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ABSTRACT
A prolonged high-salinity event in the northern Arabian Sea, to the east of the Gulf of Oman, during 2014–17
was identified based on Argo datasets. The prolonged event was manifested as enhanced spreading of the
surface Arabian Sea high-salinity water and the intermediate Persian Gulf water. We used satellite altimetric
data and geostrophic current data to understand the oceanic processes and the salt budget associated with the
high-salinity event. The results indicated that the strengthened high-salinity advection from the Gulf of Oman
was one of the main causes of the salinity increase in the northern Arabian Sea. The changes of the seasonally
dependent eddies near the mouth of the Gulf of Oman dominated the strengthened high-salinity advection
during the event as compared with the previous 4-yr period: the westward shifted cyclonic eddy during early
winter stretched to the remote western Gulf of Oman, which carried the higher-salinity water to the northern
Arabian Sea along the south coast of the Gulf. An anomalous eddy dipole during early summer intensified the
eastward Ras Al Hadd Jet and its high-salinity advection into the northern Arabian Sea. In addition, the
weakened low-salinity advection by coastal currents along the Omani coast caused by the weakened southwest monsoon contributed to the maintenance of the high-salinity event. This prolonged high-salinity event
reflects the upper-ocean responses to the monsoon change and may affect the regional hydrography and
biogeochemistry extensively.

1. Introduction
Three typical high-salinity water masses have been reported in the Arabian Sea: the Arabian Sea high-salinity
water (ASHSW), the Persian Gulf water (PGW), and the
Red Sea water (Morrison 1997; Rochford 1964; Stramma
et al. 2002). The ASHSW forms in the northern part of the
Arabian Sea and spreads southward as a salinity maximum within the upper 150 m (Kumar and Prasad 1996,
1999; Qasim 1982; Rochford 1964). The PGW forms in
the Persian Gulf and exits to the Gulf of Oman through
Strait of Hormuz, and then spreads to the northern
Arabian Sea as an intermediate high-salinity water with
its core on the s0 5 26.5 kg m23 layer, at 250–300 m
(Morrison 1997; Prasad et al. 2001; Swift and Bower 2003;
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Yao and Johns 2010). The Red Sea water forms in the
Red Sea and spreads to the Arabian Sea as a saline intermediate water with the core on the s0 527.2 kg m23
layer, in the depth range of 500–700 m (Beal et al. 2000;
Jung et al. 2001; Shapiro and Meschanov 1991).
The northern Arabian Sea, north of about 198N, is
surrounded by the arid south Asia continent. The region
is predominantly influenced by the monsoon and characterized by an excess of evaporation over precipitation
and complex ocean circulation (Fig. 1a). The ASHSW
forms through deep convective mixing during winter
(Han et al. 2001; McCreary et al. 1993; Prasad and Ikeda
2002a,b), when the wind blows from the dry and cold
south Asia continent. Then, it is transported southward
and the low-salinity water masses are advected northward by the West Indian Coastal Current during winter
monsoon and the western currents along the Omani
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FIG. 1. Annual mean distributions and seasonal cycles of the
Argo SSS and freshwater flux (evaporation minus precipitation
E 2 P). (a) SSS (shaded; psu) and E 2 P (contours; mm month21)
in the tropical and subtropical Indian Ocean, and (b) seasonal
variability of the regional mean SSS (black curve) and E 2 P (blue
curve) in the northern Arabian Sea (598–688E, 198–258N). The bold
rectangle in (a) shows the region used for the average in (b).

coast during summer monsoon to maintain the longterm salinity balance (Jensen 2003; Schott and McCreary
2001; Stramma et al. 2002).
During the winter monsoon (October–March), the
prevailing wind is the northeast monsoon, which
triggers a southward coastal current near the western
boundary of the Arabian Sea and cyclonic eddies off the
coastal region. The coastal currents advect the ASHSW
southward to the equatorial region. Meanwhile, the
West Indian Coastal Current flows northward (Schott
and McCreary 2001; Stramma et al. 2002), advecting the
low-salinity water that originated in the Bay of Bengal to
the northern Arabian Sea.
In the summer season (April–September), the southwest monsoon prevails in the Arabian Sea, triggering
strong upwelling and a negative sea surface height
anomaly along the east Omani coast and an anticyclonic
eddy in the off coastal regions (Manghnani et al. 1998;
Shi et al. 1999). The upwelling occurs in the northern
edge of the anticyclone, which advects low-salinity water
originated in the southern Indian Ocean to the Omani
coast region. Then, the upwelled low-salinity water is
carried into the northern Arabian Sea and the Gulf of
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Oman by the coastal currents and eddies. Meanwhile,
the eastward currents are observed in the off coastal
region of Oman (Schott and McCreary 2001), in which
the Ras Al Hadd Jet flows into the open ocean near the
mouth of the Gulf of Oman with a cyclone north of the
jet and an anticyclone south of the jet (Böhm et al. 1999;
Flagg and Kim 1998). These currents favor the spreading
of the high-salinity water from the Gulf of Oman to the
northern Arabian Sea.
The PGW spreads along the south coast of the Gulf of
Oman (Prasad et al. 2001; Qasim 1982; Rochford 1964)
and extends eastward to the northern Arabian Sea by
the Ras Al Hadd Jet during spring and summer (Böhm
et al. 1999). Observations and modeling studies have
suggested that eddies play an important role in the
spreading of the PGW water in the Gulf of Oman and
the northern Arabian Sea (Carton et al. 2012; L’Hégaret
et al. 2013, 2015). Especially the eddies near the mouth
of the Gulf of Oman favor the high-salinity water transport from the Gulf of Oman to the northern Arabian Sea
(L’Hégaret et al. 2013; Prasad and Ikeda 2002b; Wang
et al. 2013). The wind stress curl over the Gulf of Oman
and the westward propagating Rossby waves are crucial
to the generation of the eddies near the mouth of the Gulf
of Oman (L’Hégaret et al. 2013).
Previous works studied the water mass and the related
dynamical processes based on sparse observations obtained from the International Indian Ocean Expedition
(IIOE) in the 1960s (Levitus 1983; Wyrtki 1971) and
cruises after that (Banse and Postel 2009; Varma et al.
1980), together with ocean numerical modeling (Koné
et al. 2009; L’Hégaret et al. 2015; Prasad and Ikeda
2002a,b; Yao and Johns 2010). After 2000, the Array for
Real-Time Geostrophic Oceanography (Argo) project
provides more observations in the northern Arabian Sea
to conduct detailed studies on the water mass and related ocean dynamics.
Joseph and Freeland (2005) used Argo float data to
study the temporal and spatial variation of the ASHSW
in the Arabian Sea. They suggested that both the ocean
dynamics and the atmospheric coupling can affect the
salinity variation. Wang et al. (2013) used Argo float
data from December 2001 to December 2009 to study a
short-term, high-salinity event in the northern Arabian
Sea and the Gulf of Oman, forced by ocean advection
related to a tropical cyclone and an eddy-like ocean
circulation.
In this study, we depict a prolonged high-salinity event
in the northern Arabian Sea: the surface and intermediate layer high-salinity water increased in volume and
the low-salinity water between them decreased in volume during 2014–17, which caused significant positive salinity anomaly in the upper 400 m relative to the
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seasonal climatology derived from the Argo data during
2004–18 and persisted for more than three years. We
used all the Argo float profiles from December 2001 to
January 2018 and the gridded Argo datasets to analyze
the ocean dynamics related to the prolonged highsalinity event. Our results suggested that the changes
of the seasonally dependent eddies near the mouth of
the Gulf of Oman were one of the most important factors for the high-salinity event during 2014–17.
The remainder of this paper is as follows. Section 2
describes the datasets and methods. The mean state
and salinity anomalies in the northern Arabian Sea are
presented in section 3. The dynamic processes associated with the high-salinity event and the salt budget
analysis are described in section 4. Section 5 shows an
example of the high-salinity event captured by two Argo
floats and discusses the possible processes affecting the
event. Conclusions are given in section 6.

2. Data and methods
a. Data
All the Argo profile data collected from December
2001 to January 2018 were used in this study to show the
spatial and temporal variations of the water mass in
the northern Arabian Sea. This dataset was obtained
from the China Argo Real-time Data Center, which is
originated from the Global Ocean Data Assimilation
Experiment and the French Research Institute for
Exploitation of the Sea. About 69 floats have been
deployed in the northern Arabian Sea, and 12 933 Argo
profiles were collected in the region for the research
period, of which 12 854 profiles were used in this study
after quality controls. The profile number dramatically
increased after 2009 when the dataset satisfied the needs
of our research on seasonal and interannual variations.
The Argo floats measure temperature and salinity
from a designed depth of 2000 m up to a typical surface
value at 5 m and record the data at vertical resolutions of
1–5 m in the upper ocean and coarser resolutions at
depths. Based on Argo temperature and salinity fields,
Scripps Institution of Oceanography creates a monthly
gridded product for the global ocean at a 18 3 18 grid
(Roemmich and Gilson 2009). This product spans from
2004 to present and has 58 levels in vertical 2000 m,
with a vertical resolution of 10 m in the upper 200 and
20 m between 200 and 500 m. This product provides a
baseline of temperature and salinity data in the upper
2000 m ocean for the estimates of the interannual to
decadal variability.
The monthly mean sea surface height anomaly
(SSHA), surface current and wind, and freshwater flux
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[evaporation minus precipitation (E 2 P)] data are used
in this study. The SSHA is provided by AVISO (http://
www.aviso.altimetry.fr/), which is a multisatellite merged
product that includes data from all of the available altimetry satellites. The dataset spans from 1993 to present
with a 0.258 3 0.258 grid. The Ocean Surface Current
Analysis Real-Time (OSCAR) data are obtained from
the National Oceanic and Atmospheric Administration
(NOAA) (Bonjean and Lagerloef 2002), which spans
from 1992 to present on a 18 3 18 grid.
Four E 2 P datasets that are obtained from five
sources are used in this study, to illustrate the differences among the datasets and the possible errors of the
freshwater flux in the northern Arabian Sea. The Global
Precipitation Climatology Project (GPCP) version 2.2
(Adler et al. 2003; Huffman et al. 2009) monthly data
and the objectively analyzed air–sea fluxes (OAFlux)
monthly evaporation data (Yu and Weller 2007) are
used to calculate E 2 P for the period of 1979–17. They
are the observed E 2 P datasets and used for salinity
budget analysis in this study. The precipitation data span
from 1979 to present with a 2.58 3 2.58 grid and are reconstructed into a 18 3 18 grid using linear interpolation in this study. The evaporation spans from 1958
to present on a 18 3 18 grid. The other three E 2 P
data are reanalysis datasets, which are obtained from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) and the Physical Sciences Division
(PSD) at NOAA. The monthly mean evaporation
and total precipitation provided by the fifth generation
ECMWF reanalysis (ERA5) [Copernicus Climate
Change Service (C3S) 2017] span from 1979 to present with a 0.258 3 0.258 grid. The monthly mean precipitation, sea surface temperature, and the latent heat
net flux provided by the NCEP–NCAR Reanalysis 1
project (NCEP) (Kalnay et al. 1996) and the NCEP–
NCAR Reanalysis 2 project (NCEP2) (Kanamitsu et al.
2002) are used to calculate the E 2 P. First, E is determined from latent heat flux QLH by the relation E 5
QLH/rwLe, where rw is the density of seawater, and
Le 5 (2.501 2 0.002 37 3 SST) 3 1.06 is the latent heat
of vaporization (J kg21). The NCEP datasets span
from 1948 to present, and the NCEP2 datasets span
from 1979 to present, both with a T62 Gaussian grid.
The level-3.5 cross-calibrated multiplatform (CCMP)
version 2.0 (Atlas et al. 2011; Wentz et al. 2015)
monthly data are available from Remote Sensing
Systems (RSS), which spans from 1988 to present
with a resolution of 0.258 3 0.258. We use data from
the same period as that of Argo data in this study. The
Indian Ocean dipole mode index (DMI) is calculated
using the Reynolds OIv2 SST analysis (Reynolds et al.
2002), which is available at NOAA/ESRL.
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b. Methods
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The P-vector inverse method is used to derive the fourdimensional velocities on the isopycnic surfaces based on
Argo product. This method was first proposed in Chu
(1995) and then was tested to be reliable in many studies
(Chu and Li 2000; Chu et al. 2002; Li et al. 2018). The
P-vector method calculates the absolute geostrophic circulations on the isopycnic surfaces by two steps.
The first step is to determine a unit tangential vector
P by assuming conservation of potential vorticity and
density, which can be defined as
P5



1 ›q ›q
i2 j ,
j=qj ›y ›y

(1)

where q 5 fg(›p/›r)21 is the potential vorticity in the
isopycnic coordinate system, f is the Coriolis parameter,
g is the gravitational constant, p is the pressure, and r is
the potential density.
The second step is to determine the absolute
geostrophy by
V 5 g(x, y, r)P ,

›y
1 ›p
52 2 ,
›r
f r ›x

(3)

where u, y are zonal and meridional velocities. Readers
are referred to Chu (1995) and Chu and Li (2000) for
more details about the P-vector inverse method.
Further, the salinity budget is analyzed for the geographical domain in the Arabian Sea north of 208N, and
bounded by the Omani coast and 608E in the west to the
west Indian coast in the east. We choose 608E as the
western boundary to assess the contribution of the highsalinity spreading from the Gulf of Oman to the northern Arabian Sea. We choose s0 5 26.8 kg m23 as the
bottom boundary and calculate the salinity budget between the surface and the bottom isopycnic layer so as to
include all the transport associated with the high-salinity
PGW. The salinity budget is formulated as
›[S]
5 Adv 1 Fs 1 Res ,
›t
ðð
1
Adv 5
u(S 2 [S]) dy dz
V
608E

ðð
1
y(S 2 [S]) dx dz ,
208N

and

(6)
(7)

where S is the salinity on the isopycnic layer; Adv is the
total advection, including the zonal advection across
the transect at 608E and the meridional advection across
the transect at 208N; u, y are, respectively, the zonal and
meridional geostrophic currents on the isopycnic layer
calculated by the P-vector inverse method; Fs is the
freshwater term; E and P are, respectively, the evaporation and precipitation; V and A are, respectively, the
volume and the surface area of the domain; z is the
thickness of the isopycnic layer; and [S] is the timevariable but space-averaged salinity within the control
volume. In this study, the residual term includes the
errors caused by freshwater flux, the mixing across the
bottom boundary layer and other high-order disturbance, plus the advection caused by the coastal currents, since the Argo observations do not cover the
near-coastal regions.

(2)

where g is the speed, which can be determined by applying the thermal wind relation to any two different
isopycnic levels. The thermal wind relation is written by
›u
1 ›p
5
,
›r f r2 ›y
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(4)

(5)

3. The mean and variability of the salinity in the
northern Arabian Sea
a. Annual mean and seasonal variability
The sea surface salinity (SSS) pattern in the tropical
Indian Ocean shows a significant contrast from west to
east and from south to north. This pattern is dominated
by E 2 P on the annual mean scale (Fig. 1a). The excess
of evaporation over precipitation in the Arabian Sea and
the subtropical southern Indian Ocean leads to the formation of the high-salinity water mass in the west and
south, while the excessive precipitation and river runoffs
in the Bay of Bengal and the eastern Indian Ocean lead
to the low-SSS water in the east (Fig. 1a). Meanwhile,
the low-salinity water transported by the Indonesian
Throughflow (ITF) joins the westward South Equatorial
Current, forming a low-SSS tongue along the path near
128S (Gordon 2005; Sprintall et al. 2009).
The SSS in the northern Arabian Sea (north of 198N),
where ASHSW forms, shows the highest values in the
Indian Ocean. The strong evaporation during winter
directly leads to the formations of the ASHSW in the
northern Arabian Sea and the Gulf of Oman (Prasad
and Ikeda 2002a). However, the SSS shows a semiannual
cycle in the northern Arabian Sea, with the highest peak
occurring in May and the secondary peak in November,
which is different from the annual cycle of the E 2 P
(Fig. 1b). Previous studies suggested that the ocean advection might modulate the seasonality of the SSS in the
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FIG. 2. Variations of the regional mean salinity and the anomaly with depth, and the surface E 2 P and the volume anomalies of three water
masses in the northern Arabian Sea. (a) Salinity (shaded; psu), (b) anomaly (shaded; psu), and (c) ensemble mean (black curve; mm month21)
and the standard deviation (gray shading) of the standardized E 2 P obtained from five sources, superimposed on the index of Indian Ocean
dipole mode (DMI; red curve; 8C), and the volume anomalies (blue curves; 1013 m3) of high-salinity water (S $ 36.2 psu) in the surface (ASHSW)
and in the intermediate layers (PGW) and the low-salinity water (LSW; S # 36.1 psu) in the subsurface layers. The regional mean s0 (black
curves; kg m23) are superimposed in (a) and (b). Values of DMI in (c) larger than 0.8 times the standard deviation are marked with asterisks.

region (Joseph and Freeland 2005; Morrison 1997). The
mean circulation in the northern Indian Ocean changes
from clockwise flowing during summer to anticlockwise
during winter caused by the monsoon forcing (Schott
and McCreary 2001), which carries the ASHSW southward and brings the low-salinity water into the northern
Arabian Sea twice a year (Jensen 2003).
The PGW is manifested as a salinity maximum in the
intermediate layer between 200 and 350 m or s0 5 26.1–
26.7 kg m23 (Fig. 2a). Low-salinity water appears between the surface ASHSW and the intermediate PGW,
which is originated from the southern Indian Ocean or
Bay of Bengal. Both the salinity of the intermediate
PGW and the subsurface low-salinity water show strong
seasonal cycles in the northern Arabian Sea (Fig. 2a).
The monsoon circulation and associated eddies are
crucial to the spreading of the PGW and the intrusion
of the subsurface low-salinity water in the northern
Arabian Sea (L’Hégaret et al. 2016, 2013).

b. The high-salinity event and its seasonality
Intense interannual variability of the water salinity
occurred in the northern Arabian Sea compared to
the regional air–sea freshwater flux variations (Fig. 2).
Obvious positive salinity anomalies (.0.02 psu) appeared
in the upper 400 m with the regional mean value increased by more than 0.14 psu at its peak during 2014–17
(Fig. 2b), while the freshwater fluxes obtained from five

sources (OAFlux and GPCP, ERA5, NCEP, NCEP2)
changed little before and after 2014 (Fig. 2c). Considering
the changes of the typical water masses in the northern
Arabian Sea, a prolonged high-salinity event was identified during 2014–17, lasting for more than 3 years, when
both the volumes of the surface ASHSW and the intermediate PGW increased, with the volume of the lowsalinity water between them reduced (Fig. 2c).
From Argo u/S profiles collected between December
2001 and January 2018 in the northern Arabian Sea, the
ASHSW showed as the surface salinity maximum with
the highest salinity larger than 37 psu, and the PGW
showed as the intermediate salinity maximum with
the highest salinity larger than 38 psu for s0 5 26.1–
26.7 kg m23 in the northern Arabian Sea (Fig. 3).
Between ASHSW and PGW, there was a low-salinity
water at the subsurface (Figs. 3a,b). Some surface water with salinity lower than 35 psu can be seen in the
diagrams, which indicated the water affected by the
regional rainfall (L’Hégaret et al. 2015).
Using all the profiles shown in Fig. 3, we plotted the
map of the salinity by applying a least squares optimal
interpolation following (Wang et al. 2013). Here, based
on 17-yr Argo profiles collected since 2001, the results
showed that the salinity maxima in the surface and the
minima in the subsurface can be used to illustrate the
advection of the ASHSW and the low salinity. Note that
Argo profiles covered most of the northern Arabian Sea,
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FIG. 3. Potential temperature–salinity (u–S) diagrams in the northern Arabian Sea and the Gulf of Oman
(568–688E, 198–268N). (a) December 2001–December 2013 and (b) January 2014–January 2018.

especially the northeastern region (Fig. 4b). This is one
of the source regions of ASHSW which had not been
covered previously (Wang et al. 2013). In the Gulf of
Oman and the northern Arabian Sea, the monthly census of the Argo profiles exceeded 50 after 2009, which

was equivalent to more than one profile at a 18 3 18 grid
(Fig. 4d). The density of Argo profiles in the Gulf of
Oman was higher than that in most regions of the
northern Arabian Sea, which was sufficient to detect the
high-salinity advection associated with the eddies.

FIG. 4. Vertical salinity maxima and minima (psu) obtained from Argo profiles during 2001–17 and the distribution and numbers of the profiles in the northern Arabian Sea and the Gulf of Oman. (a) Salinity maxima in
0–150 m, (b) salinity maxima in150–350 m, (c) salinity minima in 0–200 m, and (d) monthly census of profiles. Black
dots in (a)–(c) showed the geographical distribution of ARGO hydrographic profiles.
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FIG. 5. Temporal variability of the vertical salinity maxima and minima (psu) in the (left) Argo profiles (gray
dots) and (right) seasonal cycles (curves) in the northern Arabian Sea and the Gulf of Oman. (a),(d) Salinity
maxima in 0–150 m, (b),(e) salinity maxima in 150–350 m, and (c),(f) salinity minima in 0–200 m. Bold dark
and blue curves in (a)–(c) are monthly mean values and the ranges of 2 3 standard deviations, respectively.
Bold blue and dark curves in (d)–(f) are seasonal cycles of monthly mean during 2014–17 and during 2010–13,
respectively.

In the surface layer, the ASHSW originates in the
western Gulf of Oman and the northeastern Arabian
Sea. These two regions are characterized by an excess
of evaporation over precipitation and the shallow
water mass which favored the formation of the highsalinity water (Fig. 4a). The surface high-salinity water in the Gulf of Oman is saltier than that in the
northeastern region. This implies that the spreading of
the surface high-salinity water from the Gulf of Oman
can also cause an increase of salinity in the northern
Arabian Sea, although the regional freshwater flux has
no significant change (Fig. 2a). In the subsurface layer,
the relatively low-salinity water spreads northward
to the northern coastal region through the central
northern Arabian Sea (Fig. 4c). Besides, there are
many fragments of the high- and low-salinity signals
distributed in the layers of three water masses, which
implies the influence of eddies on the spreading of the
three water masses (Carton et al. 2012; L’Hégaret
et al. 2013).

The seasonal cycles of the salinities in all three layers
were more credible after 2009 since there were sufficient
Argo observations in the northern Arabian Sea and the
Gulf of Oman (Fig. 5). Thus, in order to explain the
drivers for the prolonged high-salinity event during
2014–17, we take the conditions in 2010–13 as the
background climatology.
The salinity in the three layers in 2010–13 showed
similar seasonal variability to the regional mean SSS,
which indicated that the processes that impacted the
surface may also impact the subsurface and the intermediate layer (Figs. 5d–f and 1b). Both the values
of monthly mean salinity and the numbers of the
values higher than twice the standard deviation dramatically increased during 2014–17 (Figs. 5a–c). The
mean values of the salinity seasonal cycle in the three
layers during 2014–17 was higher than that during 2010–13 by 0.1 psu in most months; The largest
differences occurred in April–July and November–
February. The analysis based on Argo profiles showed
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that a prolonged high-salinity event may indeed have
occurred during 2014–17, and it had a strong seasonal
dependence.

4. Development of the high-salinity event
The mouth of the Gulf of Oman is a key chokepoint
for the high-salinity advection to the northern Arabian
Sea. To understand the processes that caused the development of the high-salinity event, we first analyzed
the high-salinity spreading across the transect at 608E
near the mouth of the Gulf of Oman.

a. Surface high-salinity water spreading
The surface ASHSW (salinity . 36.4 psu) showed a
strong seasonal cycle on the transect at 608E. It was restricted to a near-surface layer from July to November,
deepened during winter, when convective mixing occurred due to heat and freshwater loss, and then shoaled
after spring (Fig. 6). During winter for 2010–13, the
mixed layer depth deepened to 100 m in February
(Fig. 6a). Then some of the ASHSW subducted into the
depth below the mixed layer, reached 140 m in March
(Fig. 6a). The salinity of the surface ASHSW during
2014–17 was higher than that during 2010–13, and more
ASHSW subducted into the depth below the mixed
layer, reached 150 m at the deepest (Fig. 6b). The
difference of the salinity on the transect between
the periods of 2014–17 and 2010–13 showed that the
strengthened advection of the surface ASHSW occurred in April–July and November–February, which
was consistent with a seasonal increase of the regional
high salinity (Fig. 5d).
Further, the surface salinity in April–July and
November–February and the 2-month leading eddy
processes during 2010–13 and 2014–17 were shown in
Fig. 7. In November–January for 2010–13, the surface
ASHSW (salinity . 36.4 psu) in the Gulf of Oman extended through the mouth of the Gulf to the northern
Arabian Sea along the southern coast caused by a
northwest–southeast–oriented oval cyclonic eddy across
the mouth of the Gulf (Fig. 7a). The southern flank of
the eddy advected the high-salinity water to the northern Arabian Sea along the Omani coast. Meanwhile, the
eastern flank of the eddy advected the relatively lowsalinity water (S , 36.4) northward. The other highsalinity center in the northeastern Arabian Sea didn’t
show any significant spreading since the northeast monsoon current flowed northward during this season (Schott
and Fischer 2000; Stramma et al. 2002).
The salinity near the mouth of the Gulf of Oman
during November–January for 2014–17 was higher than
that during November–January for 2010–13 (Fig. 7b).

FIG. 6. Time–depth diagrams of the mean salinity (shaded; psu)
and s0 (contours; kg m23) on the transect at the mouth of the Gulf
of Oman (608E, 228–248N) before and during the prolonged highsalinity event and their difference: (a) 2010–13 and (b) 2014–17.
(c) The differences between the latter and the former. The mean s0
values for 2014–17 (black curves) and 2010–13 (gray curves) are
superimposed in (c). The blue lines in (a) and (b) are the mixed
layer depths.

The increase of the salinity was highly related to the
westward shifted and weakened cyclonic eddy near the
mouth of the Gulf of Oman, as compared to that during
2010–13. The center of the eddy shifted to the west of
608E and the western flank of the eddy stretched to the
western part of the Gulf of Oman, which favored
the advection of the higher salinity ASHSW from the
western part of the Gulf of Oman to the northern
Arabian Sea (Fig. 7b). The weakened cyclonic eddy
caused an anomalous southward flow on the eastern
flank of the eddy, which led to less northward advection
of the relatively low-salinity water, further contributing
to the salinity increase (Fig. 7c).
In May–July for 2011–13, the surface ASHSW in the
Gulf of Oman spread off the west coast of Oman near
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FIG. 7. Seasonal mean sea surface salinity (SSS; shaded; psu), AVISO SSH anomaly (contours; cm) and OSCAR
currents (vectors; m s21) in the northern Arabian Sea and the Gulf of Oman before and during the prolonged highsalinity event and their differences. (a),(b) November to the following January mean sea surface salinity and the
2-month lead SSH anomaly and currents during 2010–13 and 2014–17, respectively, (d),(e) May–July mean sea
surface salinity and the 2-month lead SSH anomaly and currents during 2011–13 and 2015–17, respectively, and
(c),(f) the differences between the latter period and the former.

Ras Al Hamra into the central and northern Gulf and
then was advected into the northern Arabian Sea by an
anticyclonic eddy near the mouth of the Gulf of Oman
(Fig. 7d). The northern flank of anticyclone formed the
eastward Ras Al Hadd Jet, favoring the spreading of
the high-salinity water and the southern flank advected
the relatively low salinity into the south of the Gulf. The
low-salinity water upwelled to the surface near the south
Omani coast (Fischer et al. 2002). In May–July, an eddy
dipole off the south Omani coast advected this upwelled
low-salinity water northward, then fed into the anticyclonic eddy near the mouth of the Gulf of Oman
(Fig. 7d). In the eastern part, the high-salinity water
spread southward by the southward flowing currents
during the season (Fig. 7d).
In the same season for the high-salinity event in 2015–
17, the salinity dramatically increased in most regions of

the northern Arabian Sea caused by an anomalous eddy
dipole with a cyclone in the north and an anticyclone in
the south near the mouth of Gulf of Oman, as compared
to that during 2011–13 (Figs. 7e,f). This eddy dipole
strengthened the Ras Al Hadd Jet and its high-salinity
advection into the northern Arabian Sea (Fig. 7e).
Along the south Omani coast, the anticyclone and
its northward low-salinity advection weakened during
2015–17 than that during 2011–13, which also led to the
increase of salinity in the northern Arabian Sea (Fig. 7f).

b. Intermediate PGW spreading
On the transect of 608E near the mouth of the Gulf
of Oman, the intermediate PGW spread through the
mouth of the Gulf of Oman during three peak periods:
February–April, May–July, and August–November
(Fig. 6a). The last one was much stronger than the
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FIG. 8. As in Fig. 7, but for seasonal mean salinity (shaded; psu), layer depth (contours; m) and geostrophic currents
(vectors; m s21) in the layers between s0 5 26.3 and 26.6 kg m23.

previous two, indicating that more PGW spread to the
northern Arabian Sea during boreal fall. The seasonal
cycle of the PGW on the transect showed some phase
shift during the high-salinity event in 2014–17 (Fig. 6b),
and the salinity increased along the annual cycle with the
most significant positive salinity anomaly occurring in
May–July and November–January (Fig. 6c).
During November–January in 2010–13, consistent
with the surface, the high-salinity water in the intermediate layers (s0 5 26.3–26.6 kg m23) extended to the
northern Arabian Sea along the Omani coast caused by
the cyclonic eddy centered near the mouth of the Gulf of
Oman (Fig. 8a). However, the conditions in November–
January during the high-salinity event in 2014–17
showed some differences compared to that during 2010–
13: the water was saltier and the cyclonic eddy was
weaker and westward shifted (Fig. 8b). The salter PGW
in the western part of the Gulf of Oman was advected
by the southern flank of the cyclonic eddy to the northern
Arabian Sea, causing significant positive salinity anomaly

(Fig. 8c). The eddy structures and their high-salinity advection were much clearer in the intermediate layer than
that in the surface layer (Figs. 7 and 8) since the surface
layer was directly affected by the high-frequency atmosphere forcing.
The spreading of the PGW took its northern path
during the spring and summer monsoon, which was
caused by the Ras Al Hadd Jet (Böhm et al. 1999; Prasad
et al. 2001). In May–July for 2011–13, the Ras Al Hadd
Jet in the intermediate layer was a part of the anticyclonic eddy near the mouth of the Gulf of Oman
(Fig. 8d). A meridional oval anticyclonic eddy occupied
over the western part of the northern Arabian Sea,
which caused the northward advection of the lowsalinity water along the western coast and the eastward spreading of the high-salinity PGW to the central
northern Arabian Sea over the north of 248N (Fig. 8d).
In the same season during the high-salinity event
in 2015–17, an eddy dipole near the mouth of the Gulf of
Oman (Fig. 8e), instead of the developed one anticyclonic
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circulation in the normal condition (Fig. 8d), contributed to the spreading of the PGW to the northern
Arabian Sea. The strengthened Ras al Hadd Jet advected more PGW into the northern Arabian Sea,
causing a significant increase of the salinity along a
narrow path of the Jet between 228 and 238N (Fig. 8e).
Besides, the influence of the weakened coastal summer
monsoonal current and its reduced low-salinity advection also appeared in the intermediate layer (Fig. 8e).
Both in the surface and intermediate layers, the highsalinity water spreading from the Gulf of Oman to the
northern Arabian Sea were strengthened by the change
of the eddies near the mouth of the Gulf of Oman, including the weakened and west shifted cyclonic eddy
during fall and early winter and an eddy dipole during
spring and early summer, which might be an important
reason for the developing of the prolonged high-salinity
event in 2014–17.

c. Subsurface low-salinity water intrusion
The northward advection of the low-salinity water is
another important factor influencing the salt balance in
the northern Arabian Sea. On the transect at 208N, the
subsurface low-salinity water (salinity , 36.1 psu) appeared in the layers of s0 5 25.5–26.0 kg m23 nearly all
the year round with two weak periods in May–July and
September–November when the surface ASHSW and
the intermediate PGW spread southward through the
transect during the normal condition in 2010–13 (Fig. 9a).
The thickness of low-salinity water (salinity , 36.1 psu)
in the subsurface layer on the transect decreased dramatically during the high-salinity event during 2014–17,
especially in the phase-locked season with the highsalinity southward extension (Fig. 9b), which caused the
significant positive salinity difference in the subsurface
layer between 2014–17 and 2010–13 (Fig. 9c). Note that,
the significant anomalous low-salinity water advection
across the transect of 208N occurred during April–June
and October–December.
During October–December in 2010–12, the lowsalinity water (salinity , 36.1 psu) in the layers of s0 5
25.5–26.0 kg m23 intruded northward to the northern
coastal region of the Arabian Sea (Fig. 10a). This lowsalinity water may be transported by eddies from the
upwelling region near the Omani coast or carried by the
West Indian Coastal Current from the equator (Fig. 10a).
In the same season during the high-salinity event in
2014–16, the salinity near the northern coastal region
was about 0.1 psu higher than that during 2010–12, and
the low-salinity water (salinity , 36.1 psu) just occupied the region south of 208N (Fig. 10b). The West
Indian Coastal Current was weaker than that during
2010–12, causing weakened northward low-salinity

FIG. 9. As in Fig. 6, but in the transect at the south of the northern
Arabian Sea (588–688E, 208N).

advection and a dramatic salinity increase all over
the northern Arabian Sea.
During April–June in 2011–13, the low-salinity water
(S , 36.1 psu) spread to nearly 228N over the whole
basin by the northward currents, especially the strong
northward coastal currents near the Oman (Fig. 10d).
The low-salinity water during April–June in 2015–17
was confined within the region south of 208N caused by
the weakened northward currents, as compared to that
during April–June in 2011–13 (Fig. 10e). The weakened
northward coastal currents along the Omani coast and
its low-salinity water advection caused a significant increase of salinity all over the northern Arabian Sea
during April–June in 2015–17, as compared to that
during 2010–13 (Fig. 10f).

d. Changes in salt balance
The mean tendency of the average salinity within the
control volume was very small during 2010–13, although
the seasonal and interannual variability was intense
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FIG. 10. As in Fig. 7, but for seasonal mean salinity (shaded; psu), layer depth (contours; m) and geostrophic
currents (m s21) in the layers between s0 5 25.5 and 26.0 kg m23.

(Fig. 11a). The annual mean E 2 P forcing and the zonal
advection from the Gulf of Oman across the 608E
transect contributed to the increase of the salinity in the
northern Arabian Sea, while the meridional advection
tended to counteract by transporting fresher waters into
the domain through the southern boundary (Fig. 11a).
The residual is rather large, which might be caused
by undersampled boundary currents, and uncertainties
with the datasets. Despite the uncertainties in the E 2 P
obtained from the five sources (Fig. 2c), the observed
4-yr mean E 2 P exceeded the confidence level based
on a Student’s t test (Fig. 11a). The observed magnitude
of coastal currents along the Omani coast varied from
more than 100 cm s21 along the shore to 10–20 cm s21
offshore (Flagg and Kim 1998). However, the observed
Argo data were very scarce within the 200 km along the
shore (Fig. 4), which might cause severe underestimation of the low-salinity water advection by the coastal
currents. The large negative residual further indicated
that the underestimation of the low-salinity water advection by the northward-flowing coastal currents cannot be neglected (Fig. 11a).

The annual mean value of the average salinity
during the high-salinity event during 2014–17 was
0.07 psu higher than that during 2010–13. The salt
balance changed dramatically during the 2014–17 and
the mean tendency of the volume mean salinity was
about 0.02 psu yr21 (Fig. 11b). The increase of the salinity in the high-salinity event was mainly caused by the
strengthened zonal positive salt advection (Fig. 11c).
The strengthened zonal advection of the high-salinity
water from the Gulf of Oman to the northern Arabian
Sea contributed to the increase of the salinity by nearly
0.02 psu yr21, which was comparable to the change of the
salinity tendency (Fig. 11c). The difference of the E 2 P
forcing was not significant between two periods, which
was consistent with the above result. The meridional
advection of the low-salinity water across the southern
boundary observed by the Argo dataset was strengthened slightly during 2014–17 than that during 2010–13,
which was inconsistent with the result about the weakening of the subsurface low-salinity water intrusion. This
discrepancy may be caused by the underestimation of
the low-salinity advection by the undersampled coastal
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FIG. 11. Four-year averaged regional mean salinity budget terms
(psu yr21) and main salt advection terms before and during the
prolonged high-salinity event and the differences between the
latter period and the former in the northern Arabian Sea. St represents the tendency of the salinity, Fs represents the freshwater
flux term, and Adv represents the total advection terms. Res represents the residual term calculated by (St 2 Adv 2 Fs); Advx and
Advy represent the zonal and meridional advection through the
transects of 608E and 208N, respectively. The error bars represent
one standard error based on a Student’s t test.

currents. Thus, the difference of the residual terms between 2014–17 and 2010–13 was most likely generated
by the weakened northward low-salinity water advection by coastal currents (Fig. 11c). It contributed to the
increase of the salinity during the high-salinity event.

5. Discussion
The inhomogeneous distribution of the Argo profiles
may have influences on the above analysis results.
Particularly, the number of profiles in 2014–17 even
exceeded the previous 12 years total (Fig. 3). To test the
sensitivity due to data coverage, we used single floats,
quasi-stationary in the region, and spanned across the
two periods before and after 2014.
Among all float available, two Argo floats (IDs
2901411 and 2901454) recorded the salinity increase
near the mouth of the Gulf of Oman after 2014 (Fig. 12).
Just considering the salinity within an oval region covered
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by the eddies near the mouth of the Gulf of Oman
(Fig. 12a), the salinity observed by float 2901411 showed
that the salinity of the two high-salinity water masses
increased after January 2014, as compared to the same
seasons in 2012 and 2013 (Fig. 12c). Particularly, the
surface ASHSW deepened to the upper layer of the
intermediate high-salinity PGW, and the low-salinity
water between them was much weaker during January–
April in 2014 than that during the same months in 2012
and 2013 (Fig. 12c).
The increase of the salinity within the oval region
after January 2014 was also observed by float 2901454
(Figs. 12a,d). Meanwhile, the salinity observed by float
2901454 after January 2014 was significantly higher than
that observed by float 2901411 before January 2014
(Figs. 12c,d). These indicated that a prolonged highsalinity event did occur during 2014–17.
The increase of the salinity in the upper 400 m near the
mouth of the Gulf of Oman was highly related to the
stronger high-salinity water transport from the western
Gulf of Oman and changes in the low-salinity advection
from the western upwelling region and the eastern
coastal region (Kumar and Prasad 1999; Prasad et al.
2001). The monsoonal winds are the dominant forcing
for the circulations and their water mass transport in the
northern Arabian Sea (Beal et al. 2013; Schott and
McCreary 2001).
The South Asian summer monsoon showed a weakened trend in recent decades caused by the decrease of
the land–sea thermal gradient with rapid warming in the
tropical Indian Ocean (Shah and Srivastava 2019; Sun
et al. 2019). Meanwhile, the ENSO events strongly affect
the South Asian summer monsoon by modulating the
land–sea thermal gradient and the tropical atmospheric
circulation, which weakens it in the warm phase and
strengthens it in the cold phase (Rasmusson and Carpenter
1983; Webster and Yang 1992). The mean monsoonal
winds during 2014–17 were weaker than that during
2010–13 (Fig. 13), which implied a modulation of ENSO
on the long-term trend. IOD may modulate the equatorial winds and then affect the remote wave processing
along the northern Indian Ocean coast (Cheng et al.
2017, 2018), but it showed no direct influence on the
high-salinity event in the northern Arabian Sea (Fig. 2c).
Besides the basinwide monsoonal forcing, the local
winds in the northern Arabian Sea also affected the
circulation and eddies in the western coastal regions.
The monsoon winds in the northern Arabian Sea are
controlled by the thermal forcing of the Iranian Plateau,
which are different from that of the monsoon south of
208N (Wu et al. 2012). The annual mean winds showed a
significant northwesterly wind difference at the mouth
of the Gulf of Oman between 2014–17 and 2010–13
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FIG. 12. Salinity (psu) observed by Argo floats in the elliptical area near the mouth of the Gulf of Oman. (a),(b)
The trajectory of the floats 2901411 and 2901454 and (c),(d) the time–depth diagram of the salinity observed by the
floats 2901411 and 2901454. The red ellipses in (a) and (b) show the elliptical area. The salinity data observed
outside the elliptical area are removed in (c) and (d).

(Fig. 13), which favored the formation of the eddy dipole
there, strengthening the advection of high-salinity water
from the Gulf of Oman to the northern Arabian Sea.
Meanwhile, the positive wind curl differences over
the northern Arabian Sea and the negative one along
the south Omani coast between 2014–17 and 2010–13
(Fig. 13c) contributed to strengthening the eddy dipole
near the mouth of the Gulf of Oman.

Recent studies reported the impact of North Atlantic
Oscillation on the surface temperature in the Arabian
Sea and surrounding regions (Sun et al. 2019; Yao
and Hoteit 2018), which might affect the monsoon
and high-salinity water formation in the northern
Arabian Sea. The above discussions indicated that the
response of the upper-ocean circulation in the northern
Arabian Sea to the regional monsoon variations, as
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FIG. 13. Averaged surface wind (vectors; m s21), salt budget
terms (psu yr21) and the main processes that caused the salinity
increase before and during the prolonged high-salinity event and
their differences: (a) 2010–13, (b) 2014–17, and (c) the differences
between the latter period and the former. The light blue and light
red wind vectors indicate the negative and positive wind curls,
respectively.

well as long-term climate change, needs further studies
in the future.

6. Conclusions
A prolonged high-salinity event during 2014–17 was
detected in the Arabian Sea north of 198N based on
Argo profile data and the gridded salinity product.
During the event, the volumes of the surface ASHSW
and the intermediate PGW increased in the northern
Arabian Sea while the subsurface low-salinity decreased, causing dramatically positive salinity anomaly in the upper 400 m.
The high-salinity event cannot be explained directly
by the changes in regional air–sea freshwater exchanges.
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Variations of ocean advection dominated the evolution
of the event (Fig. 13). The water masses are saltier in the
Gulf of Oman than in the northern Arabian Sea due to
the excessive evaporation over precipitation. Thus, the
changes of seasonal phase-locked eddies near the mouth
of the Gulf favors the spreading of the surface ASHSW
and the intermediate PGW from the Gulf of Oman into
the northern Arabian Sea throughout the year, especially during early winter (November–January) and
early summer (May–July).
In early winter during the high-salinity event, more
surface and intermediate high-salinity water spreading
into the northern Arabian Sea was caused by the
weakened and westward-shifted cyclonic eddy across
the mouth of the Gulf of Oman, as compared to that
during 2010–13. The westward shifted eddy stretched to
the remote western part of the Gulf of Oman, which
helped the spreading of the saltier water mass to the
northern Arabian Sea. In early summer, instead of the
anticyclonic eddies off the Omani coast, an eddy dipole
with a cyclone in the north and an anticyclone in the
south occupied near the mouth of the Gulf of Oman,
which strengthened the eastward flowing Ras Al Hadd
Jet and its high-salinity water transport.
The annual mean difference between 2010–13 and
2014–17 showed an anomalous eddy dipole near the
mouth of the Gulf of Oman, which strengthened the
high-salinity advection into the northern Arabian Sea,
contributing to the most of the salinity increase during
the high-salinity event (Fig. 13). The regional wind stress
forcing in the northern Arabian Sea contributed to the
modulation of the eddies near the mouth of the Gulf of
Oman. Besides, the northward low-salinity water advection along the coast, especially along the western coast,
weakened during the high-salinity event than that during
2010–13, caused by the weakened monsoon, further contributing to the maintenance of the high-salinity event.
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