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1  Introduction

Sea level is an important indicator of climate change. 
Global mean sea level rise (SLR) is primarily contributed 
from ocean mass addition by melting of land-based ice 
and ocean thermal expansion caused by increased ocean 
heat content associated with anthropogenic warming. The 
rate of global mean SLR during the last two decades is 
3.2 ± 0.4  mm/year (Nerem et  al. 2010). Recent studies 
(Rignot et al. 2011), with the aid of satellite gravimetry, 
revealed an accelerated contribution from melting gla-
ciers and ice caps and implied only about 1/3 of SLR 
contribution from thermal expansion. The rate of SLR, 
however, is not spatially uniform. It can be as high as 
three times the global mean in regions like western tropi-
cal Pacific (e.g., Merrifield 2011; Cazenave and Cozan-
net 2014; Han et  al. 2014a) and can even be decreasing 
in some other areas like the southwestern tropical Indian 
Ocean (e.g., Han et  al. 2010) and the eastern tropical 
Pacific (e.g., Merrifield 2011; Cazenave and Cozan-
net 2014; Han et  al. 2014a). With the advent of satel-
lite altimetry, it is possible for us not only to obtain an 
accurate estimate of global SLR but also to examine 
the spatial patterns of SLR, thus enabling us to assess 
regional sea level variability. In addition to thermal 
expansion, regional sea level variations largely depend 
on wind-driven circulation changes and therefore can 
be viewed as a superposition of global mean SLR and 
regional variability. While land ice melting increases 
sea level uniformly over the globe through adding mass 
into the ocean, its freshwater can impact ocean density 
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and dynamics, and thus induce regional sea level change 
(Stammer and Hüttemann 2008; Stammer et  al. 2011; 
Slangen and Lenaerts 2016). Additionally, due to gravi-
tational effects and associated changes in shape and rota-
tion of the Earth, changes in land ice mass input can also 
cause spatially uneven sea level change (e.g., Mitrovica 
et  al. 2001). Existing literature, however, demonstrate 
that the observed regional patterns of decadal sea level 
variability (with global mean SLR removed) during the 
past few decades are primarily wind driven, with a large 
portion of the driving wind being associated with natural 
internal climate modes (see review articles by Stammer 
et  al. 2013; Han et  al. 2017). Regional sea level change 
is of immediate concern for understanding the impact 
of climate variability and change on coastal regions and 
low-lying areas (Milne et al. 2009; Church et al. 2011).

Studying sea level variability of the Indian Ocean is 
particularly important due to its economical and societal 
impacts on the vast inhabitant population of the region. It 
is especially devastating for low-lying coastal regions of 
river deltas in the Bay of Bengal, such as the Ganges Brah-
maputra Delta, where SLR has a higher risk of destroying 
agricultural production through marine flooding (Caze-
nave and Cozannet 2014). Furthermore, under a rising sea 
level, storm surges associated with tropical cyclones lead 
to more severe destruction in the coastal areas of the Bay 
of Bengal especially Bangladesh and India (Karim and 
Mimura 2008). SLR can exacerbate the problem of seawa-
ter intrusion into the coastal aquifers (Bobba 2002; Werner 
and Simmons 2009) and thus reduce the quality of ground 
water. Aggravated coastal erosion and seawater inundation 
may force the large coastal population to be displaced to 
other regions (Rowley et al. 2007).

Several studies have investigated the regional sea level 
rise over the Indian Ocean. Cheng et al. (2008) suggested 
that sea level of Indo-Pacific Warm Pool sea level rises 
at a rate of 4.5 mm/year (6.0 mm/year in Western Pacific 
warm pool and 1.6 mm/year in Indian Ocean warm pool) 
over the 1993–2005 period, and that thermal steric change 
of the upper layer has a significant contribution. Timmer-
mann et al. (2010) used a wind-forced simplified dynamical 
ocean model and showed that recent features of decadal and 
multidecadal sea level trends in the tropical Indo-Pacific 
can be attributed to changes in the prevailing wind regimes. 
Han et  al. (2010) emphasized the importance of oceanic 
response to the forcing of changing winds. They showed 
a significant sea level decreasing trend in the southwest 
tropical Indian Ocean from 1961 to 2008, which rebounds 
during the last decade (their Fig.  2a). They attributed the 
observed trends of sea level for the 1961–2008 period to 
surface winds associated with enhanced Hadley and Walker 
circulation, which is likely partly associated with the warm-
ing of the Indian Ocean.

Overlying the multi-decadal trends, sea level over the 
Indian Ocean also exhibits basin-wide decadal variations 
(e.g., Lee 2004; Lee and McPhaden 2008). Ocean model 
experiments suggest that the observed basin-wide decadal 
sea level variation patterns result primarily from wind forc-
ing over the Indian Ocean, with remote forcing from the 
Pacific via the Indonesian Throughflow (ITF) contributing 
most significantly in the eastern basin (Trenary and Han 
2012; Nidheesh et al. 2013). Along the west coast of Aus-
tralia, tide gauge and satellite altimeter data show large-
amplitude decadal variability in sea level, which is strongly 
influenced by decadal variability in the western tropical 
Pacific via ITF (e.g., Feng 2004; Merrifield and Maltrud 
2011), and the ITF effect has intensified since the 1990s 
(Trenary and Han 2012; Han et al. 2014a). Earlier reports 
suggested that thermal variations dominate decadal sea 
level variability during the 1966–2007 period (e.g., Nid-
heesh et al. 2013), and salinity contributions are significant 
only in a few areas [see Han et  al. (2014b) for a review]. 
For instance, Llovel and Lee (2015) found large halosteric 
contribution to the 2005–2013 sea level trends in the south-
east tropical Indian Ocean, and attributed it to the freshen-
ing of upper 300 m ocean.

Unlike global mean SLR, which is dominated by ocean 
mass addition (in recent decades), regional sea level vari-
ability is dictated by thermosteric changes (Cheng et  al. 
2008; Nidheesh et  al. 2013), which are caused by either 
changes in the incoming surface net heat flux or spatial 
re-adjustments of the heat content due to changes in wind 
forcing patterns (Han et  al. 2010; Timmermann et  al. 
2010). More recently, the sharp increase in the 700  m 
heat content (for the period 2003–2012) of the Indian 
Ocean has been attributed to enhanced heat advection 
from the Pacific through ITF (Lee et al. 2015). This study 
showed that although the heat uptake of the Pacific has 
increased sharply, the 700 m heat content of the Pacific has 
decreased. They showed that during this warming hiatus, 
70% of the ocean heat gain now resides in the upper 700 m 
of the Indian Ocean. The recent studies of Lee et al. (2015), 
Vialard (2015) and Nieves et al. (2015) suggest that equato-
rial Pacific decadal wind variability (i.e. higher than usual 
rate of La Niña events during the last decade) associated 
with an increased heat transport to the Indian Ocean via 
the ITF is largely responsible for the increased heat storage 
in the Indian Ocean over the last decade. Trenary and Han 
(2012) pointed out that the influence from the Pacific on 
southern IO (SIO) decadal sea level change has increased 
since the 1990s. However, it will be interesting to know 
how the increased heat advection from the ITF redistributes 
over different parts of the IO.

Earlier studies focused on sea level changes of either the 
Indo-Pacific region or the South Indian Ocean or Indian 
Ocean as a whole. There are not many studies that explicitly 



3889Causes for the reversal of North Indian Ocean decadal sea level trend in recent two decades﻿	

1 3

examine sea level variations in the North Indian Ocean 
(NIO), especially on decadal time scales. The heat balance 
mechanism of tropical Indian Ocean is unique as the north-
ern boundary is located in the tropics and thus excessive 
heat over the NIO can only be transported southward. On 
the annual mean, the Indian Ocean wind structure is domi-
nated by the summer monsoon. The southwesterly winds 
drive warm surface waters southward across the equator 
through Ekman transport. On an annual average, the NIO 
gains heat via net surface heat fluxes. This extra heat gain 
is transported across the equator to the SIO within surface 
branch of the wind-driven Cross-Equatorial Cell (CEC; 
Miyama et al. 2003; Lee 2004; Schott et al. 2004; Schoe-
nefeldt and Schott 2006). While the surface branch of the 
CEC carries the warm surface water southward across the 
equator, the subsurface branch is associated with cold ther-
mocline water that flows northward within the Somali Cur-
rent, which upwells near the coasts of the NIO (Schott and 
McCreary 2001; Schott et al. 2009). The strength of winds 
not only affects the NIO surface turbulent heat flux but also 
the CEC strength and thus cross equatorial heat transport, 
which is crucial for maintaining the NIO heat balance.

Recently, Unnikrishnan et  al. (2015) reported a SLR 
along the coasts of India during the last two decades 
(1993–2012) with a rate close to the global mean of 
3.2  mm/year except for the northern and eastern Bay of 
Bengal, where the rate is 5  mm/year or larger. Here we 
find a distinct decadal reversal of sea level trend over the 
entire NIO basin near 2003, which overlies this multi-dec-
adal SLR trend. To understand and delineate the effects of 
climate change on sea level of a region, it is essential to 
understand the underlying natural variability of the region. 
Here, we explore the causes for the observed decadal rever-
sal of sea level (global mean SLR removed) over the NIO. 
Note that seismic activity can change geoid and therefore 
the absolute sea level, and the interpretation of ocean mass 
trends in the Indian Ocean using GRACE gravimetry data 
is ambiguous owing to the 2004 Sumatran–Andean earth-
quake (Quinn and Ponte 2010; Johnson and Chambers 
2013). Furthermore, the crustal deformations and slow 
adjustment of continental crust (Post Glacial Rebound 
effect) can change relative sea level on long-term scales. 
Since sea level variations due to seismic activity are not 
significant (Melini and Piersanti 2006), the seismic effect is 
not examined in this study.

The rest of the paper is organized as follows. Section 2 
describes the various datasets and methods used in this 
study. Section 3 reports and discusses the observed rever-
sal of NIO decadal sea level trend during the 1993–2013 
period, when sea level falls from 1993 to 2003 (Period I) 
but rises sharply from 2004 to 2013 (Period II). Section 4 
explores the mechanisms behind this phenomenon. Finally, 
Sect. 5 provides a summary and discussion.

2 � Data and methods

2.1 � Sea level observations

Delayed-time monthly mean sea level anomaly (SLA) maps 
are obtained from the Archiving, Validation, and Interpre-
tation of Satellite Oceanographic Data (AVISO) (Ducet 
et al. 2000) satellite altimeter data (ftp://ftp.aviso.altimetry.
fr/global/delayed-time/grids/climatology/monthly_mean). 
They have a spatial resolution of (1/4° × 1/4°) and extend 
from 1993 to the present. This is a merged product of sev-
eral altimetry missions, namely TOPEX/Poseidon, Jason-1 
and Jason-2, Envisat, ERS-1,2 and Saral/AltiKa. All geo-
physical corrections including removal of ocean tides and 
inverted barometer correction are applied. This product 
has been extensively used to understand the regional and 
global sea level variability at various time scales (e.g., 
Unnikrishnan et  al. 2015; Cazenave and Cozannet 2014; 
Han et al. 2014a; Llovel and Lee 2015).

2.2 � Gridded temperature and salinity products

Several temperature and salinity gridded products are used 
to estimate ocean heat content changes and steric contribu-
tion of the sea level in the Indian Ocean. These are monthly 
temperature and salinity fields (ISHII) available from 1945 
at http://www.rda.ucar.edu/datasets/ds285.3 (Ishii et  al. 
2006), seasonal temperature and salinity fields from the 
World Ocean Atlas (WOA13; Levitus et  al. 2012) since 
1955, and monthly temperature and salinity fields from the 
ENACT/ENSEMBLES version 2a (EN4) database (Good 
et  al. 2013) taken for the period 1993–2013. The data 
sources used to produce the most recent version of the EN4 
dataset are World Ocean Database 2005 (WOD05), Global 
Temperature and Salinity Profile Programme (GTSPP), and 
Argo profiling floats and the Arctic Synoptic Basin-wide 
Observations (ASBO) project. Additionally, we use Roem-
mich-Gilson Argo Climatology (RGC) which is based on 
temperature and salinity profiles obtained only from Argo 
(Roemmich and Gilson 2009).

2.3 � Reanlaysis and model simulation data

To investigate the changes in the ocean circulation and 
associated heat transports, we resort to two independ-
ent ocean reanalysis datasets: (1) ORAS4 and (2) NCEP-
GODAS. ORAS4 reanalysis dataset (Balmaseda et  al. 
2013) is based on a variational data assimilation system 
called NEMOVAR (Mogensen et  al. 2012) using version 
3.0 of NEMO (Nucleus for European Modelling of the 
Ocean) (Madec 2015) as the ocean model. NEMOVAR 
assimilates temperature and salinity profiles, and along-
track altimeter-derived sea level anomalies. The underlying 

ftp://ftp.aviso.altimetry.fr/global/delayed-time/grids/climatology/monthly_mean
ftp://ftp.aviso.altimetry.fr/global/delayed-time/grids/climatology/monthly_mean
http://www.rda.ucar.edu/datasets/ds285.3
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spatial grid of NEMO has a resolution of 1° in the extra-
tropics and a finer resolution in the Tropics (0.3° meridi-
onal resolution near the equator). The model uses surface 
wind stress and other atmospheric fluxes derived from 
European Center for Medium Range Weather Forecasts 
(ECMWF) reanalysis system (ERA-Interim; Dee et  al. 
2011) as atmospheric forcing from 1989 to 2009. From 
2010 on wards, daily surface-fluxes derived from the opera-
tional ECMWF atmospheric analysis are used to force the 
operational ORAS4. The ORAS4 ocean reanalysis product 
is available at 1° × 1° resolution. It is regarded as one of 
the best available ocean data assimilation products and has 
been successfully applied to various recent studies, includ-
ing a recent study on the Indian Ocean equatorial under-
current (Chen et al. 2015). In order to ascertain the quality 
of ORAS4 with regard to studying the circulation and heat 
transport, we have compared the currents from ORAS4 rea-
nalysis with RAMA-ADCP data (McPhaden et al. 2009) at 
several moorings locations during period II. Currents from 
ORAS4 reasonably represent the vertical structure and 
magnitude of the meridional currents across the equator 
(Figures not shown). The mean RMSE of the meridional 
current (in the upper 150 m) of ORAS4 with respect to two 
RAMA ADCP locations (at 80.5°E and 90°E at Equator) 
is 6.12 cm/s during the period (2004–2013) which is bet-
ter than that of NCEP-GODAS (7.39  cm/s) and HYCOM 
(7.52 cm/s) which are described below. The surface meridi-
onal currents for the same period are equally good for 
ORAS4 (r = 0.55) compared to NCEP-GODAS (r = 0.19) 
and HYCOM (r = 0.28), since the correlation coefficient (r) 
is better between ORAS4 and RAMA, compared to others.

The other ocean re-analysis product used in this study 
is NCEP-GODAS (National Centers for Environmen-
tal Prediction-Global Ocean Data Assimilation System). 
The NCEP-GODAS is based on GFDL-MOMv3 and uses 
3DVAR assimilation scheme (Behringer and Xue 2004). 
The model domain extends from 75°S to 65°N and has a 
resolution of 1° × 1° enhanced to 1/3° within 10°S–10°N. 
The momentum, heat and fresh water fluxes for the model 
are taken from NCEP atmospheric Reanalysis 2 (Kan-
amitsu et al. 2002). NCEP-GODAS assimilates temperature 
and synthetic salinity profiles.

The SST of both NCEP-GODAS and ORAS4 are 
relaxed toward observations. Differences between the two 
re-analyses, particularly the velocity fields, could be due 
to the differences in the approaches of assimilating obser-
vations. ORAS4 assimilates temperature and salinity pro-
files as well as the sea surface height anomaly, whereas 
NCEP-GODAS assimilates only the observed temperature 
and synthetic salinity profiles and does not assimilate sea 
surface height. Also, the assimilation approach of ORAS4 
incorporates the linear long-term trend in observed sea 
level by providing appropriate corrections to freshwater 

forcing. They consider salinity corrections along isopyc-
nals while preparing salinity analysis. The temperature, 
salinity and SSH increments influence the velocity fields 
by means of geostrophic balance, which is imposed using 
a beta-plane formulation near the equator. These additions, 
which are missing in NCEP-GODAS, improve ocean state 
significantly (Balmaseda et  al. 2013; Vidard et  al. 2009). 
Another important factor that may have contributed to the 
differences, is the use of synthetic (artificial) salinity for 
assimilation in NCEP-GODAS, while ORAS4 assimilates 
observed salinity profiles.

Apart from the reanalysis products, a forced (with no 
data assimilation) ocean simulation based on the HYbrid 
Coordinate Ocean Model (HYCOM) has been analyzed. 
For this simulation, HYCOM version 2.2.8 has been 
configured to the Indian Ocean Basin (30°E–122.5°E, 
50°–30°) with a horizontal resolution of 0.25° × 0.25° (Li 
and Han 2015). The atmospheric surface forcing fields 
are taken from NCEP/NCAR (National Center for Atmos-
pheric Research) Reanalysis data. This model configuration 
excludes the remote forcing effect from the Pacific Ocean 
through ITF variability. At the western, eastern, and south-
ern open-ocean boundaries 5° sponge layers are applied to 
relax model temperature and salinity to WOA09 monthly 
climatology. The sponge layer on the eastern boundary 
considers the mean temperature and salinity properties of 
the ITF. This simulation helps to delineate the effects of 
ITF on Indian Ocean variability. We refer to this simulation 
as HYCOM.

2.4 � Surface heat flux products

Various surface heat flux products are analyzed to study 
their effect on the observed heating of the NIO. These 
are the Tropflux (Praveen Kumar et  al. 2012) data from 
http://www.incois.gov.in/tropflux/, National Oceano-
graphic Center’s Surface (NOCS) version 2.0 flux (Berry 
and Kent 2011) from Computational and Information Sys-
tems Laboratory (CISL), OAFlux (Yu and Weller 2007) 
from http://oaflux.whoi.edu/heatflux.html, ERA-Interim 
(Dee et al. 2011) and NCEP2 (Kanamitsu et al. 2002) heat 
fluxes from Asia-Pacific Data-Research Center (APDRC). 
Additionally, surface heat fluxes from twentieth century 
reanalysis (Compo et  al. 2011) are used as an independ-
ent product to confirm the results. The twentieth century 
reanalysis (20 cra) assimilates only surface pressure data 
and uses observed monthly sea surface temperature and 
sea ice distributions as boundary conditions. To calculate 
the strengths of wind speed, Subtropical Cell and Cross 
Equatorial Cell (see Sect.  4.1 for description), wind data 
from ERA-Interim, NCAR/NCEP2 reanalysis and multi-
satellite Cross-Calibrated Multi-Platform (CCMP; avail-
able at http://rda.ucar.edu/datasets/ds745.1/#!access) Ocean 

http://www.incois.gov.in/tropflux/
http://oaflux.whoi.edu/heatflux.html
http://rda.ucar.edu/datasets/ds745.1/#!access
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Surface Wind Vector Analyses (Atlas et al. 2009) are used. 
Additionally, winds from Japanese 55-year Reanalysis 
(JRA-55) (Ebita et al. 2011) from http://rda.ucar.edu/data-
sets/ds625.0 are used to study the longer-term changes of 
wind driven circulations.

In order to accentuate regional patterns in sea level i.e., 
the decadal reversal of sea level trend over the NIO region, 
the global mean SLR has been removed from the sea level 
data over the Indian Ocean basin. The percentages of confi-
dence intervals of linear trends are computed based on the 
methods described in Santer et al. (2000). In this method, 
the test statistic (tb equals to the ratio of estimated error 
of trend and its standard deviation) is assumed to be dis-
tributed as Student’s t. The computed tb is then compared 
with a critical value of t for a given significance level and 
number of degrees of freedom (n-2; n being the number of 
data points in the time series). The statistical significance 
of correlations is estimated using Student’s t test (Devore 
et  al. 2014). Steric sea level is calculated by integrating 
specific volume anomaly down to 700  m depth. The sur-
face heat fluxes have been spatially integrated over the NIO 
to yield the units of Petawatt (PW) to compare them with 
cross-equatorial heat transports. The NIO is appropriately 
masked to exclude South China Sea using a high-resolution 
mask.

3 � Observed decadal change of NIO sea level

Figure  1 shows the time series of monthly-mean sea 
level variations averaged over the Indian Ocean (IO; 
30°E–120°E, 30°S–30°N) and the NIO (30°E–120°E, 
5°S–30°N) with global mean SLR retained (Fig. 1a, b) and 
removed (Fig.  1c, d), the Arabian Sea (AS; 50°E–78°E, 
8°N–26°N) and the Bay of Bengal (BOB; 77°E–103°E, 
5°N–23°N) with global mean SLR removed (Fig.  1e, f) 
from 1993 to 2013. The linear trends for 1993–2003 (Period 
I) and 2004–2013 (Period II) are also plotted in Fig. 1 for 
each region. Evidently, over the Indian Ocean, particularly 
over the NIO, SLR has accelerated during Period II with 
respect to Period I (Fig. 1a, b). While they have compara-
ble rising rates of 5.58 ± 0.23 and 6.11 ± 0.26 mm/year for 
Period II, the NIO essentially has no SLR during Period I 
(−0.37 ± 0.26 mm/year) and the Indian Ocean has a slower 
rising rate of 1.89 ± 0.22  mm/year (Fig.  1a, b). After the 
global mean SLR is removed, sea level anomalies averaged 
over different regions of the Indian Ocean basin exhibit 
consistent decadal changes near 2003, falling from 1993 to 
2003 and rising from 2004 to 2013 (Fig. 1c, f). This dec-
adal reversal is most apparent over the NIO, the Arabian 
Sea and the BOB. This reversal seems to have occurred a 
little earlier in the AS. In the NIO, sea level decreases at 
the rate of −3.27 ± 0.26  mm/year during Period I, which 

essentially balances the global mean SLR, but increases at 
the rate of 3.21 ± 0.26 mm/year faster than the global SLR 
during period II. The fastest SLR occurs in the BOB in 
the past decade, with a rising rate of 3.93 ± 0.73 mm/year 
above the global SLR from 2004 to 2013. Together with 
the global SLR, the BOB-mean sea level has increased 
by ~7  cm in the past decade. In contrast, sea level in the 
Arabian Sea falls by −4.34 ± 0.49 mm/year during period 
I, which completely overcomes the global SLR, and its 
SLR during period II is 2.56 ± 0.44 mm/year faster than the 
global SLR (Fig. 1e). Consequently, the Arabian Sea shows 
the strongest reversal (compared to BOB, NIO and IO) of 
sea level change relative to global mean SLR. Sea level fall 
in the western Indian Ocean during period I was reported in 
earlier studies (Cheng et al. 2008; Church et al. 2011).

To reveal the spatial pattern of basin-wide decadal sea 
level change, we perform a linear trend analysis over the 
global ocean with global mean SLR removed (Fig. 2). Con-
sistent with the above analysis, over the Indian Ocean basin 
north of 5°S sea level exhibits basin-wide falling from 1993 
to 2003 and rising from 2004 to 2013 relative to the global 
mean SLR (Fig. 2a, b, see the boxed areas), albeit with spa-
tial differences in magnitudes. For example, sea level fall 
during period I is largest in the western basin. South of 5°S, 
however, no appreciable decadal reversal is observed. The 
sea level fall in the tropical southwest Indian Ocean and 
rise for the rest of the South IO appear in both period I and 
period II, a pattern that is consistent with that of the longer-
term trend (Han et al. 2010). Interestingly, this basin-wide 
decadal reversal of sea level trend has not occurred in either 
the tropical Pacific or Atlantic (Fig.  2), even though SLR 
in the western tropical Pacific has been intensified during 
recent decades (Han et  al. 2014a). This basin-scale sea 
level reversal is well captured by the upper 700  m steric 
sea level (Fig.  2c-d), albeit with quantitative differences 
in some areas. With global mean steric SLR retained, 
total steric (from EN4) explains 60% of the total sea level 
trend, whereas thermosteric sea level explains 74% of the 
trend, suggesting that halosteric sea level compensates for 
thermosteric sea level as a result of wind-driven advection 
(Stammer et al. 2013). The linear trend of steric SLR aver-
aged over the NIO (with global mean steric SLR removed) 
is 3.09  mm/year for Period II, which explains approxi-
mately 94% of the observed total NIO SLR. This result 
shows the dominance of steric effects over mass on the 
observed NIO SLR. Residues are computed by taking the 
difference between AVISO sea level and thermosteric sea 
level (global mean SLR removed) for all the observational 
products and ORAS4 data. The mean residue for Period II 
from the observational products (EN4, ISHII, WOA and 
RGC) is only 0.36 mm/year, further demonstrating that the 
observed sharp SLR over the NIO in the past decade results 
from thermal expansion rather than from mass gain.

http://rda.ucar.edu/datasets/ds625.0
http://rda.ucar.edu/datasets/ds625.0
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Sea level fall during Period I and rise during Period II 
are well reproduced by thermosteric time series from all 
observational products and ORAS4 reanalysis (Fig.  3). 
Time series of the annual mean upper 700  m EN4 ther-
mosteric sea level averaged over the NIO (with linear trend 
of 1993–2013 removed) correlates well with the satellite 
observed AVISO sea level, with a correlation coefficient 
of 0.77 for the 1993–2013 period (black and purple curves 

of Fig. 3). The annual mean upper 700 m thermosteric sea 
level from Ishii et  al. (2006) data also agrees reasonably 
well with the AVISO sea level for their overlapping period 
of 1993–2013 (red and purple curves of Fig. 3), with a cor-
relation coefficient of 0.70 comparing to the coefficient 
of 0.46 for AVISO/WOA13 and 0.47 for AVISO/ORAS4 
(Fig.  3), with all exceeding 99% significance. The upper 
2000  m thermosteric sea level from EN4 data displays 

Fig. 1   Time series of monthly-mean sea level anomalies (SLA) 
from satellite altimeter data for 1993–2013. Linear trends for Period 
I (1993–2003; green) and Period II (2004–2013; red) are also plot-
ted with their magnitudes each exceeding 99% significance. a SLA 
averaged over the Indian Ocean (IO; 30°E–120°E, 30°S–30°N), 
including global mean sea level rise (SLR); b SLA averaged over the 
North Indian Ocean (NIO; 30°E–120°E, 5°S–30°N), including global 

mean SLR; see Fig. 2 for justification of choosing 5°S as its southern 
bound; c Same as a but excluding global mean SLR; d Same as b but 
excluding global mean SLR; e SLA averaged over the Arabian Sea 
(AS; 50°E–78°E, 8°N–26°N), excluding global mean SLR; f SLA 
averaged over the Bay of Bengal (BOB; 77°E–103°E, 5°N–23°N), 
excluding global mean SLR
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comparable correlation of 0.69 with AVISO data, while 
the total steric height displays somewhat lower correlation 
(0.60 for 700 m and 0.53 for 2000 m). The inadequate reso-
lution and errors in salinity field, together with the under 
sampling of the 700–2000 m comparing to the upper 700 m 
ocean, may account for the lower correlations in the total 
steric sea level compared to the thermosteric sea level.

Evidently, the observed decadal reversal of sea level 
over the NIO, including the rapid sea level increase in the 
past decade, is part of the decadal-scale variability over a 
longer-period data record (Fig.  3). In general, the yearly 
Ishii et al. (2006) and WOA13 thermosteric sea level data 
agree, with a correlation coefficient of 0.63 (>99% signifi-
cance) from 1955 to 2013, while ORAS4 sea level displays 
poor correlation of 0.38 with Ishii and 0.40 with WOA13. 
Significant differences, however, occur in WOA13 data in 
the late 1990s and early 2000s, when WOA13 apparently 
deviates from AVISO, Ishii and EN4 data. A decreasing 
and increasing trend similar to that of last two decades can 
be observed for the period ~1963–1983 from the average 
of EN4, Ishii and WOA thermosteric time series (Fig.  3 
dashed cyan), although the change is not as sharp as the 

most recent reversal. During our period of interest from 
1993 to 2013, the 5-year running mean ORAS4 reanalysis 
sea level data generally agrees with AVISO data, with both 
showing sharp decadal reversal of sea level change from 
period I to period II after the global mean SLR removed. 
This point will be further discussed in Sect. 4.1 below.

4 � Causes for the decadal change of NIO sea level

Since the decadal change of sea level over the NIO has a 
basin scale (Fig.  2), we examine the causes for sea level 
change over the NIO as a whole, which is essentially a 
semi-closed basin with only one opening to the south near 
5°S. Thus, the possible effect of direct advective heating by 
ITF on NIO sea level is avoided, since the ITF is primar-
ily located between 8°S and 12°S (Sprintall et  al. 2009). 
Note that similar reversals in SLR are obtained when we 
choose the southern boundary of NIO at the Equator or at 
10°S (figures not shown). In the semi-enclosed NIO basin, 
sea level change can be caused by (1) ocean mass and heat 
transport across 5°S, (2) thermal expansion/contraction due 

Fig. 2   Satellite observed spatial pattern of sea level trend (with 
global mean SLR removed) from AVISO data for the period of 
a 1993–2003 (Period I), and b 2004–2013 (Period II); c and d are 
the same as a and b, respectively, except for 0–700  m steric (ther-

mal + halo) sea level trends from EN4 data. The rectangular box in 
each panel shows the region of decadal reversal of sea level, which is 
north of 5°S
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to surface heating/cooling and (3) halosteric changes due 
to evaporation, precipitation, river discharge and lateral 
salinity transport across 5°S. Figure  3 shows good agree-
ment between the thermosteric sea level (WOA13, ISHII 
and EN4) and total sea level (AVISO and ORAS4) trends 
for both Period I and period II, demonstrating that (3) is 
weak, i.e. surface heat flux and heat transport across 5°S 
play dominant roles in determining the NIO decadal sea 
level reversal. The halosteric component compensates for 
the thermal steric sea level rise during Period II, consistent 
with Stammer et al. (2013), but has no apparent trend dur-
ing Period I. This is further demonstrated by Fig. 4, which 
shows that the halosteric component plays no role in the 
trend reversal for two distinct data-sets (EN4 and RGC). 
In this study, we considered heat transports computed up 
to 700 m depth. In principle, transport through the bottom 
of the box (i.e. 700 m) can also play a role. This is quite 
unlikely because, given the weak gradients at that depth, 
the vertical velocity or mixing would have to be unrealisti-
cally high for that term to play a role.

Given the dominance of upper 700 m thermosteric sea 
level (Figs. 2, 3), we examine the heat budget equation inte-
grated over upper 700 m of the NIO, as given by Eq. (1a) 
below, which shows that the NIO heat storage is primarily 
determined by net surface heat flux (Qnet) and heat trans-
port across 5°S (Qtr).

where N, S, E and W are the respective Northern (30°), 
Southern (−5°), Eastern (120°) and Western (30°) bounda-
ries of the NIO. HCt is the spatially integrated heat content 
of the domain, Qnet is the surface net heat flux (W/m2), 
Qtr is heat transport across 5°S, and Rs is the residual term 
which includes the effects of unresolved eddy heat trans-
port, heat transport from below 700  m, mixing, diffusion 
and calculation errors. For HYCOM simulation and data 
assimilation products, model and forcing errors and non-
physical assimilation increments can also contribute to this 
residual error. Heat content and Qtr are computed down to 
depth of 700 m.

Given that the 5-year running mean sea level of reanaly-
sis products (ORAS4 and NCEP-GODAS) agree reason-
ably with AVISO data for our period of interest (Fig.  5), 
and ORAS4 currents along the equator agree with RAMA 
currents (that are not assimilated into the ORAS4 prod-
uct, see Sect. 2), here we use the current and temperature 
of the reanalysis to calculate the oceanic meridional heat 
transport into/out of the NIO. In general, currents from the 
data assimilation systems are known to have degraded qual-
ity when other variables are assimilated (e.g., Ravichandran 
et al. 2013). It is worth noting that NCEP-GODAS velocity 

(1a)
�HCt

�t
= ∫

N

S ∫
E

W

Qnetdxdy + ∫
E

W

Qtrdx + Rs

Fig. 3   Time series of annual mean 0–700  m thermosteric sea level 
averaged over the NIO from WOA13 from 1955 to 2013 (green), 
ISHII for 1945–2013 (red) and EN4 for 1993–2013 (black) together 
with the thermosteric sea level of ORAS4 reanalysis for 1958–2013 

(blue) and satellite observed sea level (purple) for 1993–2013; the 
average of WOA13, ISHII and EN4 thermosteric sea level time series 
is plotted over (cyan dashed). Linear trend for each dataset record is 
removed. Periods I and II are demarcated with vertical gray lines
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fields are unreliable owing to the poor correlation of merid-
ional currents with the RAMA currents in the Equato-
rial Indian Ocean (figures not shown). Inter-comparison 
between INCOIS-GODAS, ORAS4 and NCEP-GODAS 

conducted by Sivareddy (2015) has already indicated that 
NCEP-GODAS suffers from poor representation of ocean 
state especially salinity and currents. To further verify 
their results in the context of the present study, we have 

Fig. 4   Halosteric sea level 
component compared with 
AVISO SLR averaged over 
the NIO. Black line shows the 
AVISO SLR, red line shows the 
halosteric component computed 
from EN4 data and green line 
shows the same computed with 
Roemmich-Gilson Climatology 
(RGC) Argo data. Linear trends 
for Period II are plotted over in 
the respective colors

Fig. 5   Time series of 5 year 
running mean of sea level 
averaged over the NIO (north 
of 5°S) with the linear trend of 
1993–2013 removed for AVISO 
satellite data (black), HYCOM 
(blue), NCEP-GODAS (green) 
and ORAS4 data (red)
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performed preliminary validation of NCEP-GODAS and 
ORAS4 with RAMA and Argo, which shows that ORAS4 
data have more accurate temperature and velocity fields 
than NCEP-GODAS data (not shown).

It is striking to observe a similar reversal in sea level 
trends with a forced ocean model, HYCOM which has 
no data assimilation and excludes the ITF. As shown in 
Fig. 5, the observed NIO sea level fall during Period I and 
rise during Period II are well simulated by HYCOM even 
though the reversal seems to occur one and half years later 
than other datasets. The spatial pattern of steric height is 
also well reproduced by HYCOM, similar to observations 
shown in Fig.  2c, d (figure not shown). Since HYCOM 
has no ITF influence, this result clearly demonstrates that 
the NIO sea level reversal results primarily from a varia-
tion of the circulation within the Indian Ocean rather than 
from exchanges with the Pacific through the ITF. To further 
verify this result, we analyze the detrended heat content 
anomaly in the NIO and SIO (30°E–120°E, 30°S–5°S) for 
Period I and Period II (Table 1). All models and observa-
tions exhibit a decline in heat content for both the NIO and 
SIO regions during Period I. During Period II, heat con-
tent of the NIO has increased in both reanalysis data and 
in HYCOM, with anomalies being 0.69 × 1022 J in EN4, 
0.81 × 1022 J in NCEP-GODAS, 0.71 × 1022 J in ORAS4 
and 0.56 × 1022 J in HYCOM. Heat content anomalies 
in the SIO do not agree being −0.16 × 1022 J, 0.63 × 1022 
J, 0.13 × 1022 J and −0.72 × 1022 J respectively for the 
above datasets. The larger decline in the SIO heat content 
in HYCOM simulation comparing with reanalysis data 
may result partly from the lack of heat advection from the 
Pacific through ITF, which is excluded from HYCOM. 
These results indicate that heat advection from ITF may 
contribute to the SIO heat content change but it has little 
influence on the NIO. It is worth mentioning here that the 

temperature field of HYCOM is not as good as ORAS4, 
since it does not assimilate any temperature data (figures 
not shown). Thus, heat transport results from HYCOM are 
not as reliable as ORAS4. For this reason, our discussions 
below are mainly based on ORAS4 dataset, since it is better 
than other reanalysis products and HYCOM simulation.

4.1 � Heat budget analysis of ORAS4 reanalysis 
associated with the decadal reversal

In this section, we first present the heat budget analysis 
using the ORAS4 data to explain the reversal of decadal 
sea level trend. Then, we examine the robustness of our 
results by analyzing surface heat fluxes and heat transports 
across 5°S from other reanalysis products. As described in 
Sect. 2, ORAS4 reanalysis is forced by ERA-Interim wind-
stresses and radiative fluxes during our period of interest 
(1993 onward). Figure  6a shows the spatially integrated 
surface net heat flux of ERA-Interim and zonally integrated 
(between 30°E and 120°E) 700 m heat transport at 5°S. A 
clear reversal of both surface-fluxes and heat transport can 
be noticed to occur around the year 2000 (4 years prior to 
the actual reversal of sea level). For the period 1993–2003, 
heat transport across 5°S has a negative (southward) 
anomaly (Fig. 6a, solid red curve), changing from a north-
ward value of 0.037 PW near 1996 to a southward value of 
−0.045 PW near 2000. This result demonstrates that more 
heat was transported out of the NIO during Period I (−0.247 
PW; the mean transport for the Period-I) compared to the 
climatological mean (−0.180 PW), which contributed to 
the NIO sea level fall observed from 1993 to 2003 (Fig. 5, 
red). By contrast, from 2004 to 2013, less heat (−0.106 PW) 
was transported out of the NIO, thereby increasing heat con-
tent in the NIO, thus contributing to the observed sea level 
rise. The averaged heat transport anomaly is southward for 
Period I and northward for period II, supporting a mean 
sea level reduction for period I and increase for Period II. 
The maximum extent (peak to peak variation) of heat trans-
port change between 2000 and 2010 is approximately 0.12 
PW. This is similar to the maximum extent of the net sur-
face heat flux change of ~0.15 PW from ERA-Interim data 
(black curve of Fig.  6a, the forcing of ORAS4), but with 
some phase differences. These results suggest that net sur-
face heat flux and meridional heat transport have compara-
ble contributions to the NIO sea level reversal.

Heat budget analysis for the NIO heat content (HC) in 
the upper 700 m using ORAS4 data based on Eq. 1a fur-
ther confirms above results. The HC tendency �HCt

�t
 (black 

solid line in Fig. 6b) is highly correlated with heat transport 
(green line), with correlation coefficient of 0.77. The corre-
lation with surface net heat fluxes (red line) is significantly 
lower with correlation coefficients of −0.13. This result 
shows that interannual variability of the HC tendency is 

Table 1   Changes in the heat content values from the time series of 
detrended heat content anomaly (1022 J) for Period I (1993–2003) 
and Period II (2004–2013) for the northern and southern parts of the 
Indian Ocean computed from observational product, reanalyses and 
HYCOM simulation

Note that RGC data is available only for the Period II

NIO: 30°E–120°E, 
5°S–30°N

SIO: 30°E–120°E, 
30°S–5S°

1993–2003 2004–2013 1993–2003 2004–2013

EN4 −0.2663 0.6978 −0.0320 −0.1617
NCEP-GODAS −0.3823 0.8158 −0.2332 0.6319
ORAS4 −0.8347 0.7112 −0.6069 0.1265
HYCOM −0.2814 0.5605 −0.2612 −0.7277
RGC 0.1333 0.3229
WOA −0.4058 0.3568 −0.4081 −0.2332
ISHII −0.2059 0.6464 −0.7140 0.1268
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more dominated by heat transport. When we integrate each 
term over Period I and Period II (see Eq. 1b below), how-
ever, the effects of surface heat flux and heat transport at 
5 S are comparable (green and blue bars of Fig. 6c).

Specifically it can written for Period II as
(1b)

HCt = HC(0) + ∫
t

0
∫

N

S ∫
E

W

Qnetdxdydt + ∫
t

0
∫

E

W

Qtrdxdt + Rs�.

(1c)

HC(t = 2013) − HC(t = 2004) = ∫
2013

2014
∫

N

S ∫
E

W

Qnetdxdydt

+ ∫
2013

2004
∫

E

W

Qtrdxdt + Rs�.

For ORAS4 data, Qsum integrated in time for Period II 
is 1.48 × 1022  J, with 0.69 × 1022  J contributed from heat 
transport anomaly (47%) and 0.79 × 1022  J (53%) from 
surface net heat flux anomaly (Fig. 6c). The Qsum inte-
grated for Period II (Period I) is roughly equal to the dif-
ference of NIO heat content between the end and begin-
ning of the Period II (Period I). This balances Eq. 1c. The 
heat content change required (equivalent heat content) to 
change the thermosteric sea level to the observed quanti-
ties is plotted as red bars for the respective periods, which 
are almost equal to the heat content differences (black 
bars). These results further demonstrate that, in ORAS4, 
changes in surface heat flux and meridional heat transport 
contribute roughly equal to the observed NIO decadal sea 

Fig. 6   a Five year running 
mean of time series of heat 
transport at 5°S using ORAS4 
data (red) and ERA-Interim 
surface net heat flux (black); 
b Terms of NIO heat budget 
equation (see Eq. 1a) shown 
by: black solid (heat content 
change or heat storage, dHC/
dt term), red (Qnet term), green 
(Qtr term) and blue dashed 
(Qnet + Qtr term); c values of 
time integrated heat budget 
terms for Period I and Period II 
(green Qnet; blue Qtr and cyan 
Qsum) compared with the heat 
content differences (in 1022 J) 
for the beginning and end of 
each period (black bars) and 
equivalent 700 m heat content 
required to raise the thermos-
teric level to the observed 
values (red bars) for Periods I 
and II
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level reversal, through their impact on thermosteric sea 
level.

Note that Qsum (Qnet + Qtr) is not exactly equal to 
dHC/dt (Fig. 6b) and thus Rs′ term in Eq. 1b is not zero. 
Possible reasons for the errors are that the budget analy-
sis is made “offline” using monthly data, instead of doing 
the budget calculation for every step in the model dur-
ing the model integration. This can cause large calcula-
tion errors. Moreover, using “monthly mean” data signifi-
cantly underestimate the “eddy heat transport” (and none 
of the models used are eddy resolving) and heat transport 
variability induced by synoptic and intraseasonal oscilla-
tions. As discussed above, mixing and diffusion will also 
contribute to the errors.

4.2 � Robustness of signals across different datasets

Figure  7a shows surface net heat flux spatially-integrated 
over the NIO region computed from several products. At 
the ocean surface, the net heat flux trend is negative dur-
ing 1993–2001 and positive after 2001, indicating that 
the ocean lost heat to the atmosphere during Period I but 
gained heat during period II. It is evident that there is a 
phase lag of ~3–4 years between surface net heat flux and 
sea level changes. There is clear and coherent consensus 
among different products in representing the significant 
change in net heat flux anomalies, except that NCEP2 
shows a larger variation during Period II. This coherence is 
more evident in time-integrated net heat fluxes during each 
period for different products (Fig. 7b). The decadal rever-
sal of net surface heat flux anomaly results primarily from 

Fig. 7   a Time series of 5-year running averages of net surface heat 
flux integrated over the NIO (north of 5°S) with linear trend of 1993–
2013 removed from NCEP2 (cyan), twentieth century reanalysis 
(blue), ERA-Interim (green), Tropflux (red) and NOCS_V2 (black) 
data; b time integrated surface net heat fluxes (in 1022 J) for Period 
I and Period II, plotted as bars having the same colors as that of a, c 
time series of 5 year running averages of net radiative flux (SW + LW; 
dashed) versus turbulent heat flux (Qsen + Qlat; solid) integrated 
over the NIO with linear trend for 1993–2013 removed from NCEP2 

(cyan), twentieth century reanalysis (blue), ERA-Interim (green), 
Tropflux (red) and NOCS_V2 (black); turbulent heat flux obtained 
from OAFlux (solid purple) is also added to this figure; d time series 
of 5  year running mean surface wind speed averaged over the NIO 
with linear trend of 1993–2013 removed from JRA55 (red), multi-
ple satellite CCMP winds (black), NCEP2 (blue) and ERA-Interim 
(green). The mean values of the variables for the Periods I and II are 
indicated at the top of the panels a, b and for b, those values corre-
spond to the means of turbulent heat fluxes
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turbulent (sensible + latent) heat flux forcing, with radiative 
(short wave + long wave) flux having negligible contribu-
tions (Fig.  7c). The basin-wide enhancement of surface 
wind strength over the NIO from 1993 to 2001 (Fig.  7d) 
increases evaporation, causing surface heat loss via turbu-
lent heat flux and thus decreasing thermosteric sea level. 
By contrast, the basin-wide weakening of surface wind 
strength over the NIO for 2001–2013 (Fig.  7d) reduces 
evaporation and thus turbulent heat loss, causing surface 
heat gain and therefore increasing thermosteric sea level.

Compared to the surface heat fluxes, meridional heat 
transports calculated from different reanalysis products 
and HYCOM simulations are less consistent (Fig.  8). Even 
though, the heat transports of both the NCEP and HYCOM 
display decreasing trend during Period I and increasing 
trend during Period II (green and blue curves of Fig.  8a), 
which agree with ORAS4 data (red), the time integrated 
transports from NCEP have opposite signs with ORAS4 
and HYCOM (Fig. 8b). This is likely due to the poor qual-
ity of NCEP-GODAS currents, which do not agree with 

RAMA observations (Sect. 2). Even though the magnitudes 
of HYCOM transports are smaller compared to ORAS4, 
they have consistent effects for both periods (compare red 
and blue bars). Qsum and its time integral show similar dec-
adal reversals for all products, including NCEP-GODAS data 
(Fig. 8c, d), suggesting that surface heat flux dominates over 
the meridional heat transport effects in NCEP-GODAS data.

As we shall see below, the increased heat transport out of 
(into) the NIO during 1993–2003 (2004–2013) is consist-
ent with the spin up (spin down) of the CEC (Fig. 9), which 
transports more heat out of (into) the NIO for Period I (Period 
II). The strength of CEC, denoted CEC below, is measured 
by Sverdrup transport at the equator, which is primarily con-
tributed by the wind stress curl due to zonal wind stress com-
ponent (Miyama et al. 2003), as shown by Eq. (2) below:

(2)CEC(Sv) ≈ −
1

��0 ∫
xe

xw

��x

�y
dx,

Fig. 8   a Zonally integrated heat transport across 5°S in the upper 
700 m from ORAS4 data (red) compared with that of NCEP-GODAS 
(green) and HYCOM (blue); b time integrated heat transport (in 1022 
J) time series of a, plotted as bars for different products during Period 
I and Period II; c Qsum of ORAS4 (red) compared with that of 

NCEP-GODAS (green) and HYCOM (blue); d time integrated heat 
transport time series of c, plotted as bars for different products during 
Period I and Period II. The mean values of the variables for the Peri-
ods I and II are indicated at the top of the panels a, c
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where �x is the zonal wind stress along the equator, 
� =

�f

�y
=

�(2Ωsin(�))

�y
=

2Ωcos(�)

R
, Ω is the earth’s rotational 

rate, φ is latitude, R is the Earth’s radius, ρo is mean density 
of seawater, and xe and xw are the locations of eastern and 
western boundaries, respectively. The mean strength of the 
Sverdrup transport at the equator is ~6  Sv and it has 
reduced by ~2.4 Sv (40%; difference between the values at 
the beginning and at the ending of mean dashed pink curve) 
for Period II. This weakened CEC facilitates the reduction 
in southward heat transport explained above and thus 
increases the heat content and thermosteric sea level in the 
NIO. A long term decreasing trend of CEC for the period 
1950–1990 was reported earlier (Schoenefeldt and Schott 
2006). For Period I (1993–2003), the average anomaly is 
−0.278  Sv (Fig.  9a), indicating enhanced southward heat 
transport out of the NIO and reduced heat content and ther-
mosteric sea level over the NIO. The enhanced (Period I) 

and diminished (Period II) southward volume transports are 
more evident to see from Fig.  9b which shows time inte-
grated volume transports computed from various wind 
products for the Periods I and II. This reversal of volume 
transport is consistent among the wind products (CCMP, 
ERA-Interim and JRA55) with NCEP being an exception. 
NCEP shows a net excessive southward volume transport in 
both periods similar to the behavior of heat transport 
observed in NCEP-GODAS. This further augments the 
observation that the role of meridional transport is less cer-
tain in comparison with the role of surface net heat fluxes.

5 � Summary and discussions

Satellite and in  situ observed monthly-mean sea level 
anomalies averaged over the Indian Ocean, particularly 
the NIO, display a distinct decadal reversal near 2003 after 

Fig. 9   a Time series of Sverdrup volume transport integrated (from 
30°E to 120°E) across Equator from NCEP2 (blue), ERA-Interim 
(green) reanalysis, JRA55 (red) and CCMP wind (black) products 
for the 1993–2013 period, with linear trend of 1993–2013 removed. 
It measures the Cross Equatorial Cell (CEC) strength [see Eq.  (1a), 
(1b), (1c) of Sect.  4.1]. Dashed pink curve indicates the ensemble 

mean of all products except NCEP (which is not consistent with other 
trends). The mean values of transport during the periods I and II are 
mentioned at the bottom of the panel on either side of the line sep-
arating the two periods. b The time integrated volume transport (in 
1014 m3) time series of a, plotted as bars for different products during 
Period I and Period II
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global mean SLR is removed, falling from 1993 to 2003 
(Period I) and rising from 2004 to 2013 (Period II; Fig. 1). 
Consistent with the basin-averaged sea level, the spatial 
patterns of sea level anomalies also display apparent dec-
adal reversal over the NIO. In the South Indian Ocean south 
of 5°S and over the tropical Pacific and Atlantic, however, 
this decadal reversal is absent (Fig.  2), even though SLR 
in the western tropical Pacific has been intensified during 
the recent decade. The upper ocean (0–700 m) thermosteric 
sea level averaged over the NIO agrees well with the sat-
ellite observed AVISO sea level, suggesting that thermal 
expansion of the upper ocean plays an important role in 
the observed decadal reversal of the total sea level over the 
NIO. This strong decadal reversal of sea level that occurred 
in the past two decades appears to be part of the longer-
term natural decadal variability (Fig. 3).

Since the NIO basin is only open at 5°S, the change in 
heat content can only be due to changes in air-sea fluxes 
or lateral heat transport at 5°S. Figure  10 shows a sketch 
of the mechanism for the observed decadal sea level rever-
sal near 2003. During Period I, the mean surface heat flux 
anomaly over the NIO is −0.026 PW based on the ensem-
ble average of Tropflux, ERA-interim and NOCS products, 
and heat transport anomaly across 5°S is −0.067 PW based 
on ORAS4 reanalysis (because of its better reliability). The 
two effects combine to produce a total heat loss of −0.09 

PW. For Period II, the NIO gains ~0.015 PW on an aver-
age from the surface and ~0.074 PW from heat transport at 
5°S, yielding a total heat gain of 0.09 PW. The ~0.074 PW 
northward heat transport anomaly results from the weak-
ened southward heat transport during Period II, which is 
associated with the spin-down of the Cross Equatorial Cell. 
The ~0.015 PW surface heat anomaly is due to the weak-
ened surface turbulent heat loss associated with weakened 
wind speed over the NIO. During Period I, the southward 
heat transport across 5°S is enhanced by −0.067 PW due 
to the spin up of the Cross Equatorial Cell (Fig. 9), export-
ing more heat out of the NIO. The wind anomalies during 
Period I are more coherent (resembling annual wind pat-
tern) over the NIO, which drive stronger southward heat 
and mass transport. During Period II, the wind anomalies 
are weak and have no apparent large-scale pattern, driving a 
weaker southward transport. Meanwhile, the increased NIO 
wind speed increases evaporation and therefore enhances 
surface turbulent heat loss to the atmosphere from 1993 to 
2001 (Fig. 7d). Consequently, it is the NIO heat loss due to 
the intensified southward heat export and increased surface 
turbulent heat flux that primarily explains the observed sea 
level fall from 1993 to 2003 through thermal contraction. 
The heat gain induces NIO SLR from 2004 to 2013 through 
thermal expansion. From the HYCOM simulation, it can 
be shown that the observed sea level reversal in the NIO 

Fig. 10   Schematic diagram summarizing the mechanism of the NIO 
decadal sea level reversal near 2003: the background color refers to 
surface net heat flux (W/m2) anomaly (ensemble average of Tropflux, 
ERA-interim and NOCS products). The NIO has 0.026 PW surface 
heat flux deficit in Period I and 0.015 PW surplus in period II, com-
pared to long term mean surface net heat flux (0.56 PW; the consen-
sus value among the four surface net heat flux products mentioned 
above). See values in the yellow boxes. Vectors show wind speed 

anomalies for each period, which are more coherent (resembling 
annual wind pattern) over the NIO during Period I and drive stronger 
southward heat transport. In Period II, surface winds are dispersed, 
driving a weaker southward heat transport. Mean southward transport 
is shown in magenta color (−0.18PW; from the more reliable ORAS4 
reanalysis data) within the bulk cyan arrow. The anomaly values are 
shown in black font. The dark arrows within the bulk arrows show 
the anomalous heat transport across 5°S
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is not induced by ITF. Heat advection through ITF may 
have affected the SIO. The contribution of surface net heat 
flux to the reversal of thermosteric sea level is robust to 
cross-dataset differences, whereas the effect of meridional 
heat transport integrated over periods I and II from NCEP-
GODAS data have opposite signs with those of ORAS4 and 
HYCOM, likely due to the poor quality of NCEP-GODAS 
currents in the equatorial Indian Ocean (Sect. 2).

The observed decadal reversal of NIO sea level during 
the recent two decades is a combined effect of meridional 
heat transport and surface turbulent heat flux (Figs. 6, 7), 
with both being induced by the decadal changes of sea 
surface winds. A recent study by Thompson et  al. (2016) 
reports a similar decadal change of NIO sea level. They 
attributed this reversal to wind driven redistribution of heat 
caused by weakening and strengthening of Cross Equatorial 
Cell. While this effect is important, our study also shows an 
equally important and more coherent effect of surface net 
heat fluxes across various products. This study offers more 
quantitative and robust analysis using several datasets and 
reanalysis products, and assesses the role of ITF in causing 
the observed reversal, which is not decisively established 
in Thompson et al. (2016). With the HYCOM experiment 
where ITF is relaxed, it is clearly shown that ITF has no 
effect on the NIO observed sea level reversal. Given the 
profound socioeconomic and environmental impacts of 
sea level rise, an accurate prediction of the NIO sea level 
is of paramount need for the surrounding countries. The 
results of the present study indicate that oceanic processes 
in the tropical Indian Ocean, such as the meridional heat 
transport, carry the memory from wind forcing and provide 
potential predictability for the NIO sea level change. Fur-
ther investigation should be conducted to establish predic-
tive relationships between surface winds and NIO sea level. 
In addition, high-quality, real-time ocean surface wind 
observations are crucial for accurate regional sea level 
forecasting.
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