the SEAS box from that of May (Figure 3c). Very low salinity waters
occupy the western Bay of Bengal in October compared to May (Figure 3d). In October, high salinity
waters occur in the SEAS box due to advection of Arabian Sea High Salinity waters from the northern
Arabian Sea during summer monsoon (Shenoi et al., 2005). In the EIO box (5°S-5°N; 90°-95°E), the
SSS varies between 33.6 and 34.2 during both May and October. The WOAO05 SSS climatology in
October also suggests equatorward flow of very low salinity waters into the eastern Bay and into the

eastern equatorial region (Figure 3d).
3.3 Interannual variation of rainfall in the selected boxes

Figure 4 presents the interannual variation of GPCP rainfall (mm/d) at the selected EIO box and
SEAS box during January 2003 — February 2007. In the EIO box (5°S-5°N), the seasonal rainfall is
high in the fall intermonsoon (September — November) and low in winter (January — April). The
interannual variability in rainfall is highest (15 mm/d) in October 2005 and lowest (4 mm/d) in
November 2006 and this variation is largely associated with the strong negative/positive IODZM events

in 2005/2006. This is because during negative (positive) IODZM events, precipitation increases



(reduces) over the warmer (cooler) eastern EIO and decreases (increases) over the (cooler) warmer
western and central EIO. Compared to the rainfall in the EIO box, the SEAS box receives slightly lower
rainfall. In the SEAS box, the interannual variation in rainfall is also large in 2005 and 2006, unlike EIO,
2006 has larger variation than 2005. Since satellite rainfall estimates are known to underestimate
rainfall over land, we have examined the observed all-India monthly mean rainfall data for the study
period (2002-06) to understand its potential impact on the SSS variability in the western Bay of Bengal
as the equatorward EICC would advect these waters into the SEAS. The all-India mean rainfall (data

were downloaded from http://www.iitm.res.in) (Parthasarathy et al., 1995) for the period June to

September is relatively high in 2002 and 2004 and low in 2005 and the lowest in 2006 (Figure not
shown). However, the all-India mean rainfall during October-December shows interestingly lower
rainfall (350 — 500 mm) in 2002 and 2006 (again with dominant lowest rainfall in October) and
relatively higher rainfall (~750-900 mm) during 2003-05 (with dominant highest rainfall in October).
The highest (lowest) all-India mean rainfall in October 2005 (2006) coincides with the occurrences of
higher (lower) GPCP rainfall in November 2005 (October 2006) over the western Bay of Bengal, and
these well represent the respective negative (positive) IODZM events in 2005(2006). Thus the rainfall
variations over the western Bay of Bengal during October-December 2005/2006 would impact the SSS
variations along the east coast of India that would be advected into the SEAS through the equatorward
EICC. In the following sections, we will show that the Argo SSSA in the SEAS box is affected
following the IODZM events by the equatorward EICC from the western Bay of Bengal.

3.4 Seasonal and interannual variation of Argo SSS and model simulated SSS in the EIO

The EIO box (5°S-5°N and 90°-95°E) is further sub-divided into EIO-north box (2°-5°N), EIO-
equator box (2°S-2°N) and EI10-south box (2°-5°S) to identify the SSS and SSSA variability across the
equator. This sub-division emphasizes the occurrence of pronounced negative SSSA in the EIO-north
box compared to that in the EIO-south box. The scatter plot between Argo SSS and HYCOM SSS at the
collocated positions of floats at each 10 day cycle in the EIO box during the study period shows a linear
positive relationship (Figure 5) with a high correlation coefficient (r=0.61) and HYCOM SSS is
approximately higher by 0.5 from that of Argo SSS. The difference between the mean rms Argo SSS
and the mean rms HYCOM SSS is -0.079 and the negative sign indicates that the overall observed Argo
SSS values are lower than the HYCOM simulated SSS in the EIO box. The seasonal cycles of Argo SSS
and WOAO5 SSS in the entire EIO box are comparable, while the seasonal cycle of HYCOM SSS shows



lesser deviation from that of Argo SSS (Figure 6). All the three seasonal cycles show predominant semi-
annual variation in SSS with two maxima occurring during November-January and May-June and two
minima during March-April and September-October. This seasonal cycle of SSS in the EIO box is
closely related to the seasonal cycle of rainfall over the EIO box (dashed curve in Figure 4) and also to
the semi-annual variation of zonal currents advecting high/low salinity waters. However, the horizontal
advection of low salinity waters from the eastern Bay of Bengal may also play a role in the interannual

variability in SSSA in association with the intense positive/negative IODZM events.

Figures 7a-b represent the monthly variations of Argo SSS and SSSA during January 2002 -
February 2007 in the EIO-north box, EIO-equator box and E1O-south box. The Argo SSSA in each box
is obtained after removing the 5 years (2002-06) mean seasonal cycle of Argo SSS of each smaller box
(Figure 7c). The seasonal cycle of SSS in the EIO-north box shows a large deviation from June to
December with decreasing SSS, when compared to the seasonal cycles of SSS in the EIO-equator box
and E1O-south box (Figure 7c). The seasonal cycle of the EIO-north box with minimum SSS of 33.55 in
October (Figure 7c) affected the EIO-north box SSSA variation (Figure 7b). In the EIO-north box, lower
(<33.8) SSS occurs during September — November and higher (34.5) SSS occurs in April-May (Figure
7a). The interannual variation in SSS in the EIO-north box is interestingly large with very low SSS
occurring in October-November 2003 and September — December 2006 (Figure 7b), the periods of
positive IODZM events. There is consistency in SSS variation between the EIO-equator box and EIO-
south box. In the EIO-equator box, higher SSS occurs during November — December 2003, the period of
fall equatorial jet and abrupt termination of the positive IODZM event (Rao et al., 2004). However, in
2006, a freshening event (large decrease in SSS) took place in all boxes from April to December with
very low salinity waters in the EIO-north box in November-December 2006 and in the EIO-equator box
and EIO-south box in November (Figure 7b). The freshening event is less pronounced in the south box,
due to westward advection of relatively high salinity waters from the southern Sumatra coastal
upwelling region. The monthly variations of Argo SSSA in the boxes also registered the large freshening
event with a reduction of SSSA by 1.5 (from +0.8 to —0.7) in the EIO-north box from November 2005 to
November 2006. Similar drop in SSSA (from +0.2 to —1.0) is also seen in the EIO-equator box during
the same period. We attribute this intense freshening event in the north box and reduced freshening in
the south box to the dynamics associated with the development of an IODZM event in 2006. Earlier,
Thompson et al. (2006) also reported large negative SSSA (up to —0.5) in the model simulations in the
central EIO during the intense positive IODZM of 1997. This study shows that the Argo floats captured

10



the intense freshening event associated with the IODZM in 2006, which created a zonal salinity gradient
in the equatorial region similar to the zonal SST gradient associated with the IODZM. We will discuss

the intense freshening event in the following sections.

Figures 8a-d show the spatial variations of Argo SSSA during November 2003, 2004, 2005 and
2006. The November month is chosen as the representative period of peak IODZM development in the
EIO region. A large negative SSSA occurs in the northern Bay and positive SSSA in the central Bay.
Interannual variation in Argo SSSA is evident in the EIO region, SEAS and off the Sumatra coast.
Development of large positive Argo SSSA (up to 1.0) in the SEAS and its eastward extent along the
equator till 95°E is a noteworthy feature during negative IODZM event of November 2005 (Figure 8c).
In November 2006, the period of strong positive IODZM event, one can see intense negative Argo
SSSA (up to -1.0) in the eastern EIO with its southwestward extent from the Andaman Sea up to the
south of Sri Lanka is evident (Figure 8d). Simultaneously, the Argo positive SSSA in the SEAS is
reduced in magnitude and spatial extent. This contrasting variations in Argo SSSA in November 2005
and 2006 are also reflected in the HYCOM simulated SSSA variations (Figures not shown) suggesting

that the latter are reasonable to address the interannual variation of SSS in the Indian Ocean.
3.5 Seasonal and interannual variation of Argo SSS and HYCOM SSS in the SEAS

The chosen box (5°-9°N, 72°-76°E) in the Arabian Sea is referred to as the SEAS box for simplicity.
The present SEAS box (Figure 1) lies south of the usually christened SEAS (Shenoi et al., 2005) and
within the box of SSS observations denoted by “S” in Gopalakrishna et al. (2005, their Figure 1). The
Winter Monsoon Current (WMC) during the boreal winter and the Summer Monsoon Current (SMC)
during the boreal summer flow through the SEAS box (Shankar et al., 2002).

The scatter plot between Argo SSS and the corresponding HYCOM SSS in the SEAS box (Figure 9)
shows a good linear relation with a large correlation coefficient (r = >0.79). The difference between the
mean rms Argo SSS and the mean rms HYCOM SSS is +0.144 and the positive sign indicates that the
overall observed Argo SSS values are slightly higher than the HYCOM simulated SSS in the SEAS box.
The scatter plot, however, shows two clusters, one on the low salinity side, and the other on high salinity
side (Figure 9). The former represents the occurrence of low salinity waters during the boreal winter by
advection through the EICC from the Bay of Bengal (Shenoi et al., 2005; Gopalakrishna et al., 2005;

Durand et al., 2007). However, there is also a possibility of advection of low salinity waters from the
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eastern EIO as a source for the observed lower SSS in the SEAS. It is noteworthy to mention that
Durand et al. (2007) suggested through numerical modeling studies that advection of the EICC

contributes only about 30% of low salinity waters.

The seasonal cycle of Argo SSS coincides well with that of WOAO05 SSS (Figure 10), but is on the
higher side of the seasonal cycle of HYCOM SSS. It may be noted that the HYCOM SSS is just the
surface value, while the Argo SSS is from 5 m below the surface. All the three seasonal cycles
demonstrate annual variation of SSS (Figure 10) with lower SSS during boreal winter-spring (February-
May) due to advection of low salinity waters of the Bay of Bengal by the EICC and possibly by WMC
(Vinayachandran et al., 2005), and their persistence. Higher SSS in October is due to the arrival of high
salinity waters from the northern Arabian Sea and their persistence during July — November (Shenoi et
al., 2005).

The interannual variation of Argo SSS and HYCOM SSS during January 2002 — January 2007
demonstrates dominant annual variation of SSS in the SEAS (Figure 11a). The SSS drops sharply from
35.8 in early December 2005 to a minimum value of 33.9 in February 2006, with the arrival of low
salinity waters from the Bay of Bengal through the equatorward EICC and possibly by WMC
(Vinayachandran et al., 2005) into the SEAS, since local rainfall is at minimum during January-April
(Figure 4). This winter minimum Argo SSS value agrees with the SSS observations as reported in
Gopalakrishna et al. (2005). One can notice an increase of SSS from February 2005 to a maximum SSS
in August—September 2005. The interannual variation of Argo SSS (Figure 11a) and GPCP rainfall
(Figure 4) during January 2003 — January 2007 in the SEAS box follow the same pattern; the period of
minimum rainfall (January - April) coincides with that of minimum SSS. This suggests that the
minimum SSS in the SEAS box is related to the advection of low salinity waters into the SEAS, as
mentioned above. Similarly, though the rainfall in this area is high during the southwest monsoon, the
SEAS experiences high salinity waters due to the advection of high salinity waters from the northern
Arabian Sea through the equatorward flowing West India Coastal Current (Shenoi et al., 2005). It is
interesting to note that Argo SSS shows gradual freshening from 2002 to 2007 with a gradual reduction
in the values of seasonal maximum (Figure 11a). The lowest winter minimum SSS (33.9) occurred in
February 2006, subsequent to the negative IODZM event in 2005. HYCOM SSS shows a gradual
increase in the values of seasonal maximum and minimum SSS, giving rise to large SSS differences in
winter 2003 and weaker SSS differences in October 2006.
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Figure 11b shows the interannual variation of Argo SSSA (obtained after removing the 5 year-mean
seasonal cycle of Argo SSS) with a gradual decreasing trend in the Argo SSSA from the highest SSSA
(0.8) in January 2002 to the lowest value (-0.8) in January-February 2006. From February 2006, the
SSSA gradually increased till January 2007. The HYCOM SSSA, however, does show a little variation
in SSSA during May 2005 — January 2007 (Figure 11b). Contrary to the dominant annual variation in
the SSS in the SEAS (Figure 1l1a), its anomaly  shows near semi-annual variation, suggesting a

different mechanism for this variability.
4. Discussion

The study period (2002-2007) is dominated by the occurrence of positive and negative IODZM
events of weaker to intense strength, as inferred from the DMI in SSTA (Saji et al., 1999) data
(http://www.jamstec.go.jp). The monthly variation of DMI for the study period (not shown here) shows
positive SSTA (>0.4°C) in November 2002, 2003 and November-December 2006, corresponding to
positive IODZM events. Large negative SSTA (<0.4°C) from October 2005 to February 2006
correspond to negative IODZM 2005. The impacts of strong negative IODZM event in 2005 and strong
positive I0DZM event in 2006 and the associated dynamics on the Argo SSSA variability during
January 2002 - February 2007 in the EIO-north box and SEAS box are discussed in this section. The
measured currents at the equator, 93°E, and the HYCOM simulations of currents and SSSA are used to

understand the dynamics for the observed SSSA variability.
4.1 Zonal velocity and SSSA variability along the equator in the EIO box

The Acoustic Doppler Current Profiler (ADCP) measured currents in the upper 150 m at the equator,
93°E during November 2004 - June 2006, prior to the positive IODZM event in 2006 (Murty et al.,
2006, McPhaden et al., 2009), are used to examine the monthly mean zonal velocity at 16 m depth
during the period of observations (Figure 12). One can notice variability in the eastward flowing semi-
annual equatorial jets - fall jets in November 2004 (18 cm/s) and October 2005 (22 cm/s) and spring jets
in April 2005 (35 cm/s) and March 2006 (25 cm/s). Strengthening of the fall jet in 2005 and weakening
of spring jet in 2006 can be associated with the negative (positive) IODZM events in 2005 (2006)
respectively. Superposition of variation of monthly mean Argo SSSA from ElO-equator box on the
monthly variation of zonal velocity at equator, 93°E shows that positive SSSA lags behind by 1-3

months from the occurrence of equatorial jets (Figure 12). Higher positive SSSA (0.48) occurs in April
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2006 and thereafter drops rapidly to negative SSSA value. The eastward spring jet in 2006, however,
weakens and reverses to westward flow from May to June followed by a decrease in SSSA from positive
to negative value by June 2006. This westward flow advects low salinity waters leading to negative
SSSA and represent the initial oceanic conditions in eastern EIO during the early development of
I0DZM in 2006 (Anilkumar et al., 2007, Yoneyama et al., 2008, Horri et al., 2008).

4.2 Interannual variation of Argo SSSA

The vertical structures of Argo salinity in the upper 200 m in the EIO-north box and EIO-equator
box (Figures 13a-b) suggest interannual variability in the occurrence of low salinity waters both in depth
and from the north box to equator box. Episodic events of thick (~40 m) layer of low salinity are noticed
in the EIO-north box during July-December in 2003, 2004 and 2006.

The interannual variations of Argo SSSA in the EIO-north box and SEAS box are fitted with linear
trend lines for the study period (Figure 14). The trend lines show decreasing trend in SSSA in the EIO-
north box and SEAS box and the standard deviation (SD) of SSSA time-series in both the boxes is
+0.28. The length of time-series of Argo SSSA is, however, small (only 5 years) to draw the statistical
significance of these trend lines. The negative trend lines representing freshening trend in the boxes
draws one’s attention. Steep freshening trend occurs in EIO-north box with a range of 0.66 (from +0.34
to —0.32), compared to gentle freshening trend with a range of 0.25 (from +0.15 to —0.10) in the SEAS
box. Corresponding to the negative/positive IODZM events in 2005/2006 respectively, the interannual
variation of Argo SSSA in the two boxes is large and opposite during 2005 and 2006. In the EIO-north
box, a large positive SSSA (close to one SD) occurs during January — April 2005 and drops gradually to
large negative SSSA by August 2005 due to increased rainfall (Figure 4) in association with the negative
IODZM event of 2005. During the mature stage of negative IODZM in 2005, the observed SSSA in the
EIO-north box rises steeply from negative SSSA in August to a peak positive (0.8) SSSA in November
2005 (Figure 14), at the time rainfall dropped to a lower value in the EIO-north box (Figure 4). Spatial
variation of Argo SSSA also supports the presence of the band of positive SSSA in November 2005
(Figure 8) and during October — December 2005 (Figure 15). Interestingly, in 2006, negative Argo
SSSA prevails from June to December 2006 in the EIO-north box with its peak value (-0.7, in excess of
one SD) in November — December (Figure 14 and Figure 15e). At the same time, weaker negative SSSA
is noticed in the SEAS box (Figure 14).
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Figures 15a-e show the spatial variation of gridded Argo SSSA prior to (July-August), during
(October — December) and after (January — February) the negative and positive IODZM events in 2005
and 2006 respectively. Prior to the negative IODZM event in 2005 (July-August) there occurs a band of
negative SSSA along the equator in the eastern EIO and off northern Sumatra (Figure 15a). Off southern
Sumatra coast, there occurs a weak positive SSSA. A large positive SSSA (+0.8) occurs in the SEAS
and around Sri Lanka (Figure 15a). In the zonal belt of 10°S — 5°N, the bands of negative and positive
SSSA are oriented in east-west direction. During the period of negative IODZM event, a band of higher
positive (0.8) SSSA extends from the SEAS towards east along the equator and negative SSSA occurs
around Sri Lanka (Figure 15b). Subsequent to the negative IODZM event, a large negative (-0.8 to -1.0)
SSSA occupies the SEAS, a weak positive SSSA occupies the equatorial region and large positive SSSA
occupies the western Bay of Bengal (Figure 15c). During the positive IODZM event in 2006 (October-
December), large negative (-0.8) SSSA occurs in the equatorial region and a weak positive SSSA occurs
both in the SEAS and off southern Sumatra (Figure 15e).

4.3 Interannual variation of HYCOM SSSA and surface circulation

Figures 16a-e show the maps of HYCOM simulations of mean SSSA (shaded) and mean current
vector anomalies at sea surface for the periods prior to (July — August), during (October-December) and
after (January-February) the IODZM events in 2005 and 2006. In these figures, the EIO-north box and
SEAS box are depicted. The anomalies of SSS and current vectors are obtained after removing the
respective 4 year (2003-06) mean seasonal cycles and the procedure followed is exactly the same as that
for Argo SSS anomalies. The contrast in the anomalous circulation is more evident during and after the
IODZM events (Figures 16b, ¢ & e). The occurrence of a patch of positive (negative) SSSA in the
central EIO during negative (positive) IODZM event in 2005 (2006) is noticed under the influence of the
IODZM dynamics. The simulated SSSA and anomalous surface circulation patterns exhibit opposite
variations during the IODZM events (Figures 16b&16e). The anomalous circulation features obtained
from HYCOM simulations are in agreement with those from altimetric sea surface height anomaly maps
(not shown). The eastward flowing fall equatorial jet during October-December 2005 (Figures 12 and
16b), anomalous westward flow along the equator during October — December 2006 (Figure 16e) and
the anomalous EICC during these periods are associated with the negative/positive IODZM events in
2005/2006. During negative IODZM event in 2005, the anomalous surface circulation along the east

coast of India is towards equator (Figure 16b) and in contrast, during the positive IODZM event in 2006,
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it is poleward under the influence of coastally trapped upwelling Kelvin waves (Figure 16e). These
anomalous circulation patterns are in agreements with that reported (Rao et al., 2002, Thompson et al.,
2006).

During the negative I0DZM event, strong anomalous westerly surface zonal winds prevail over the
EIO and drive the eastward fall jet (Figure 12) that manifests in generation and eastward propagation of
downwelling Kelvin Wave along the equator towards Sumatra coast. The fall jet advects high salinity
waters from the western basin and gives rise to large positive Argo SSSA as observed in November
2005 (Figures 7b, 12, 14 and 15). Subsequent to the negative IODZM event in 2005, the SSSA in the
EIO-north box falls to a weak positive value, the SEAS SSSA attains larger negative value (-0.7) by
February 2006 (Figure 14), under the influence of both the westward flowing WMC from the southern
Bay of Bengal (Figure 16¢) and the flow of enhanced equatorward EICC advecting with it the low
salinity waters of the northern Bay into the SEAS. The in situ salinity observations from the SEAS
(Gopalakrishna, 2006, personal communication) support the large negative SSSA. Thus, the impact of
the negative IODZM event in 2005 persists till the boreal winter season of 2006 in the SEAS.

On the contrary, during positive IODZM event anomalous easterlies blow over the eastern EIO and
generate near-surface westward flow favoring equatorial upwelling (Rao et al., 2002; Horii et al., 2008)
manifesting as an upwelling Kelvin wave in the eastern EIO. Vinayachandran et al. (1999), Rao et al.
(2002) and Thompson et al. (2006) report that during positive IODZM event the fall equatorial jet
(Wyrtki, 1973) is weakened and also the surface circulation in the Bay of Bengal during October-
December is anomalously anticyclonic with a poleward flowing EICC along the east coast of India and
an equatorward flow in the open-sea and Andaman Sea. During July — August 2006, prior to the
development of the positive IODZM event, the pattern of anomalous surface circulation shows
equatorward flow through the EIO-north box and a southeastward flow in the SEAS box (Figure 16d).
During the mature stage of the positive IODZM event (October — December, 2006), the associated
anomalous surface circulation shows an equatorward flow emanating from the Andaman Sea into the
eastern EIO wherein a strong westward flow developed along the equator (Figure 16e) under the
influence of anomalous easterly winds associated with the positive I0DZM event (Vinayachandran et
al., 2007). In the core of the westward flow, the HYCOM SSSA is more negative between 75°E and
90°E and extends into the EIO-north box (Figure 16€). The spatial map of Argo SSSA during October —

December 2006 also confirms the extensive negative SSSA region from the northern Sumatra coast in a

16



wide-band oriented southwestward across the equatorial region (Figure 15e). During the positive
IODZM event, an upwelling equatorial Kelvin Wave is generated and propagates along the rim of Bay
of Bengal and describes an anomalous anticyclonic circulation with a poleward flow along the east coast
of India (Figure 16e). Subsequent to the positive IODZM event in 2006, the Argo SSSA variation is also
changed (Figure 14) and is in tune with the change of patterns of surface circulation till January-
February 2007 (not shown). The prevailing anomalous circulation suggests that low salinity waters
from the Andaman Sea/Southern Bay of Bengal advect into the equatorial region during the positive
IODZM, contributing to the negative SSSA in the EIO-north box and its westward spread into the
central EIO (Figures 15e & 16e). This observation is in agreement with that of Thompson et al. (2006).
Though the prevailing easterly winds during the positive IODZM in 2006 are favourable for coastal
upwelling off northern Sumatra coast, one can notice the injection of low salinity waters from the
Andaman Sea into the northern Sumatra coast (Figures 15e & 16e) and then along the equator into the
EIO region. However, impact of coastal upwelling is seen off the southern coast of Sumatra at around
5°S, where higher positive Argo SSSA/HYCOM SSSA is noticed (Figures 15e & 16e) as the upwelled

subsurface waters are of high salinity.
4.4 Time-longitude plot of HYCOM SSSA along 5°N latitude

The Hovmoller longitude-time plots of HYCOM SSSA (Figure 17) along 5°N reveals the
propagation of bands of negative and positive SSSA in association with westward propagation of annual
Rossby waves from eastern EIO up to SEAS modulating the surface salinity leading to SSSA in the
SEAS box. In general, in the eastern EIO, the HYCOM SSSA at 5°N shows positive SSSA in April-
May and negative SSSA in September — December. In the SEAS, negative SSSA occurs during January
- February and positive SSSA during September-October. During the positive IODZM event in 2006,
the SSSA is more negative (-0.8 to -1.0) in the eastern EIO during October — December 2006. The
phase lines (shown by bold straight lines) connecting the positive SSSA/ negative SSSA show that the
sea surface salinity in the SEAS is also affected by the salinity variations in the eastern EIO that are
propagated by the Rossby Waves during the anomalous climatic events such as the Indian Ocean Dipole
Mode.
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5. Conclusions

The gridded Argo profiles data onto 3°x3° grids in 10 day cycles during January 2002 — February
2007 from two 5°x5° boxes located in the eastern EIO and SEAS are analyzed to address the seasonal
SSS and interannual variation of SSS anomalies (obtained after subtracting the multi-year mean seasonal
cycle) in these boxes in relation to the positive/negative I0ODZM events in 2005 and 2006. The high
resolution HYCOM simulations of SSS and surface currents during 2003-06 are used to understand the
dynamics behind the interannual variability of SSSA. The mean seasonal cycles of Argo SSS, HYCOM
SSS and the climatological WOAQ5 SSS are compared in both the boxes and found that HYCOM
simulated salinity is underestimated.

During the negative IODZM event in 2005, positive Argo SSSA occurred in the EIO-north box (2°-
5°N, 90°-95°E) during October — December 2005 and during the positive IODZM event in 2006 large
negative Argo SSSA during October — December 2006 occurred in the same EIO-north box.
Simultaneously, weaker magnitude of similar type SSSA occurred in the SEAS in each case of IODZM
event. This is substantiated from the interannual variability of Argo SSSA and from HYCOM simulated
SSSA and surface currents. It is also found that the interannual variability in the Argo SSSA/HYCOM
SSSA in the SEAS is affected by the interannual variability in the eastern EIO through the westward
propagation of Rossby Waves, and also from the interannual variability in the equatorward flowing
seasonal EICC that affected during the IODZM events.

During the positive 10DZM event of 2006, anomalous equatorward flow emanates from the
Andaman Sea and advects low salinity waters into the EIO, thus large negative SSSA (freshening) is
developed in the EIO. This large negative SSSA is further advected westward through the anomalous
westward flow (Figure 16e) to the central EIO. At the same time, the seasonal EICC weakened with the
anomalous poleward flow and contributes to reduction in the negative SSSA by the following boreal
winter months. The same dynamics work even during negative IODZM events, but contribute to more
negative SSSA in the SEAS during winter months (Figure 8d) following the negative IODZM event,
through the strengthened equatorward EICC.

This study further indicates that the liner trend lines fitted to the interannual variation of SSSA in the

E1O-north box (2°N-5°N) and SEAS box reveal an interesting feature of freshening (decreasing trend
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line of SSSA) in both EIO box and SEAS box, with higher freshening trend in the latter over the period

of Argo observations used in this study.

This important observation together with the salt budget of the region needs further study with
SMOS and Aquarius Salinity missions, more Argo data sets and model simulations. We will take up this

study in our future work.
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Figure 1

Figure 2

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure Captions

Study area showing the boxes in the Equatorial Indian Ocean (EIO: 5°S - 5°N and 90° -
95°E) and Southeastern Arabian Sea (SEAS: 5°-9°N, 72°-76°E). The EIO box is further
divided into EIO-north box, EIO-equator box and EIO-south box.

Comparison of in situ CTD salinity profiles (triangle) with the collocated Argo salinity
profile (Asterix) in the (a) SEAS box and (b) EIO-equator box. The CTD data were
collected during Arabian Sea Monsoon Experiment (ARMEX) closer to the SEAS box
and the Ocean Observing System (OOS) Current meter mooring surveys in the EIO-
equator box.

World Ocean Atlas 2005 (WOAO05) climatological Sea Surface Salinity (SSS) during (a)
January, (b) May, (c) July, and (d) October.

Interannual variation of rainfall obtained from the Global Precipitation Climatology
Project (GPCP) in the EIO and SEAS during January 2003-February 2007.

Scatter plot of Argo SSS and HYCOM SSS in the EIO box. The HYCOM output was
obtained at each location of the 10 day cycle Argo float (s) in the EIO box during 2003-
06. The correlation coefficient (r) between Argo SSS and HYCOM SSS is 0.61.

Annual variations of climatological (WOAOQ5) SSS, Argo SSS and HYCOM SSS in the
EIO box. The seasonal cycle of Argo SSS is based on the data from January 2002 to
December 2006 (5 years) and that of HYCOM SSS is based on data from January 2003 to
December 2006 (4 years).

Interannual variation of (a) Argo SSS, (b) Argo SSS Anomaly during January 2002 —
February 2007 and (c) annual cycles of Argo SSS in each of the Equatorial boxes [EIO-
north box, EIO-equator box and EIO-south box]. The 5 year mean (2002-06) seasonal
cycle (12 months) of Argo SSS (c) for each box is removed to obtain the Argo SSS
Anomaly in each box.

Spatial variations of monthly mean Argo SSSA for November in different years in

the tropical Indian Ocean during (a) 2003, (b) 2004, (c) 2005 and (d) 2006.

Scatter plot of Argo SSS and HYCOM SSS in the SEAS box. The HYCOM SSS output
is obtained at each location of the 10 day cycle Argo float(s) in the SEAS box during
May 2004 - October 2005. The correlation coefficient (r) between Argo SSS and
HYCOM SSS is 0.79.
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Figure 10.

Figure 11.

Figure 12.

Figurel3.

Figure 14.

Figurer 15.

Figure 16.

Figure 17.

Annual variations of climatological (WOAOQ5) SSS, Argo SSS and HYCOM SSS in the
SEAS box.

Interannual variations of (a) Argo SSS and HYCOM SSS, and (b) Argo SSSA and
HYCOM SSSA in the SEAS box during January 2002-January 2007.

Acoustic Doppler Current Profiler (ADCP) measured monthly mean zonal velocity
(cm/s) at 16 m depth (solid line) at 0°, 93°E and Argo SSSA (dashed line) in the EIO-
equator box during November 2004 — July 2006.

Interannual variation of Argo Salinity structure in the upper 200 m in the (a) EIO-north
box (2°N-5°N, 90°-95°E) and (b) EIO-equator box (2°S-2°N, 90°-95°E) during 2002-
2006.

Interannual variation of Argo SSSA in the EIO-north box and SEAS box during January
2002 — February 2007. Standard deviation for both data sets is the same and is shown by
horizontal lines. Linear trend lines fitted for SSSA variation in each box are also shown.
Spatial variation of gridded Argo SSSA (obtained after subtracting the 5 year
(2002-2006) mean seasonal cycle) for the selected periods (a & d) prior to IODZM event
(July-August), (b & e) during the IODZM event (October — December), (c) after the
negative IODZM event (January — February 2006).

HYCOM simulations of Sea Surface Salinity Anomaly (color shading) and current
vectors anomaly for the selected periods of (a & d) prior to IODZM event (July-August),
(b & e) during the IODZM event (October — December), (c) after the negative I0DZM
event (January — February 2006). The 4 years (2003-2006) mean seasonal cycle is
subtracted to obtain the anomalies in the model surface salinity and surface currents.
Longitude-Time plot of HYCOM SSSA in the southern Bay of Bengal along 5°N

latitude during 2003-2006.
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Figure 1. Study area showing the boxes in the Equatorial Indian Ocean (EIO),
Southeastern Arabian Sea (SEAS), and Bay of Bengal (BoB).
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Figure 2. Comparison of in situ CTD salinity profiles (triangle) with the collocated Argo salinity
profile (Asterix) in the (a) SEAS box (b) EIO-equator box. The CTD data were
collected during the Arabian Sea Monsoon Experiment (ARMEX) closer to the SEAS
box and the Ocean Observing System (OOS) current meter mooring surveys in the
EIO-Equator box.
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Figure 3. World Ocean Atlas 2005 (WOAO05) climatological Sea Surface Salinity (SSS) during
(a) January, (b) May, (c) July, and (d) October.
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Figure 4. Interannual variation of rainfall obtained from the Global Precipitation
Climatology Project (GPCP) in the EIO and SEAS during January

2003-February 2007.
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Figure 5. Scatter plot of Argo SSS and HYCOM S8SS in the EIO box. The HYCOM output
at each of the 10 day cycle location of the Argo float (s) in the EIO box during

2003-06. The correlation coefficient is 0.61.
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Figure 6. Annual variation of climatological (WOAQ5) SSS, Argo SSS and HYCOM SSS
in the EIO box. The seasonal cycle of Argo SSS is based on the data from
January 2002 to December 2006 and that of HYCOM SSS is based on data from

January 2003 to December 2006.
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Figure 7. Interannual variation of (a) Argo sea surface salinity, (b) Argo sea surface salinity anomaly

during January 2002 —February 2007 and (c) annual cycle of Argo sea surface salinity in

each of the Equatorial boxes [EIO-north box, EIO-equator box, and EIO-south box]. The 5 year
mean (2002-2006) annual cycle of Argo surface salinity (c) for each box is used to obtain the
sea surface salinity Anomaly in each box.
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Figure 8. Spatial variations of monthly mean Argo SSSA for November in
different years in the tropical Indian Ocean during (a) 2003, (b) 2004,
(c) 2005 and (d) 2006.
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Figure 9. Scatter plot of Argo SSS and HYCOM SSS in the SEAS box. The HYCOM
SSS output plotted at each of the 10 day cycle location of the Argo float(s) in
the SEAS box during May 2004-October 2005. The correlation coefficient (r) is 0.79
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Figure 10. Annual variation of Argo SSS, HYCOM SSS and climatological
(WOAO05) SSS in the SEAS box.
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Figure 11. Interannual variation of (a) Argo SSS (dotted line) and HYCOM SSS (solid line),
and (b) Argo and HYCOM SSSA in the SEAS box during January 2002-January 2007
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Figure 12. Acoustic Doppler Current Profiler (ADCP) measured monthly mean zonal
velocity (cm/s) at 16 m depth (solid line) at 0°, 93°E and Argo SSSA (dashed
line) in the EIO-equator box during November 2004 — July 2006.
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Figure 13. Interannual variation of Argo Salinity structure in the upper 200 m in the
(a) ElIO-north box (2°N-5°N, 90°-95°E) and (b) EIO-equator box (2°S-2°N, 90°-95°E)
during 2002-2006.
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Figure 14. Interannual variation of Argo SSSA in the EIO-north box and SEAS box
during January 2002 — February 2007. Standard deviation for both data
sets is the same and is shown by horizontal lines. Linear trend lines
fitted for SSSA variation in each box are also shown.
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Figurer 15. Spatial variation of gridded Argo SSSA (obtained after subtracting the 5 year
(2002-2006) mean seasonal cycle) for the selected periods (a & d) prior to IODZM event (July-
August), (b & e) during the IODZM event (October — December), (c) after the negative IODZM
event (January — February 2006).
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Figure 16. HYCOM simulations of Sea Surface Salinity Anomaly (color shading) and
current vectors anomaly for the selected periods of (a & d) prior to IODZM event (July-
August), (b & e) during the IODZM event (October — December), (c) after the negative
IODZM event (January — February 2006). The 4 years (2003-2006) mean seasonal cycle
is subtracted to obtain the anomalies in the model surface salinity and surface currents.
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Figure 17. Longitude-Time plot of HYCOM SSSA in the southern Bay of Bengal along 5°N
latitude during 2003-2006.
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