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Abstract
The spatial and temporal decorrelation scales of sea surface salinity (SSS) have been calculated in the tropical Indian ocean 
from the satellite measurements including Soil Moisture and Ocean Salinity (SMOS), Aquarius, Soil Moisture Active Salinity 
(SMAP), and the model output data for the period of 2011–2017. The differences in spatial and temporal scales from different 
products are discussed and the physical interpretations of the scales of SSS variability are analysed. The results show that, 
despite the differences in spatial and temporal resolution, there is good agreement between the spatial and temporal scales 
of SSS field among all products. Large zonal scales (> 2000 km) and temporal scales with strong anisotropy appear in the 
central of the equatorial Indian Ocean (8° S–15 °S). In addition, the large meridional decorrelation lengths (~ 800 km) and 
temporal scales with low anisotropy are found in the southern region of the Arabian Sea (0–12 °N) for all products. The 
decorrelation scales of SSS in these two areas are mainly caused by freshwater flux and salinity advection, respectively. Our 
results provide new insights into the controlling mechanisms of SSS variability in different regions.
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1  Introduction

Salinity has been considered as a critically important param-
eter that influences the global water cycle, thermohaline cir-
culation, and climate change (Ballabrera-Poy et al. 2002; de 
Boyer Montégut et al. 2007; Durack and Matear 2012; Li 
et al. 2016; Wang and Zhang 2012; Zhu et al. 2014). There-
fore, salinity has been chosen as an essential climate variable 
(ECV) by the Global Climate Observing System (GCOS) 
(Belward et al. 2016). Despite the significance of salinity, 
the availability of in situ measurements (e.g., Argo floats, 
moored platforms, ship-based measurements) is inadequate 
in both space and time over recent decades (Bao et al. 2019). 
Fortunately, three satellite missions designed to measure sea 
surface salinity from space have been launched recently. The 
European Space Agency’s (ESA) Soil Moisture and Ocean 
Salinity (SMOS) mission was launched in November 2009; 

Aquarius/SAC-D operated from 2011–2015, and the Soil 
Moisture Active Passive (SMAP) mission has operated 
since 2015. Satellite salinity data from these missions have 
allowed unprecedented monitoring of global distributions 
of SSS at mesoscale scales and the study of underlying rela-
tionships between SSS and both thermohaline circulation 
and climate change (Durand et al. 2013; Felton et al. 2015; 
Fournier et al. 2016; Hasson et al. 2018; Menezes et al. 
2014; Nyadjro and Subrahmanyam, 2016; Yan et al. 2019).

Decorrelation scales of SSS, which are the typical size 
of the coherent variables features, can help with the under-
standing of spatial and temporal SSS variability and related 
processes that can affect SSS (Tzortzi et al. 2016). In addi-
tion, the information about decorrelation scales also helps 
in mapping irregularly sampled observations via objective 
analysis or optimal interpolation (OI), such as making grid-
ded Level 3 (L3) satellite products from Level 2 (L2) data 
(Melnichenko et al. 2014), and SSS data assimilation (Mu 
et al. 2019). However, compared with other global variables 
such as sea surface temperature (SST) (Hosoda and Kawa-
mura 2004; Meyers et al. 1991) and sea surface height (SSH) 
(Jacobs et al. 2001; Kuragano and Kamachi 2000), studies of 
the spatial and temporal scales of SSS are inadequate due to 
the limited coverage of in situ salinity measurements. Some 
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efforts have been made to estimate the scale of SSS vari-
ability using in situ data or model outputs (Delcroix et al. 
2005; Martins et al. 2015). With the launch of the salinity 
satellites, Tzortzi et al (2016) estimated the spatial and tem-
poral decorrelation scales of SSS in the Tropical Atlantic 
using SMOS and Aquarius 3-year (2012–2014) SSS data. 
Bingham and Lee (2017) used the Aquarius Version-4.0 data 
to quantify decorrelation scales of sea surface salinity (SSS) 
over the global ocean (60° S and 60° N) and discussed the 
relationship between SSS and surface freshwater flux.

The tropical Indian Ocean (TIO) plays a unique role in 
the global climate system. The Indian Ocean is rich in pre-
cipitation and it has the most typical monsoon climate of 
the global ocean. Owing to the significant monsoon and the 
existence of seasonal currents, SSS in the tropical Indian 
Ocean has strong seasonal and interannual variability 
modes (Grunseich et al. 2011; Momin et al. 2015). Many 
studies have mainly focused on the mechanism of SSS vari-
ability at different spatial and temporal scales (Rao, 2003; 
Subrahmanyam et al. 2011; Du and Zhang, 2015; Li et al. 
2016) and its relationship with the Indian Ocean climate 
mode (Zhang et al. 2016, 2018). However, to the best of our 
knowledge, there are few related studies on the scales of 
SSS variability in the tropical Indian Ocean. The goal of this 
study was to expand on the work of Delcroix et al. (2005) 
and Bingham and Lee (2017) by providing more detailed 
characteristic spatial and temporal decorrelation scales in the 
tropical Indian Ocean using SSS observations from SMOS, 
Aquarius, and SMAP during the period 2010–2017 along 
with model outputs from the HYbrid Coordinate Ocean 
Model (HYCOM) and OGCM For the Earth Simulator 
(OFES). A distinctive feature of this study is the combina-
tion of long time series satellite SSS data from different mis-
sions with model outputs. In addition, we aimed to analyse 
the commonality of SSS decorrelation scales from different 
products and to provide physical interpretations of SSS scale 
variability.

This paper is organized as follows. Data and the method 
are presented in Sect. 2. Section 3 presents the results of the 
spatial and temporal scales. Finally, discussion and conclu-
sion are presented in Sect. 4.

2 � Data and method

Four up-to-date gridded L3 satellite products released are 
elected in the work, including SMOS BEC L3 data (abbre-
viated as SMOS BEC), SMOS CATDS CEC-LOCEAN L3 
data (abbreviated as SMOS Catds), Aquarius V5.0 L3 data 
(abbreviated as Aquarius) and SMAP L3 SSS products 
(abbreviated as SMAP). The SMOS BEC data are obtained 
from debiased non-Bayesian BEC advanced global ocean 
products V1.0 provided by the Barcelona Expert Center 

(BEC) in Spain, which are generated from SMOS L1B 
TBs v620 using a new methodological approach to cope 
with land and RFI contamination (Olmedo et al. 2017). 
The 9-day running mean L3 maps with the spatial resolu-
tion of 0.25° × 0.25° are used here. Its time range is 1 Janu-
ary 2011 to 30 April 2017. The SMOS Catds data used in 
the study is the 9-day CEC-Locean L3 Debiased v3.0 maps 
at a spatial resolution of 0.25° × 0.25° developed by the 
Centre Aval de Traitement des Données SMOS (CATDS) 
in France, which reduced systematic errors and improved 
SSS natural variability varying spatially (Boutin et al. 
2018). The time range of SMOS Catds is 1 January 2011 
to 31 August 2017. The Aquarius L3 7-day Rain-flagged 
standard Mapped Image V5.0 products at 1° × 1° are used 
here, which are distributed by the Physical Oceanography 
Distributed Active Archive Center (PODAAC) (NASA 
Aquarius project 2017; Meissner et al. 2018). There are 
no finer spatial resolution products available due to its 
sparser space–time sampling. Its time range is 1 Janu-
ary 2012 to 30 April 2015. The SMAP data are obtained 
from the SMAP SSS L3 running 8-day V3.0 products at 
a spatial resolution of 70 km, which are resampled onto a 
0.25° × 0.25° by Backus-Gilbert type optimum interpola-
tion (OI) (Meissner et al. 2019). Compared to the previ-
ous SMAP product with spatial resolution of 40 km, this 
70 km product is recommended to be used for oceano-
graphic applications (Remote Sensing Systems 2018). 
Besides, the geophysical model function (GMF) of SMAP 
is same with the Aquarius (Meissner et al. 2018). The time 
range of this product is 1 April 2015 to 31 December 2017.

To compare the scales from model products with satellite 
SSS products, our analyses are also applied to two model 
output, Hybrid Coordinate Ocean Model (HYCOM) and the 
OGCM For the Earth Simulator (OFES). HYCOM is the 
popular global ocean circulation model in recent years. Its 
vertical grids adopt hybrid coordinate, which is isopycnal 
in the open and stratified ocean, but becomes to a terrain-
following coordinate in shallow coastal regions, and to 
z-level coordinates in the mixed layer or unstratified seas 
(Chassignet et al. 2007), so it can represent the upper ocean 
physics better. In this study we used HYCOM global daily 
GOFS 3.1 reanalysis with 1/12 degree. The daily HYCOM 
SSS data were resampled every 7 days and interpolated into 
the same spatial resolutions as the satellite SSS products 
(0.25° × 0.25°). The OGCM For the Earth Simulator (OFES) 
is one of the highest resolution global ocean circulation 
models developed by the Japan Agency for Marine-Earth 
Science and Technology (JAMSTEC) (Masumoto et  al. 
2004). This model is based on MOM-3.0. The OFES global 
3-day product with 0.1 degree is used in this study. Similar 
with the HYCOM, the 3-day OFES data were interpolated 
into 0.25° × 0.25° and resampled every 9 days. The time 
range of these two model products is 1 January 2011 to 31 
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December 2017. The sources of all datasets mentioned in 
this section can be seen in acknowledgements.

The methods for calculating spatial scales are various. 
Some computed the temporal cross correlation between the 
target grid point and its neighbors and fitted Gaussian func-
tion to it. The scales are determined by the e-folding dis-
tances of Gaussian function (Kuragano and Kamachi, 2000; 
Delcroix et al. 2005). Bingham and Lee (2017) followed the 
method of Kuragano and Kamachi (2000)**, but the tem-
poral cross correlation didn’t fit with a Gaussian function. 
Tzortzi et al (2016) computed the spatial scales by defin-
ing the spatial feature with correlation coefficient r ≥ 1/e 
extending from the target grid to the west, east, north and 
south directions, respectively. The method of Tzortzi et al 
(2016) is used in this paper. We firstly calculate the correla-
tion coefficient between time series at each two grid points. 
The length of SSS spatial scales in four directions (north, 
south, east and west) are defined as the distance from target 
grid point to its neighbors when the correlation coefficient 
first falls below the e-folding threshold. Given the symme-
try of the scales in N–S and W–E directions, the zonal and 
meridional decorrelation scales are determined by averaging 
the W–E and N–S scales, respectively. As for calculating 
temporal decorrelation scales, most methods depend on the 
autocorrelation functions and the temporal decorrelation 
scales are calculated by the temporal lags of the e-folding 
decrease or the first zero crossing of the SSS autocorrela-
tion functions (Bingham and Lee 2017). The threshold of 
e-folding is used in this paper. All time series of SSS filed 
were detrended before calculating the decorrelation scales.

The salinity budget equation can be expressed as (Feng 
et al. 1998)

where S is the sea surface salinity; u and v are the zonal 
and meridional velocities, respectively; P and E are the pre-
cipitation and evaporation rates, and h is the depth of the 
mixed layer the S−h is the salinity at the bottom of the mixed 
layer. we is the entrainment velocity, we =

dh

dt
+ w−h,where 

w−h is the vertical velocity at the bottom of the mixed layer, 
w−h = h

(
�u

�x
+

�v

�y

)
 . The left term �S

�t
 is the salinity tendency 

(S_tend), the first term on the right u �S

�x
 is the zonal transport 

term (S_advx), the second term v �S

�y
 is the meridional trans-

port term (S_advy), the third term we

S−S−h

h
 is the vertical 

transport term (S_advz), and the fourth term S(P−E)
h

 is the 
freshwater flux term (FWF), � is the error term. Here the 
CATDS/CEC-OS SMOS Level 4 is used. This product has 
a spatial resolution of 0.5° and a temporal resolution of 
7 days. It also includes key variables to analyze the salinity 
budget in the upper ocean mixed layer, containing global 
surface current products from Ocean Surface Current 

�S

�t
= −(u

�S

�x
+ v

�S

�y
) − we

S − S−h

h
−

S(P − E)

h
+ �,

Analyses Realtime (OSCAR), Evaporation from the Objec-
tively Analyzed Air-sea Fluxes (OAFlux) project, Precipita-
tion from CPC MORPHing technique (CMORPH), Mixed 
Layer Depth from the International Pacific Research Center/
Asia–Pacific Data-Research Center (IPRC/APDRC). These 
fields are averaged in time or interpolated over the week of 
the SMOS CATDS SSS and gridded at the same spatial reso-
lution. The detail information can be found in the CATDS 
L4 product data report (CATDS-CECOS Team 2015).

3 � Results

3.1 � Spatial and temporal scales of the SSS 
variability

The zonal scales of the SSS field in the tropical Indian 
Ocean for all six products are shown in Fig. 1. In general, 
all datasets show similar and coherent spatial decorrelation 
scale fields. The largest SSS spatial scales for the all datasets 
are in one noticeable band centred at 8° S (Area1: the central 
of equatorial Indian Ocean), all with zonal length scales that 
exceed 2000 km, except for the SMOS Catds data, which 
has shorter zonal scales not exceeding 1800 km and cov-
ers a smaller area. Zonal decorrelation length scales of the 
magnitude of 1000–1200 km are detected in the centre of the 
southern Arabian sea (0° N–12° N) (Area 2) in all products. 
For OFES and HYCOM, large zonal spatial scales dominate 
most of the North Mozambique channel between 12° S–18° 
S, in contrast to other satellite products.

For the meridional spatial decorrelation scales (Fig. 2), 
there are two noticeable areas with large meridional lengths 
observed in all products. One is located in the south of the 
Equator with meridional length scale of up to 500–700 km 
and the other is in the Arabian sea with meridional length 
scale up to 600–800 km. Meridional decorrelation scales of 
Aquarius and SMAP in the eastern Arabian Sea are similar 
and larger than those of the two products of SMOS satel-
lites. Meridional decorrelation length scales on the order of 
400–600 km are also observed in the southern of the China 
South Sea (~ 6° N–15° N, 110° E–120° E). In contrast with 
other satellite products, OFES and HYCOM show large 
meridional spatial scales in the North Mozambique chan-
nel between 4° S and 24° S. Meanwhile, meridional decor-
relation lengths of the SSS field from the model outputs 
are larger than those obtained from satellite data and cover 
wider areas. In general, the meridional spatial decorrelation 
scales are significantly smaller than the zonal scales.

As shown in the ratio of the zonal to meridional length 
scales of the SSS field (Fig. 3), the spatial decorrelation 
scales of the tropical Indian Ocean have strong anisotropy. 
The zonal length scales are larger than the meridional length 
scales in the central tropical Indian Ocean (12° S–12° N) 
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with the maximum ratio up to 6. The ratio decreases from 
the south of the Equator area towards the tropics, reaching 
a factor of decimal value along most coasts, which suggests 
that the zonal scales are smaller than the meridional length 

scales, especially in the Mozambique Channel (~ 12° S–24° 
S, 40° E–45° E) and northeastern Arabian sea.

The zonal averages of zonal and meridional decorrela-
tion scales are shown in Fig. 4. Despite the differences in 

Fig. 1   Zonal decorrelation 
scales of SSS field in the 
tropical Indian Ocean calculated 
from a Aquarius, b SMOS 
BEC, c SMOS Catds, d SMAP, 
e HYCOM, f OFES prod-
ucts. The black square marks 
the location of the central of 
equatorial Indian Ocean (Area1, 
5° S–15° S, 55° E–90° E) and 
southern region of the Arabian 
Sea (Area2, 0° N–12° N, 55° 
E–75° E).The unit is km

Fig. 2   Meridional decorrelation 
scales of the SSS field in the 
tropical Indian Ocean calculated 
from a Aquarius, b SMOS 
BEC, c SMOS Catds, d SMAP, 
e HYCOM, f OFES products. 
The unit is km
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magnitude, the six products show good consistency. For 
zonal averages of zonal decorrelation scales, all products 
except for SMOS BEC suggest a double-peak centred 
around 5°S (Fig. 4a). It is possible that the less dynamic 

conditions in the southern equatorial Indian Ocean and the 
southeastern Arabian Sea (0° N–12° N) may lead to coher-
ent SSS variations over long spatial scales. In addition, all 
products show good agreement on the short zonal spatial 

Fig. 3   Ratio of zonal to meridi-
onal decorrelation scales of 
SSS field in the tropical Indian 
Ocean calculated from a Aquar-
ius, b SMOS BEC, c SMOS 
Catds, d SMAP, e HYCOM, f 
OFES products

Fig. 4   Zonal averages of (a) 
zonal and (b) meridional decor-
relation scales of SSS field 
in the tropical Indian Ocean 
calculated from different SSS 
products as indicated by the 
legend in the panel (a)
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lengths (< 400 km) in 24° S–30° S and 10° N–30° N regions. 
Meanwhile, larger meridional spatial lengths are observed 
for all products around 8° S–15° S (Fig. 4b), especially in 
the HYCOM and OFES data.

Compared with earlies studies, the spatial scales calcu-
lated from satellite data in this study are consistent with 
those obtained from in situ measurements (Delcroix et al. 
2005), with zonal scales on the order of 300–700 km in IX10 
track from the Malacca Strait to the Gulf of Aden (Delcroix 
et al. 2005, Fig. 12), and meridional scales of the order of 
200–500 km in IX03 track from La Reunion to the Gulf 
of Aden (Delcroix et al. 2005; Fig. 8). This indicates that 
the interpolation radii of the satellite products (0.25°–1°) 
resolves the short spatial variability in SSS agreement with 
in situ measurements. In addition, the pattern of spatial 
scales is consistent with Bingham and Lee (2017; Fig. 7a), 
although there are differences in spatial scale estimation 
methods and the SSS data.

As for the temporal scales, all products have three distinct 
areas of longer persistence in time relative to other regions 
(Fig. 5). One is observed in the southeast of the Arabian 
Sea (0–12° N) and another is located in the central of the 
southern equatorial Indian Ocean (60° E–90° E, 5° S–15° 
S), both of the time scale is longer than 40 days. The third 
is located in the northern Bay of Bengal and has temporal 
scales of approximately 50–60 days. The pattern of longer 
temporal scales shows great consistency with the larger sea-
sonal amplitude of SSS calculated by Bingham et al. (2012; 

Fig. 3), which indicates that the temporal scale in these areas 
(~ 50–70 days) corresponds to a predominance of seasonal 
variability. Two SMOS products place a very long-lived fea-
ture (> 100 days) in the Gulf of Oman. Similarly, HYCOM 
also has such a feature in the northern Persian Gulf.

The temporal scales of the SSS field for all products are 
similar with respect to changing latitude (Fig. 6). All prod-
ucts indicate double-peaks at 8° S and 8° N respectively. The 

Fig. 5   Temporal decorrela-
tion scales of SSS field in the 
tropical Indian Ocean calculated 
from a Aquarius, b SMOS 
BEC, c SMOS Catds, d SMAP, 
e HYCOM, f OFES products. 
The unit is days
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Fig. 6   Zonal averages of temporal decorrelation scales of SSS field 
in the tropical Indian Ocean calculated from Aquarius, SMOS BEC, 
SMOS Catds, SMAP, HYCOM and OFES products
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data from the two models have generally longer temporal 
scales than the satellites data except for northward of 22° 
N. In addition, SMOS BEC and SMOS Catds show longer 
scales than other products in the band 25–30° N, which can 
be traced back to longer decorrelation time scales in the gulf 
of Oman from SMOS BEC and SMOS Catds data. Moreo-
ver, the temporal decorrelation scales are smaller than those 
in Bingham and Lee (2017). This may be due to the differ-
ences in the method of calculating decorrelation scale. The 
first zero crossing of the autocorrelation function (ACF) is 

chosen as the time scale of SSS in Bingham and Lee (2017), 
compared with the e-folding time in this study. To compare 
with the result of Bingham and Lee (2017), the temporal 
decorrelation scales of SSS field in the tropical Indian Ocean 
were calculated using the same method of Bingham and Lee 
(2017) (Fig. 7). The SSS dataset was obtained from Aquar-
ius product, which is similar with the data of Bingham and 
Lee (2017) (Aquarius Version-4.0 products). When adopting 
the first zero crossing of the autocorrelation function (ACF) 
as the time scale, the pattern of temporal scales is in agree-
ment with Bingham and Lee (2017, Fig. 3). The dominant 
time scales are both around 90 days and areas of longer time 
scales can be both observed in the southern tropical Indian 
Ocean near 25° S.

3.2 � Salinity budget analysis

The decorrelation scales of SSS in different regions reflect 
the size of consistent SSS variability in that region. To 
explain the physical interpretation of SSS variability’s scale, 
the salinity budget equation is used to analyse the effects of 
different terms (advection term, vertical transport term and 
freshwater flux term). Figure 8 shows the seasonal variation 
of regionally averaged salt budget in the central of equato-
rial Indian Ocean (Area1) and the southern region of the 
Arabian Sea (Area2), where the large spatial scales with 
strong anisotropy can be observed in all products (Figs. 1, 2, 
3). The different SSS datasets were used for salinity budget 
analysis in the Area1 and Area 2. A comparison with results 

Fig. 7   Temporal decorrelation scales of the SSS field in the tropical 
Indian Ocean calculated from Aquarius using the same method of 
Bingham and Lee (2017). The unit is days

Fig. 8   Seasonal variation of 
regionally averaged salt budg-
ets, a, bArea1: central of Equa-
torial Indian Ocean (5° S–15° 
S, 60°–80° E), c, d Area 2: 
southern region of the Arabian 
Sea (0°–12° N, 55°E–75° E). 
SUM (right) represents the sum 
of the terms on the right side 
of the salinity budget equation, 
Residual is the residual term
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using the different data sets reveals the averaged SSS ten-
dency from different SSS datasets are in good consistency 
(not shown). So different SSS datasets have little difference 
in salinity budget analysis and do not affect the final results.

The SSS tendency in the two regions is consistent with 
the sum of the terms on the right side of the equation (Fig. 8 
a, c). The correlation coefficients are 0.86 and 0.74, respec-
tively. The residual term of Area2 is larger than Area1, but 
most of them are less than 0.1psu/month. The main reasons 
for the residual term include the lower-order budget equation 
used in this paper that cannot represent all the processes that 
cause SSS variability (such as horizontal mixing and shear 
instabilities) and the uncertainties in satellite‐derived data. 
The existence of the above errors will not affect the final 
conclusion. For the central Indian Ocean (Area1), the salin-
ity changes positively from February to July. The meridional 
transport and freshwater flux terms have a significant effect 
on the increase in salinity (Fig. 8b). From August to January 
of the following year, the freshwater flux term is basically 
consistent with the variation in SSS, which is the main rea-
son for the decrease in SSS. The effect of zonal transport is 
relatively small (~ 0.05 psu/month). Meanwhile, The SSS 
tendency term is positive in the southern region of Arabian 
Sea (Area2) from March to September (Fig. 8d). During 
this period, meridional transport is basically consistent with 
the SSS tendency. From October to February of the second 
year, SSS tendency term show a negative change. The zonal 
transport and meridional transport play a major role on the 
decreasing SSS. The effect of fresh water flux is small dur-
ing the whole year.

To calculate the relative importance of each term, covari-
ance analysis is performed by pairing each process term with 
�S

�t
 (Yu 2011). The covariance of �S

�t
 with a particular process 

�i , is denoted as 
⟨
�i,

�S∕�t

⟩
 , and normalization by dividing 

the sum of the covariance of each process with �S
�t

 can be 

expressed as 

�
����

�

�i,
�S∕�t

��
�����

∑4

i=1

�����

�

�i,
�S∕�t

������

 , which is defined as the rela-

tive importance of the particular process �i . Partition of the 
four leading processes to seasonal variability of ∂S/∂t is 
shown in Fig. 9. For the central Indian Ocean (Area 1), the 
E-P forcing is the first dominant terms, accounting for 51.7% 
of seasonal variance of the SSS tendency. The meridional 
transport is of secondary importance and contributes ~ 30% 
to ∂S/∂t. By comparison, the other two processes contribute 
little to the SSS tendency. Meanwhile, the sea surface salin-
ity variation in the southern region of the Arabian Sea are 
mainly caused by meridional and zonal advection, and their 
relative importance are 50% and 30%, respectively. Further-
more, the horizontal advection terms were separated into 
geostrophic (S_adv_Geo) and Ekman component (S_adv_
Ekman) and the relative importance of each term was 

calculated (Fig. 9b). For the southern region of the Arabian 
Sea (Area 2), the Ekman component is more important than 
the geostrophic component, with the former accounting for 
56.3% of seasonal variance of the SSS tendency and the lat-
ter 13.2%. In general, surface freshwater fluxes control the 
seasonal SSS variability on the central of Equatorial Indian 
Ocean (Area1) (Yu 2011) and the SSS changes in Area2 are 
mainly driven by the horizontal advection (Rao 2003; Köhler 
et al. 2018).

The spatial scales of key variables in the salinity budget 
equation [zonal velocities U, meridional velocities V and 
freshwater flux (E–P)] are shown in Fig. 10. For Area 1, 
the zonal and meridional scales of freshwater flux are more 
consistent with that of SSS. For example, both 12° S latitude 
bands on the zonal scale of freshwater flux have large value 
zones, while ocean surface currents (U and V) have little 
effect. For Area 2, the meridional scales of V coincide with 
the meridional scale of SSS and there are large scales in the 
southeast side of the Arabian Sea. The zonal and meridional 
scale of U coincides with SSS on the southern side of the 
Arabian Sea. To sum up, the decorrelation scale of SSS in 
Area 1 is mainly caused by freshwater flux, and the decor-
relation scale of SSS in Area 2 mainly results from ocean 
salinity advection.

4 � Conclusions and discussion

Spatial and temporal decorrelation scales of the SSS field 
were estimated for the first time from long time series of 
satellite SSS products and two model outputs in the tropical 
Indian Ocean.
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Fig. 9   Relative importance of each contributing process to SSS ten-
dency (∂S/∂t) in the Area1: central of Equatorial Indian Ocean and 
Area 2: southern region of the Arabian Sea
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Firstly, there are some differences in the decorrelation 
scales of different satellite products and the results from 
the two models. For SSS satellite products, it is expected 
that the procedures and algorithms to produce gridded L3 
data from along track-data and L2 data critically affect the 
results. In addition, differences in temporal and spatial inter-
vals among satellites and the interpolation radii used for the 
production of SSS products may also contribute to the dif-
ferences of SSS variability. For example, the zonal spatial 
scales of Aquarius are longer than other products. It may 
be caused by the interpolation radii used for the production 
of the products. The spatial resolution of Aquarius (1°) is 
lower than that of the other satellite products (0.25°). To 
verify the effect of interpolation radius on the estimation of 
decorrelation scales, the SMOS Catds data with different 
spatial resolutions (1°, 0.5° and 0.25°) are used to calculate 
the decorrelation scales. Figure 11 shows the information 
of the of SSS fields in the form of zonal averages from the 
SMOS Catds data with different spatial resolution and from 
Aquarius. The change in decorrelation scales with latitude 
for the four products is similar. The magnitude of spatial 
scales of SMOS Catds increases as the spatial resolution 
decreases (from 0.25° to 1°). In addition, the spatial scales 
of Aquarius are still larger than those of SMOS Catds (1°), 
despite the same resolution, which may result from the spa-
tial resolution of the two satellite missions. The satellite L2 
data are sampled with footprints of approximately 40 km for 

SMOS and approximately 100–150 km for Aquarius. The 
wider footprints of the Aquarius data may lead to coherent 
SSS variations over long spatial scales.

In addition, the optimal interpolation (OI) method already 
imposes its own spatial scales on the data product. The 
SMAP product used in this paper uses a circle with a diam-
eter of 70 km as the target cell of the OI. Compared with 
the previous 40-km resolution product, this 70-km product 
is smoother on the spatial structures and the random noise 
is reduced by approximately 60% (Meissner et al. 2019; 
Remote Sensing Systems 2018). A larger target cell of the 
OI increases the spatial decorrelation scales. Therefore, 
the spatial length of SMAP SSS data at a spatial resolution 
of 70 km are larger than that of the 40-km SMAP product 
(Fig. 12).

For model data, Tzortzi et al (2016) used satellite SSS 
data from SMOS and Aquarius to estimate the decorrela-
tion length of SSS in the tropical Atlantic Ocean and found 
that the decorrelation scales were larger than those from an 
eddy-resolving general circulation model with 4-km spatial 
resolution and a daily temporal resolution (Martins et al. 
2015). Tzortzi (2016) hypothesized that this may be due to 
the fine temporal and spatial resolution of the model data 
(daily, 4 km), which can capture small scale spatial distribu-
tion and higher-frequency temporal variability of the SSS 
field. In this study, we verified this hypothesis by compar-
ing the results from ocean model products (HYCOM and 

Fig. 10   The spatial scales of key 
variables in the salinity budget 
equation over the Tropical 
Indian Ocean, (a, b) U (zonal 
velocities), (c, d) V (meridional 
velocities), (e, f) E-P (evapora-
tion minus precipitation)
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OFES) applying the same resolution as the satellite SSS 
products and the same scales estimation methods. In gen-
eral, the decorrelation scales of SSS field from the model 
output are larger than those obtained from the satellite data 
(Figs. 4, 6). This may be due to the fact that the SSS data 
from the model are calculated by the physical equations and 
have more constraints, such as the relaxation of the model 

to the climatology, making SSS changes more homogene-
ous than those from satellite SSS retrieved using brightness 
temperature.

Despite the difference in the spatial and temporal resolu-
tion and data periods of the six products, there is generally 
good agreement in the spatial and temporal scales of the 
SSS field, which indicates that these factors have a limited 

Fig. 11   Zonal averages of 
(a) zonal and (b) meridional 
decorrelation scales of SSS field 
in the tropical Indian Ocean 
calculated from different SSS 
products as indicated by the 
legend in the panel (a)

Fig. 12   Zonal averages of (a) 
zonal and (b) meridional decor-
relation scales of SSS field in 
the tropical Indian Ocean cal-
culated from the 40-km SMAP 
and 70-km SMAP product
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effect on the scales of SSS variability. For example, the large 
spatial scale with strong anisotropy in the central equatorial 
Indian Ocean and the southern region of the Arabian Sea 
(0° N–12° N) can be observed in all products. The salinity 
budget analysis shows that the processes FWF and salinity 
advection are the dominant processes in these two areas, 
respectively. However, it should be noted that the SSS decor-
relation scales are dominated by the joint effect of several 
terms instead of one single term.

It is worth noting that very short spatial and temporal 
scales in the SSS field cannot be resolved by limiting the 
interpolation radii used for the production of products in 
this study (0.25°–1.0°; 7–9 days), such as in the southern 
tropical Indian Ocean (25° S–30° S). Our results are ben-
eficial for understanding the controlling mechanisms of 
SSS variability. Future studies may include the exploration 
of the relationship between spatial and temporal scales of 
SSS variability with atmospheric forcing (such as Indian 
monsoon) and oceanic processes using satellite data, in situ 
observations and model outputs, which will further improve 
the knowledge of the variability and controlling mechanisms 
of SSS.
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