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Effect of mesoscale eddies on the transport 
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Abstract 

The distribution of sea surface salinity (SSS) in the Arabian Sea (AS) and Bay of Bengal (BoB) is in contrast due to differ-
ences in air-sea freshwater fluxes and river runoff inputs. The monsoon-induced inter-basin water exchange plays an 
important role in regional salinity balance and atmosphere–ocean feedback in the North Indian Ocean. The satellite 
SSS data set reveals that significant intraseasonal variability of SSS occurs in the region south of the Indian Peninsula 
with the strongest amplitude in winter. A case study in autumn-winter of 2016 showed that the Northeast Monsoon 
Current (NMC) and mesoscale eddies play a dominant role in the intraseasonal variability of the SSS in the region 
south of the Indian peninsula. In November, the East India Coastal Current (EICC) transports the low-salinity water 
southward to the region east of Sri Lanka. Meanwhile, a cyclonic eddy develops and moves westward south of the 
NMC. Both NMC and the cyclonic eddy advects the low-salinity water westward to the region south of the Indian Pen-
insula. Then, an anticyclonic eddy generates in the north of the NMC. Thus, an eddy pair forms for more than one and 
a half months, which develops and propagates westward, transporting low-salinity water westward. The perturbation 
of mesoscale eddies and SSS difference between BoB and AS leads to the significant intraseasonal variability of SSS.
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Introduction
The ocean salinity is not only an indicator of the global 
water cycle (Durack et al. 2012) but also determines the 
ocean density together with temperature, leading to the 
vertical stratification of the ocean and thermohaline 
circulation (Murtugudde and Busalacchi 1998; Vino-
gradova et al. 2019). Therefore, it plays a key part in the 
thermodynamic processes of the ocean. In recent years, 
the dynamic and thermodynamic processes of the North 
Indian Ocean and their responses to climate change have 
gained much more attention.

The sea surface salinity (SSS) in the North Indian 
Ocean has a large east–west contrast. Indian Peninsula 

divides the North Indian Ocean into two semi-closed 
basins, the Arabian Sea (AS) in the west and the Bay 
of Bengal (BoB) in the east. Although the AS and the 
BoB are at the same latitude and both affected by the 
monsoon, the salinity of the upper ocean is significantly 
different (Schott and McCreary 2001). The salinity of 
the AS is relatively high due to the ocean surface loss of 
freshwater with the annual evaporation exceeding pre-
cipitation as well as the influence of high-salinity water 
mass from the Red Sea and the Persian Gulf (Zhang 
et  al. 2020). In the BoB, the annual mean precipita-
tion and freshwater input by the rivers are abundant 
due to strong moisture flux convergence by the South-
west Monsoon (Schott et  al. 2009), which causes the 
relatively low SSS (Vinayachandran et al., 2002). Espe-
cially in the estuary area, the SSS is lower than 25 psu 
in summer, far below the average salinity of the world 
ocean. In the equatorial Indian Ocean, a significant SSS 
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gradient appears from west to east caused by increas-
ing precipitation and water masses from adjacent areas 
(Schott and McCreary 2001).

Climatologically, the pattern of SSS in the northern 
Indian Ocean is generally consistent with evaporation 
minus precipitation (E–P). To maintain the long-term 
salt balance, the monsoon currents play an important 
role in the water mass exchange between the west and 
the east(Shetye et al. 1996; Durand et al. 2009). Using the 
synthetic site data, Rao and Sivakumar (2002) found that 
the seasonal variation of SSS in the North Indian Ocean 
is mainly determined by freshwater input and redistribu-
tion of high- and low-salinity water caused by ocean cur-
rents. The seasonally reversed monsoon current system 
in the North Indian Ocean dominates the water exchange 
between the AS and the BoB (Schott and McCreary 2001; 
Shankar et  al. 2002; Schott et  al. 2009; Zhang and Du 
2012). The SSS distribution is strongly affected by hori-
zontal advection on the seasonal cycle.

As part of the monsoonal current system, the East India 
Coastal Current (EICC) connects the north BoB with the 
south region and the equatorial Indian Ocean. Before and 
during the onset of the summer monsoon, EICC trans-
ports the high-salinity water from the AS and the equator 
to the northern BoB. From November to December and 
March to April, it flows southward and forms a continu-
ous flow between the northern BoB and the southeast 
coast of Sri Lanka (Schott and McCreary, 2001; Vinay-
achandran et  al. 2005). EICC effectively transports low-
salinity water from the northern BoB to the region south 
of the Indian Peninsula, becoming a low-salinity water 
source for inter-basin transport.

The reversal monsoon current region south of the 
Indian Peninsula promotes the water exchange between 
the AS and the BoB, maintaining the salinity balance 
(Rao and Sivakumar 2002; Zhang and Du 2012). In sum-
mer, the Southwest Monsoon Current (SMC) carries the 
high-salinity waters from the AS into the BoB from the 
central. At the same time, the SSS in the northern BoB 
decreased significantly under the influence of consider-
able river runoff. These results demonstrated that river 
runoff is the dominant factor for the variation of SSS in 
the north BoB during the Southwest Monsoon (Howden 
and Murtuggude 2001; Han and McCreary 2001; Yu and 
McCreary 2004; Srivastava et  al. 2020). In winter, the 
Northeast Monsoon Current (NMC) transports the low-
salinity water carried by EICC from BoB to the west and 
imports it into the southeastern AS (Shenoi et  al. 2005; 
Kurian and Vinayachandran 2007; Durand et  al. 2007). 
Recently, observations from surface drifters and Argo 
floats suggest that the low-salinity water outflow from the 
BoB, westward into the south of Sri Lanka and eventu-
ally into the AS, is discontinuous (Hormann et al. 2019). 

Hence, considering seasonal current only cannot reveal 
the essential dynamics of salinity transport.

Previous studies pointed out that the oceanic dynamic 
process in the North Indian Ocean has obvious intra-
seasonal signals. Sea surface height exhibits an evident 
intraseasonal cycle in the east of Sri Lanka and the adja-
cent regions, which is mainly related to eddy activities 
(Cheng et al. 2017). Greaser et al. (2020) pointed out that 
the number and amplitude of eddy in the BoB are closely 
related to the atmospheric Intraseasonal Variability (ISV) 
in the region. Affected by Madden–Julian Oscillation 
(MJO) or Intraseasonal Oscillation (ISO), the changes of 
SSS in the BoB have three distinct periods, 30–90 days, 
10–20 days, and 3–7 days (Trott et al. 2019; Subrahman-
yam et al. 2020).

This paper focuses on the role of eddies in low-salin-
ity water transport region south of the Indian Peninsula 
during winter. Previous studies have pointed out that the 
SSS data from satellite observation such as Soil Mois-
ture and Ocean Salinity (SMOS), Soil Moisture Active 
Passive (SMAP), and Aquarius can well capture the 
low-salinity water signature. Satellite SSS data sets sug-
gested that eddies in the Eastern Tropical Pacific trap 
and advect water westward, which is associated with the 
intraseasonal variability of SSS with a leading timescale 
of 50–180 days (Hasson et  al., 2019). In addition, eddy-
induced northward salt flux was thought to be respon-
sible for the lowest SSS maximum in the south Indian 
Ocean compared with the other two southern subtropical 
oceans (Qu et al. 2019). This paper uses the SMAP SSS 
data combined with other observation data to explore the 
role of eddies in water exchange between the BoB and the 
AS during wintertime.

Data and methods
Data
The SMAP satellite of the National Aeronautics and 
Space Administration (NASA) is designed to measure 
soil moisture and SSS (Fore et al. 2016). The SSS data of 
SMAP are obtained by sensors operating at 1.4  GHz in 
the L band, with a clipping width of about 1000 km. The 
SSS product used in this paper is JPL SMAP Level 3 CAP 
Sea Surface Salinity Standard Mapped Image 8-Day Run-
ning Mean V5.0 Validated Data set with 0.25° horizontal 
resolution, provided by Jet Propulsion Laboratory (JPL). 
The starting date for this data set is May 4, 2015. The 
time frame for the data used in this paper is from May 
4, 2015, to Feb 29, 2020. The climatological SSS from 
World Ocean Atlas 2018 (WOA18) with a 1° horizon-
tal resolution is used in this study. The data set is from 
the National Oceanographic Data Center (NCEI) of the 
United States and the World Data Service (WDS) of Mar-
yland (Garcia et al., 2019). The climatological mixed layer 
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depth data with a 0.25° horizontal resolution is also from 
the WOA18.

The Argo project has been in operation for nearly 
20 years and has about 4000 floats that provide continu-
ous observations of ocean temperature, salinity, and pres-
sure from the surface to 2000 dbar. The Argo data used in 
this paper were obtained from the Coriolis Argo Global 
Data Assembly Centre, with float numbers 2902153 and 
2901896, at sampling intervals ranging from 5 to 10 days, 
and at maximum depths of about 2000 m.

The sea surface current data are obtained from the 
Ocean Surface Current Analysis Real-time (OSCAR) 
products, with a horizontal resolution of 1/3° (Bonjean 
and Lagerloef 2002) and have been uniformly interpo-
lated into a 1/4° grid to calculate the salinity budget with 
the SMAP SSS. OSCAR products use satellite sea surface 
height, wind, and temperature to calculate global ocean 
currents directly. Sea Level Anomaly (SLA) data are 
provided by Copernicus Climate Change Service (C3S), 
which is obtained by removing the 20-year average from 
1993 to 2012.

The daily accumulated evaporation and precipitation 
data are from the European Centre for Medium-Range 
Weather Forecasts (ECMWF). The daily accumulated 
data are calculated according to the ERA5 data, and the 
horizontal resolution of the data is 1/4°.

Salinity budget analysis
Following Rao and Sivakumar (2003) and Nyadjro et  al. 
(2012), the mixed layer salinity evolution equation is 
expressed as follows:

where S is the averaged salinity of the mixed layer. The 
SSS is used in this paper to replace the averaged salin-
ity of the mixed layer due to the relatively homogene-
ous salinity distribution within the mixed layer for the 
research region. E and P represent evaporation and pre-
cipitation, respectively. h is the mixed layer depth. U and 
V are zonal and meridional velocities, respectively. We is 
the vertical entrainment velocity. �S equals the bottom 
salinity of the mixed layer minus the average salinity in 
the mixed layer. From left to right, the first term repre-
sents the salinity tendency, the second term represents 
the forcing of freshwater flux, the third term represents 
the horizontal advection, and the fourth represents the 
vertical entrainment process. Previous studies have 
shown that the vertical entrainment is one order of mag-
nitude smaller than the horizontal advection in the open 
ocean on the monthly mean state (Rao and Sivakumar 
2003). In the upwelling area of the ocean, the effect of 
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vertical entrainment on salinity change is enhanced, but 
the contribution is still small (Kohler et al. 2018). There-
fore, this paper only discusses the role of freshwater flux 
and horizontal advection. D represents the residual term, 
which contains errors caused by small-scale processes, 
such as vertical entrainment, diffusion, and mixing.

Results
Seasonal distribution of SSS in the North Indian Ocean 
and the role of ocean circulation
In the annual mean state, the East–West SSS differs 
largely in the North Indian Ocean (Fig. 1a). The salinity 
at the northern AS is close to 37 psu due to the freshwa-
ter flux with evaporation exceeding precipitation. The 
SSS with a value larger than 36 psu is throughout the 
basin, except in the Southeastern AS. In the BoB, the SSS 
gradually decreases toward the northern bay, forming 
an obvious salinity gradient. At the northernmost end, 
due to the large input of river runoff, the annual average 
SSS is below 30 psu (Fig. 1a). There is an obvious coastal 
low-salinity tongue that extends from the BoB to south-
eastern AS. South of it, especially along the equator, a 
high-salinity tongue extends from the west to the east, 
and then enters the BoB in the central parts (Fig. 1a). The 
distribution of high- and low-salinity tongues indicates 
the water exchanges between the two basins.

Previous studies suggested that the SMC in summer 
and NMC in winter play an essential role in water mass 
exchange between the two basins (Rao and Sivakumar 
2002; Jenson 2003; Zhang and Du 2012). Besides, high-
resolution SSS shows the patchy distribution of high- and 
low-salinity water in the region south of the Indian Pen-
insula and along the coastal region, indicating the contri-
bution of eddies.

The seasonal water mass exchange between the AS 
and the BoB and the associated ocean processes can 
be shown in the seasonal climatologies of the SSS and 
SLA (Fig.  1b, c). During the winter, the SLA in south 
India shows a sharp gradient northward, accompanied 
by the westward extension of low-salinity waters into 
the South AS. The strongest gradient occurs near 5°N, 
corresponding to the main axis of NMC. The closed 
contours of the SLA suggest that mesoscale eddies may 
occur on both sides of the NMC with anticyclones in 
the north and cyclones in the south (Fig.  1b). In sum-
mer, the situation is almost opposite to that of winter, 
but the eddies are weak and easterly, mainly located to 
the south of the BoB (Fig.  1c). In addition, eddy pro-
cesses are also evident along the western coast of the 
BoB, which may have a strong influence on the water 
mass exchange between the BoB and the AS (Babu et al. 
1991). An anticyclonic eddy is located in the southeast-
ern AS, which is named Lakshadweep high (LH) (Bruce 
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Fig. 1  Annual mean distribution of SSS in the North Indian Ocean and the inter-basin water transport in winter and summer, respectively. a Annual 
mean of SSS (shading, psu) and E minus P(contour lines, mm). b The five-year average winter SSS (shading, psu) and SLA (contours). c The five-year 
average summer SSS (shading, psu) and SLA (contour lines). The contour interval is 0.02 m with a span from − 0.10 to 0.14 m. The regional mean 
SLA in the northern Indian Ocean (0.004m) is subtracted. d SSS (shading, psu) and sea surface current (vector, m / s) on Nov 28, 2016, and e same as 
d but for Jul 28, 2016
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et  al. 1994). Noticeable low-salinity water can be seen 
in the LH, indicating its important role in the low-
salinity advection into the AS.

The 8-day running mean SSS and 5-day mean cur-
rent show that a large amount of the low-salinity water 
with SSS lower than 32 psu was advected to the region 
south of the Indian Peninsula on November 28, 2016 
(Fig. 1d). These low-salinity water can be traced back to 
the northern BoB, which is advected southward by the 
EICC (Fig. 1d). In the region south of the Indian Penin-
sula, an eddy pair with anticyclone north and cyclone 
south occurred near 78°E. A large amount of low-salin-
ity water was trapped in the anticyclone and some were 
advected to the western region by the edge-jet of the 
eddy-pair (Fig.  1d). In summer, the low-salinity water 
region south of the Indian Peninsula is replaced by the 
high-salinity water with SSS higher than 35 psu, nearly 
3 psu saltier than that in winter (Figs. 1d, e). The cor-
responding eastward SMC occurs region south of the 
Indian Peninsula and advects the high-salinity water 
from the AS into the BoB in the central region. The 
mesoscale eddies can also be noticed during the trans-
port of high-salinity water on July 28, 2016, but their 
influence is mainly confined to the southern BoB 
(Fig. 1e).

Intraseasonal variability of SSS in the region south 
of the Indian Peninsula and the related ocean dynamics
The root mean square (RMS) of SSS in WOA18 clima-
tology and SMAP SSS daily data show that the variability 
of the daily SSS is much stronger than in seasonal clima-
tology. Indeed, they show similar patterns in the north 
Indian Ocean (Fig.  2a). This indicates that satellite SSS 
with high spatial and temporal resolutions can capture 
more variability in the upper ocean, especially the high-
frequency variability, without considering the observa-
tion errors.

The highest RMS value of SSS in the North Indian 
Ocean is mainly distributed in southeaste1630WeWern 
AS, region south of the Indian Peninsula and Sri Lanka, 
and along the coast of BoB. Among them, the SSS change 
along the coast of the BoB is the most distinctive, and 
the RMS peak value calculated using SMAP SSS is far 
more than 1.5 psu. The closer to the land, the greater 
the change in SSS, reflecting a strong influence from the 
land-sea interaction. In southeastern AS, the maximum 
RMS of SSS does not exist in the coastal area but has a 
high-value center in the open ocean with about 10° longi-
tudinal distances from the west coast of India.

The difference in the RMS between the climatologi-
cal monthly mean and daily SSS is intense in the regions 

Fig. 2  Root Mean Square of SSS (unit: psu) in the central and southern North Indian Ocean. a daily SMAP SSS (shading) and climatological WOA18 
SSS (contour); b SMAP SSS filtered with a 30–120-day bandpass filter. The red box (74–82°E, 3–8°N) in b indicates the study area for Fig. 3
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region south of the Indian Peninsula and Sri Lanka and 
along the coast of BoB, which is consistent with the RMS 
of the high-frequency SSS filtered with a band filter of 
30–120 days (Fig. 2b). This further indicated that the sat-
ellite SSS captures the high-frequency variability of the 
SSS in these regions. Especially, the region south of the 
Indian Peninsula (74–82°E, 3–8°N) is the key channel for 
the water mass exchange between the AS and the BoB. 
Therefore, this study focuses on the change of SSS and 
related ocean dynamic processes in this region. Com-
pared with the non-filtering result, the SSS variability is 
weakened, especially in southeastern AS, indicating that 
the SSS change in these regions is mainly caused by the 
mean current transport (Rao and Sivakumar 2002; Zhang 
and Du 2012).

In the region south of the Indian Peninsula, the cli-
matological monthly mean and daily SSS have shown 
an apparent seasonal cycle in the past 4 years (Fig.  3a). 
The SSS is high in summer and fall but low in winter and 
spring. The lowest SSS appears in the late autumn and 
early winter (November to December). Then, it increases 
after April, and reaches the highest from July to October 
(Fig. 3a). The low-salinity water transported by the EICC 
and NMC from the northern BoB causes a sharply SSS 
decrease in November (Fig.  1d). Then, the freshwater 
caused by the Southwest Monsoon precipitation leads to 
the second decrease of the SSS from April to May. Later, 
with the development of the Southwest Monsoon, the 
SMC transports the high-salinity water from the AS into 
the region south of the Indian Peninsula, increasing the 
SSS there.

Compared to the SSS variability during spring and 
summer, the SSS changes in autumn and winter are 
more rapid and violent. In addition to the sharp decrease 
of SSS, a larger amplitude of oscillation occurs in the 
daily data than in the climatological monthly mean data 
(Fig.  3a). This indicates that the SSS experiences more 
pronounced intraseasonal variability in winter than 
in summer, which can be seen in the time series of the 
SSS filtered with a 30–120-day bandpass filter (Fig.  3b). 
Within less than 5 years, the low-SSS events in the 
autumn and winter of 2016 and 2017 are the most promi-
nent and the weakest in 2019.

Intraseasonal variability of SSS was particularly sig-
nificant in the autumn and winter of 2016, with ampli-
tudes greater than 50% of the seasonal variation. This 
paper takes 2016 as a case to analyze the role of mes-
oscale eddies in the transport of low-salinity water dur-
ing autumn and winter. Figure  4 shows the distribution 
of SSS and sea surface current anomalies, and SLA with 
8-day intervals. The results show that on Oct 25, the 
low-salinity water along the west boundary of the BoB 
is transported southward to 12°N (Fig.  4a). Afterward, 
the low-salinity water tongue (31–31.5 psu) extended 
southward to the southeast coast of Sri Lanka at 5°N on 
November 2 due to the EICC transport (Fig.  4b). There 
are meridionally arranged eddies along the coasts of 
India and east of Sri Lanka during these periods. It is 
worth noting that a cyclonic eddy forms in the south-
east corner of Sri Lanka and develops at the off-side of 
the coastal current (Fig.  4b). Eight days later, the NMC 
develops in the south of Sri Lanka and India. Meanwhile, 

Fig. 3  Time series of regional mean SSS in the region south of the Indian Peninsula (74–82° E, 3–8° N). a Red curve is daily SMAP SSS, the black 
curve is monthly SMAP SSS, and the blue curve is climatology WOA18 SSS (b). The blue curve is filtered (30 ~ 60 days) SMAP SSS
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the cyclonic eddy strengthens and transports westward 
along the south side of the NMC (Fig. 4c). Both the NMC 
and the cyclonic eddy help the westward transport of 
low-salinity water into the region south of the Indian 
Peninsula. On November 18, an anticyclonic eddy gen-
erates on the western side of Sri Lanka when the low-
salinity water is transported to this region (Fig. 4d). The 
anticyclonic eddy develops quickly and transports west-
ward along the north edge of the NMC. On November 
26, an eddy pair forms in the region south of the Indian 
Peninsula with a cyclonic eddy south and an anticyclonic 
eddy north of the NMC (Fig.  4e). In this process, the 
eddy pair strengthened the westward transport of low-
salinity water of the NMC. Later, the NMC and the eddy 
pair persists for nearly a month in the region south of the 
Indian Peninsula, blocked by the Maldivian terrain to the 
west. During this period, the NMC continues to trans-
port the low-salinity water from the BoB to the region 
south of the Indian Peninsula, while the eddy pair plays 
an important role in redistributing the low-salinity trans-
ported to this region (Fig. 4e–h). By the end of Decem-
ber, the low-SSS water transported from the north BoB 
has been discontinued. At the same time, the eddy pair 
weakened, and the north anticyclonic transported north-
ward, wrapping a large amount of the low-salinity water 
into the southeastern AS, forming the LH. LH did not 
deform until February (Shankar and Shetye 1997), and its 

boundary jet continued to transport low-salinity water 
northward, providing low-salinity water for the coastal 
boundary jet. During the period after December 12, 
NMC flows westward across the Maldives island chain, 
and part of the low-salinity water leaked to the southern 
AS and extended westward.

In this low-salinity water event in late autumn and early 
winter, the SSS off southern India does not exhibit a sim-
ple continuous decrease in this process. Consequently, 
SSS in the region south of the Indian Peninsula and Sri 
Lanka appeared to have a large amplitude of intrasea-
sonal variability.

To highlight the role of eddy in the transport of low-
salinity water, two Argo floats (Float Nos.: 2901896 and 
2,902,153) located near the low-salinity transport path-
way during the event are analyzed in this study. Figure 5 
shows the trajectory plots and salinity profiles for the two 
Argo floats from 20 October 2016 to 19 January 2017. 
The float No.2901896 was located along the eastern coast 
of Siri Lanka and moved southward during this period 
(Fig.  5a). Prior to the low-salinity water event, the SSS 
along the east coast of Sri Lanka was above 33 psu. On 
31 October, low-salinity water transported by the EICC 
reached northeastern Sri Lanka, where salinity decreased 
dramatically to below 32 psu in the upper 40 m. This low 
value was maintained until mid-January of the following 
year (Fig. 5b).

Fig. 4  Distribution of SSS anomaly (shading; psu), SLA (contour; m), and sea surface current (vector; m/s) in autumn and winter 2016. The red star 
represents the core of the anticyclonic eddy, and the blue star represents the core of the cyclonic eddy. A, B, and C represent the location of the 
area in Figs. 6 and 7, respectively
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Then, this low-salinity water was transported by the 
NMC through southeastern Sri Lanka and moved west-
ward. On 15 November, the low-salinity water was cap-
tured by float No.2902153 in the region south of the 
Indian Peninsula. On 23 November, the float was located 
inside the anticyclonic eddy and remained there until 9 
December. The water trapped in the anticyclone main-
tains a better low-salinity character, with salinity in 
the upper 50  m all below 33 psu, which is dramatically 
fresher than that outside of the anticyclone (Fig. 5c). The 
salinity in the upper 50  m was about 35 psu before the 
low-salinity water was transported to the region south 
of the Indian Peninsula, where its salinity dropped to 
nearly 33.5 psu outside the anticyclonic eddy after mix-
ing with the low-salinity water transported from the 
northern BoB. Under the influence of low-salinity water, 
the halocline in the region south of the Indian Penin-
sula occurs near the isosaline line of 33.9 psu, which is 
near the mixed layer depth (Fig. 5c). The re-stratification 
of the upper layer water in southern India following the 
entry of low salinity water forms a new mixed layer with 
the depth near 50 m. Due to the homogeneous character-
istics of the water within the mixed layer and the mixed 
layer depths in the region south of the Indian Peninsula 

vary little with location, the SSS and the surface currents 
are used to calculate the relative contributions of eddy on 
the low-salinity water transport. The eddy low-salinity 
water volume transport is estimated by multiplying the 
area inside the eddy with sea surface salinity below 33.9 
psu by the 50 m vertical depth. The total volume trans-
port of low water through the 79°E transect was esti-
mated by accumulating the volume fluxes through the 
transect during the low salinity event between 1 and 30 
November. The volume fluxes is calculated by multiply-
ing the zonal velocity with the corresponding area of 
low-salinity water on the transect within 50 m. The low-
salinity water volume within the eddies accounted for 
83% of the total volume transported through the transect, 
with anticyclonic eddies accounting for 67% and cyclonic 
eddies for 16%, when they moved away from the transect 
and reached maximum intensity on 30 November.

The above analysis suggests that low-salinity water 
transport from the northern BoB during winter sig-
nificantly reduces the upper layer salinity in the region 
south of the Indian Peninsula. The anticyclonic eddy can 
maintain the low-salinity characteristics well and play an 
important role in low-salinity water transport between 
the AS and BoB.

Fig.5  Trajectory maps (a) and salinity profile (b, c) from the two Argo floats from 20 October 2016 to 19 January 2017 as well as the anticyclonic 
eddy edge (a) on 30 November. The red line in a is the transect (79°E, 0–8°N). The gray contour lines represent the potential density and the red 
contour line represents the salinity of 33.9. Dashed lines represent the period when the Argo float is inside the eddy
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Salinity budget analysis
Through the salinity budget equation, we further verify 
the dominant process of salinity change in this region. 
The result shows that the contribution of local fresh-
water flux is relatively small. The horizontal advection 
term is consistent with the change of salinity and the 
transport of high- and low-salinity water by sea surface 
current is the main reason for the local change of SSS 
(Fig. 6a).

Consistent with the above analysis, the SSS decreases 
sharply during late autumn and early winter and 
increases during the summer monsoon each year caused 
by the horizontal salinity transport (Fig. 6b, c). However, 
the process of rebound increase in SSS appears because 
of the weakening of low-salinity water transport, show-
ing obvious intraseasonal variability characteristics 
(Fig.  6a). Different from autumn and winter, the ampli-
tude of salinity change in summer is small. Most of the 

Fig. 6  a Time series of salinity budget equation in region B (74°–82°E, 3–8°N) during 2015–2019. b Wintertime mean salinity budget terms (bars, 
psu/day) and the half of the standard error. c Summertime mean salinity budget terms (bars, psu/day) and the half of the standard error. d Five-year 
mean salinity budget terms (psu/day) and the half of standard error. St represents the salinity tendency, Ff represents the freshwater flux term, and 
Adv represents the horizontal advection terms. Res represents the residual term calculated by (St-Adv-Ff )
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SSS increase is also caused by positive high-salinity water 
transport (Fig. 6c). From May to September, stable SMC 
transported high-salinity waters from the AS to the BoB, 
flowing through the region south of the Indian Peninsula, 
increasing SSS there. For the 5-year mean, the SSS is bal-
anced by winter and summer low- and high-salinity water 
exchange (Fig.  6d). Note that the residual term, which 
includes the errors of the observations, and the effects 
of vertical entrainment, diffusion, mixing, is quite large. 
This is mainly caused by errors in the observations. These 
observations have different spatial and temporal resolu-
tions, which can produce significant errors in the calcu-
lation of salinity budgets due to mismatches in the data 
properties. The large standard errors, especially in winter, 
indicate a strong effect of high-frequency variability.

Influenced by the eddy pair, the process of low-salinity 
water transport during the autumn and winter of 2016 
showed significant intraseasonal variability. To further 
clarify the contribution of high-frequency processes, we 
decompose the advection term into three parts as

These three terms represent the contributions of the 
seasonal mean processes, current perturbation associated 
with eddy and the salinity gradient disturbance caused by 
jet transport, and the non-linear high-frequency distur-
bances, respectively. Along the pathway of the low-salin-
ity water outflow, the latter two terms can represent the 
influence of eddy, high-frequency jets, and their interac-
tions. Figure 7 shows the time series of each component 
of the horizontal advection term in the eastern bound-
ary region of India and Sri Lanka (region A, 80°–83°E, 
8°–15°N), the region south of Sri Lanka and India (region 
B, 74°–82°E, 3–8°N) and the western boundary region 
of India (region C, 72°–77°E, 8°–10°N) from September 
2016 to February 2017.

The results show that from late October, the amplitude 
of the horizontal advection in region A increases signifi-
cantly (Fig.  7a). In addition to the mean term 
(

−

(

u ∂S
∂x + v ∂S

∂y

))

 , other perturbation terms including the 
mean flow and perturbation of SSS gradient interaction 
term 
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 contribute to the decrease of SSS as 
well. Among them, affected by the eddy and the pertur-
bation of low-salinity water transport in the north, the 
perturbation of flow and SSS gradient interaction term 
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ū
∂ S̄

∂x
+ v̄

∂ S̄

∂y

)

+

(

ū
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makes the most significant contribution to the SSS 
change in the eastern boundary of India and Sri Lanka 
(Fig. 7a). The process lasted until mid-December, with a 
peak at the end of October and early December, respec-
tively. In terms of the later peak, the effect of perturba-
tion of flow and SSS gradient interaction term is 
equivalent to that of mean flow and perturbation of SSS 
gradient interaction term, which jointly leads to the 
decrease of SSS (Fig. 7a). In other months, the horizontal 
advection had little change.

In region B, the rapid increase of negative horizon-
tal advection occurs in early November, which is about 
10-day lag in region A (Fig.  7b). This indicates that it 
takes about 10 days for the negative signal to propa-
gate from region A to region B. The low-salinity event 
in region B lasts about a month. In the first 20 days, the 
mean flow and perturbation of the SSS gradient inter-
action term and the perturbation of flow and mean SSS 
gradient interaction term both contribute to the negative 
horizontal advection. The latter accounts for a larger pro-
portion in the first half month, reflecting the influence 
of the eddy propagating on local SSS. In late November, 

EICC begins to weaken, and the mean flow and pertur-
bation of the SSS gradient interaction term also weaken. 
At the same time, as the cyclonic eddy encounters the 
Maldives island chain, the moving speed slows down. The 
entrainment of the local cyclonic eddy on the surround-
ing high-SSS water makes the perturbation of flow and 
perturbation of SSS gradient interaction term transfers 
to positive values. The cyclonic eddy gradually weakens 
under the influence of topography. On one hand, the 
decrease of EICC leads to the decrease of low-salinity 
water volume from the BoB to region B, while the NMC 
imports the relatively high-SSS water from the southern 
BoB to the west of the region B. On the other hand, as 
the eddy pair slowly moves out of region B, the NMC in 
the west of region B tends to be stable, and the velocity 
decreases. The mean flow and perturbation of the SSS 
gradient interaction term dominate the change of sub-
sequent horizontal advection, and the positive horizon-
tal advection peaks in early December and mid-January, 
respectively.

The influence of low-salinity waters on the south-
east AS (region C) lags far behind that of region B for 
about 1 month. The regional SSS has continued to 
decrease since the beginning of December, and it has 
weakened significantly until the beginning of January. 
The negative advection generated by the mean flow 
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and perturbation of the SSS gradient interaction term 
continues throughout the winter from November. The 
perturbation of flow and SSS gradient interaction term 
only causes local salinity to decrease within December, 
and changes from negative to positive after January. 
During this period, the perturbation of flow and mean 
salinity gradient interaction term are just opposite to 
the perturbation of flow and SSS gradient interaction 
terms, indicating that a large amount of low-salinity 

water is transported northward at the western edge of 
the anticyclonic eddy, resulting in SSS gradient oppo-
site to the mean west–north decrease (Fig.  4f–i). The 
two terms offset each other, contributing little to the 
horizontal advection term in region C. The SSS decline 
is mainly dominated by the mean flow and perturbation 
of the SSS gradient interaction term. The analysis of 
region C indicated that LH can cause SSS disturbance 
in the southeast AS, but have little influence on the 

Fig. 7  Time series of components of horizontal advection in three regions along the pathway of the low-salinity water transport from September 
2016 to February 2017. a Region A (80°–83°E, 8°–15°N); b Region B (74°–82°E, 3–8°N); c Region C (72°–77°E, 8°–10°N)
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northward transport of low-salinity water. The north-
ward mean flow along the coast dominates the north-
ward transport of low-salinity water (Fig. 4i).

Overall, the horizontal advection in region A is the 
strongest among the three regions. In addition, the per-
turbation of flow caused by EICC and the related eddies 
and their southward low-salinity water transport domi-
nate the low-salinity event from late October to early 
November. Since the direction of the flow perturbation 
and the SSS gradient are consistent with the mean state, 
the three disturbing terms all contribute to low-salinity 
water events. The low-salinity water in region A was 
transported to region B after 10  days under the com-
bined influence of three perturbations. The eddy pair 
in region B together with the mean flow transports the 
low-salinity water westward. Due to the blocking of the 
Maldives island chain, the eddy pair transports slowly. 
Consequently, the low-salinity water in region B does not 
enter region C until 1 month later. The low-salinity water 
event in region C is dominated by the transport of mean 
flow, since the influence of the perturbation terms associ-
ated with eddy is weakened by offsetting each other. This 
further indicates that the intraseasonal variation of SSS 
in the region south of the Indian Peninsula is not only 
caused by the transport of local eddy, but also the salinity 
gradient caused by the coastal jet low-salinity transport.

Summary and discussion
Summary
The monsoon heavily influences the North Indian Ocean. 
The sea surface current system is complex, and the tem-
poral and spatial differences in evaporation and precipi-
tation are notable. There is abundant precipitation over 
BoB during Southwest Monsoon, and many large rivers 
of South Asia flow into the northern BoB. In compari-
son, the evaporation exceeds the precipitation in the AS 
throughout the year. As a result, a large gradient of the 
SSS appears in the northern Indian Ocean, with the basin 
difference larger than 3 psu. To balance the SSS caused 
by the freshwater flux, the seasonally reversed current 
plays an important role in high- and low-SSS exchange 
between AS and BoB. During the Southwest Monsoon, 
the clockwise circulation forms in the northern Indian 
Ocean, in which a strong eastward SMC occurs in the 
region south of the Indian Peninsula, transporting high-
salinity water from the AS into the southcentral BoB. In 
winter, low-salinity waters from the northern BoB were 
transported southward by EICC to the eastern side of Sri 
Lanka and then advected westward to the AS by NMC.

The region south of the Indian Peninsula is a key 
area for water mass exchange between the two basins. 
The analysis of satellite SSS shows that significant 

intraseasonal variability of SSS occurs in the region 
south of the Indian Peninsula, especially in late autumn 
and early winter. Further analysis indicates that the most 
significant SSS decreases occurred in late autumn and 
winter of 2016. Meanwhile, an eddy pair developed in 
the region south of the Indian Peninsula, favoring the 
transport of low-salinity water and the SSS intraseasonal 
variability.

Based on the salinity budget analysis in the regions, 
including the eastern coast of India, the region south 
of the Indian Peninsula, and the western coast of India, 
along the pathway of low-salinity water transport, the 
eddy’s role in the regional SSS variability is investi-
gated. In the eastern coastal region of India, EICC and 
its related eddies dominate the low-salinity water trans-
port and the regional intraseasonal variability of the SSS 
(Fig.  8a). In the region south of the Indian Peninsula, 
an eddy pair develops with the NMC with the cyclonic 
south and the anticyclonic north of the main flow for 
more than 1 month, transporting the low-SSS water into 
this region and enhancing the intraseasonal variability of 
SSS (Fig. 8b). The energy for the development and growth 
of the CE1 comes not only from the instability of jets, but 
also from the interior ocean planetary waves. The nega-
tive SLA forms a gyre south of the jets and several other 
eddies within it. During the winter of 2016, the eddies 
contribute to the growth and maintenance of the CE1 
by merging them into CE1. In addition, the propagation 
of positive SLA signal contributes to the generation of 
AE1 in the west of Sri Lanka. The anticyclonic and the 
edge-jet bring the low-salinity water transported from 
the northern BoB northward into southeastern AS, con-
tributing to the SSS decrease there. The cyclonic eddy 
weakens at the east of the Maldives island chain due to 
the blocking of the topography.

Discussion
This paper analyzes the influence of an eddy pair on the 
low-salinity water transport from the BoB to the AS dur-
ing late autumn and earlier winter in 2016. The results 
show that significant intraseasonal variability of SSS 
occurs along the pathway of the low-salinity water trans-
port, and the coastal jets and the eddies contribute to 
most of it. The conditions in the other years also show the 
important role of the eddy, but with different strengths 
and patterns. In the autumn and winter of 2017, there 
was an anticyclonic eddy propagating from southeast Sri 
Lanka to the southeast Arabian Sea, while no cyclonic 
eddy was generated. The generation and extinction time 
of eddy pairs in other years are also different.

The western coast of the BoB is a key area of eddy-
current interaction (Chen et  al. 2012). Some studies 
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have been conducted on the dynamical mechanism of 
EICC and coastal eddies. Yu et al. (1991) suggested that 
the remote forcing from the equator drove the semian-
nual reverse of the upper ocean circulation in the BoB. 
Model results (Sen et al. 2022) revealed that wind stress 
curl plays an important role in the semiannual reverse 
of EICC. The remote forcing modulated by equatorial 
wind anomaly dominates the southward transport of 
EICC.

In addition, the temporal resolution of the sea surface 
current field is 5 days, while the temporal resolution of 
sea surface salinity is daily (8-day moving average). It 
can be seen that horizontal advection plays an impor-
tant role in SSS change, but it cannot fully explain the 
higher frequency of SSS variability. This also indicates 
that geostrophic current based on the inversion of sea 
surface height observation cannot meet the research 
needs of high-frequency salinity change and cannot 
estimate the regional salinity balance well.
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