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Abstract North Indian Ocean sea level has shown significant increase during last three to four decades.
Analyses of long-term climate data sets and ocean model sensitivity experiments identify a mechanism for
multidecadal sea level variability relative to global mean. Our results indicate that North Indian Ocean sea
level rise is accompanied by a weakening summer monsoon circulation. Given that Indian Ocean meridional
heat transport is primarily regulated by the annual cycle of monsoon winds, weakening of summer monsoon
circulation has resulted in reduced upwelling off Arabia and Somalia and decreased southward heat
transport, and corresponding increase of heat storage in the North Indian Ocean. These changes in turn lead
to increased retention of heat and increased thermosteric sea level rise in the North Indian Ocean, especially
in the Arabian Sea. These findings imply that rising North Indian Ocean sea level due to weakening of
monsoon circulation demands adaptive strategies to enable a resilient South Asian population.

1. Introduction

Sea level rise is emerging as one of the dominant impacts of anthropogenic global warming. It has major
societal and geopolitical ramifications for coastal populations and surrounding regions that must absorb
populations retreating from inundated coasts. The regions in and around the Indian Ocean are home to
roughly 2.6 billion people, which is 40% of the global population. One third of Indian population and the
majority of the Asian population are located near coastal regions. Hence, studies of regional Indian Ocean
sea level variability and trends are of prime importance to enable suitably planned adaptations to
climate change.

Satellite-derived sea level estimates show a rapid increase in North Indian Ocean (north of 5°S) sea level
during the last decade (Thompson et al.,, 2016). Long-term sea level estimates using tide gauge records
show a rate of sea level rise of about 1.06-1.75 mm/yr in the Indian Ocean during 1874-2004
(Unnikrishnan & Shankar, 2007; Unnikrishnan et al., 2006) similar to the global sea level rise trend of
1.7 mm/yr estimated for the period 1880-2009 (Church & White, 2011). Though the long-term trend is
similar to the global estimates, the sea level in the North Indian Ocean shows multidecadal variability
relative to global mean (Figure 1b). There has been significant progress in describing and understanding
global sea level rise (Bindoff et al, 2007; Carton et al.,, 2005; Church et al., 2013; Levitus et al, 2012,
Stammer et al,, 2013), but the regional departures from this global mean rise are more poorly described
and understood (Neil et al., 2014). Unlike global mean sea level rise, North Indian Ocean regional sea level
variability is dominated by thermosteric changes (Thompson et al., 2016). The thermosteric sea level rise in
the North Indian Ocean is 0.68 + 0.03 mm/yr during 1958-2015 and has accelerated to 2.3 £ 0.09 mm/yr
during 1993-2015 based on ORAS4 reanalysis data. The mechanism contributing to the multidecadal sea
level variability in the North Indian Ocean has yet to be described. We here propose a mechanistic
hypothesis accounting for multidecadal fluctuations of the North Indian Ocean sea level relative to the
global mean.

The decadal and interannual variations of Indian Ocean sea level have received considerable attention. Lee
and McPhaden (2008) studied decadal variability in satellite-based sea level in the Indo-Pacific region from
1993 to 2006. Their work was followed by others (Han et al., 2014; Nidheesh et al,, 2013; Trenary & Han,
2013). Decadal variability of Indian Ocean sea level was also studied by Unnikrishnan et al. (2006) using
tide gauge measurements and Thompson et al. (2016) using satellite-derived sea level data. Though
temporal variability of sea level at selected locations or spatial variability for the recent satellite period
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Figure 1. Time series of annual mean anomalies of (a) sea level (mm) from tide gauge observations, (b) thermosteric sea level (mm), and (c) sea surface height (SSH),
steric height (SSL), thermosteric (TSL), and halosteric (HSL) sea level (mm) in the North Indian Ocean averaged between 50°E-110°E and 5°S-25°N. The trend
shown in Figure 1b is for the period 1975-2012 and is significant at 90% confidence level. (d) Time series of anomalies of Webster Yang summer monsoon wind index
(WYI, m/s), summer monsoon precipitation (ISMR, mm/d) and sea level pressure (SLP, hPa) over the monsoon trough region (70°E-95°E, 16°N-28°N) during
June-September. The error bars based on one standard deviation (shaded) is shown for sea surface height and WY index.

in the Indian Ocean has been studied in detail, long-term multidecadal sea level variability relative to
global mean and associated mechanisms remains unknown. The present manuscript offers a new
hypothesis for such long-term variability.

The oceans have absorbed over 90% of the excess heat due to anthropogenic greenhouse gas forcing
during the past half century (Rhein et al.,, 2013). This excess heat has caused an increase in the ocean
temperature and associated thermosteric sea level rise (Church et al., 2013; Levitus et al.,, 2012). Another
major contributor to the global mean sea level rise is mass addition from melting continental ice.
Volume and heat transport into the Indian Ocean from the Pacific Ocean can occur through the
Indonesian Throughflow. However, studies have shown that influence of the Pacific anomalies through
the Indonesian Throughflow dominates only in the southeast Indian Ocean (Schwarzkopf & Boéning,
2011). These results suggest that the thermosteric component of Indian Ocean sea level is the major
contributor to sea level variability in the North Indian Ocean, with direct impacts related to redistribu-
tion of heat by the Indian Ocean meridional heat transport. This suggestion is further supported by
our results.

The novelty of our study is to identify a dynamical mechanism for the regional multidecadal-scale sea
level variability in the North Indian Ocean relative to global mean, with a focus on sea level rise
measured since 1950. The next section describes the data sets used for the study and the analysis
methodology. Section 3 then describes the results, and then discussion and conclusions are presented
in section 4.
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2, Data Sets and Methodology

2.1. Observational-Based Measures and Reanalysis Products

The data sets include surface winds and fluxes from the National Centers for Environmental Prediction
(NCEP) (Kistler et al., 2001), European Centre for Medium-Range Weather Forecasting (ERA) (Dee et al,,
2011), ERA Interim (Berrisford et al, 2011), and the Japanese Meteorological Agency’s JRA55
(Kobayashi et al.,, 2015) reanalysis. The NCEP, JRA55, and ERA Interim are for the period 1950-2016,
1958-2013, and 1979-2015, respectively. The ERA data for the period 1958-1978 merged with ERA
Interim are also used for the analysis. Long-term tide gauge records available during the period
1950-2015 are from the archives of Permanent Service for Mean Sea Level (Woodworth & Player,
2003). The upper 700 m thermosteric sea level is calculated from Ishii (Ishii et al, 2003), ORAS4
(Balmaseda et al., 2013), and EN4 (Good et al.,, 2013) temperature data. We also use the thermosteric
sea level anomaly for the upper 700 m from the NOAA/NODC (Levitus et al, 2012). The Ishii and
ORAS4 data sets are used for the period 1950-2012 and 1958-2015, respectively, and NODC and EN4
data sets are over the period 1950-2016. Finally, satellite-derived AVSIO sea level (http://marine.coperni-
cus.eu) and sea surface height (https://climatedataguide.ucar.edu/climate-data/aviso-satellite-derived-sea-
surface-height-above-geoid) over the period 1993-2015 is used. The climatology is computed for the
period 1960-2012 except for AVISO, which is based on years 1993-2015. All the analysis presented in
the study is based on annual mean quantities.

2.2. Ocean Model and Sensitivity Experiment

We present simulations from a global configuration of the Modular Ocean Model version 4p1 (MOM4p1)
Ocean General Circulation Model (OGCM). MOM4p1 is a hydrostatic model configured here using the
Boussinesq approximation and a rescaled geopotential vertical coordinate (Griffies et al.,, 2009). The OGCM
is the ocean component of IITM Earth System Model (IITM-ESM) described in Swapna et al. (2014) with simu-
lations well reproducing the mean ocean circulation features (Jadhav et al., 2015; Narayanasetti et al., 2016).
Following model spin-up, two idealized experiments are performed using Gill-type wind forcing (Gill, 1980).
The chosen wind perturbations broadly mimic the structure of large-scale circulation patterns during a strong
summer monsoon circulation (exp1) and a weak summer monsoon circulation (exp2). The strong and weak
monsoon conditions are chosen for the experiments to understand the sea level rise from the strong
monsoon period prior to the 1970s to the weak monsoon period after the 1970s. Details about the OGCM
and wind perturbation experiments are discussed in the supporting information (section S1). In addition,
OGCM experiments (exp3 and exp4) are performed by forcing the ocean model with interannually varying
wind forcing, keeping all other forcing to climatology. These experiments are performed for the
period 1950-2016.

2.3. Analysis Methods

2.3.1. Sea Level

The steric, thermosteric, and halosteric sea level are computed over the upper 700 m of the ocean following
standard methods, such as detailed in Appendix B of Griffies et al. (2014):

) 1
nthermosterm(,[) = (@) 7;Zdz|ﬁ(0, Sp) —p(d, Sf,p’)J
0

‘ 1
7 (1) = () — P > dz|p(6,5,0) — p(6, 5, p")] M

) 1
nhalosteHC(T) = (<) _p_Zdz\_p(Qr,S, p) —p@,5,p")]
0

thermosteriC(‘L_) sterIC(T) halosteriC(T)

where 5 is the thermosteric sea level at time (z), similarly 7 ,and 7 are steric and
halosteric sea level at time (). Variables with an “r" superscript refer to reference state values, so that #(z") is
the sea level at the reference state, pq is a globally constant Boussinesq reference density, 6 is the potential
temperature of seawater, and S is the salinity and p pressure. We choose the upper 700 m as this depth range
corresponds to that with the most available observational data. The steric changes in the above equation are
described by the sum of ;"ermosteric g jhalosteric
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2.3.2. Sea Level Budget

ASLRrotal = ASLRsteric(0—2,000m) + ASLRMass + Rs (2

where, ASLRtqa is the total sea level rise, ASLRseric is the steric component of sea level in the upper 2000 m,
and ASLRyass is the ocean mass component of sea level. Further details are available in Appendix B of Griffies
et al. (2014). The residual is expressed as Rs, which arises from deep ocean changes.

2.3.3. Meridional Heat Transport

The ocean meridional heat transport (MHT) is computed relative to 0°C reference temperature as

MHT(y, t) = poCpflvodxdz 3

where v is the meridional ocean velocity, C,=4185J Kg™" K™ "is the specific heat capacity of seawater, and
the reference density is po=1025 Kg m™>.

2.3.4. Cross-Equatorial Transport

The strength of cross-equatorial volume transport (CEC) is estimated using the following equation based on
Miyama et al. (2003):

1, o

CEC = ——[° —dx
Bpo ™ oy

(4)

where 7°is the zonal wind stress at 5°and 8 = %f,.xe and x,, are the locations of eastern and western bound-

aries, respectively. x, is 110°E, and x,, is 50°E in the analysis.

3. Results

3.1. Observational-Based Sea Level Variability in the North Indian Ocean

To help quantify the multidecadal variability of Indian Ocean sea level, we analyze available tide gauge
records. Since the data have gaps, we consider only tide gauges with more than 40 years of record during
the period 1950-2015. Figure 1a shows time series for annual mean tide gauge sea level anomalies in the
North Indian Ocean, revealing a gradual increase since 1950.

Tide gauge observations are available only at selected locations. The broader spatial variability is examined
by analyzing the thermosteric sea level using subsurface temperature data in the North Indian Ocean for
the region 50°E-110°E and 5°S-25°N. Moreover, in situ ocean temperature and salinity measurements can
provide important information about causes of regional sea level change (Levitus et al., 2005) with previous
studies pointing to the dominance of thermosteric changes in the North Indian Ocean (Han et al., 2010). We
compute annual mean thermosteric sea level anomalies in the upper 700 m in the North Indian Ocean
separately using Ishii, ORAS4, and EN4 subsurface temperature data sets (Figure 1b). The time series of
thermosteric sea level anomalies shows a multidecadal variability relative to global mean with significant
increasing trend during the most recent 40 year period. The trend is computed for the period 1975-2012
and is statistically significant at a 90% confidence level.

To understand the contribution of thermosteric sea level on sea surface height (SSH) in the North Indian
Ocean, we analyzed the SSH and steric sea level from AVISO and ORAS4 in the North Indian Ocean. The steric
height, thermosteric, and halosteric sea level components are computed using temperature and salinity data
from ORAS4 using equation (1) and are shown in Figure 1c. The sea surface height anomalies from ORAS4
shown as the black solid curve in Figure 1c closely follows the steric height anomalies (purple curve). The steric
height anomalies are dominated by the thermosteric component (solid light blue curve), with a relatively small
halosteric contribution (dashed light blue curve, Figure 1c). The thermosteric anomalies from Ishii (solid blue
curve) also follow thermosteric sea level from ORAS4. The anomalies of sea surface height from AVISO (dashed
black curve) show the same variability as the thermosteric sea level anomalies from ORAS4 and Ishii for the
period 1993-2015. This correspondence suggests that the sea surface height in the Indian Ocean is indeed
dominated by the steric height (Salim et al.,, 2012), with further dominance by the thermosteric component.

We performed a sea level budget analysis to quantify the contribution of thermosteric sea level on North
Indian Ocean sea level variability. A sea level budget is estimated based on equation (2) using ORAS4
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reanalysis and is shown in Figure S1. The sea level rise in the North Indian Ocean (blue curve) is about
0.9 = 0.04 mm/yr during 1958-2015, and thermosteric sea level rise (red curve) is 0.68 + 0.03 mm/yr.
Ocean mass changes are estimated based on precipitation minus evaporation and runoff, since mass
exchange with Pacific through Indian Ocean Throughflow is confined to the southern Indian Ocean
(Schwarzkopf & Boning, 2011). The residual term can be considered as arising due to deep ocean contribution
or observational noise. The halosteric contribution is relatively small in the North Indian Ocean (Figure 1c),
although accurate estimates of regional halosteric variations warrant improved observations of freshwater
fluxes (Liu et al.,, 2017); we have only considered the thermosteric contribution. The error bounds represent
the 95% confidence interval obtained from the least squares fit. It is seen that the sea level rise has acceler-
ated in the recent decades (1993-2015) to about 3.1 £ 0.09 mm/yr, with 2.3 £ 0.09 mm/yr increase in ther-
mosteric sea level. Interestingly, total sea level rise in the North Indian Ocean is comparable with global
estimate (2.8 £ 0.02 mm/yr during 1993-2015 and 0.96 + 0.03 mm/yr during 1958-2015). The global estimate
of thermosteric sea level rise is 1.3 £ 0.01 mm/yr during 1993-2015 and 0.53 £ 0.01 mm/yr during 1958-2015.
The total sea level estimates from ORAS4 are comparable with satellite-derived AVISO data during 1993-2015
(3.0 = 0.18 mm/yr for the North Indian and 2.9 + 0.04 mm/yr for global ocean). Therefore, unlike the global
mean, which is dominated by additional ocean mass in recent decades (Church et al., 2013), regional sea level
variability in the North Indian Ocean is dominated by the thermosteric component which has shown consid-
erable increase during last few decades.

3.2. Indian Ocean Sea Level Variability and Variability in Summer Monsoon Circulation

Earlier studies have identified decadal and interannual variability of Indian Ocean sea level (Lee & McPhaden,
2008; Nidheesh et al., 2013; Trenary & Han, 2013). The interannual variability is forced by dominant modes of
climate variability such as El Nifio—Southern Oscillation (ENSO) and Indian Ocean Dipole (Parekh et al., 2017).
Decadal variability in Indian Ocean sea level is predominantly forced by decadal fluctuations of surface wind
stress (Li & Han, 2015; Thompson et al., 2016). The previous studies focus on the decadal-scale sea level varia-
bility in the Indian Ocean, yet there has to be a mechanism identified for the multidecadal sea level variability.

Variability in ocean and atmospheric circulation can modulate regional sea level variability. The Indian Ocean
is land locked to the north, with this geometrical constraint impacting on its meridional heat transport and
thermosteric sea level. Furthermore, as shown by Miyama et al. (2003), Indian Ocean meridional volume
and heat transport is primarily controlled by the wind stress curl associated with meridional gradients in
the zonal wind stress. The annual mean component of the zonal wind stress is predominantly antisymmetric
about the equator, with westerlies to the north and easterlies to the south of the equator (Miyama et al.,
2003). Likewise, the annual mean wind in the Indian Ocean is dominated by the summer monsoon flow
(Schott & McCreary, 2001) with westerlies to the north and easterlies to the south of the equator.
Therefore, the meridional ocean heat transport in the Indian Ocean is regulated by the cross-equatorial
summer monsoon winds. Correspondingly, multidecadal fluctuations of thermosteric sea level and meridio-
nal ocean heat transport in the Indian Ocean are modulated by multidecadal changes in the summer
monsoon winds.

The South Asian summer monsoon circulation is characterized by a large-scale cross-equatorial flow that
connects the monsoon trough (MT) low-pressure region over the Indian subcontinent in the north and the
Mascarene high-pressure region in the southern Indian Ocean (Krishnamurti & Bhalme, 1976). Coherent var-
iations of the South Asian monsoon are known to be consistently reflected in the Webster-Yang monsoon
circulation index (WYI), which is a broad-scale circulation measure based on the time mean zonal wind shear
between 850 hPa and 200 hPa (U850-U200) averaged over South Asia from the equator to 20°N and from
40°E to 110°E (Webster & Yang, 1992). The time series of the WYI (Figure 1d, black curve) provides evidence
for a weakening trend of the summer monsoon circulation. Anomalies of the Webster-Yang summer mon-
soon wind index and the summer monsoon rainfall (blue curve) show a gradual decrease, while the sea level
pressure anomalies (SLP, red curve) during the summer monsoon season over the monsoon trough region
(70°E-95°E, 16°N-28°N) show a gradual increase. These results point to a weakening of the large-scale
summer monsoon circulation.

The association between multidecadal changes in the winds and weakening of summer monsoon
circulation is also evident from the regression analysis of SLP over the MT region on the surface winds
during the summer monsoon season (Figure S2d). The regression pattern shows reversal of summer
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monsoon cross-equatorial flow and enhanced westerlies over the equatorial Indian Ocean similar to
surface wind trend maps from NCEP, ERA, and JRA55 data sets (Figures S2a-S2c). The annual mean wind
stress trend pattern is similar to the summer monsoon wind stress trend shown in Figure S2e. The rainfall
anomalies during the northeast monsoon or winter monsoon season (October-December) do not show
any trend during 1950-2015 (Figure S2f). Thus, the multidecadal surface wind trends over the Indian
region are associated with weakening of the summer monsoon. We also present additional support of this
relation using OGCM experiments.

The multidecadal changes in winds over the Indian Ocean are dominated by the weakening of summer
monsoon circulation. The association between the weakening summer monsoon circulation and sea level rise
is investigated by performing a multivariate empirical orthogonal function (MEOF) analysis of thermosteric
sea level anomalies and surface wind stress anomalies in the northern Indian Ocean. The global mean sea level
is removed from the sea level data to focus on regional variability. To remove interannual and ENSO signals,
we apply an 8 year low-pass filter to the anomalies before performing the MEOF analysis. The MEOF pattern is
then compared with the spatial pattern of long-term trend in thermosteric sea level anomalies in the North
Indian Ocean (Figures 2a and S3a). The long-term thermosteric sea level trend is computed from the Ishii data
for the period 1950-2012 and NOAA/NODC data for the period 1955-2015. The sea level anomalies at a 90%
confidence level from Mann-Kendall significance test (Kendall, 1975; Mann, 1945) are contoured in Figures 2a
and S3a. The spatial pattern of thermosteric sea level anomalies from both Ishii and NOAA show a significant
increase in the North Indian Ocean, with higher thermosteric sea level anomalies in the northwestern Arabian
Sea in the upwelling regions off Arabia and Somalia, southwest coast of India, east coast of India, and eastern
equatorial Indian Ocean. Though there are differences in magnitude of sea level trends between the Ishii and
NOAA data, the long-term spatial pattern of thermosteric sea level trend is similar in both data sets. The
observed long term sea level trend published by NOAA is shown in Figures S3b and S3c, which is consistent
with the thermosteric sea level trend shown in Figures 2a and S3a.

In Figure 2b, we show the leading empirical orthogonal function (EOF) mode (MEOF1) of the North Indian
Ocean thermosteric sea level (shaded) and surface wind stress (vectors) variability. The first MEOF mode
accounts for 31.8% of the joint variability and is found to be significant based on the methods of North
et al. (1982). The dominant sea level signal is a broad-scale rise, especially in the western Arabian Sea
off the coasts of Somalia and Arabia, the west coast of India, the Bay of Bengal, and the east equatorial
Indian Ocean. This pattern is consistent with spatial trend patterns discussed in Figures 2a and S3a. The
MEOF1 spatial structure of the surface wind stress variations shows easterly anomalies to the north of
the equator and westerly anomalies along the equator and to the south (Figure 2b) similar to the
weakened boreal summer monsoon cross-equatorial flow shown in Figures S2a-S2c. Additionally, during
weak monsoon conditions, the westerly flow tends to be oriented along the equatorial Indian Ocean
(Krishnan et al., 2006; Ramesh Kumar et al., 2009; Rodwell, 1997; Swapna et al,, 2014). The anomalous
westerly winds result in thermocline deepening and a rise in sea level in the eastern equatorial Indian
Ocean. The time series of coevolution of the North Indian Ocean sea level and wind anomalies are shown
by the corresponding first principal component (PC1) from the MEOF analysis (Figure 2c, red curve). PC1
shows a positive trend indicating that the dominant pattern of sea level and wind stress variations
(MEOF1) is associated with an upward trend. The upward trend is also seen in the time series of PC1 from
MEOF analysis of EN4 sea level and NCEP zonal wind stress anomalies (Figure 2c, green curve). The upward
trend in PC1 indicates the coevolution of sea level rise in the North Indian Ocean and wind variations
associated with weakening of summer monsoon circulation.

To confirm the relation between the summer monsoon and sea level rise, EOF analysis is performed sepa-
rately for zonal wind stress over North Indian Ocean and Indian summer monsoon rainfall. The PC1 from
the EOF analysis (black and blue curve) are shown along with PC1 from MEOF analysis (red and green curve)
in Figure 2c. The association between summer monsoon and sea level is evident from the high correlation
between the PC1 of the zonal wind stress (black curve) and sea level (correlation coefficient, r = 0.90) and
rainfall (blue curve) and sea level (r = —0.86). The dominant mode from the EOF analysis of zonal wind stress
explains 36.2% and rainfall 33.5% variance, respectively, and is found to be significant based on North et al.
(1982). To better understand the dynamics of the North Indian Ocean sea level variability seen in the MEOF
analysis, we performed ocean model experiments described in the following section.
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Figure 2. (a) Spatial pattern of long-term trend of thermosteric sea level anomalies (mm/yr) in the northern Indian Ocean from Ishii for 1950-2012. (b) Spatial
pattern of Ieadin% mode of variability from multivariate EOF analysis of 8 year low-pass-filtered thermosteric sea level anomalies (mm, shaded) and wind stress
anomalies (N m™ “, vectors). (c) Time series of first principal component (PC) from MEOF analysis of sea level and NCEP wind stress (red and green curves correspond
to Ishii and EN4, respectively). First PC from EOF analysis of summer monsoon rainfall (RF, blue) and zonal wind stress anomalies (taux, black). (d) Time series of
meridional volume transport (Sv) at 5° transect based on NCEP (black) and ERA (red) winds. The negative sign indicates southward volume transport.

3.3. Dynamics of Multidecadal Sea Level Variability in the North Indian Ocean

Annual mean heat transport in the Indian Ocean is directed southward and is dominated by the summer
monsoon circulation (Schott & McCreary, 2001). The Indian Ocean is land locked to the north.
Consequently, in a steady state the heat gained in the North Indian Ocean is exported southward across
the equator. Studies indicate that the heat is exported through the cross-equatorial shallow overturning
cell (Miyama et al., 2003; Schott et al., 2009). The cross-equatorial cell in the Indian Ocean is character-
ized by shallow meridional overturning circulation with northward flow of Southern Hemisphere thermo-
cline water, upwelling in the Northern Hemisphere, and a return flow of surface water (Miyama et al,
2003). The main driving mechanism for the meridional cross-equatorial ocean heat transport is the sum-
mer monsoon, with maximum southward transport during summer monsoon season, leading to annual
mean southward heat transports south of the equator (Chirokova & Webster, 2006; Loschnigg & Webster,
2000; Schoenefeldt & Schott, 2006). However, little is known about the role of regional monsoon wind
forcing on modulating the multidecadal fluctuations of the meridional ocean heat transport and North
Indian Ocean sea level.
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3.3.1. Implied Meridional Ocean Heat Transport and North Indian Ocean Heat Storage

Long-term measurements of ocean currents are not sufficient to directly compute multidecadal variability of
meridional ocean heat transport. As a proxy, we estimate the implied ocean transport from atmospheric
reanalysis. To understand the multidecadal variability in heat transport and strength of cross-equatorial cell,
we estimated the sverdrup transport, which is primarily contributed by the wind stress curl due to zonal wind
stress component (Miyama et al,, 2003). Following Miyama et al. (2003) and Thompson et al. (2016), the
volume transport is calculated based on equation (4) and the anomalies are shown at the 5° transect from
NCEP and ERA data (Figure 2d). The negative sign indicates southward volume transport. As the northern
Indian Ocean is located in the tropics, the excessive heat gained in the northern Indian Ocean is transported
southward by the southward volume transport. The southward transport from both the data sets shows a
gradual decrease, especially after the 1970s similar to the upward trend in PC1 from MEOF analysis
(Figure 2c). The annual mean of the cross-equatorial transport in the Indian Ocean is negative. Less negative
values indicate a decrease in southward volume transport, which is accompanied by an increase in heat
storage and rise in thermosteric sea level in the North Indian Ocean. The upward trend in PC1 from MEOF
analysis (Figure 2¢) and weakening of southward transport (Figure 2d) can be seen after the 1970s, thus
indicating the weakening of summer monsoon circulation and increase in heat storage and rise in thermos-
teric sea level in the North Indian Ocean.

3.3.2. Idealized Wind Perturbation and Sensitivity Experiments With a Numerical Model

To gain further insight on North Indian Ocean sea level response and meridional heat transport changes to
weakening monsoonal forcing, we examine two experiments with a global OGCM forced with idealized wind
perturbations. Detailed description of Gill-type monsoon wind forcing used in the idealized wind perturba-
tion experiments is discussed in Krishnan and Swapna (2009). The experiment is designed by adding the
strong and weak monsoon winds on the climatological winds from CORE (Griffies et al., 2009; Large &
Yeager, 2009). One year integration is carried out with each strong monsoon and weak monsoon wind
forcing. Details about the wind perturbation experiments are discussed in the supporting information
section S1.

The wind stress anomalies used for the sensitivity experiment are shown in Figures S4a and S4b. Weakened
summer monsoon circulation features can be inferred from exp2 and stronger circulation features from exp1
(Figure S4a). The zonal variability of wind forcing for exp1 shows enhanced cross-equatorial flow, whereas
there is a weakened cross-equatorial flow for the weaker monsoonal winds in exp2 (Figure S4c).

Sea level response from the sensitivity experiments is shown in Figure 3a. The difference in sea level in the
North Indian Ocean between exp2 and exp1 reveals sea level rise in the North Indian Ocean in exp2 as
compared to exp1. It is interesting to note that sea level rise is more prominently seen in the Arabian Sea than
the Bay of Bengal due to the stronger winds in the Arabian Sea. The weakened summer monsoon circulation
results in reduced upwelling in the coastal upwelling regions off Somalia and Arabia in the Arabian Sea and
the sea level rise is more prominent in these regions. The idealized experiments reveal that changes in the
wind pattern over the Indian Ocean have considerable impact on sea level, primarily confined to the
Arabian Sea. The simulated patterns of sea level change are consistent with those shown from our analysis
of observation-based data in Figure 2.

We compute the annual mean zonal mean (average over 50°E-110°E) ocean meridional heat transport and
heat storage from the simulations, with the difference in meridional heat transport between exp2 and
exp1 shown in Figure S4d. The meridional heat transport is calculated based on equation (3). Anomalous
northward (positive) heat transport during May - October is seen from the exp2 as compared to exp1. The
heat transport is southward during May—October and northward during the rest of the season and the annual
mean heat transport is dominated by the southward heat transport. The difference map indicates that south-
ward heat transport has decreased during weak monsoon conditions (exp2) as compared to strong monsoon
conditions (exp1).

The difference in annual mean zonal mean subsurface temperature (shaded) and cross-equatorial cell
(vector) from exp2 and exp1 is shown in Figure 3b. The cross-equatorial cell in the Indian Ocean is character-
ized by a shallow (less than 500 m) meridional overturning circulation (Miyama et al., 2003). The simulated
cross-equatorial cell is represented by meridional and vertical currents (vectors) in Figure 3b. Anomalously
weaker cross-equatorial cell and anomalous northward meridional heat transport are seen in exp2 as
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Figure 3. Model response between idealized experiments (exp2-exp1) is shown for (a) thermosteric sea level (cm) and (b) subsurface temperature (°C, shaded) and
Indian Ocean cross-equatorial cell represented by meridional and vertical velocity (m/s, vector). (c) Time series of sea level anomalies (mm) in the northern
Indian Ocean (50°-110°E, 5°5-25°N) from ocean model experiments forced with interannually varying winds.

compared to exp1. The anomalous northward heat transport implies the weakening of southward meridional
heat transport in the Indian Ocean.

The anomalously weaker southward heat transport results in warming of subsurface temperatures in the
North Indian Ocean as shown by the subsurface temperature difference (shaded) in Figure 3b. The weaker
southward meridional heat transport due to a weak cross-equatorial cell results in the accumulation of heat
in the North Indian Ocean. Correspondingly, there is an increase in temperature of the water column as
shown by the positive subsurface temperature in exp2 as compared to exp1 (Figure 3b). These results are
consistent with Thompson et al. (2016), who discuss the decadal-scale spin-down of cross-equatorial cell in
response to anomalous winds. Our analysis indicates that the weakening of summer monsoon winds has
weakened the southward ocean heat transport and resulted in the weakening of cross-equatorial cell and
associated rise in sea level in the North Indian Ocean, especially in the Arabian Sea.

Additionally, to understand the response of multidecadal wind forcing on sea level in the Indian Ocean, we
performed OGCM experiments (exp3 and exp4) by forcing the ocean model with interannually varying winds
from NCEP reanalysis, keeping all other forcing to climatology. Wind forcing is varied throughout the year in
exp3 yet only during May-September (representing summer monsoon wind forcing) in exp4. The climatolo-
gical winds are used for the remaining months in exp4. The simulation is carried out for the period
1950-2016. The anomalies of sea level in the North Indian Ocean from the experiments are shown in
Figure 3c. The anomalies from exp3 (black curve) and exp4 (red curve) show a gradual increase in sea level
after the 1970s similar to the thermosteric sea level rise from the Ishii data. The maximum contribution of
sea level variability during 1950-2016 (exp3) arises from the summer monsoon as shown by exp4, indicating
the dominant role of summer monsoon winds on sea level in the North Indian Ocean. The experiment
demonstrates the role of summer monsoon wind forcing on multidecadal sea level variations, with
negligible contribution from net heat flux changes in the North Indian Ocean.
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Figure 4. Schematic diagram showing sea level response in the North Indian Ocean to multidecadal-scale weakening of summer monsoon circulation. Blue repre-
sents climatology, and red represents weakened circulation and weakened southward ocean heat transport. Step 1: weakening of summer monsoon circulation and
associated reduction in southward ocean heat transport (red arrows). Step 2: decreased southward meridional heat transport weakens the Indian Ocean cross-
equatorial cell. Step 3: weakened cross-equatorial cell with reduced southward meridional heat transport increases heat storage and rise in sea level in the North
Indian Ocean. The thermocline deepening associated with sea level rise in the eastern equatorial Indian Ocean enhances equatorial westerlies and weakens the
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3.3.3. Synthesis

We estimate the heat storage in the North Indian Ocean from the idealized simulations (exp1 and exp2).
Ocean heat storage is calculated as the difference between the net surface heat flux and meridional heat
transport. The annual mean southward ocean heat transport is 2.35 PW and 0.5 PW in exp1 and exp2, respec-
tively. In order to focus on the impact from wind changes, the net surface heat flux is kept the same
(6.53 W m~) for both experiments. The heat storage in the North Indian Ocean in exp2 is higher (6.03 PW)
than exp1 (4.07 PW). The heat storage estimate indicates a net storage of heat in the North Indian Ocean
when the monsoon circulation is weak, whereas there is a reduction in heat storage during strong monsoon
periods. The model results are comparable to the observed changes in heat transport with respect to

wind changes.
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The heat transport from the northern to southern Indian Ocean has decreased in the recent decades as seen
from the meridional volume transport time series in Figure 2d. The reduced volume transport results in the
accumulation of heat in the North Indian Ocean after the 1970s. The heat storage estimate from the model
experiments also indicates enhanced North Indian Ocean heat storage when the monsoon circulation is weak
and vice versa. This mechanism for heat transport change is consistent with Schott and McCreary (2001), who
show that Indian Ocean meridional heat transport is dominated by the summer monsoon circulation on
interannual time scale. Our analysis reveals multidecadal weakening of summer monsoon circulation and
associated reduction in southward heat transport.

In summary, weakening of the monsoon circulation results in weaker southward ocean heat transport and
enhanced accumulation of heat in the North Indian Ocean, which in turn increases the thermosteric sea level
in the North Indian Ocean, especially in the Arabian Sea, while other mechanism also may contribute to sea
level rise in the Bay of Bengal and Sumatra coast. The anomalous westerly winds associated with weakened
summer monsoon circulation result in thermocline deepening and sea level rise in the eastern equatorial
Indian Ocean. This mechanism is synthesized in the schematic shown in Figure 4.

4. Conclusions and Implications

Sea level in the North Indian Ocean, north of 5°S, has shown considerable increase during recent three to four
decades (Figures 1a and 1b). The North Indian Ocean sea level shows multidecadal variability relative to glo-
bal mean. The thermosteric sea level rise in the North Indian Ocean is estimated to be about 0.68 + 0.03 mm/
yr during 1958-2015 and has accelerated to 2.3 + 0.09 mm/yr during 1993-2015. Previous studies on Indian
Ocean sea level have addressed either the temporal variability of sea level at selected locations or the spatial
variability for the recent satellite era (post-1993). However, mechanisms for multidecadal sea level variability
are not known.

In the present study, we used long-term tide gauge records and subsurface temperature data to arrive at a
mechanistic hypothesis for the regional multidecadal-scale sea level variability in the North Indian Ocean
relative to the global mean. Namely, our results connect the observed multidecadal time scale rise in
North Indian Ocean sea level to a weakening of summer monsoon circulation during recent three to four
decades. Indian Ocean meridional heat transport is dominated by the summer monsoon circulation, with
cross-equatorial transport associated with wind-forced Ekman transport (Schott & McCreary, 2001). A weak-
ening monsoon circulation has resulted in reduced southward ocean heat transport and a consequent
increase in the North Indian Ocean heat storage. The increased heat storage has thus increased the thermos-
teric sea level in the North Indian Ocean, especially in the Arabian Sea.

The findings from the study reveal a mechanistic relation between a weakening summer monsoon circula-
tion and sea level rise in the North Indian Ocean. Furthermore, since sea level rise in the North Indian
Ocean over the last few decades is close to the global mean sea level rise trend over the same period, it is
conceivable that external forcing, other than greenhouse gases (GHG), might have influenced the regional
sea level rise via changes in the summer monsoon circulation. For example, it has been suggested that the
radiative effects of aerosols (natural and anthropogenic) can be a possible mechanism for offsetting the
GHG warming on regional scales (Krishnan & Ramanathan, 2002; Levitus et al., 2005; Ramanathan et al,
2001). Measurements from the Indian Ocean Experiment showed that scattering and absorption of solar
radiation by aerosols (e.g., dust, sulfate, black carbon, and organic carbon) over the North Indian Ocean
decreases surface solar radiation by more than 10 W m™2, leading to reduced evaporation and slowing of
the hydrological cycle (Ramanathan et al., 2001). Furthermore, several modeling studies suggest that the
radiative effects of increasing anthropogenic aerosol emissions over Asia and Northern Hemisphere have
significantly weakened the Indian monsoon circulation and rainfall during the last few decades (Bollasina
et al.,, 2011; Krishnan et al., 2016; Ramanathan et al., 2005). It is also recognized that ocean circulation and
sea level variations in a changing climate can be modulated by changes in global water cycle. Clearly, there
is a major need for enhancing the present observational and modeling capabilities to better quantify the pro-
cesses associated with regional sea level variability. The novelty of the present study is the identification of
the role of monsoon wind forcing in modulating the regional multidecadal sea level variability in the North
Indian Ocean relative to the global mean.
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