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buoy observations. Major issues in the reanalyses are the 
underestimation of upper ocean stability in the TIO, under-
estimation of surface current in the EIO, overestimation of 
vertical shear of current and improper variability in different 
oceanic variables. To improve the skill of reanalyses over the 
TIO, salinity vertical structure and upper ocean circulation 
need to be better represented in reanalyses.

Keywords Ocean reanalyses · Indian Ocean · Error 
analysis

1 Introduction

Physical and dynamical features of the Tropical Indian 
Ocean (TIO) are different from the rest of the tropical 
oceans. Warm and fresh water in the Bay of Bengal (BoB) 
and eastern equatorial Indian Ocean are part of the Indo-
Pacific warm pool. Sea surface temperature (SST) in the TIO 
displays strong relationship with the atmospheric convection 
at all the time scales (Gadgil et al. 1984) since SST is mostly 
close to 28 °C, which is above the threshold for atmospheric 
convection. Pre-monsoon Arabian Sea (AS) SST condition 
significantly influences the following Indian summer mon-
soon rainfall (ISMR, Shukla 1975). Recently Chakravorty 
et al. (2016) showed the changing role of the north Indian 
Ocean SST on ISMR variability. Seasonal and intraseasonal 
variability in the TIO SST is mostly driven by local air sea 
interaction (Schott et al. 2009; Shenoi et al. 2002; Sengupta 
et al. 2001), which feeds back to the atmospheric convective 
activity at different time scales (i.e. diurnal, intraseasonal, 
seasonal to inter annual, e.g., Schott and McCreary 2001; 
Weller et al. 2016). As the TIO is a major part of the largest 
warm pool over the global ocean, its interaction with the 
atmosphere also plays a dominant role in shaping climate 
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tion in SST and MLD over the TIO exists during spring 
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on regional and global scales (Xie et al. 2009; Schott et al. 
2009). In addition to that the TIO surface and subsurface 
modes of variability in turn plays a significant role in the 
regional climate variability (Saji et al. 1999; Webster et al. 
1999; Saji and Yamagata 2003a, b; Schott et al. 2009; Liu 
et al. 2014; Sayantani and Gnanaseelan 2015). In the recent 
years TIO also displayed strong SST thermocline coupling 
(Chakravorty et al. 2014).

Sea surface salinity (SSS) does play a significant role in 
the formation of shallow halocline in the BoB (e.g., Shetye 
et al. 1996) and eastern EIO. Transport of fresh water from 
the BoB to the AS during winter via coastal current con-
tributes to the formation of mini warm pool over the south-
eastern AS during the spring season. This warm pool favors 
formation of monsoon onset vortex and onset of monsoon 
(Seetaramayya and Master 1984). Apart from this SSS plays 
a significant role on the formation of upper ocean stratifica-
tion (Fousiya et al. 2015; Shenoi et al. 2002) and forma-
tion of barrier layer in the TIO (Agarwal et al. 2012), which 
inhibits mixing. Salinity structure can have strong impact on 
the BoB dynamical and thermal circulation through density 
and dynamical height variations. SSS plays a significant role 
on the upper ocean structure which modifies the TIO mixed 
layer depth (MLD). Overall SSS and MLD modify the iner-
tia of the ocean and leads to high frequency variability in the 
TIO. Apart from temperature and salinity states, horizontal 
circulation in the TIO also displayed unique characteristics 
(Wyrtki 1973). Equatorial eastward surface zonal current 
is one of the dominant current systems in the TIO, which 
transports warm water towards the east and supports warm-
ing of the eastern EIO and deepens the thermocline in the 
east. Variability of equatorial current affects the transports 
of heat and salt content, which influence the formation of 
one of the dominant modes of variability in the TIO, the 
Indian Ocean Dipole (IOD, Gnanaseelan et al. 2012). Thus 
SST, SSS, MLD and currents influence the TIO climate and 
variability significantly. For reanalyses, meaningful insight 
can only come when the mean and variability are reproduced 
with good statistical skill. However detailed evaluation of 
the available reanalyses products for the TIO climate and 
variability is lacking.

Different agencies such as National Centers for Environ-
mental Prediction (NCEP), European Centre for Medium 
Range Weather Forecasts (ECMWF), Geophysical Fluid 
Dynamics Laboratory (GFDL) and the University of Mary-
land produce ocean reanalysis. These reanalyses employ dif-
ferent types of ocean general circulation models (OGCMs) 
and data assimilation techniques to combine number of 
networks of available ocean observations in order to get a 
dynamically consistent ocean state. The nature of OGCM, 
data assimilation schemes and observations used varies from 
one reanalysis to the other (Table 1); hence these reanalyses 
data might differ substantially. These reanalyses are the only 

sources of dynamically consistent three dimensional states 
of oceanic parameters (e.g., Toyoda et al. 2015), which are 
used to study the oceanic variability at different temporal and 
spatial scales. Some of these reanalyses are used to initialize 
coupled model inter-comparison project (CMIP5) decadal 
integrations (e.g., Taylor et al. 2012). They are also widely 
used to initialize coupled models for seasonal forecast (e.g., 
Saha et al. 2006). Balmaseda et al. (2015) reported that the 
ocean reanalyses differ from the observations considerably 
in the tropics, where model-physics and the wind variability 
are key factors; large differences are seen in the thermocline 
and MLD. Hosoda et al. (2010) showed that high vertical 
resolution can improve the representation of MLD and its 
variability. Toyoda et al. (2015) reported that MLD estimate 
is sensitive to the vertical discretization in the models with 
low resolution vertical profile leading to the underestima-
tion of MLD. Several recent studies (Shi et al. 2015; Palmer 
et al. 2015; Toyoda et al. 2015) evaluated the mean as well 
as variability of oceanic parameters globally in these rea-
nalyses. They concluded that the salinity from reanalyses 
displayed large disagreement with observations. Apart from 
model physics and assimilation techniques enhancement 
of observations from Argo and satellites, improved fresh 
water forcing etc. played an important role in improving the 
representation of salinity by reanalyses (Shi et al. 2015). 
Palmer et al. (2015) reported that mean features of ocean 
heat content in different ocean reanalyses display largest dif-
ferences in the central Indian Ocean. However none of the 
previous studies explored the long term mean state of the 
TIO surface and subsurface in these reanalyses. This has 
motivated us to carry out the present study of comparison of 
reanalyses products with EN4 analysis and satellite and in-
situ observations for the mean state simulation as well as its 
temporal variability. This study also investigated the status 
of the performance of data assimilation systems, the physi-
cal models, and the quality of the ocean observing system 
to constrain key variables of interest for the TIO. Present 
study also assesses the mean vertical structure of tempera-
ture, salinity and currents in different reanalyses over the 
TIO. Section 2 describes different ocean reanalysis used in 
the present study. Section 3 includes details of observations 
and analysis used in the present study for the comparison 
purpose. Section 4 describes methodology, Sect. 5 is results 
and discussion and Sect. 6 is summary and conclusion.

2  Ocean re‑analysis studied

In the present study widely used ocean reanalysis products 
[i.e. global ocean data assimilation system (GODAS), simple 
ocean data assimilation (SODA), ocean reanalysis system 
(ORAS4) and ensemble coupled data assimilation (ECDA)] 
are considered for detailed study.
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2.1  Global Ocean Data Assimilation System (GODAS)

GODAS is based on the Modular Ocean Model version 3 
with a three-dimensional variational (3DVAR) data assimi-
lation scheme (Derber and Rosati 1989). It assimilates pro-
files of temperature and synthetic salinity. It is forced by 
the momentum flux, heat flux, and freshwater flux from the 
NCEP atmospheric reanalysis version 2 (Kanamitsu et al. 
2002) with horizontal resolution 1° × 1° (1/3° meridional at 
the tropics) and 40 vertical levels. It provides three-dimen-
sional ocean state and is being used to provide ocean initial 
conditions to the climate forecast system (CFS) for the sea-
sonal prediction (Saha et al. 2006, 2014). More details of 
GODAS are provided in Table 1.

2.2  Ensemble Coupled Data Assimilation (ECDA)

The ECDA system is an ensemble-based filtering algorithm 
of the GFDL’s coupled climate model, CM2.1 (Delworth 
et al. 2006). All ECDA experiments are performed with a 
12-member ensemble that is used to compute state estima-
tion (ensemble mean) and the spread of the estimate. More 
details about the algorithm and parameter scales can be 
found in Zhang and Rosati (2010). The ocean modle used 
is MOM4 with 1° × 1° horizontal resolution telescoping to 
1/3° meridional spacing near the equator and 50 vertical lev-
els (10 m vertical resolution in the top 220 m). The assimila-
tion scheme is based on an Ensemble Kalman Filter under 
a local least squares framework with super-parallelized 
technique. Ocean subsurface observations of temperature, 
salinity from World Ocean Database (Boyer et al. 2009), and 
SST are assimilated to the ECDA system using covariance 
structures from the coupled model, where the atmosphere is 
constrained by an existing atmospheric reanalysis [NCEP/ 
NCAR reanalysis 1 for 1960–1978 (Kalnay et al. 1996) and 
NCEP/DOE reanalysis 2 for 1979–present (Kanamitsu et al. 
2002)]. The pseudosalinity profiles are assimilated to the 
ECDA for the periods of 1993–2002.

2.3  Ocean Reanalysis System (ORAS4)

ORAS4, a reanalysis product of ECMWF uses Nucleus for 
European Modelling of the Ocean (NEMO) model (Madec 
2008). Three-dimensional variational assimilation (3D-Var) 
algorithms NEMOVAR (Courtier et al. 1994; Mogensen 
et al. 2012) are used to produce reanalysis of the global 
ocean (Table 1). It is forced by the ERA-Interim reanalysis 
fluxes, the horizontal resolution is 1° in the extra tropics and 
refined meridional resolution of 0.3° at the equator. It has 
42 vertical levels with 18 of them in the first 200 m and the 
first level is at 5 m. A weak relaxation to temperature and 
salinity climatological values from the World Ocean Atlas 
(WOA) 2005 (Antonov et al. 2006; Locarnini et al. 2006) is 

applied throughout the water column. NEMOVAR assimi-
lates temperature and salinity profiles, and along-track altim-
eter-derived sea-level anomalies. In addition to the above, 
observed SST and global mean sea-level variations are used 
to modify the heat and fresh-water budget respectively. The 
ocean model is forced by atmospheric-derived daily sur-
face fluxes, instead of being computed using a bulk formula 
within NEMO. Compared to a control ocean model simula-
tion, ORAS4 improves the fit to observations, the interan-
nual variability and seasonal forecast skill (Balmaseda et al. 
2013). It is important to note that ORAS4 SST is restored 
to Reynolds SST. It is also important to note that among 
all reanalyses vertical levels of ORAS4 are more consistent 
with EN4.

2.4  Simple Ocean Data Assimilation (SODA 1.4.3)

SODA reanalysis (Carton and Giese 2008) system consists 
of an OGCM based on Parallel Ocean Program numeric 
(Smith et al. 1992), with an average 0.25° × 0.4° horizontal 
resolution and 40 vertical levels with 10 m spacing near the 
surface. Surface freshwater flux is provided by the global 
precipitation climatology project monthly satellite–gauge 
merged product (Adler et al. 2003) combined with evapora-
tion obtained from the bulk formula used to calculate latent 
heat loss. It assimilates temperature and salinity profiles 
with optimal interpolation (Gandin 1965). The assimilation 
cycle is carried out every 10 days, but the corrections are 
introduced incrementally at every time step. A further detail 
about SODA is provided in Table 1. Hence the present study 
includes ocean reanalyses which are produced using simple 
data assimilation technique to most advanced technique. 
Details of these reanalyses are given in Table 1.

3  Observations and baseline data used 
for the comparison

National Oceanic and Atmospheric Administration 
(NOAA) Reynolds optimum interpolation (OI) SST anal-
ysis using both in situ and satellite data (Reynolds et al. 
2002) is used for studying the spatial features of SST bias. 
Also Hadley Centre Sea Ice and SST (HadISST, Rayner 
et al. 2003) data products are used in the present study, 
which includes data received through the global telecom-
munications system and comprehensive ocean–atmosphere 
data set. However Met Office Hadley Centre EN.4.2.0 
analysis [where XBT and MBT fall rate bias corrections 
are based on Gouretski and Reseghetti (2010)] gener-
ated by Good et al. (2013) is used (available from http://
www.metoffice.gov.uk/hadobs) as a baseline. Which is 
based on subsurface ocean temperature and salinity pro-
file data obtained from the World Ocean Database, global 

http://www.metoffice.gov.uk/hadobs
http://www.metoffice.gov.uk/hadobs
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temperature and salinity profile program, argo, and Arctic 
synoptic basin wide oceanography project collections. All 
data are subjected to a series of quality control procedures 
and assigned quality flags. Mainly three new checks are 
introduced in this version of the data set with respect to 
previous version (Good et al. 2013). EN4 analysis offers 
additional ability to make comparison over time, which 
further adds to create a long-term mean for the same years 
as for the reanalyses. Secondly EN4 analysis vertical levels 
are consistent with the reanalyses data. Hence the present 
study uses EN4 analysis monthly fields for 1980–2010 to 
produce monthly climatology and from it, annual climatol-
ogy is produced. The root mean square differences of long 
term mean (1955–2012) fields of EN4 analysis and WOA 
is considered as an uncertainty of that particular field.

Ocean Surface Current Analyses Real-time (OSCAR) 
upper ocean current products based on satellite data for 
the period of 1993–2010 are used as observed currents 
for inter-comparison. OSCAR has provided unprece-
dented information about global ocean surface currents 
(~ 35 m). Sikhakolli et al. (2013) reported that over the 
TIO OSCAR product is able to capture the variability of 
the well-known surface current systems reasonably well. 
Study also used available monthly Research Moored Array 
for African–Asian–Australian monsoon analysis (RAMA, 
McPhaden et al. 2009) buoys observations of temperature 
and salinity profiles in the upper ocean. RAMA buoys 
observations available (Table 2) for the period 2002–2010 
(or 2004–2010) are utilized to produce statistical scores. 
RAMA buoy first level (i.e., 1 m) observations of tempera-
ture and salinity are used to compare reanalyses first level 
(5 m) temperature and salinity. It is important to note that 
RAMA buoy observed temperature data are converted to 
potential temperature and used for the potential density 
estimates before they are compared with reanalyses.

4  Methodology

As discussed in the previous sections, four commonly used 
ocean reanalyses are considered in this study for the inter-
comparison with analysis/observations over the TIO. For 
this long term (1980–2010, 31 years) mean temperature, 
salinity and 1993–2010 (18 years) mean current profile data 
from the above reanalyses are used. Since different regions 
in TIO (40°E–100°E, 25°N–25°S) display specific differ-
ences, region wise comparison is also carried out (Fig. 1a) 
over AS (52°E–75°E, 6°N–25°N), BoB (80°E–100°E, 
6°N–22°N), and EIO (40°E–100°E, 5°N–5°S). To explore 
the role of various processes to surface and mixed layer 
biases, square of the Brunt–Vaisala frequency and current 
shear are calculated using temperature, salinity and current 
profiles as follows:

Square of the Brunt–Vaisala frequency: 

where g is the acceleration due to gravity, ρ is ocean water 
potential density and z is depth.

Total vertical shear of horizontal current: 

where U is horizontal current (m/s), u is zonal current (m/s) 
and v is meridional current (m/s).

Equation of state is used to estimate the role of tempera-
ture and salinity differences on the density differences 

where, ΔT and ΔS are differences in the potential tempera-
ture and salinity with respect to EN4. Coefficients of thermal 
and salt expansion respectively are � = 1.7 × 10−4K

−1 and 
� = 7.6 × 10−4.

To check the performance of the reanalyses with respect 
to analysis/observation statistical scores such as root mean 
square error (RMSE) and pattern correlation are estimated 
for SST, SSS, MLD and zonal and meridional currents for 
TIO as well as for sub regions (Table 3). To understand the 
seasonal evolution of RMSE, month wise RMSE analysis is 
also carried out. Apart from these mean features statistical 
scores, with concurrent samples for the period of 1980–2010 
in case of SST, SSS and MLD (and 1993–2010 in the case 
of zonal and meridional currents) such as RMSE, stand-
ard deviation and correlation coefficient with respect to 
EN4 analysis are estimated and presented in tabular form 
(Tables 4, 5). RMSE with respect to analysis refers the 
root mean square difference; however RMSE with respect 
to observations refers error. Study also includes statistical 

(1)N2 = −
g

�

��

�z
,

(2)
dU

dz
, where U =

√

u2 + v2,

Δ�temp = −�0�(ΔT),

(3)Δ�sal = �0�(ΔS),

Table 2  Details of RAMA buoys used for the intercomparison

Region Location Period

EIO 80.5°E, 4°S 2007–2010
80.5°E, 1.5°S 2004–2010
90°E, 1.5°S 2002–2010
80.5°E, 0° 2005–2010
90°E, 0° 2005–2010
80.5°E, 1.5°N 2006–2010
90°E, 1.5°N 2006–2010
90°E, 4°N 2007–2010
95°E, 4°N 2002–2010

BoB 90°E, 8°N 2006–2010
90°E, 12°N 2008–2010
90°E, 15°N 2008–2010
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scores based on concurrent observations of SST, SSS and 
MLD from RAMA buoy observations from the EIO and 
BoB (Table 6). The MLD is computed using the potential 

density criterion based on potential density variations deter-
mined from the corresponding 0.125 kg/m3 (Toyoda et al. 
2015).

Fig. 1  SST (°C) biases with 
respect to HadISST (contour) 
and Reynolds SST (shaded) 
over the Indian Ocean from a 
GODAS b ECDA, c ORAS4 
and d SODA

Table 3  Region wise RMSE 
(pattern correlation) of long 
term mean fields of SST, SSS, 
MLD (1980–2010) and zonal 
and meridional currents (1993–
2010) from different reanalyses 
with respect to HadISST, EN4 
analysis and OSCAR currents 
observations

Region Reanalysis SST (°C) SSS MLD (m) U (m/s) V (m/s)

TIO GODAS 0.24 (0.99) 0.34 (0.93) 14.78 (0.72) 0.09 (0.69) 0.06 (0.45)
ECDA 0.32 (0.98) 0.33 (0.94) 12.43 (0.77) 0.09 (0.62) 0.05 (0.52)
ORAS4 0.12 (0.99) 0.20 (0.98) 13.11 (0.75) 0.07 (0.80) 0.06 (0.44)
SODA 0.13 (0.99) 0.31 (0.97) 9.29 (0.71) 0.08 (0.75) 0.07 (0.49)

EIO GODAS 0.15 (0.98) 0.16 (0.99) 12.19 (0.62) 0.15 (0.10) 0.08 (0.14)
ECDA 0.27 (0.98) 0.18 (0.98) 9.21 (0.66) 0.15 (− 0.13) 0.07 (0.26)
ORAS4 0.14 (0.99) 0.16 (0.99) 7.01 (0.74) 0.11 (0.29) 0.08 (0.20)
SODA 0.09 (0.99) 0.17 (0.99) 3.97 (0.75) 0.14 (0.18) 0.08 (0.32)

AS GODAS 0.18 (0.97) 0.17 (0.94) 15.72 (0.76) 0.04 (0.60) 0.03 (0.59)
ECDA 0.20 (0.97) 0.74 (0.24) 10.64 (0.77) 0.04 (0.53) 0.03 (0.65)
ORAS4 0.12 (0.99) 0.22 (0.92) 13.09 (0.79) 0.04 (0.54) 0.04 (0.49)
SODA 0.15 (0.98) 0.23 (0.91) 7.51 (0.56) 0.05 (0.64) 0.05 (0.42)

BoB GODAS 0.16 (0.83) 0.88 (0.68) 15.19 (0.34) 0.04 (0.62) 0.04 (0.35)
ECDA 0.22 (0.68) 0.39 (0.91) 10.37 (0.76) 0.05 (0.32) 0.05 (0.29)
ORAS4 0.09 (0.96) 0.46 (0.90) 9.35 (0.66) 0.05 (0.52) 0.06 (0.08)
SODA 0.20 (0.87) 0.77 (0.83) 7.02 (0.58) 0.05 (0.60) 0.06 (− 0.15)
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5  Biases/differences in physical variable 
of the TIO

5.1  Surface temperature biases and salinity differences

Long term mean SST bias of various reanalyses products 
with respect to the Reynolds and HadISST are displayed 
in Fig. 1. GODAS displays mostly negative bias in SST 
(Fig. 1a), however rest of the reanalyses display positive 

bias. The positive bias in ECDA is higher compared to other 
reanalyses (Fig. 1b). In the case of ORAS4 (Fig. 1c) posi-
tive bias is mostly reported south of the equator, with high 
magnitudes over the south west and west of Madagascar. 
SODA displays positive bias in the south of 10°S of TIO, 
north BoB and south of India (Fig. 1d). RMSE in the mean 
fields of SST is about 0.25 °C (Table 3) with the spatial 
pattern correlation of 0.99. Error is smaller in ORAS4 fol-
lowed by SODA, GODAS and ECDA. It is important to 

Table 4  Region wise RMSE 
(correlation coefficient) of SST, 
SSS, MLD and currents from 
different reanalyses with respect 
to concurrent EN4 analysis 
and OSCAR currents (35 m 
averaged) data for respective 
available period

Region Reanalysis SST (°C) SSS MLD (m) U (m/s) V (m/s)

TIO GODAS 0.53 (0.85) 0.09 (0.41) 6.76 (0.72) 0.03 (0.70) 0.02 (0.93)
ECDA 0.28 (0.93) 0.17 (0.31) 14.01 (0.80) 0.03 (0.76) 0.01 (0.94)
ORAS4 0.36 (0.92) 0.07 (0.77) 14.00 (0.82) 0.02 (0.95) 0.01 (0.96)
SODA 0.34 (0.93) 0.15 (0.61) 9.24 (0.82) 0.03 (0.77) 0.01 (0.94)

EIO GODAS 0.46 (0.83) 0.15 (0.27) 6.76 (0.62) 0.14 (0.66) 0.02 (0.85)
ECDA 0.30 (0.89) 0.22 (0.26) 10.37 (0.71) 0.12 (0.78) 0.02 (0.83)
ORAS4 0.32 (0.88) 0.18 (0.64) 8.40 (0.73) 0.04 (0.96) 0.02 (0.88)
SODA 0.37 (0.87) 0.23 (0.43) 6.04 (0.69) 0.11 (0.79) 0.02 (0.84)

AS GODAS 0.68 (0.82) 0.14 (0.32) 11.12 (0.66) 0.02 (0.93) 0.03 (0.93)
ECDA 0.45 (0.93) 0.34 (0.04) 13.88 (0.77) 0.02 (0.97) 0.01 (0.97)
ORAS4 0.44 (0.94) 0.13 (0.60) 16.34 (0.79) 0.02 (0.98) 0.01 (0.99)
SODA 0.43 (0.93) 0.14 (0.57) 9.22 (0.75) 0.01 (0.97) 0.02 (0.96)

BoB GODAS 0.49 (0.86) 1.01 (0.14) 10.30 (0.22) 0.03 (0.89) 0.03 (0.48)
ECDA 0.36 (0.93) 0.35 (0.54) 13.01 (0.38) 0.02 (0.94) 0.03 (0.52)
ORAS4 0.36 (0.92) 0.34 (0.53) 11.53 (0.52) 0.03 (0.97) 0.02 (0.55)
SODA 0.32 (0.92) 0.23 (0.73) 7.76 (0.51) 0.03 (0.95) 0.03 (0.42)

Table 5  Region wise standard 
deviation of SST, SSS, MLD 
and currents from EN4 analysis/
OSCAR data and reanalyses

Region Data SST (°C) SSS MLD (m) Data U (m/s) V (m/s)

TIO EN4 0.67 0.08 5.55 OSCAR 0.04 0.02
GODAS 0.77 0.07 8.62 GODAS 0.04 0.02
ECDA 0.72 0.14 10.19 ECDA 0.03 0.02
ORAS4 0.73 0.10 10.76 ORAS4 0.03 0.02
SODA 0.68 0.15 8.90 SODA 0.03 0.02

EIO EN4 0.65 0.12 7.37 OSCAR 0.14 0.02
GODAS 0.60 0.10 8.39 GODAS 0.18 0.03
ECDA 0.58 0.19 7.28 ECDA 0.15 0.03
ORAS4 0.59 0.18 8.40 ORAS4 0.14 0.04
SODA 0.53 0.21 6.26 SODA 0.16 0.02

AS EN4 1.06 0.14 8.63 OSCAR 0.06 0.04
GODAS 1.05 0.06 13.75 GODAS 0.05 0.05
ECDA 1.09 0.22 13.06 ECDA 0.05 0.05
ORAS4 1.05 0.09 14.90 ORAS4 0.04 0.04
SODA 0.97 0.15 10.93 SODA 0.06 0.05

BoB EN4 0.80 0.36 4.69 OSCAR 0.06 0.02
GODAS 0.93 0.48 9.13 GODAS 0.05 0.03
ECDA 0.98 0.24 7.44 ECDA 0.04 0.03
ORAS4 0.89 0.24 7.78 ORAS4 0.03 0.02
SODA 0.73 0.41 6.03 SODA 0.04 0.02
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note that ECDA reanalysis is based on coupled modeling 
system which does not have any SST restoration; however 
in other reanalyses SST is restored to observations or cli-
matology (Table 1). The root mean square difference in the 
climatological SST from Reynolds and HadISST is 0.13 °C 
over the TIO.

SSS over the TIO has unique characteristics, the AS 
(BoB) exhibits positive (negative) meridional gradient of 
salinity. Northern AS and BoB have difference of 4–5 in 
SSS; this makes them very distinct basins. Apart from this 
SSS displays 2–2.5 zonal gradient in the EIO. Hence it is 

important to simulate the spatial distribution of the TIO 
SSS by the ocean reanalyses. Most of the reanalyses cap-
ture equatorial zonal gradient of salinity well, however all 
reanalyses underestimated meridional gradient in the BoB. 
GODAS (Fig. 2a) displays strong positive SSS difference 
(more than 1) with reference to EN4 analysis in most of 
the BoB and weak positive difference is reported over the 
west coast of India and south of 15°S. ECDA shows strong 
negative difference in the northern AS and along the west 
coast of BoB and strong positive difference in the north and 
central BoB, south eastern Indian Ocean and south eastern 
AS (Fig. 2b). ORAS4 displays mostly positive difference 
(Fig. 2c), which is higher in the north BoB and south eastern 
AS compared to other regions. However negative difference 
is seen in the eastern BoB. SODA shows strong positive 
salinity difference in the central BoB, whereas it displays 
negative difference along the eastern coast of BoB (Fig. 2d). 
This analysis deduces that all the reanalyses have large dif-
ferences in the BoB and southeastern AS, though these rea-
nalyses are based on different ocean models as well as dif-
ferent data assimilation methodology. RMSE analysis for the 
mean SSS field over the TIO reveals that ORAS4 displays 
RMSE of about 0.2 and pattern correlation of 0.93–0.98 
(Table 3), however the RMSE is 0.3 in the other reanalyses. 
Region wise RMSE analysis of SSS indicates that all the rea-
nalyses are more consistent with the EN4 analysis over the 

Table 6  RMSE (correlation coefficient) for SST, SSS and MLD of 
reanalyses data with respect to RAMA buoy observations for EIO and 
BoB

Region Reanalysis SST (°C) SSS MLD (m)

EIO GODAS 0.27 (0.92) 0.38 (0.68) 14.02 (0.56)
ECDA 0.19 (0.94) 0.17 (0.95) 16.59 (0.61)
ORAS4 0.10 (0.98) 0.14 (0.97) 13.57 (0.77)
SODA 0.23 (0.92) 0.28 (0.86) 13.00 (0.42)

BoB GODAS 0.36 (0.92) 0.63 (0.53) 17.71 (0.41)
ECDA 0.28 (0.95) 0.35 (0.85) 17.14 (0.68)
ORAS4 0.21 (0.98) 0.34 (0.87) 16.59 (0.69)
SODA 0.30 (0.95) 0.65 (0.54) 16.78 (0.50)

Fig. 2  SSS (at 5 m) differenc-
eswith respect to EN4 analysis 
over the Indian Ocean from a 
GODAS b ECDA, c ORAS4 
and d SODA, contour displays 
mean surface salinity
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EIO and the error is below 0.2, however wide spread of error 
is reported for the BoB (0.4 and 0.9). This may lead to the 
underestimation of the upper ocean halocline, responsible 
for the strongest stratification in the BoB. Root mean square 
difference between EN4 analysis and WOA climatological 
salinity fields is 0.09 for the TIO, which is considered as an 
uncertainty estimate.

5.2  Mixed layer depth differences

MLD represents upper ocean homogeneous layer, which 
interacts with the atmosphere above and exchanges moisture 
and heat fluxes. Accurate MLD representation is essential 
for the proper simulation of ocean state. In general, all the 
reanalyses display mostly positive MLD differences with 
respect to EN4 analysis. GODAS shows deeper MLD by 
20 m over the northern BoB and south eastern TIO and the 
region south of India (Fig. 3a). In case of ECDA (Fig. 3b) 
MLD difference is less than that of GODAS, the north BoB 
MLD difference is about half of GODAS. Negative MLD 
difference in the north AS coincides with the unrealistically 
strong freshening as compared to EN4 (Fig. 2b). ORAS4 
shows (Fig. 3c) positive differences in the south Indian 
Ocean, central BoB and along the west coast of India. How-
ever weak negative difference is reported near the equator. 

SODA (Fig. 3d) MLD difference is relatively smaller than 
the other reanalyses and is positive in the north BoB and 
south of 20°S. SODA displays lowest difference in MLD 
over the TIO among all the ocean reanalyses, though it is 
produced by simple data assimilation method (Carton and 
Giese 2008). MLD RMSE (Table 3) over the TIO range 
between 10 and 15 m with the correlation of 0.71–0.77 
which further support that SODA reanalysis displayed mini-
mum RMSE. Uncertainty estimate based on the root mean 
square difference between EN4 analysis and WOA climato-
logical MLD fields is 5 m. Overall, in most of the reanaly-
ses positive (negative) MLD difference locations coincide 
with the positive (negative) salinity difference locations. So 
misrepresentation of salinity is the prime reason for MLD 
differences. Region wise MLD RMSE analysis reveals that 
it is smaller over the EIO compared to the AS and BoB in all 
the reanalyses, which is consistent with the salinity RMSE 
in these regions.

5.3  Upper ocean horizontal current biases

Unlike the other tropical oceans, the Indian Ocean currents 
are eastward over the equator. These current systems are 
widely known for their role in the transport of heat and salt 
flux. GODAS shows (Fig. 4a) positive zonal current bias in 

Fig. 3  MLD (m) differences 
with respect to EN4 analysis 
over the Indian Ocean from a 
GODAS b ECDA, c ORAS4 
and d SODA, contour displays 
mean MLD (m)
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the BoB, southern Indian Ocean and along the Somali coast. 
Negative zonal current bias is reported over the equator for 
all the reanalyses. Meridional current displays (figure not 
shown) southward bias along the Somali coast and south of 
10°S. In general meridional current biases are weaker than 
the zonal current. ECDA shows (Fig. 4b) stronger westward 
bias in the central and eastern EIO (55°E–90°E). On the 
other hand eastward bias in the zonal current is dominant 
south of the equator. GODAS and ECDA current biases 
over the Indian Ocean have large similarity. ORAS4 shows 
(Fig. 4c) eastward bias in most of the basin, strongest east-
ward bias is reported along 8°S. SODA shows (Fig. 4d) 
westward current bias at the equator and 10°S, with east-
ward bias in the rest of the basin. Overall GODAS, ECDA 
and SODA display westward bias at the equator indicating 
weaker Wyrtki jet and associated counter currents. ORAS4 
shows weaker biases than the rest of the reanalyses. Nyad-
jro and McPhaden (2014) reported that horizontal currents 
from ORAS4 reproduce the variability of currents in the 
EIO associated with the IOD reasonably well. Region wise 
RMSE analysis of horizontal current (Table 3) reveals that 
over the AS and BoB current displays less RMSE than EIO. 
Among all reanalyses ORAS4 and SODA display lowest 
RMSE (and higher pattern correlation) in zonal current 
followed by GODAS and ECDA. Balmaseda et al. (2013) 

found that assimilation of actual T and S profiles with sea 
level  anomaly from altimeter improves the sea level repre-
sentation in the tropical regions which resulted better cir-
culation in ORAS4. Over the EIO zonal currents in all the 
reanalyses display pattern correlation less than 0.3 indicating 
that reanalyses could not capture the pattern of zonal current 
properly in the EIO. This is equally true for the EIO and BoB 
meridional currents.

5.4  Vertical structure of differences

Above discussion is mostly confined to the upper ocean; 
however it is equally important to study the structure of 
mean vertical profile of physical variables. Error in the ver-
tical profiles of physical variables can produce strong dif-
ferences in temperature at the surface and subsurface which 
may lead to improper simulation of mean (Chowdary et al. 
2016) and variability. This section explores the nature of 
temperature, salinity and density differences with depth over 
the TIO and in particular over the AS, BoB and EIO with 
respect to EN4 analysis (Fig. 5). Over the TIO (Fig. 5a), 
GODAS shows highest negative temperature difference in 
the top 50 m; however all the reanalyses displays positive 
difference below 100 m. ORAS4, SODA and ECDA display 
almost similar vertical pattern of temperature difference. 

Fig. 4  Current bias (1993–
2010, shaded is a zonal current 
bias m/s) with respect to 
OSCAR surface current (aver-
aged over upper 35 m) over the 
Indian Ocean from a GODAS b 
ECDA, c ORAS4 and d SODA
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Region wise analysis reveals that the BoB displays (Fig. 5d) 
diverse pattern of difference compared to the EIO and AS 
(Fig.  5b–c). ECDA displays strong negative difference 
(− 1 °C) in the BoB at 100 m, however most of the reanaly-
ses display positive difference in the AS subsurface, with 
maximum difference at 50 m (0.35 °C). Uncertainty in verti-
cal temperature field is 0.13 °C over the TIO. In the case of 
salinity (Fig. 5e–h), ECDA and SODA show negative salin-
ity difference in the upper ocean however GODAS displays 
weak positive salinity difference over the TIO (Fig. 5e). 
Over the EIO (Fig. 5f) all the reanalyses show negative dif-
ference in the first 150 m (it is 50 m in ORAS4). Hence 
most of the reanalyses underestimate salinity in the upper 
150 m of the EIO. Over the AS (Fig. 5g) ORAS4, SODA and 

GODAS show small positive difference at surface, ECDA 
on the other hand shows negative difference with maximum 
negative difference at about 25 m. ORAS4 displays posi-
tive difference throughout the water column. Uncertainty in 
the vertical salinity field is 0.035 over the TIO. In the case 
of BoB (Fig. 5h) GODAS shows positive difference at the 
surface; however the rest of the reanalyses display negative 
differences. ECDA and ORAS4 show maximum negative 
difference (0.5) in the subsurface (about 50 m).This strong 
negative difference in subsurface specifies more freshwater 
than EN4 analysis. Fousiya et al. (2015) reported that in 
GODAS excess mixing due to weaker stratification supports 
deeper extent of freshwater. Above discussed temperature 
and salinity differences contribute to density leading to 

Fig. 5  Vertical profile a–d 
temperature difference (°C), e–h 
salinity difference, i–l Density 
difference (kg/m3) with respect 
to EN4 analysis, for TIO, EIO, 
AS and BoB from GODAS, 
ECDA, ORAS4 and SODA
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difference in the upper ocean stability. All the reanalyses 
(except GODAS) display negative density difference over 
the TIO (Fig. 5i), however ORAS4 displays very little den-
sity difference. Strongest negative difference is reported 
by ECDA in the TIO as well as in all regions. In the BoB 
GODAS displays strong positive (negative) density differ-
ence in upper (below) 50 m (Fig. 5l), however all the other 
reanalyses display negative difference in the upper 100 m. In 
general vertical structure of density difference corroborates 
with the salinity difference structure in all the reanalyses.

Since actual observations/analysis of horizontal currents 
profile is not available, mean currents profile from different 
reanalyses are inter-compared for the period of 1993–2010. 
Vertical structure of zonal current over the TIO displays 
noticeable discrepancy among reanalyses products in the 
upper 100 m (Fig. 6a–d). All the reanalyses display west-
ward current in the TIO upper ocean. However over the 
EIO (Fig. 6b) mean currents are eastward due to dominant 
Wyrtki Jets (Wyrtki 1973). In the case of AS (Fig. 6c) top 
100 m displays eastward current (associated with the strong 
south west monsoon forcing) and it is westward between 
100 and 300 m. Surface current is also eastward in the BoB 
(Fig. 6d), and subsurface (between 100 and 300 m) current 
is westward. Overall these reanalyses are able to capture 
TIO current features more consistently. The vertical struc-
ture of zonal current of GODAS in the AS does not seem 
much more pronounced than the other reanalyses, however 

in the BoB it (Fig. 6d) differs from the other reanalyses and 
displays strong vertical shear in the upper ocean compared 
to other reanalyses. Meridional currents (Fig. 6e–h) over 
the TIO display smaller discrepancy compared to zonal cur-
rents. All the reanalyses display surface currents southward 
in the first 75 m and northward below it. The strength of 
upper ocean current is higher in the GODAS compared to 
rest of the reanalyses. In the EIO (Fig. 6f) southward cur-
rent is highest at 50 m and northward at 100 m, relatively 
better inter consistency is reported among different ocean 
reanalyses. This structure of current represents meridional 
overturning circulation cell (Schott et al. 2002), where upper 
ocean currents are pole ward and deeper ocean currents are 
equator ward. Over the AS (Fig. 6g) GODAS displays south-
ward surface currents; however rest of the reanalyses display 
northward surface currents. In the BoB (Fig. 6h) GODAS 
displays strong southward current compared to rest of the 
reanalyses in the upper ocean. GODAS current at 80 m is 
northward though current is southward in other reanalyses. 
This indicates that all the reanalyses products display good 
consistency in the AS and BoB except GODAS.

5.5  Upper ocean processes associated with differences

To understand the role of vertical stability and shear insta-
bility processes to upper ocean differences, square of the 
Brunt–Vaisala frequency (BV) with respect to EN4 analysis 

Fig. 6  Vertical profile, a–d 
zonal current (m/s) and e–h 
meridional current (m/s) for 
TIO, EIO, AS and BoB from 
GODAS, ECDA, ORAS4 and 
SODA
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and vertical shear of horizontal currents are studied in each 
reanalyses. Figure 7(a–d) displays the BV difference, all the 
reanalyses show negative difference of the BV in the upper 
ocean over the TIO, highest negative difference is reported 
by GODAS at 25 m. In the EIO similar nature of the BV 
difference is reported (Fig. 7b). In the case of AS, the BV 
difference is relatively higher than the EIO in upper ocean 
and most of the reanalyses are consistent with each other 
for the AS and EIO except ECDA, which shows positive 
difference at 20 m (Fig. 7c). In the BoB vertical gradient of 
density is larger than any other basin in the TIO (e.g., Agar-
wal et al. 2012). In other words the BV is high in the BoB, 
all reanalyses show that the BV difference over the BoB is 
more than double compared to the rest of the basins. The 
negative difference in the BV at surface clearly indicates 
that all the reanalyses underestimate stability of the BoB for 
the upper 30–40 m (70 m in GODAS). Overall upper ocean 
stability is weaker in GODAS in all the basins, compared 
to the other reanalyses. Figure 7(e–h) displays the nature of 
vertical shear of horizontal current from different reanalyses. 
In the TIO (Fig. 7e) except ORAS4, other reanalyses show 
decreasing shears with depth and very sharp gradient in the 
upper ocean. GODAS and ECDA display similar profiles 
of shear, however SODA shows highest shear in the upper 
20 m. In the EIO (Fig. 7f), large discrepancy is noted in the 
shear profiles of currents from different reanalyses compared 

to other regions of the TIO. In the AS and BoB (Fig. 7g, h) 
shear profiles are similar to that of the TIO. SODA shows 
higher shear in the upper 20 m followed by ECDA, GODAS 
and ORAS4. SODA and ECDA overestimate current shear 
with respect to GODAS. Fousiya et al. (2015) reported that 
in the BoB upper ocean horizontal current shear is over 
estimated by GODAS with respect to in-situ buoy observa-
tions. Above analysis supports that upper ocean stratifica-
tion/stability is underestimated by the reanalyses products 
and mostly shear is overestimated supporting the positive 
bias of MLD and SSS. Further contribution of salinity and 
temperature differences to density differences are studied.

According to the equation of state, differences in tempera-
ture and salinity affect the density difference. Contribution 
of temperature and salinity difference to density difference is 
estimated using Eq. (3). Figure 8(a–d) displays contribution 
of temperature difference to the density difference, where 
temperature difference is with respect to EN4. GODAS, 
ORAS4 and SODA show (Fig. 8a) negative difference in 
the upper ocean, however below 50 m they show positive 
difference in the TIO. Below 100 m all the reanalyses show 
small positive contribution of temperature difference to den-
sity difference. Over the EIO and AS (Fig. 8b), reanalyses 
show similar nature of contribution to density difference 
throughout the upper 500 m. In the BoB (Fig. 8d) notable 
negative density difference due to temperature difference is 

Fig. 7  Vertical profiles of a–d 
square of Brunt–Vaisala fre-
quency difference with respect 
to EN4 analysis  (s−2) and 
e–h vertical shear of horizontal 
currents  (s−2) from GODAS, 
ECDA, ORAS4 and SODA over 
the regions TIO, EIO, AS and 
BoB, respectively
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found throughout the column. ECDA displays higher mag-
nitudes compared to the rest of the reanalyses. Overall the 
contribution of temperature difference to density difference 
is maximum in the BoB. Figure 8(e–h) displays contribu-
tion of salinity difference to the density difference, where 
salinity difference is with respect to EN4. In the case of TIO 
(Fig. 8e) ECDA and SODA display negative density differ-
ence in the upper ocean, however GODAS displays weak 
positive difference. Highest negative difference is reported 
at about 20 m in the ECDA. In the EIO (Fig. 8f) salinity 
difference contributed negatively to density difference in 
the upper 100–200 m in all the reanalyses. GODAS, ECDA 
and SODA are consistent with each other; however ORAS4 
displays smaller contribution to density difference. Similar 
consistency is reported in the AS also (Fig. 8g), ORAS4 
shows positive contribution of salt difference in density 
difference throughout the upper ocean. In the case of BoB 
(Fig. 8h) GODAS shows positive contribution to density 
difference due to salinity difference in the upper 50 m how-
ever the rest of the reanalyses display negative difference 
in the upper Ocean. Compared to rest of the basin the BoB 
salinity differences are contributing largely to the density 
differences. Overall, the contribution of salinity differences 
to density differences is higher than that of temperature dif-
ferences. The pattern of profile of salinity difference and 
density difference are matching with each other (Fig. 5i–l). 
Above discussion indicates that salinity differences need to 

be rectified in these reanalyses products to improve upper 
ocean density structure, which may in turn help to improve 
the upper ocean stability and reduce excess mixing, thereby 
reducing the MLD differences.

5.6  Vertical structure of biases with respect to RAMA 
buoys observations

Figure 9 displays the vertical profiles of temperature, salin-
ity and density biases with respect to RAMA buoy (here 
two buoys from the EIO and two buoys from the BoB are 
displayed which are having largest concurrent observa-
tions). In case of temperature (Fig. 9a, d) bias is small in the 
upper 40 m but noticeable (− 1 °C) negative bias is reported 
between 50 m to 150 m. SODA displays higher biases com-
pared to ECDA, GODAS and ORAS4. In case of salinity 
(Fig. 9b, e), notable bias is reported between 50 and 100 m 
depth. Maximum bias of 0.3 is reported at about 50 m in 
ORAS4, whereas it is about 0.5 in GODAS. In general all 
the reanalyses underestimate salinity in the 50–100 m and 
most reanalyses do a good job for 100–500 m. Biases in 
the upper 100 m lead to the underestimation of density in 
GODAS (Fig. 9c, f). Which leads to the underestimation 
of stratification of thermocline in GODAS. Above analysis 
supports that over the EIO strong biases in temperature and 
salinity exist in the reanalyses at subsurface levels.

Fig. 8  Vertical profile of a–d 
contribution of temperature 
difference to the density differ-
ence and e–h salinity differ-
ence to density difference from 
GODAS, ECDA, ORAS4 and 
SODA over the regions TIO, 
EIO, AS and BoB, respectively. 
Here temperature and salinity 
differences are with respect to 
the EN4
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Fig. 9  Mean vertical profile 
of potential temperature (°C), 
salinity and potential density 
(kg/m3) biases from the EIO 
(a–f) and BoB RAMA buoys 
(g–l)
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In case of the BoB (Fig. 9g–l) subsurface observations 
of temperature and salinity are available up to 100 m only. 
In case of temperature (Fig. 9g–j) notable biases are found 
below 40 m. In the upper levels (< 30 m) weak warm bias 
is found, however mostly cold bias is reported below that 
in the reanalyses (except GODAS). In the case of salinity 
(Fig. 9h–k) except GODAS rest of the reanalyses display 
weak positive bias in the upper 40–60 m, however GODAS 
displays negative bias throughout the upper 100 m and its 
magnitude is ranging from 0.4 to 0.8. This supports our 
hypothesis that GODAS mixes surface fresh water to the 
deeper depth. This finding resembles that of Fousiya et al. 
(2015), in which they reported that horizontal current shear 
is responsible for the excess mixing of fresh water to deeper 
depth in GODAS for the BoB. These biases in temperature 
and salinity lead to biases in the density (Fig. 9i, l), nega-
tive density bias (> 0.4 kg/m3) is dominating in GODAS 
throughout the upper ocean, however rest of reanalyses dis-
play positive density bias. This underestimation of density in 
GODAS can lead to underestimation of vertical stratification 
in the upper ocean of the BoB. This in turn contributes to 
positive biases in the mixed layer and thermocline in the 
GODAS. All together this section suggests that reanalyses 
products display negative subsurface bias in density over 
the BoB. Among all reanalyses GODAS salinity and den-
sity profiles deviate much from the buoy observations of 
the BoB.

5.7  RMSE evolution in the seasonal climatology

Since the Indian Ocean has strong seasonality and these rea-
nalyses products are widely used for the seasonal forecast, 
apart from annual mean RMSE analysis it will be equally 
important to study month wise evolution of RMSE in all 
the physical variables. In general annual cycle is divided in 
to four seasons, spring (March–May), summer (June–Sep-
tember), fall (October–November) and winter (Decem-
ber–February). Studies have reported that the coupled model 
seasonal forecast skill is sensitive to the initial condition 
(e.g., Chattopadhyay et al. 2015). This enforced us to study 
month wise RMSE evolution. Figure 10 shows the tempo-
ral evolution of mean RMSE in SST, SSS, MLD and zonal 
currents for the TIO as well as for sub region in different 
reanalyses. Month wise RMSE evolution of SST (Fig. 10a) 
does not show any specific dependency on time in ORAS4, 
ECDA and SODA; however in GODAS higher RMSE dur-
ing March–June compared to rest of the year is reported. 
Chattopadhyay et al. (2015) reported that the Indian sum-
mer monsoon forecasts using coupled model exhibits bet-
ter skill with February initial conditions compared to that 
of April/May initial conditions. Oceanic initial conditions 
from GODAS, displays larger RMSE during March–June 
compared to rest of the year. Region wise RMSE evolution 

supports that all the regions display higher RMSE during 
spring in GODAS (Fig. 10a–d).

Figure  10e–h shows the RMSE in SSS, in the TIO 
(Fig. 10e). RMSEs are less during spring and summer and 
RMSEs are higher in winter and fall. Region wise RMSE 
analysis shows that SODA displays higher RMSE in the 
BoB during fall (Fig. 10h), however ECDA displays higher 
RMSE in the AS during summer and fall (Fig. 10g), which 
is also consistent with the salinity biases (Fig. 2b). MLD 
RMSE evolution (Fig. 10i–l) displays annual cycle which 
has higher magnitude during spring to summer and lower in 
fall and winter. The AS displays higher MLD RMSE dur-
ing spring and summer, whereas the BoB displays during 
winter. Temporal evolution of RMSE in ORAS4, SODA 
and ECDA are more consistent with each other, however 
GODAS displays inconsistency in the temporal evolution as 
well as higher RMSE magnitude compared to other reanaly-
ses products. In case of zonal currents (Fig. 10m–p) higher 
RSMEs are in July and August in most of the reanalyses and 
they are strong over the EIO. Overall ORAS4 shows least 
RMSE in most of the variable and which remains constant 
throughout the year.

5.8  Temporal variability and RMSE status in different 
analysis

5.8.1  RMSE evolution with EN4 analysis

Here each reanalysis is compared with EN4 analysis for each 
time step (total time steps 372 in case of SST, SSS, and 
MLD for period of 1980–2010 and 216 time steps in case 
of zonal and meridional currents for the period 1993–2010 
and compared with OSCAR) for the respective region. In 
this way region wise averaged data sets are generated for 
each variable for all the reanalysis. Data set consisting of two 
time series (one from analysis and another from reanalysis) 
is used to estimate the RMSE. OSCAR monthly observa-
tions of zonal and meridional currents averaged over the 
upper ocean ~ 35 m are considered as upper ocean currents. 
Table 4 displays RMSE and correlation coefficient for the 
above discussed parameters over the TIO as well as over 
the sub regions (EIO, AS and BOB). The mean temperature 
and salinity at the first level of reanalyses (as well as EN4 
analysis at 5 m) are respectively called as SST and SSS. In 
case of SST, RMSE range for the TIO is about 0.3–0.5 °C 
in different reanalyses with correlation coefficient ranging 
from 0.85 to 0.9. This supports that temporal evolution of 
SST is better captured by all the reanalyses over the TIO. 
RMSE is minimum in ECDA followed by SODA, ORAS4 
and GODAS. Region wise analysis indicates that SST 
RMSE is in the order of 0.3–0.7 °C and higher RMSE is 
reported over the AS compared to the BoB and EIO. How-
ever correlation is more consistent among the reanalyses 
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Fig. 10  Monthly evolution of RMSE of a–d SST (°C), e–h SSS, i–l MLD (m) and m–p zonal currents (m/s) for the TIO, EIO, AS and BoB, 
respectively
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over all the sub regions. The salinity RMSE over the TIO 
range between 0.07 and 0.17 and correlation ranges from 
0.3 to 0.77. Minimum RMSE and highest correlation is dis-
played by ORAS4 followed by SODA, GODAS and ECDA. 
Region wise analysis reveals that lowest RMSE is reported 
over the AS. Correlation for the BoB salinity is lowest in 
GODAS. MLD displays RMSE range of 7–14 m over the 
TIO and the correlation coefficient between 0.7 and 0.8 for 
the reanalyses. The above analysis supports that reanalyses 
capture the temporal evolution of MLD in the TIO. Region 
wise analysis indicates higher errors over the AS and BoB 
compared to the EIO and the correlation over the BoB is 
lower than other regions. Hence this supports that temporal 
evolution of MLD over the AS and EIO are better captured 
by the reanalyses compared to the BoB. RMSE in zonal 
current range between 0.02 and 0.03 m/s and correlation is 
0.7–0.95. ORAS4 displays minimum error and maximum 
correlation over the TIO. RMSE (correlation) over the AS 
and BoB for zonal current is less (high) in all the reanalyses, 
however over the EIO RMSE is higher mainly in GODAS, 
ECDA and SODA reanalyses. In the case of meridional cur-
rents RMSE is lower than zonal currents and correlation 
coefficient is higher in all the reanalyses. This supports that 
all the reanalyses capture meridional currents better. Region 
wise RMSE analysis indicates that slightly higher RMSE 
and lower correlation is reported in all the reanalyses for the 
BoB. ORAS4 displayed lowest error and highest correlation 
compared to the other reanalyses.

5.8.2  Variability assessment with respect to EN4 analysis

Table 5 displays standard deviation (SD) of SST, SSS and 
MLD for the period of 1980–2010 from EN4 analysis, 
GODAS, ECDA, ORAS4 and SODA. The SD score gives 
strength of the variability of the parameter. In case of SST 
variability over the TIO is 0.7 °C, which is almost captured 
by all the reanalyses. The strength of SST variability over 
the TIO is higher than the RMSE reported in the reanalyses 
(Table 4). Region wise analysis shows that high SST vari-
ability is reported over the AS and BoB, followed by the 
EIO. All the reanalyses capture this region wise variability 
of SST. The EN4 analysis displays the salinity variability of 
0.08, all the reanalyses except GODAS over estimates the 
variability strength over the TIO. The strength of variability 
and RMSE in the reanalyses for salinity (Table 4) is of same 
order. Region wise analysis indicates that highest variability 
is reported in the BoB followed by the AS and EIO. Rea-
nalyses products capture this regional pattern of SSS vari-
ability. In case of MLD EN4 analysis displays variability by 
5 m in the TIO, however reanalyses overestimate it. Region 
wise analysis indicates that the EIO and AS display higher 
MLD variability compared to BoB. SODA captures MLD 
variability better over the AS and BoB however over the 

EIO ECDA is better compared to others. Table 5 also dis-
plays SD of zonal and meridional circulation for the period 
of 1993–2010 from OSCAR, GODAS, ECDA, ORAS4 and 
SODA. In case of zonal circulation reanalyses could capture 
variability (~ 0.04 m/s) like in OSCAR over the TIO. Vari-
ability and strength of RMSE over the TIO for the horizon-
tal circulation are in same order. OSCAR displays highest 
variability in zonal circulation in the EIO followed by the 
BoB and AS, reanalyses could capture this nature of zonal 
circulation but mostly overestimates variability in the EIO 
and underestimates in the AS and BoB. In case of meridi-
onal currents reanalyses are consistent with OSCAR over the 
TIO. Region wise analysis indicates that reanalyses mostly 
overestimate the variability in the AS, EIO and BoB. Overall 
the ocean reanalyses display variability and RMSE of same 
order in the case of SSS, MLD, zonal and meridional cur-
rents for the TIO as well as for sub regions.

5.8.3  Error evolution from RAMA buoys observations

Figure 11 displays scatter plots for SST (a–d), SSS (e–h) 
and MLD (i–l) from reanalyses and RAMA buoys over the 
EIO region. There were ten buoys providing observations 
during the study period covering the region 80°E–90°E 
and 4°N–4°S (Table 2). About 500 concurrent samples are 
obtained. It is important to note that RAMA observed tem-
perature data are converted to potential temperature before 
error analysis is carried out. Figure 11a–d displays the 
scatter for SST for different reanalyses. All the reanalyses 
display warm bias, error for GODAS and SODA is about 
0.25 °C and for ECDA and ORAS4 it is 0.2 and 0.1 °C 
(Table 6) respectively. Scatter analysis of SSS for differ-
ent reanalyses indicates that all the reanalyses overestimate 
SSS (Fig. 11e–h). Error in GODAS and SODA is 0.3, in 
ECDA and ORAS4 is about 0.15. SSS evolution is better 
simulated by ECDA and ORAS4 followed by SODA and 
GODAS. It is important to note that the fresh-water flux in 
ORAS4 is corrected through the global sea-level changes 
from the altimeter (Balmaseda et al. 2013), which is not the 
case for other reanalyses. Figure 11i–l displays scatter plots 
for the MLD, where MLD is estimated following Toyoda 
et al. (2015) potential density criteria. All the reanalyses 
overestimate the MLD compared to RAMA. Error over the 
EIO in SODA, ORAS4 and GODAS is about 13 m however 
ECDA displays slightly higher MLD (16 m, Table 6). In 
the case of SODA though the error is 13 m but the correla-
tion is about 0.42, however in other analysis it is greater 
than 0.6. In general MLD variability over the EIO is about 
8 m which is of the order of error reported with respect to 
RAMA observations. Overall, all reanalyses display higher 
MLD errors with RAMA observation than RMSE with EN4 
analysis over the EIO.
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Figure 12 displays scatter plots for SST (a–d), SSS 
(e–h) and MLD (i–l) from reanalyses and RAMA buoys 
over the BoB region. There were three buoys providing 
observation during the study period covering the region 
90°E and 8°N–15°N (Table 2). In case of SST (Fig. 12a–d) 
all the reanalyses display warm bias with high correla-
tion, suggesting temporal evolution of SST in reanalyses 
is consistent with that of RAMA buoy observations in the 
BoB. Error estimates (Table 6) for GODAS is 0.36 °C, 
for ECDA and SODA it is 0.28 °C and for ORAS4 it is 
0.21 °C. Figure 12e–h shows the scatter plots for SSS from 
all the reanalyses and RAMA observed. All the reanalyses 
display positive bias, supporting overestimation of salin-
ity in the BoB. RAMA (reanalyses) displays a range of 
SSS from 31 to 34 (32–34). Error in case of GODAS and 
SODA (ECDA and ORAS4) is 0.6 (0.3, Table 6). These 
errors in reanalyses product are higher than the variability 
of SSS over the BoB. Figure 12i–l shows the scatter plots 

for MLD, all the reanalyses overestimate MLD and display 
error about 17 m (Table 6). Hence with actual observations 
all the reanalyses display errors of almost same order, sec-
ondly all the reanalyses display higher error over the BoB 
compared to other regions. In general ORAS4 and ECDA 
are performing better over the BoB compared to GODAS 
and SODA. Further ORAS4 is displaying good consist-
ency between low error and higher correlation coefficient 
compared to other reanalyses.

6  Summary and conclusion

Present study focuses on the inter-comparison of long 
term mean of the TIO SST, SSS, MLD, and horizontal 
currents obtained from widely used reanalyses products 
(GODAS, ECDA, SODA and ORAS4) with respect to obser-
vations as well as the base line data (i.e., EN4 analysis). 
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Fig. 11  Scatter plots of RAMA buoys observations against the reanalyses data for a–d SST (°C), e–h SSS and i–l MLD (m) from EIO region
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Study explores the spatial and temporal evolution of differ-
ences/biases and RMSE in the upper ocean of the TIO. It is 
important to note that the reanalyses data sets are based on 
different ocean models constrained by different data assimi-
lation methodology or strategies. Since these products are 
widely used for the various coupled model based temporal 
scale forecast and to understand oceanic phenomenon, the 
detailed assessment of their performance over the TIO is 
mandatory. This has motivated the present study to evaluate 
the status of mean spatial features in these reanalyses as well 
as explore the vertical structure of temperature, salinity and 
density with the insitu observations. Apart from the mean 
field assessment, temporal evolution of reanalyses with EN4 
analysis and RAMA buoys observations are also carried out. 
Further the variability of surface oceanic variable over the 
TIO in EN4 analysis and all reanalyses data for the period 
of 1980–2010 is also examined. Upper ocean currents are 
evaluated with respect to satellites based OSCAR current 
observations.

All the reanalyses products display dominant warm bias 
in SST with the exception of GODAS. The strength of the 
SST biases is higher in south of the equator. Statistical analy-
sis reveals that ORAS4 displays least RMSE in temperature 
fields followed by SODA, GODAS, and ECDA. The large 
differences between ECDA and the SST estimates of Had-
ISST and Reynolds is undoubtedly due to the coupled nature 
of ECDA, whereas the other three reanalyses are heavily 
constrained by restoring to SST observations or analysis. 
Further, ORAS4 contains low RMSE and highest pattern 
correlation in SSS fields with respect to EN4 analysis. It 
is important to note that ORAS4 consists of five ensemble 
members and systematic ocean model biases are minimized 
in ORAS4 using observations rather than climatology fields. 
Higher positive SSS differences is reported in the north BoB 
and south eastern AS in all the reanalyses products. GODAS 
displays maximum SSS RMSE in the BoB compared to the 
other reanalyses, which could be arising due to the assimila-
tion of synthetic salinity profiles rather than actual salinity 
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Fig. 12  Scatter plots of RAMA buoys observations against the reanalyses data for a–d SST (°C), e–h SSS and i–l MLD (m) from BoB region
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profiles. Synthetic salinity profiles are computed for each 
temperature profile using a local T–S climatology based on 
the annual mean fields of temperature and salinity from the 
NODC World Ocean Database. It is important to note that 
ECDA uses most advanced data assimilation technique with 
coupled model configuration whereas rest of the reanalyses 
products are based on standalone ocean models with data 
assimilation unit. SODA (GODAS) displays lowest (highest) 
RMSE in MLD, over the TIO. Dominant eastward current in 
the EIO is simulated by all the reanalyses however GODAS, 
ECDA, and SODA display westward bias. Statistical scores 
reveal that all the reanalyses display higher RMSE with 
weaker pattern correlation for the EIO circulation, whereas 
the representation of circulation is more realistic over rest of 
the TIO in all reanalyses. ORAS4 could capture equatorial 
current system better compared to other reanalyses. This 
could be due to assimilation of along track altimeter obser-
vations apart from assimilating T and S profiles (Balmaseda 
et al. 2013). Upper ocean stability and vertical shear analy-
sis conclude that upper ocean stability is underestimated in 
all reanalyses. This is leading to excess mixing, which in 
turn leads to deeper MLD. Additional analysis suggests that 
salinity biases are mainly responsible for the upper ocean 
density biases, leading to weaker density gradient in all 
reanalyses (weakest in GODAS) consistent with the weaker 
stability. The better performance of ORAS4 in terms of den-
sity bias might be due to better performance of T/S balance 
operators utilized in that reanalysis. Temporal evolution of 
RMSE in GODAS reveals that SST and MLD RMSE peak 
during spring and summer. Ocean states during these months 
are crucial for seasonal and extended range prediction of 
the ISMR. Further SST, SSS, MLD variability assessment 
reveals that all the reanalyses overestimate the variability 
over the TIO with respect to EN4 analysis. RMSE esti-
mates based on EN4 analysis/OSCAR indicate that RMSE 
in SSS, MLD and circulations are higher or equal to the 
variability strength of respective variable with the excep-
tion of SST. Error for all the above discussed parameters 
are also estimated with respect to RAMA buoys observa-
tions over the EIO and BoB. This analysis reveals that the 
error in MLD (SST) is higher (lower) than that based on 
EN4 analysis. Overall ORAS4 displays minimum error and 
maximum correlation with EN4 analysis as well as RAMA 
buoys. This could be due to assimilation of altimeter seal 
level data, ensemble-generation procedure and model bias-
correction scheme in ORAS4, which are not there in other 
reanalyses. This study concludes that to improve the skill of 
the reanalyses in the TIO, the vertical structure of salinity 
needs to be improved and secondly reduce the excess vertical 
shear of the horizontal currents. Apart from these it is also 
important to improve precipitation, evaporation as well as 
river runoff forcing specifically to represent the BoB state 
in these reanalyses.
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