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Abstract

Using sea surface salinity (SSS) observation from the soil moisture active passive (SMAP) mission, we analyzed the
spatial distribution and seasonal variation of SSS around Changjiang River (Yangtze River) Estuary for the period
of September 2015 to August 2018. First, we found that the SSS from SMAP is more accurate than soil moisture
and ocean salinity (SMOS) mission observation when comparing with the in situ observations. Then, the SSS
signature of the Changjiang River freshwater was analyzed using SMAP data and the river discharge data from the
Datong hydrological station. The results show that the SSS around the Changjiang River Estuary is significantly
lower than that of the open ocean, and shows significant seasonal variation. The minimum value of SSS appears in
July and maximum SSS in December. The root mean square difference of daily SSS between SMAP observation
and in situ observation is around 3 in both summer and winter, which is much lower than the annual range of SSS
variation. In summer, the diffusion direction of the Changjiang River freshwater depicted by SSS from SMAP is
consistent with the path of freshwater from in situ observation, suggesting that SMAP observation may be used in
coastal seas in monitoring the diffusion and advection of freshwater discharge.
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1  Introduction
Sea surface salinity (SSS) can be considered as an indicator of

the water cycle and the flux of freshwater across the air sea inter-
face (Bingham et al., 2011). The low SSS areas are usually occu-
pied by precipitation, freshwater and melting glaciers (Dickson et
al., 1988; Durack and Wijffels, 2010). Currently, the main meth-
ods for obtaining SSS are in situ observation and satellite remote
sensing (Bai et al., 2013, 2014).

In situ observations are widely used for scientific researches
and ocean operational monitoring. The temperature and salinity
from Argo profiles are often utilized to address the seasonal and
interannual variability of SSS of many regions, such as the east-
ern Equatorial Indian Ocean and Southeastern Arabian Sea (Sub-
rahmanyam et al., 2011). Liu and Feng (2012) studied the salinity
data, which were collected on two zonal sections near the Jeju Is-
land, to analyze the impact of wind on the transport of the
Changjiang River freshwater plume in August. However, the in
situ observation cannot describe the variations of SSS at finer
spatial and temporal scales. Increasing availability of the satellite
observations of SSS data will undoubtedly provide us with more
accurate method to observe SSS. At present, several satellites
such as AQUARIUS, SMOS and SMAP have been launched for
observing SSS. SMOS is the first satellite mission to address the

challenge of measuring SSS from space by the European Space
Agency in 2009 (Berger et al., 2002; Font et al., 2010). Hasson et
al. (2018) and Guimbard et al. (2017) analyzed the 2015–2016 El
Niño event with SSS from SMOS, found that the SSS is strong an-
omalies in the tropical Pacific. AQUARIUS is lunched for ob-
serving the SSS from space with a combined passive/active L-
band microwave instrument in 2011. The SSS data supports us to
investigate the coupling relationships between ocean circulation,
global water cycle, and climate (Le Vine et al., 2007; Lagerloef et
al., 2008; Yueh et al., 2014). The SMAP mission is one of the first
Earth observation satellites of National Aeronautics and Space
Administration (NASA) to detect soil moisture from January of
2015. The SMAP can distinguish frozen from thawed land sur-
faces, it improving the estimates of water, energy, and carbon
transfers between the land and the atmosphere. The SMAP mis-
sion provides high resolution and high accuracy soil moisture
and frozen/thaw state data using L-band radar and radiometer
instruments (Entekhabi et al., 2010, 2014; Das et al., 2011; Yueh et
al., 2016). The SMAP can directly exhibit the flood assessment
and drought monitoring of many large rivers through the distri-
butions of SSS observations, such as the Niger River, the Amazon
River, the Nujiang River, the Mississippi River and the Gangs
River (Yueh et al., 2016). The SSS from SMAP was used to focus  
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on the May 2015 severe flooding in Texas (Fournier et al., 2016).
SSS satellite missions provide new opportunities to study SSS

variation and their potential applications in terms ocean monit-
oring and forecasting need to be explored, especially in coastal
regions where the riverine freshwater discharge plays a signific-
ant role in oceanic processes and in situ salinity observation is of-
ten sparse in space. In present research, the SSS observation
from SMAP mission is used to study SSS variation around
Changjiang River Estuary. Section 2 introduces the materials we
used in the study. Section 3 validates SMAP and SMOS observa-
tions using in situ observation and analyzes SSS variability of
SMAP on seasonal and sub-seasonal time scales. In section 4, we
summarize results.

2  Data
In present study, the SMAP data we used is from September 1,

2015 to August 31, 2018 while the SMOS data is from September
1, 2015 to August 31, 2016. The SMAP is a gridded product with 1-
day temporal resolution and 0.25° horizontal resolution while the
temporal resolution of SMOS is 4-day and the spatial resolution is
0.26°.

The in situ measurement of sea-bird SBE CTD used for all
measurements is from the R/V Rongjiang No. 1. The two observa-
tion time periods are from December 20 to 30, 2015 and August 3
to 13, 2016. For each station, the CTD instrument is put in the wa-
ter for 3–5 min, and descends with a speed around 1 m/s. The
procedure was repeated 1–2 times to measure temperature and
salinity. Our data quality control procedure includes two steps.

First, we removed all the data with the pressures smaller than 0.
Second, the temperature and salinity with variability larger than
3 standard deviations are removed.

The daily freshwater discharge data of the Datong hydrologic-
al station over the Changjiang River from September 2015 to Au-
gust 2018 is used in this study (http://xxfb.hydroinfo.gov.cn).

3  Results

3.1  Comparisons of SSS from satellite datasets with in situ obser-
vations
In this study, the SSS obtained from SMAP and SMOS satel-

lite datasets were used to validate against in situ SSS observa-
tions over the Changjiang River Estuary. The scatter plot of Fig. 1
shows the SSS of SMAP observation (Figs 1a, b) and in situ obser-
vation between winter, 2015 (Figs 1a, c) and summer, 2016 (Figs 1b,
d) while the SMOS observations are shown in Figs 1c and d. The
RMSD between the in situ observation and SMAP is 3.15, with the
bias of –1.36 in winter 2015. The RMSD is 2.79 with –0.63 bias
between in situ observation and SMOS. From above comparis-
ons, we found that both the SMAP and SMOS overestimated SSS.
However, the quality of SMOS SSS is slightly better than SMAP in
winter. The RMSD between the in situ observation and SMAP is
3.02, with the bias of 0.47 in summer. The RMSD of the in situ ob-
servation and SMOS is 3.95 with the bias of 0.54, which means
that the SMAP mission and SMOS mission both overestimated
SSS during summer. However, the error of SMAP observation is
smaller than SMOS.

24 26 28 30 32 34 36

24

26

28

30

32

34

36

in situ observed SSS

S
M

A
P

 S
S

S

S
M

A
P

 S
S

S

R=0.2

RMSD=3.15

bias=-1.36

15 20 25 30 35

15

20

25

30

35

in situ observed SSS

R=0.76

RMSD=3.02

bias=0.47

24 26 28 30 32 34 36

24

26

28

30

32

34

36

in situ observed SSS

R=0.39

RMSD=2.79

bias=-0.63

15 20 25 30 35

15

20

25

30

35

in situ observed SSS

S
M

O
S

 S
S

S

S
M

O
S

 S
S

S

R=0.49

RMSD=3.95

bias=0.54

a b

c d

 

Fig. 1.   Comparison of SSS data from SMAP and SMOS missions against in situ observations. a. The correlation coefficient (R), root
mean square difference (RMSD) and bias between SMAP data and in situ  observation in winter of 2015, b. the same as a but for
summer of 2016, c. the same as a but for SMOS dataset, and d. the same as b but for SMOS dataset.
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Though there is large bias of SMAP SSS observation during
the winter of 2015, it is encouraging to note the similarity
between SSS spatial distribution from SMAP (Fig. 2a) and in situ
measurement (Fig. 2b). For instance, gradual increase of SSS
from around 29 to 31 along 32°N is visible in both SMAP and in
situ SSS observation. Figures 2c and d present the distribution of
SMAP and in situ CTD observation for the summer of 2016. The
major feature in both SMAP and in situ SSS observation is the
northeastward extension of Changjiang River freshwater plume,
similar to the observations of Kim et al. (1991) and Xuan et al.
(2012). Though the RMSDs in SMAP SSS observation are as large
as 3, it is encouraging to note that the SMAP SSS observation has
great potential to monitor the spreading of freshwater plume
from the Changjiang River.

Similar to the validation of SMAP SSS against in situ observa-
tion, the SSS spatial distribution derived from SMOS data also
shows consistent distribution with that of the in situ SSS observa-
tion (Fig. 3). Along 32°N, the SSS from both SMOS and in situ ob-
servation increase from around 29 to 31. Figures 3c and d present

the spatial distributions of the SMOS SSS and in situ observation
in summer of 2016. Although the SSS of the SMOS observation re-
produces the main characteristics of the Changjiang River fresh-
water that extends to the northeast, the value of the SMOS SSS is
larger than that of the in situ SSS observation, especially over the
stations (C1 to C7) region. During summer of 2016, SMOS SSS
has a larger bias and RMSD than those of SMAP SSS (Figs 1b, d).
Thus, in the following analysis, we only use SMAP SSS.

3.2  Annual mean and variation of SSS
Due to the sparseness of in situ observations, the fine spatial

SSS distribution is still unclear over the Changjiang River Estuary
according to previous studies. However, the SSS observations
from satellites have shown great potential based on the valida-
tion of SSS from satellites (SMAP and SMOS) against in situ ob-
servation in this study. The SMAP SSS observation can better rep-
resent the spatial distribution of SSS over the Changjiang River
Estuary. Figure 4a shows annual mean SMAP SSS averaged from
previous September to next August during the period of 2015–
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Fig. 2.   SSS of SMAP during December 20–30, 2015 (a); SSS of in situ CTD observation during December 20–30, 2015 (b); SSS of SMAP
during August 3–13, 2016 (c); and SSS of in situ CTD observation during August 3–13, 2016 (d).
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2018 over the Changjiang River Estuary. Owing to the effect of
large freshwater, the minimum value of annual mean SSS around
the Changjiang River Estuary is close to 25. We further describe
the spatial variation of the SSS value over the Changjiang River
Estuary by calculating the difference between the highest and
lowest values of the SSS at each grid point, as shown in Fig. 4b.
An important characteristic of the SSS is that it decreased sharply
from the near shore area to the offshore area. The range of SSS
around the Changjiang River Estuary can reach as high as 16.

3.3  Seasonal variation
Figures 5a–l show seasonal evolutions of SSS during the peri-

od of 2015–2018. The value of the SSS ranges from 29 to 34 from
previous September to next August over the Changjiang River Es-
tuary. Figures 5a–d display that the low SSS region over the
Changjiang River Estuary gradually decays from September to
December. Figures 5e–l indicate that the low value SSS region
gradually extends from coastal regions to outer sea from January
to August. Because of the gradual increase of precipitation over

the middle and lower reaches of the Changjiang River from previ-
ous winter to next summer, the SSS reaches the maximum in
December (Fig. 5d) while it reaches the minimum in July (Fig. 5k).

The averaged SSS over the region (32°–33°N, 122°–124°E) is
used as an indicator of the Changjiang River Estuary for analyz-
ing the relationship between SSS variation and hydrological
cycle. Figure 6 displays the time series of mean SSS and mean
freshwater discharge during the same period. The freshwater dis-
charge ranges from 2×104 to 3×104 m3/s from September to Feb-
ruary, and the SSS gradually increases from 30 to around 32. The
SSS sharply decreased from May to August, reaching a minimum
value of 26 in August, while the discharge value increased gradu-
ally and reached peak (7×104 m3/s) in July. In general, the aver-
aged SSS and freshwater discharge has a significant negative cor-
relation. Large freshwater discharge corresponds to the low SSS
and the small freshwater discharge is consistent with the high
SSS over the Changjiang River Estuary. The correlation coeffi-
cient between mean SSS and freshwater discharge is –0.89 which
is significant at the 95% confidence level.
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Fig. 3.   SSS from SMOS observation in December 20–30, 2015 (a); SSS from in situ observation in December 20–30, 2015 (b); SMOS SSS
observation in August 4–12, 2016 (c); and in situ SSS observation in August 3–13, 2016 (d).
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3.4  Path of the Changjiang River freshwater discharge

Owing to the advantages of SMAP data in terms of high spa-

tial and temporal resolution, we can investigate the spread of

river plume from the near shore area to the offshore area. A signi-
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Fig.  4.     Annual  mean  SMAP  SSS  averaged  from  previous  September  to  next  August  during  the  period  of  2015–2018  over  the
Changjiang River Estuary (a); and the spatial distribution of the range of SSS, the difference between the highest and the lowest SSS for
each point (b).
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Fig. 5.   Seasonal evolutions of SSS from previous September to next August (3-year averaged from 2015–2018) of the Changjiang River
Estuary.
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ficant characteristic of the diffusion of the Changjiang River dis-
charge is that it spreads northeastward from May to July while
this trend of northeastward extension weakens in August (Fig. 5l).
Figures 7a–f show the SSS spatial evolution from May to July with
15-day interval averaged from 2015 to 2018. The low SSS area ex-
pands northeastward gradually, with the increasing freshwater
discharge of the Changjiang River from May to July.

The diffusion path of the Changjiang River freshwater during
winter is completely different from that during summer. Figures 8a–f
show the evolution of SSS from December to February with 15-
day temporal interval. The SSS gradually increases along the
coastal area from 30°N to the south (Mao et al., 1963), indicating
that the freshwater plume is weak and spreads southward along
the coast. The diffusion path may be related to the north wind in
winter. Overall, the area of freshwater diffusion in winter is much
smaller than that in summer. Besides the discharge, wind is also

an important factor that cannot be ignored. Due to the influence
of monsoon system, the southwesterly wind prevails in summer,
leading to the extension of the low SSS area northeastward.
However, the winter is dominated by the northeasterly wind, and
the low SSS region extends to the southwest. Based on Figs 7 and
8, we can draw a conclusion that due to the different value of dis-
charge and the direction of wind, the scope and direction of the
Changjiang River freshwater diffusion are far different at season-
al time scales. Though these features were analyzed using in situ
data in previous studies, our analysis demonstrates the potential
to use satellite SSS data to study and even monitor the spreading
of the Changjiang River freshwater.

4  Conclusions
In this study, we compare SSS from SMAP and SMOS mis-

sions, with in situ observation, and find that the RMSDs between
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Fig. 7.   The SSS evolutions from May to July with 15-day intervals over the Changjiang River Estuary averaged from 2015–2018.
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satellite SSS and in situ observations are about 3. However, the
SSS derived from SMAP mission may be more suitable for de-
scribing the spreading of the freshwater plume from the Changji-
ang River than SMOS, especially in summer, since SMOS SSS has
a larger bias and RMSD than that of SMAP. In addition, we also
analyze the spatial distribution and temporal evolutions of SSS
around the Changjiang River Estuary using SMAP data. The res-
ults show that the SMAP SSS has obvious seasonal cycle. The an-
nual range of SSS, the difference between the maximum value in
winter and minimum value in summer, exceeds 16. The aver-
aged SSS over the region (32°–33°N, 122°–124°E) is negatively re-
lated with freshwater discharge from the Changjiang River. The
Changjiang River freshwater spreads northeastward during sum-
mer time and southwestward during winter time. Our analysis
demonstrates the potential of satellite SSS for studying and mon-
itoring the Changjiang River freshwater plume in the East China
Sea.
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Fig. 8.   The SSS evolution from previous December to February of next year with 15-day intervals for the Changjiang River Estuary
averaged from 2015–2018.
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