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Using satellite-measured sea surface salinity (SSS) from the Aquarius and Soil Moisture Active Passive (SMAP)
missions since 2011, we show that SSS in the Equatorial Indian Ocean (EIO) experienced dipolar changes in the
well-defined east EIO and west EIO regions during the Indian Ocean Dipole (IOD) events. Similar to the concepts
of dipole mode Index (DMI) and biological dipole mode index (BDMI), a salinity dipole mode index (SDMI) is
proposed using the same definition for the east and west IOD zones. The results show that the salinity IOD in this
study is in general co-located and co-incidental with the sea surface temperature (SST) IOD and biological IOD in
previous studies. In the positive IOD event in 2019, the SSS anomaly was >1 psu for most of the east IOD zone,
while the average SSS in the west IOD zone was ~0.2-0.3 psu lower than the climatology monthly SSS. The
reversed SSS dipolar variability in the EIO was also found during the 2022 negative IOD event. The SSS anomaly
difference between the east IOD zone and west IOD zone shows the same variation as the SST-based DMI and
chlorophyll-a (Chl-a)-based BDMI. The in situ measurements show that, in the 2019 positive IOD event, the
significant IOD-driven salinity change reached water depths at ~70-80 m and ~50 m in the east and the west
10D zones, respectively. Results also reveal that the salinity IOD is not only driven by the various ocean processes
(e.g., upwelling, downwelling, propagation of the planetary waves, etc.), which are also the main driving forcing
for the SST IOD and biological IOD, but also the precipitation and evaporation in the two IOD zones, especially in
the west IOD zone. In addition to the traditional SST IOD and recently proposed biological IOD, the salinity IOD
indeed features another facet of the entire IOD phenomenon.

(Behera and Yamagata, 2003; Doi et al., 2020; Luo et al., 2010). It is also
found that there was increased frequency of extreme IOD events and

1. Introduction

Indian Ocean Dipole (I0OD) in the Equatorial Indian Ocean (EIO) is an
ocean-atmosphere phenomenon with dipolar ocean variability in the
east and west EIO regions. Traditionally, the IOD is referred as the
dipolar sea surface temperature (SST) anomaly in the east and west EIO
regions (Saji et al., 1999; Webster et al., 1999). The dipolar SST anomaly
in the east and west EIO zones is driven by intra-seasonal oscillation of
wind along the west Sumatra Coast (Vinayachandran et al., 1999, 2002)
due to the anomalous inter-hemisphere pressure gradient IHPG) (Zhang
et al., 2021) and the westward propagation of the upwelling Rossby
waves (Vinayachandran et al., 2002). There are some clear linkages and
interactions between the IOD event in the Indian Ocean and the El Nino
Southern Oscillation (ENSO) activities in the Equatorial Pacific Ocean

increased occurrences of early IOD events due to greenhouse warming
(Cai et al., 2014; Sun et al., 2022b; Wang et al., 2024).

The IOD event significantly impacts the global atmosphere and ocean
variability, especially in the Indian Ocean. In addition to the linkage and
interaction between the IOD event and ENSO activities, the Indian
Summer Monsoon is closely associated with the IOD event, showing
above-normal (below-normal) monsoon rainfall over the Indian sub-
continent during a positive (negative) IOD event (Ashok et al., 2001;
Prajeesh et al., 2022; Ratna et al., 2021). The IOD-associated SST
anomaly in the west EIO accompanied with the excessively strong short
rains in the coastal East Africa (Black et al., 2003) and Sri Lanka (Zubair
et al., 2003). The precipitation patterns in the southeast Indian Ocean
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(SEIO) between the positive IOD (p-IOD) and negative IOD (n-IOD) are
asymmetric (Gao et al., 2014). The wildfires in Indonesia and severe
drought in the southeast Australia caused by the rainfall deficit and
substantial reductions were also driven by the p-IOD events (Abram
et al., 2003; Cai et al., 2009; Ummenhofer et al., 2009). Interannual
upper ocean and subsurface variability in the tropical Indian Ocean is
also significantly impacted by the IOD event (Feng et al., 2001; Rao
et al., 2002). In fact, ~12% of the SST variability in the tropical Indian
Ocean was attributed to the IOD event (Saji et al., 1999). The interan-
nual variability of the barrier layer is closely related to the IOD with the
10D leading the barrier layer by about one month (Qiu et al., 2012). In
addition to the physical variability driven by the IOD event,
chlorophyll-a (Chl-a) anomaly, phytoplankton bloom, enhanced phyto-
plankton biomass caused by the IOD event have been reported in the
various Indian Ocean regions (Currie et al., 2013; Iskandar et al., 2009;
Thushara and Vinayachandran, 2020).

Due to the sparse ocean salinity data before the space-based SSS
missions such as Aquarius (Le Vine et al., 2007) or Soil Moisture Active
Passive (SMAP) (O'Neill et al., 2010) in 2010s, most of our knowledge
about SSS in the Indian Ocean was from the in situ measurements and
ocean modelling studies. The impact of IOD on the salinity budget in the
EIO is significant (Zhang et al., 2013). Large interannual sea surface
salinity (SSS) variations with two zonal bands appear in the Indian
Ocean only during IOD years in the EIO (Vinayachandran and Nanjun-
diah, 2009). Asymmetric response of SSS to the extreme positive and
negative IOD events was found in the southern Tropical Indian Ocean
(Sun et al., 2022a). The Tropical Indian Ocean shows the contrasting
interannual SSS variability with anomalously low-salinity in the Central
Equatorial Indian Ocean and high-salinity in the southeastern Tropical
Indian Ocean during the IOD event (Zhang et al., 2016). In the negative
IOD event, enhanced SSS in the southwestern tropical Indian Ocean is
attributed to the horizontal advection of the high salinity waters,
decreased precipitation, and shoaling thermocline driven by the up-
welling Rossby waves (Sun et al., 2019).

To characterize and quantify the IOD activities, the Dipole Mode
Index (DMI) as the SST anomaly (SSTA) difference between the west IOD
zone (50°E—70°E, 10°S-10°N) and the east IOD zone (90°E—110°E,
10°S-0°N) was proposed (Saji et al., 1999). The p-IOD is featured with
SST cooling, lower sea level, and shallow thermocline in the east IOD
pole as well as the warmer-than-normal SST and deepening thermocline
in the west IOD pole, and vice versa for the n-IOD event. A positive
biological 10D in 2019 was identified with enhanced Chl-a in the east
EIO and decreased Chl-a in the west EIO (Shi and Wang, 2021). Using
the same concept to define DMI with SSTA, the Biological Dipole Mode
Index (BDMI) was proposed with the same definition of the east and west
10D zones (Shi and Wang, 2022b). Both the DMI and BDMI can char-
acterize the IOD activities well, and BDMI reflects both the physical and
biological aspects of the IOD events (Shi and Wang, 2022b).

Even though IOD was initially identified and proposed as the dipolar
change of SST in the east and west EIO zones, IOD actually is a multi-
facet event of interannual fluctuations of the atmosphere and ocean in
the EIO. These aspects of the IOD in a broad sense include not only the
SST IOD but also biological IOD. Numerous studies have shown the SSS
variability when the IOD event occurred, and some even were described
as the salinity dipole (Durand et al., 2013; Kido et al., 2019; Li et al.,
2016; Sun et al., 2022a; Zhang et al., 2016). However, none of these
studies ever focused on the two IOD zones, which are well defined and
accepted for the IOD events (Saji et al., 1999; Shi and Wang, 2021;
Webster et al., 1999). In this study, we analyze the satellite observations
of SSS from the Aquarius and SMAP since early 2010s, characterize and
quantify the salinity IOD in the EIO as another facet of the IOD phe-
nomenon. Correspondingly, the concept of the salinity IOD, which is
consistent with the SST-based IOD and Chl-a-based BIOD, is proposed.
The in situ measurements in the east and west IOD zones are also
explored in order to conduct a comprehensive evaluation for under-
standing of the effect of the salinity IOD in the water column and the
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mechanism that drives the salinity IOD in the EIO region.
2. Data and methods

In this study, satellite-derived SSS from the Aquarius and SMAP
missions, and DMI and BDMI data are used to characterize the inter-
annual variability of the salinity in the EIO and examine the consistence
of the dipolar salinity changes with the SST IOD and biological IOD in
the two IOD zones. The vertical salinity profiles and driving mechanism
for the salinity IOD are also explored with the in situ measurements at
two stations in the east and west IOD zones.

In this study, the Visible Infrared Imaging Radiometer Suite (VIIRS)
global ocean color product data are available at the NOAA CoastWatch
(https://coastwatch.noaa.gov/). The in situ wind, precipitation, evap-
oration, ocean temperature and salinity data were obtained from NOAA
Physical Science Laboratory (https://psl.noaa.gov/). The satellite SSS
data were acquired from Physical Oceanography Distributed Active
Archive Center (PODAAC) of NASA Jet Propulsion Laboratory (JPL)
(https://podaac.jpl.nasa.gov/).

2.1. SSS data from Aquarius and SMAP

Satellite SSS measurements are based on L-band microwave sensi-
tivity to water salinity (Fore et al., 2016). The satellite SSS data with
spatial resolution of 150-km and a repeat cycle of seven days were made
with Aquarius onboard the Argentine SAC-D spacecraft between
mid-2011 and mid-2015 (Le Vine et al., 2007). The SMAP has been
providing the global soil moisture product since early 2015 at 685-km
altitude with an 8-day repeat cycle. In addition, the onboard radar
and radiometer also provide SSS observations with a resolution on
25-km swath grid for Level-2 data, and a resolution of 0.25° x 0.25° for
Level-3 data.

Comparison between the monthly SMAP SSS retrievals and the
objectively interpolated (OI) gridded monthly Argo datasets shows that
the SMAP SSS data have an accuracy of ~0.2 psu in the tropics. Even
though the Aquarius SSS and SMAP SSS have different spatial resolution,
the difference of the global monthly Aquarius SSS and SMAP SSS in April
and May 2015 is insignificant with a mean of 0.013 psu and a median of
0.014 psu, respectively. This demonstrates that these two datasets can
be combined to study the SSS variability in the EIO.

Since the SST IOD and BIOD are both characterized as the SST and
Chl-a anomalies from their climatology monthly SST and Chl-a in the
EIO, respectively, the monthly SSS measurements from the Aquarius
(September 2011-May 2015) and SMAP (April 2015-June 2023) are
used to compute the monthly SSS climatology in the EIO. Specifically,
the climatology SSS value at a location in a certain month is calculated
as the mean SSS value in the corresponding months from both the
Aquarius and SMAP between 2011 and 2023.

Following the monthly climatology SSS in the EIO region, the
monthly SSS anomaly (SSSA) is calculated as the difference between the
satellite monthly SSS and the corresponding monthly climatology SSS.
Using the mean SSSA values in the east and west IOD zones, we can then
derive the SSSA difference between the east and west IOD zones. The
temporal variation of the SSSA difference consequently can be assessed
and provide us an insight about the SSS IOD event, and its relation to the
SST 10D and BIOD.

2.2. The DMI and BDMI data

As the parameter for measuring the SST IOD, DMI, which is the
monthly SSTA differences between the east and west IOD zones, are
periodically computed and archived at NOAA Physical Science Labora-
tory (https://psl.noaa.gov/gcos wgsp/Timeseries/DMI/). The SSTA at
the east and west IOD zones are averaged correspondingly after sub-
tracting the 1981-2010 climatology values from each month from the
monthly Hadley Centre Global Sea Ice and SST (HadISST1.1) (Rayner
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et al., 2003).

As the parameter for the BIOD, BDMI®21 (Shi and Wang, 2022b) is
computed using global Chl-a data (Wang and Son, 2016) derived from
VIIRS onboard the Suomi National Polar-orbiting Partnership (SNPP)
(Goldberg et al., 2013; Wang et al., 2013) from 2012 to early 2023 at the
NOAA Ocean Color Science Team (https://www.star.nesdis.noaa.
gov/sod/mecb/color/). In fact, global gap-free ocean color products
(including Chl-a) are highly useful (Liu & Wang, 2018, 2019, 2022) and
available from NOAA CoastWatch. Following the procedure in Shi and
Wang (2022b), monthly climatology Chl-a in the EIO were derived from
VIIRS-SNPP observations. The Chl-a anomalies as the ratio (or relative
difference) between the monthly Chl-a and the corresponding monthly
climatology Chl-a were then computed, and eventually the BDMI®21®) jn
each month is calculated as the difference of averages of the Chl-a ratio
anomalies BDMI®4°).E in the east 10D zone and BDMI®?O.W in the
west IOD zone.

In recent years, there occurred one extreme p-IOD event in 2019 (Shi
and Wang, 2021) and a notable n-IOD event in 2022 (Shi and Wang,
2024). Specifically, the DMI reached +0.964 °C in October 2019, and
DMI was —0.691 °C in October 2022. The BDMIs also show positive
BIOD with BDMIs at 0.829 and 1.028 in October and November 2019
(Shi and Wang, 2022a), respectively, and negative BIOD with BDMI of
—0.347 in October 2022 (Shi and Wang, 2024). In this study, the SSS
anomalies and its dipolar changes in the EIO in the two p-IOD and n-IOD
periods are characterized/quantified and used as examples to show the
salinity IOD activity in the EIO region. In addition, some detailed
comparisons of the salinity IOD features with those from the corre-
sponding SST IOD and BIOD, in terms of timing and intensity, are
provided.

2.3. The RAMA data and World Ocean Atlas 2018 (WOA18)

Research Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) are the collective meteorological and
oceanographic data in the Indian Ocean since 2004 (https://www.pmel.
noaa.gov/gtmba/pmel-theme/indian-ocean-rama). Of the 39 observa-
tion sites in the Indian Ocean, one is located at [95°E, 5°S] within the
east IOD zone (station A in Fig. 1a), and another is located at [57°E, 4°S]
in the west IOD zone (station B in Fig. 1a). In this study, the ocean
temperature and salinity, wind speed, 20 °C isotherm depth, precipita-
tion, and evaporation at these two stations are used to further explore
the driving forces for the salinity variability in the east and west IOD
zones.

It is also noted that the in situ measurements at these two stations
were intermittent, and not available all the time. At station A, the RAMA
data in 2018-2020 are available to cover the 2019 p-IOD, and no
measurements were made in the period of the 2022 n-IOD event. At
station B, the temperature and salinity profile data between late 2018
and 2020 are available for the 2019 p-IOD event, and the wind, rainfall
and evaporation data are partially available in 2018-2020. There are
also no data at station B in 2022 for the 2022 n-IOD event. Corre-
sponding to the data availability at stations A and B, only the RAMA in
situ measurements in 2018-2020 are used to study salinity change in the
water column and the driving forcing for the positive salinity IOD in
2019.

As the world’s largest publicly available collection of surface and
subsurface ocean data, World Ocean Atlas 2018 (WOA18) (Boyer et al.,
2005) provide information of the temperature and salinity profiles and
the climatology monthly changes of the ocean and atmosphere param-
eters at stations A and B. These climatology monthly variations are also
used as references and baselines to further evaluate the in situ measured
changes of the relevant ocean and atmosphere parameters in 2018-2020
to address the driving forcing for the 2019 salinity IOD event.
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Fig. 1. (a) SSS in October 2019, (b) SSS in October 2022, (c) SSS climatology in
October, (d) SSSA in October 2019, and (e) SSSA in October 2022. Note that the
east IOD zone (90°E—110°E, 10°S-0°N) and west IOD zone (50°E—70°E, 10°S—
10°N) are marked in each panel, and the locations for in situ measurements at
stations A (95°E, 5°S) and B (57°E, 4°S) are also marked in panel (a).

3. Results
3.1. The 2019 positive and 2022 negative SSS IOD events

Following the positive SST IOD and BIOD in 2019 and negative SST
10D and BIOD in 2022 as identified in DMI and BDMI results, satellite-
derived SSS images in October 2019 and October 2022 in the EIO region
are examined. As a reference for SSS in the EIO in October (Fig. 1c), the
climatology SSS generally show a decreasing trend from the west to east
EIO region. Specifically, SSS were in the range of 35.5-36.5 psu in the
west 10D zone, while SSS were at 33.5-34.5 psu in the east IOD zone.

In October 2019 for the p-IOD, broad notable SSS increase can be
found in the east IOD zone (Fig. 1a) with SSS ~35 psu. In the offshore
region of Sumatra, SSS even reached 35.5-36.0 psu. In the west IOD
zone, the coverage of high SSS over 36.0 psu decreased significantly in
October 2019 in comparison to the coverage from the SSS climatology in
October (Fig. 1c). In the northeastern EIO region between Sri Lanka and
Sumatra, SSS in October 2019 also showed significant drop from the
climatology SSS in October.

In October 2022 for the n-IOD, the SSS map (Fig. 1b) was apparently
different from that in October 2019 (Fig. 1a). In comparison with the SSS
climatology in October (Fig. 1c), SSS in the east IOD zone showed
overall decrease even though enhanced SSS indeed existed in the farther
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offshore region of Sumatra. In the west IOD zone, SSS in the northern
part were similar to the climatology SSS, and moderate increase of SSS
was found in the southern part of the west IOD zone.

The SSSA maps in the EIO region during the p-IOD in October 2019
(Fig. 1d) and during n-IOD in October 2022 (Fig. 1e) clearly showed the
dipolar SSS variability in the east and west EIO regions. Fig. 1d shows
that SSSA reached over ~1 psu in a large portion of the east IOD zone. A
band of negative SSSA north of the equator extended from 60°E to 95°E.
In the west IOD zone, positive SSSA were located in the northwestern
and southern parts of this region. The spatial pattern of SSSA in October
2022 (Fig. 1e) showed that the negative SSS were mainly located in the
southern east IOD zone. A broad SSS increase could be found in the
entire west IOD zone. Most of the enhanced SSS increase of ~0.3-0.4 psu
were located in the southern west IOD zone.

3.2. The SSS variability in the east and west IOD zones

For both the SST IOD and biological IOD, contrasting dipolar changes
occurred in the east and west EIO regions. Fig. 2a and b shows the
temporal variations of the average salinity in the east and west IOD zone,
respectively. The climatology monthly SSS varies between 33.74 psu
and 33.99 psu in the east IOD zone, while it ranges from 35.26 to 35.59
psu in the west IOD zone. For the p-IOD in 2019, the average SSS in the
east IOD zone spiked to 34.49, 34.64, and 34.66 psu in October,
November, and December (Fig. 2a), respectively. In comparison,
decreased SSS lagged about 2-3 months in the west IOD zone (Fig. 2b).
The average SSS were 35.36, 35.20, and 35.10 psu in December 2019,
January 2020, and February 2020, respectively, while the correspond-
ing monthly climatology average SSS for these three months are 35.54,
35.45, and 35.40 psu, respectively.

In the 2022 n-IOD event, the average SSS in the east IOD zone was
33.55 psu in October 2022 in comparison to the October climatology
value of 33.88 psu (Fig. 2a). On the other hand, the peak SSS in the west
IOD zone lagged about one month and occurred at 35.81 psu in
November 2022 (Fig. 2b). It is also noted that a negative salinity IOD
happened in the summer 2016 with depressed SSS in the east IOD zone
(Fig. 2a) and near-normal SSS in the west IOD zone (Fig. 2b).

Similar to the SSTA in the west pole region (50°E—70°E, 10°S-10°N)
and east pole region (90°E—110°E, 10°S-0°N) that define the DMI (Saji
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et al., 1999) and BDMI (Shi and Wang, 2022b), we choose the same east
and west IOD zones to define the Salinity Dipole Mode Index (SDMI) to
characterize and quantify the SSS variability in the EIO, i.e.,

SDMI = Mean[SSSA® (x,y)] — Mean [SSSA™ (x, y)] @
where SDMI represents the SSS anomaly difference between these two
IOD zones, and Mean[SSSA®) (x, y)] and Mean[SSSA™) (x, y)] are
computed as the mathematical mean values of the corresponding dif-
ferences between the monthly SSS and the climatology monthly SSS for
all pixels in the east and west IOD zones. Fig. 2¢ shows SDMI in these two
zones. Indeed, the SSSA difference reached ~ +1.0 psu in late 2019
during the p-IOD event. In contrast, it was ~ —0.4 psu in the 2022 n-IOD
event. In 2016, the difference of SSSA also dropped to the same level as
that in 2022.

Fig. 2d shows the consistence and coincidence of the DMI and BDMI
with SDMI as shown in Fig. 2c between 2011 and 2022. Even though
there exist some minor phase differences, the DMI, BDMI, and SDMI all
show the same dipolar variability in the EIO. Positive DMI, BDMI, and
SDMI occurred during the p-IOD in 2019, and negative DMI, BDMI, and
SDMI were identified during the 2022 n-IOD. In another n-IOD event in
2016 (Lu et al., 2018), DMI, BDMI, and SSSA differences also showed the
same features as those in the 2022 n-IOD event.

We further characterized SSSA in the east and west EIO regions. The
longitudinal averages of SSSA in the east and west IOD zones were
computed in the period between 2018 and 2023 (Fig. 3). In the east IOD
zone, SSSA clearly showed significant enhancement across the equator-
5°S in the autumn 2019 (Fig. 3a). In late 2019 and early 2020, the
positive SSSA were mainly located in the southern part of this region.
Indeed, SSSA reached > ~1.0 psu between 1°S and 3.5°S in September,
October, and November 2019.

In the west IOD zone, significantly negative SSSA were observed
from late autumn of 2019 to spring of 2020 (Fig. 3b). The negative SSSA
pattern in the west IOD zone (Fig. 3b) appeared about 2-3 months later
than the positive SSSA pattern in the east IOD zone (Fig. 3a). In the east
10D zone, the highest SSSA occurred in October and November 2019,
while extreme negative SSSA were in January 2020 in the west 10D
zone. In late 2019, the pattern with negative SSSA ~ —0.5 psu covered
the region of 10°N-7.5°S in the west IOD zone. In early 2020, the
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Fig. 2. Time series between 2011 and 2023 for (a) average SSS with embedded climatology monthly SSS in the east IOD zone, (b) average SSS with embedded
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Fig. 3. Longitudinal average SSSA between January 2018 and June 2023 in (a) the east IOD zone and (b) the west IOD zone.

negative SSSA pattern was mainly located in equator-5°S.

As shown in Fig. 2¢, the negative SSS IOD in 2022 was moderate in
comparison to the extreme positive SSS dipole in 2019. In the east IOD
zone, the negative SSSA of ~ —0.3 psu was confined to south of 3°S, and
only lasted until the end of 2019. This agrees with SSSA images in Fig. 1e
and average SSS in Fig. 2a. In the west IOD zone, the positive SSSA
(Fig. 3b) started in late 2019, about one month later than the negative
SSSA pattern (Fig. 3a). The positive SSSA pattern with SSSA ~0.3-0.6
psu mainly stretched from 5°S—10°S. The evolutions of the longitudinal
average SSSA in the east and west IOD zones show that the magnitudes,
locations, spatial patterns, and coverages of SSSA in the two zones
actually varied and were event-specific even though the positive and
negative dipolar variability of SSS indeed occurred in the EIO region in
2019 and 2022.

3.3. Dipolar salinity profiles and driving mechanism for the salinity IOD

3.3.1. Dipolar salinity profiles at stations A and B
Figs. 1-3 show the dipolar SSS variability in the EIO. The RAMA

0 — : .
(a) &y At the East IOD Zone
. Salinity Profile -
E 100 3
o o "
a a
) @
o o
513 200 -& - Spring Eg
© o 1 B
= (- Summer =
--©-- Autumn
2 - Winter
>~ Annual [
300 P u g i
34 34.5 35 35.5
Salinity (psu)
0 T T
(c) At the East 10D Zone
Temperature Profile
E 100 - 1 E
F= =
a a
@ )
o (=]
% 200 | < - Spring 1 g
= Summer g
--<-- Autumn
A —=& - Winter
/ —>— Annual
300 L w ‘ ‘
10 15 20 25 30

Temperature (°C)

station A in the east IOD zone and RAMA station B in the west IOD zone
provide us an opportunity to study the dipolar salinity variability in the
water column in the east and west IOD zones even though the in situ
measurements only covered the 2019 positive salinity IOD event. On the
other hand, other parameters such as the temperature profiles, 20 °C
isotherm depths, wind speeds, precipitations and evaporations also
provide a rare chance to explore the mechanism that drives the salinity
IOD in the EIO.

Since all the ocean and atmosphere processes that impact the salinity
dipolar variability in the EIO eventually lead to the changes of the
temperature and salinity profiles at station A in the east IOD zone and
station B in the west IOD zone, it is essential to understand the vertical
distributions of the climatology temperature and salinity and their
seasonal variations at these two stations. Fig. 4 shows the salinity pro-
files at stations A (Fig. 4a) and B (Fig. 4b) and temperature profiles at
stations A (Fig. 4c) and B (Fig. 4d) from the WOA18 climatology.

The salinity and temperature profiles at stations A and B are notably
different in terms of both magnitudes and the vertical distributions. At
station A, the depth with almost uniform temperature is ~50-60 m
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Fig. 4. The WOA18 climatology seasonal and annual mean profiles in the upper 300 m for (a) salinity at station A, (b) salinity at station B, (c) temperature at station

A, and (d) temperature at station B.
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(Fig. 4c), while the salinity increases from 34.2 psu at sea surface to >
35.0 psu at water depth of ~80 m (Fig. 4a). At station B, the layer with
quasi-uniform temperature is only approximately 10 m (Fig. 4d), and the
salinity only increases by 0.1 psu from the surface to 30-40 m (Fig. 4b).
In comparison to salinity at station A, the vertical variation of salinity at
station B is much less significant. The seasonal changes of salinity at
stations A and B are also different. At station A, the seasonal high salinity
occurs in the boreal winter season and seasonal low salinity in the
autumn. In contrast, salinity reaches peak in the summer season and its
minimum in the winter season (Fig. 4b). The WOA18 annual and sea-
sonal temperature and salinity profiles provide us the reference and
baseline information in order to better understand the salinity vari-
ability during the 2019 p-IOD in the EIO region.

Fig. 5 shows the salinity and temperature variability at stations A and
B in the period of 2018-2020. Note that there were no measurements of
temperature and salinity between January and November 2018 at sta-
tion B, and salinity was only measured in the upper 100 m depth. At
station A, the enhanced salinity >35.0 psu can be observed to reach 100
m in late 2019 (Fig. 5a). The salinity in the upper 70 m was <34.0 psu in
the same period in 2018 and 2020. As shown in Fig. 4a, the minimum
salinity normally occurred in the autumn season. However, salinity in
the autumn of 2019 was featured with the highest salinity in the entire
year. The enhancement of salinity at station A in late 2019 came with the
shoaling thermocline from the summer of 2019 (Fig. 5¢). The enhanced
salinity and shoaling thermocline at station A in 2019 were both
attributed to the stronger coastal upwelling along the west Sumatra and
the offshore advection of the upwelling water (Shi and Wang, 2021).

At station B, the salinity in the upper 5-10 m was featured with
<34.0 psu waters from late 2019 to mid-2020 (Fig. 5b). This was
significantly lower than the climatology salinity at station B as shown in
Fig. 4b. On the other hand, salinity in the water column of upper 50 m
also depressed at 34.5 psu between late 2019 and spring 2020. The
timing of the depressed salinity was coincident with the deepening of the
thermocline (Fig. 5d). The salinity profiles between 2018 and 2020
showed that the 2019 salinity dipole not only occurred at the surface
(Figs. 1-3), but also penetrated to over 50 m at both stations A and B.
The lowest salinity in the water column at station B occurred in early
2020 (Fig. 6b), this also lagged the enhanced salinity at station A for a
couple of months.

Station A
2019
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3.3.2. Ocean and atmospheric parameters at stations A and B

Fig. 6 further show the ocean and atmospheric parameters and their
possible impacts on salinity at stations A and B from 2018 to 2020. As a
parameter for thermocline depth for many ocean processes such as the
upwelling, downwelling, and propagation of the Earth planetary waves,
the 20 °C isothermal depth at station A shows that it started to deviate
from the climatology 20 °C isothermal depth and shoaled at 70 m in
October 2019 (Fig. 6a). In contrast, the climatology 20 °C isothermal
depth is 120 m. Fig. 6¢ shows the southeasterly wind strengthened in the
same period. The salinity profile at station A (Fig. 4a) displays that
salinity increased significantly from the surface to 100 m depth. Shi and
Wang (2021) show that anomalous alongshore winds off the west
Sumatra caused stronger upwelling and brought up the high salinity and
nutrient deep ocean waters to the ocean surface. The in situ measure-
ments of the 20 °C isotherm (Fig. 6a) and wind speed (Fig. 6¢) at station
A agree well with the results in that study (Shi and Wang, 2021). The
impact of the strengthened upwelling and advection of the upwelling
water not only affected the SSS as shown in Figs. 1d, 2a and 3a, but also
the salinity at the upper 100 m depth (Fig. 5a) in the 2019 p-IOD period.

The salinity budget in the EIO is not only affected by the ocean
processes, but also by the atmospheric processes such as the precipita-
tion (P), evaporation (E), and net freshwater gain P-E. Fig. 6e shows the
precipitation rate and Fig. 6g is the evaporation rate at station A be-
tween 2018 and 2020. Clearly, the evaporation rate increased with the
strengthened wind from spring to autumn 2019 (Fig. 6¢). There was
almost no precipitation in autumn 2019. In comparison, the climatology
precipitation rate is ~0.4-0.45 mm h~!. The precipitation measure-
ments during the 2019 p-IOD agreed with the dry air and severe drought
in that region during a p-IOD (Cai et al., 2009; Ummenhofer et al.,
2009). The salinity and temperature variability (Fig. 5a and c), the 20 °C
isothermal depth (Fig. 6a), and wind speed (Fig. 6¢) at station A coin-
cided with each other during the 2019 p-IOD. This demonstrates that the
ocean processes such as the wind-driven upwelling and advection of the
upwelling water were not only the driver for the biological variability
(Shi and Wang, 2021), but also for the salinity variability in the east IOD
zone during the 2019 p-IOD. On the other hand, we have not found any
evidence that the salinity variability was notably affected by the pre-
cipitation and evaporation during the 2019 p-IOP even though the
anomalously low precipitation and enhanced evaporation indeed
occurred and tended to lead to the increase of the salinity, especially SSS
in the east IOD zone. This could be attributed to the thick mixed-layer

Station B
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Fig. 5. Temporal variations between January 2018 and December 2020 for (a) salinity in the upper 100 m at station A, (b) salinity in the upper 100 m at station B, (c)
temperature in the upper 200 m at station A, and (d) temperature in the upper 200 m at station B.
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and enhanced vertical mixing, entrainment and upwelling at station A
during the 2019 p-IOD event.

Contrasting to the measurements at station A, the in situ measure-
ments at station B show that the salinity or temperature variability
(Fig. 5b and d) and the deepening 20 °C isotherm (Fig. 6b) were in phase
with each other in late 2019. In late 2019, the 20 °C isothermal depth
was >50 m deeper than the climatology 20 °C isotherm depth. It lagged
the occurrence of shoaling 20 °C isotherm at station A for about 1-2
months. The wind speed at station B (Fig. 6d) was weaker between
January and September 2019. The precipitation measurements were
close to the climatology before autumn 2019 (Fig. 6f). Starting in
October 2019, the precipitation at station B reached >0.5 mm h7!, and
the high-than-normal precipitation lasted until early 2020. The evapo-
ration was stable at ~0.1 mm h~! before autumn 2019. In fact, the
anomalous precipitation since autumn 2019 timed well with the fresher
surface layer as shown in Fig. 5b.

The in situ measurements at station B provide further evidence that
the deepening thermocline due to the downwelling, Ekman pumping,

and surface water convergence not only caused the lower Chl-a in the
2019 p-IOD event (Shi and Wang, 2021), but also led to the decrease of
salinity in the upper 70 m waters. Since the mixed-layer depth at station
B was shallow (Fig. 4d), the excessive P-E could significantly affect SSS
in the region. The net freshwater gain P-E of 0.4 mm h~! in October
2019 as suggested in Fig. 6f and h was estimated to cause a salinity drop
of ~1.0 psu in a month in a 10 m surface mixed-layer, assuming there
were no vertical and lateral salt exchanges at this station. This indeed
implies that the P-E in the west IOD zone was an indispensable forcing
for the SSS variability during the 2019 p-IOD event.

3.3.3. Driving forcing for dipolar salinity change in the east and west IOD
zones

Overall, the mechanism for the salinity IOD in the east EIO is similar
to that for the biological IOD. In the east IOD zone, the stronger
upwelling-favorable southeast winds along the west Sumatra coast in a
p-IOD event not only shoaled the thermocline, but also brought low-
temperature, high-nutrient and high-salinity waters to the upper layer.
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The upwelling and the advection of the upwelling water defined the SST
drop, enhanced biological activity, and elevated salinity in the east IOD
zone during the p-IOD event.

Salinity in the water column especially SSS can be affected by the P-E
in the east 10D (Fig. 6e and g). However, there was no significant SSS
enhancement in comparison to salinity in the water column. This implies
that the ocean processes, e.g., upwelling, entrainment and advection of
the upwelling water were the dominant drivers for the enhanced salinity
in the east IOD zone for the p-IOD event. The less contribution of the P-E
to the salinity change could be attributed to the thick mixed-layer, and
strong wind-driven upwelling, mixing and entrainment in the east IOD
zone.

In the west IOD zone, the deepening of thermocline driven by the
downwelling and surface water convergence (Fig. 6b) at station B not
only led to the salinity drop in the upper 50-70 m, but also triggered the
enhanced SST and decreased Chl-a in this region (Shi & Wang, 2021,
2022b). Unlike its contribution to salinity at station A in the east IOD
zone, the P-E at station B played an important role on the salinity change
especially the SSS variability in the 2019 p-IOD event. The significantly
low salinity at the surface 5-10 m mixed-layer was attributed to the
anomalously high P-E at station B in this period. This also suggests that
the spatial patterns in the west IOD zone for the SSS anomaly (Fig. 1d),
SST anomaly, and Chl-a anomaly (Shi & Wang, 2021, 2022b, 2024)
could be different. It also shows that the ocean and atmospheric pro-
cesses that drive the changes for salinity, temperature, and biological
variability during the p-IOD event are not the same.

In this study, the in situ measurements at stations A and B only
covered the 2019 p-IOD event. For the n-IOD event in 2022, SSS changes
in the east and west IOD zones were opposite to the SSS change in the p-
10D in 2019 as characterized in Figs. 1-3. The 2022 n-IOD started with
the weaker southeasterly wind along the west Sumatra coast from
monthly surface wind data (Kalnay et al., 1996). The NCEP Global
Ocean Data Assimilation System (GODAS) (Behringer et al., 1998;
Ravichandran et al., 2013) shows that the 20 °C isothermal depth
deepened about 20 m for most of the east IOD zone and shoaled 20-40 m
in the west IOD zone (results not shown). The ocean dynamics in the east
and west 10D zones provides further evidence that the reverse ocean

September 2015 (Positive 10D)
v-‘r T

SSS Anomaly
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processes drove the negative salinity IOD during the 2022 n-IOD event.
It is also noted that the role of P-E cannot be assessed for the 2022 n-IOD
event due to the lack of data availability.

4. Discussion

In this study, we use the 2019 p-IOD and 2022 n-IOD events as ex-
amples to demonstrate the salinity IOD as another facet for the I0D
phenomenon. However, the salinity IOD is indeed a general feature and
an indispensable facet of the IOD phenomenon. In fact, the salinity IOD
is caused by the same ocean processes that also drive the SST IOD and
biological IOD. The atmosphere process, i.e., P-E further enhanced the
salinity IOD phenomenon especially for SSS of both the p-IOD and n-IOD
events. During the study period, EIO also experienced other IOD events,
e.g., moderate p-IOD in 2015 (Zhang et al., 2018) and severe n-IOD
eventin 2016 (Lu et al., 2018; Zhang et al., 2018). Fig. 2d shows that the
DMI and BDMI reached +0.480 °C and +0.38 in the 2015 p-IOD event,
while they were at —0.75 °C and —0.31 in the 2016 n-IOD event,
respectively. On the other hand, the SDMI (Fig. 2¢) reached +0.40 psu
and —0.38 psu in the 2015 p-IOD and 2016 n-IOD event, respectively.

Fig. 7 provides the details of the salinity IOD (Fig. 7a and b), bio-
logical IOD (Fig. 7c and d), and SST IOD (Fig. 7e and f) in September
2015 (p-10) and July 2016 (n-IOD). As quantified in Fig. 2c and d, the
salinity IOD, biological IOD, and SST IOD indeed occurred in the two
10D zones with enhanced SSS, Chl-a, and depressed SST in the east IOD
zone, compared to decreased SSS, Chl-a, and enhanced SST in the west
10D zone (Fig. 7a, c, e) in the 2015 p-IOD event. On the other hand, the
decreased SSS, Chl-a, and elevated SST in the east IOD zone, compared
to the enhanced SSS, Chl-a, and decreased SST in the west IOD zone
(Fig. 7b, d, f) were found during the 2016 n-IOD event. It is also noted
that the spatial patterns of the SSS anomaly and Chl-a ratio were co-
located for a large portion of these two IOD zones. This indeed sug-
gests that the ocean processes for the salinity IOD and biological IOD are
the same even though the precipitation and evaporation could cause the
difference in some regions.

In this work, we used the in situ measurements at stations A and B to
better understand the subsurface dynamics of salinity, temperature, and
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the driving mechanisms in the two IOD zones. Further analyses of the
WOA18 show that the mean profiles of salinity at the east (or west) IOD
zone and the climatological salinity profiles at station A (or B) are
similar to each other in terms of the vertical profile curvature shapes,
halocline depth, etc., even though SSS values at the east (or west) IOD
zone and the climatological salinity SSS at station A (or B) show some
differences. On the other hand, the temporal variability of satellite SSS
also shows that SSS at station A (or B) and the mean SSS for the entire
east (west) IOD zone are similar. Previous studies have already showed
that the driving forces at each station and their corresponding IOD zone
are the same (Saji and Yamagata, 2003; Shi & Wang, 2021, 2024;
Vinayachandran et al., 2002). Overall, the in situ measurements at sta-
tions A and B are good representatives for the east and west IOD zones,
respectively, even though the spatial SSS variability may exist within
each IOD zone.

It is noted that both the region and the driving forcing for the SSS
10D are different from numerous previous studies (Durand et al., 2013;
Kido et al., 2019; Li et al., 2016; Sun et al., 2022a; Thompson et al.,
2006; Zhang et al., 2016). In those studies, the domain of the west SSS
10D pole is either located in the central tropical Indian Ocean (Durand
et al., 2013; Kido et al., 2019; Li et al., 2016; Zhang et al., 2016) or
southern tropical Indian Ocean (Sun et al., 2022a), which are different
from the well-defined west I0D zone for SST-based DMI and Chl-a-based
BDMI (Saji et al., 1999; Shi and Wang, 2022b). Even though the SSS
anomaly in the central tropical Indian Ocean indeed agree with those
from the previous studies as shown in Fig. 1, the west SSS IOD pole we
proposed in this study is in the west tropical Indian Ocean, which is
consistent with the well-accepted definition of west pole of the IOD or
BIOD phenomena from SST or Chl-a (Saji et al., 1999; Shi & Wang, 2021,
2022b; Webster et al., 1999).

Most importantly, the major driving forcings for the SSS anomaly
described in the previous studies and in this work are significantly
different. The previous studies showed that the SSS anomaly in the
central tropical Indian Ocean was attributed to the westward advection
of the Bay of Bengal water (Durand et al., 2013; Kido et al., 2019; Li
et al., 2016; Thompson et al., 2006; Zhang et al., 2016). In comparison,
in this study we show that the driving forcing for the west pole of SSS
IOD is the precipitation-evaporation as well as thermocline dynamics
due to the ocean processes such as Ekman pumping, Rossby wave
propagation. In addition, it should be noted that the ocean processes in
the east pole of the SSS IOD is the same as those for the SST and Chl-a
IODs (Shi & Wang, 2021, 2024; Vinayachandran et al., 2002).

Furthermore, the NCEP Global Ocean Data Assimilation System
(GODAS) (Behringer and Xue, 2004; Derber and Rosati, 1989) shows
close connections among the Chl-a variability, SST, SSS, and 20 °C
isothermal depth, and subsurface vertical velocity for the positive and
negative BIOD events in 2019 and 2022, respectively (Shi and Wang,
2024). Shoaling thermocline in the east IOD zone and deepening ther-
mocline in the west IOD zone were found in the 2019 p-IOD, and vice
versa in the 2022 n-IOD event. These provide further evidence that the
ocean processes in the west IOD zone as proposed in this study is
different from the advection of low-salinity water for the salinity
anomaly in the central tropical Indian Ocean reported in the other
studies.

5. Conclusion

In this study, satellite-measured SSS showed the dipolar variability of
SSS in the east and west EIO regions during the 2019 p-IOD and 2022 n-
10D events. The salinity IOD event as proposed in this study is different
from the previous studies in terms of both the domain of the SSS dipolar
pole and the driving forcing for the SSS anomaly during the IOD event.

The temporal variation in the difference of the average SSS anoma-
lies in the east and west IOD zones is consistent with those of the DMI
and BDMI indices. This demonstrates that the IOD event is not only a
traditional SST phenomenon in the EIO, but also comprehensive
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activities involving many ocean parameters. In addition to recently re-
ported BIOD (Shi & Wang, 2021, 2022b) accompanying with the SST
10D, the salinity IOD is another facet of the IOD phenomenon.

Using the in situ measurements in the east and west IOD zones, we
show that the wind-driven upwelling and advection of the upwelling
water were responsible for the enhanced salinity in the east IOD during
the p-IOD and vice versa for the n-IOD. Both the ocean processes and the
P-E are the driving forcings for the SSS anomalies during the IOD events
in the west IOD zone. The increase of the salinity was found as deep as
~70-80 m during the 2019 p-IOD event. This is attributed to the ocean
processes. In contrast to the ocean processes in the east IOD zone, the
salinity anomaly in the surface 5-10 m during the IOD event was mainly
caused by the anomalous P-E in the region. The contribution of the
anomalously negative P-E to the salinity change at the halocline depth
during the p-IOD is less significant.

In the west IOD zone, the driving forcing for the salinity variability is
not exactly the same as those for the SST and biological IOD. The
deepening of the 20 °C isotherm due to the downwelling and surface
water convergence led to the drop of salinity in the water column during
the 2019 p-IOD event. However, excessive P-E in the west IOD zone also
played an important role for the drop of salinity especially SSS during
the 2019 p-IOD event.
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