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Abstract This study mainly focuses on the seasonal and interannual variability of sea surface salinity (SSS) in the
Central North Arabian Sea (CNAS) by using Aquarius/Satelite de Aplicaciones Cientificas-D (SAC-D) and the
Soil Moisture and Ocean Salinity (SMOS) satellite measurements, and gridded Argo field data from 2011 to 2015.
The mean state of spatial SSS variation is consistent among Argo, Aquarius ,and SMOS datasets. CNAS has relatively
higher SSS with mean of 36. 5 practical salinity unit ( psu).The lowest SSS in the studied area occurs during Febru-
ary to March and rapidly increases after April.SSS reaches its maximum during the mature phase of southwest sum-
mer monsoon period.The CNAS SSS shows significant seasonality due to the advection and evaporation associated
with high monsoon winds.As a result of southward advection, high salinity water from the Gulf of Oman and the ex-
istence of Ras al Hadd Jet,contribute to the highest SSS during the southwest monsoon period in the CNAS.North-
westward advection of low salinity water from the south,leads to the salinity reduction during northeast monsoon pe-
riods in the region.This low SSS advection can reach the Oman Sea during the late winter monsoon period.The inter-
annual variability of the CNAS SSS is mainly associated with the monsoonal ocean circulation that triggered by the
regional monsoon variation. In particular, it depends on the strength of the northeastern Arabian coastal currents,
which transport low salinity water northwestward.
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reversing monsoon winds helps to maintain the long
[3]

1 Introduction

S ) ) ) term salinity balance in these two basins

Salinity is considered as an important index for ) ) o

] ) ] Northern Arabian Sea (NAS) is a critical ocean
measuring the global climate system. North Indian

environment with much large impact on the climate var-
Ocean (NIO) salinity is mainly regulated by precipita- ge imp

. ) . iability.It is considered as a semi-enclosed sea,and sur-
tion, evaporation and the fresh water influx from the '
rounded with a coastal belt from north. The eastern
boundary of the NAS is India and Pakistan, while the
west is Oman and Somali coasts'*’ . The sea surface sa-

linity (SSS) of NAS changes between 35.4 and 36.7
psu, descending gradiently from north to south'”’. The

continental rivers. The NIO is divided into two semi-
closed seas,the Bay of Bengal (BoB) and the Arabian
Sea. Although

influenced by similar atmospheric forcing, their hydro-

they are in similar latitudes and

logical cycles are distinetly different. The Arabian Sea

loses its freshwater due to the excess evaporation (2 m/ high salinity water from Persian Gulf and Red Sea influ-

a) along with extreme surface heat loss, while the BoB ~ €1¢€s the water mass properties of the Arabian Sea.

is having high fresh water input with overloaded precip- Tropical monsoons play a significant role in SSS

itation and river runoff''’. The excess evaporation in  distribution,maintaining the salinity balance in the Ara-

northern Arabian Sea leads to high salinity dense water,
which further have impacts on the large scale ocean cir-
culation in the marginal sea'>’.An annual scale hydro-
logical imbalance presents between the Arabian Sea and

the Bay of Bengal.The inter-basin exchange due to the

bian Sea.With the activation of southwesterly winds,up-
welling begins in Somalian region. It becomes more
prominent during the late phase of southwest ( SW)
monsoon. During March to April, northward advection of

low salinity water from south is dominated in the
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western NAS. Then the low salinity water begins to be
replaced by high salinity water advection from north
during the mature phase of SW monsoon ( June-Au-
gust) **! Summer monsoon current (SMC) in the south-
ern Arabian Sea is set in motion to flow eastward during
May. Throughout the mature phase of SW monsoon,
Somali current and coastal current of Oman flow
eastward and southeastward respectively across the Ara-
bian Sea.Flowing around Lakshadweep low, they reach
south of Sri Lanka by the end of August'®’. At the end
of the SW monsoon, SMC and southward moving West
Indian Coastal Currents ( WICC ), bring the Arabian
Sea high salinity water into the BoB.As a result of that,
SSS increases in the western BoB during late phase of
SW monsoon'". In winter ( December to February ) ,
downwelling occurs in Omani coast with favorable

monsoon winds. Winter monsoon current

(WMC) and West Indian Coastal Current ( WICC) , get

to flow westward and northwestward, respectively. This

northeast

helps to advect low salinity water from the BoB to the
southeastern Arabian Sea'®’. The northeasterly winds,
coming from the Asiatic continent which is dry and
cold, increase the SSS followed by excess evaporation
in NAS'™.

At early stage,the in situ salinity and temperature
sampling were limited to the shipping lines called

? 1 With understanding of the

“ships of opportunity
value of the ocean salinity, researchers have developed
new technological methods to measure in situ salinity
and temperature. Conductivity, temperature, and depth
(CTD) techniques, ocean gliders, surface drifters and
space platforms, such as satellites, are equipped to
measure SSS in global oceans. Argo program of profile
float is one of the most important in-situ data measuring
method , deploying all over the ocean in nowadays''’.
Higher spatial and temporal resolutions can be achieved
by satellite observations. Soil Moisture and Ocean
Salinity ( SMOS) mission launched by the European
Space Agency and the “ Aquarius” mission launched by
National Atmospheric and Space Administration and the
Space Agency of Argentina provide reliable and long
term observation of sea surface salinity' ',

As the salinity maintains the water mass properties

313

in the ocean, several studies have been done over the
water mass properties in the Arabian Sea.They have
studied about the formation and spreading of the
Arabian Sea high salinity water masses in the northern
Arabian Sea and its importance to the region >*'*'
The high salinity water of marginal seas in the Arabian
Sea and its seasonal changes in the upper ocean were
investigated during the SW monsoon seasons.In recent
studies, scientists mainly focused their interest on the
climate variability and associated climate modes'""®.
They found that the inter-annual SSS variability makes
good responses to the near equatorial region which is
associated with Indian Ocean Dipole. Studies about the
salinity budget indicates that, anomalies near the

the

advection' """ The seasonal variability of sea surface

equator were due to prevailing  zonal
salinity has most pronounced signature in the coastal re-
gions of the northern Bay of Bengal, northwestern
Arabian Sea, as well as in the southeastern Arabian
Sea > Recent high resolution SSS observations from
satellites are also used to study the SSS in the Indian
Ocean , from seasonal to interannual time scales''® "%/,
Most of the studies about SSS variations in North
Indian Ocean have been carried out near the eastern,
western and equatorial boundaries. Due to the lack of
SSS observation data in the NAS, there are difficulties to
understand the extent of seasonal changes in the region
and their associated dynamics.We select the study region
of Central North Arabian Sea (CNAS) (62-67°E,
18-24°N) and use the Aquarius, SMOS satellites and
Argo SSS measurements to evaluate the regional SSS
variations on seasonal and inter-annual time scales.
The arrangement of the paper is summarized as fol-
lows.Section 2 gives data description and methodology.
Section 3 is result and discussion,including comparison
of different kinds of data, statistical validation for
satellite and Argo salinity , description of the mean state
of the SSS, and seasonal and interannual variation of

SSS in the CNAS. At the end the summary and conclu-

sions are given in section 4.
2 Data and method

Argo gridded monthly products are used as in situ
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measurements. These Argo floats give a regular data cov-
erage in the open ocean. The deploying range is from
subsurface (1-5 m) to 2 000 m into the deep with an
average spatial resolution of 300 km.In addition, World
Ocean Atlas 2009 (WOA 09) was used as the climato-
logical monthly temperature and salinity products to do
comprehensive studies. Argo monthly composite temper-
ature and salinity data can be found in Secripps
Institution of Oceanography, and here the data will be
considered from January 2004 to December 2015.

On June 10, 2011, Aquarius satellite/SAC-D
satellite mission was launched for long term
observations of SSS in world oceans. It has a sun-syn-
chronous polar orbit at 657 km above earth and repeats
itself once a week.Aquarius is equipped with one scat-
terometer and three radiometers to collect SST. Salinity
is derived by using these collected SST values in other
flat forms.Surface roughness taken from scatterometer is
used to correct this data. Aquarius monthly composite,
level-3 standard version (3.0) data with 1°X1° resolu-
tion, are available for public users in Ocean Data Pro-
cessing System ( ODPS) of NASA Goddard Space
Flight Center ( GSFC) ! For this research the studied
duration  for 2012 to
December 2014.

SMOS mission was started on November 2,2009,

as a joint plan of ESA/French Space Agency Earth ob-

Aquarius is  January

servation Program.The main purpose of this satellite is
to measure land soil moisture and ocean salinity.It uses
an aperture synthesis radiometer to measure the bright-
ness temperature emitting from earth surface.lt has alti-
tude of 758 km and repeats in every 3 days.These data
are available as monthly composite of ESA level-3 SSS
in quarter degree resolution. SMOS data from January
2011 to December 2015'*" (available at Centre Aval de
Traitement des Données SMOS website ) are used in
this comparative study.

Precipitation data is from Global Precipitation Cli-
matology Project (GPCP)'*! from 2000 to 2015, evap-
oration data is from Objective Analyzed air-sea Fluxes
(OAFlux) ! from 2000 to 2016, surface wind forcing
data is from Advanced Scatteromete (ASCAT)"** from
2008 to 2017, and monthly satellite field derived ocean

surface currents data is from Ocean Surface Current
Analysis Real-time ( OSCAR) of the National Oceanic
and Atmospheric Administration ( NOAA ) =) from
2000 to 2016.

SSS anomalies for satellite datasets were calculated
by subtracting the climatological monthly mean of Argo
SSS for 2004-2015. Anomalies for the other parameters
were calculated by removing their own climatologies for

the specific time periods.
3 Results and discussion

3.1 SSS in the northern Arabian Sea

Mean state of Northern Arabian Sea ( NAS)
surface salinity is obtained from comparative study be-
tween satellite and Argo observation data.Argo SSS data
is averaged from January 2004 to December 2015,
Aquarius SSS data is averaged from January 2012 to
December 2014, and SMOS SSS data is averaged from
January 2011 to December 2015.The three data sets show
a similar SSS variation in the NAS region (Fig.1).Both
satellite derived SSS maps have considerable detailed
spatial structure for the mean state of SSS compared with
the Argo. All of the salinity data sets display a clear
result of higher salinity in the northern Arabian Sea
region with the descending gradient towards the south.

The annual mean SSS in the studied area of
Central North Arabian Sea (CNAS) (62-67°E, 18-
24°N) (shown in Fig.la as a rectangle) is 36.5 psu.
Northeast (NE) winter monsoon period can be consid-
ered as December to the following February, and SW
summer monsoon from June to August. The contrast in
ocean dynamics during the two main monsoon periods
can be clearly identified in Figure 1. The dominant
northeastward moving surface current and surface winds
in the region maintain very distinct patterns of SSS in
the NAS during summer. The higher SSS values in the
north of 15°N are resulted from the strong advection
from north.In contrast,low SSS values are observed to-
ward the equator due to the low salinity water advection
from the eastern Indian Ocean as well as the excess pre-
cipitation in the region'” . Northern part of the Arabian
Sea shows low mean SST value compared with the equa-

torial region (north of 12°N) , where heat loses due to
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Seasonal distribution of SSS from three different data sources (shaded,unit;psu) as Argo,SMOS,and Aquarius,

superimposed with seasonal means of OSCAR ocean surface currents, ASCAT surface wind, E-P,and OISST sea surface

temperature ; (a) —(c¢) winter ( December-February) and (d)—(e) summer (June—August) ;(a) and (d) Argo salinity

superimposed in OSCAR surface currents ( vectors,unit:m/s),(b) and (e) SMOS superimposed in ASCAT surface
(vectors,unit;m/s) ,(c) and (f) Aquarius salinity superimposed in E-P ( (OAFlux and GPCP) ( contours,unit;mm/day) ;
the study region is the Northern Central Arabian Sea (NCAS) (62-67°E,18-24°N) ,as shown in (a) as a rectangle

the surface cooling®’.

3.2 Features of Argo and satellite SSS

For these data sets, various error metrics are com-
puted. Mean SSS from Aquarius and SMOS satellite
show underestimation than that of Argo ( Table 1) in
the NAS region. Argo shows 0.03 psu higher in the
CNAS than the satellites measurements. Argo and
Aquarius show strong positive correlation than the
SMOS (Fig.2a).Monthly analysis of Aquarius satellite
data shows significant agreement with in-situ Argo da-
ta"™® . Although the standard deviations are similar for

the 3 data sets, Argo shows a low SSS towards the

central equatorial Arabian Sea region (62-67°E, 5°S—
5°N) (figure not shown) which is similar to the previ-
ous results of low SSS values for Argo measurements un-
der the intensive rainfall in equatorial region'”’'. There
is considerable discrepancies between SMOS and Argo
SSS according to spatial components, as the SMOS sat-
ellite values fall off from land induced contaminations
near the continents.And therefore SMOS SSS values are
considerably inconsistent with that of Argo'*’. The mean
state difference between Argo and Aquarius is shown in
Figure 2b. Positive difference presents near the coastal
regions ( north, and northeast) , and negative difference

exists at the middle of the region.As the Argo
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Table 1

Statistical comparison of monthly Aquarius (2012-2014) ,

SMOS (2011-2015) satellites and Argo (2011-2015) SSS observations

Mean SSS/ (psu)

Standard deviation/ ( psu)

Region

SMOS Argo Aquarius SMOS Argo Aquarius
NAS (18-24°N;62-67°E) 36.482 1 36.5259 36.495 6 0.412 4 0.184 3 0.171 4
CEgAS (5S-5°N;62-67°E) 35.265 8 35.2516 35.278 6 0.284 0.288 5 0.276 8
psu
0.10
b

28°N

240N |-

20°N

latitude

16°N {-

12°N o]

longitude

50°E 55°E 60°E 65°L 70°E 75°E  S0°E 55°E 60°E 65°L 70°L 75°K

-0.05

-0.10

longitude

Fig. 2 (a) Correlation coefficient between Aquarius SSS and Argo SSS,with shading indicates regions significant at 0. 05 level for

Argo; (b) Mean SSS difference (shading,unit:psu) between Argo and Aquarius from January 2011 to December 2014

are mostly deployed in deep waters, and not having
enough sampling data, the values between Argo and Sat-
ellites can be varied "®*"*' Thus dissimilarities occur
in data values when doing the Argo objective interpola-
tion in the insufficient sampling locations'*"

Paired assessment between SSS datasets is done
over the selected region indicated by box in Figure 1.
Argo and Aquarius datasets are more consistent with
each other than with that of SMOS dataset, by showing
higher R-square values ( Fig.3a).Although the SMOS
captured the mean well it has fabricated RMS value for
the NAS which will be discussed in next sections.As a
result of that, we will only consider the Argo and
measurements hereafter for the

Aquarius  satellite

seasonal and interannual SSS evaluations.

3.3 Seasonal variation of SSS

The salinity in the Northern Arabian Sea has
intense seasonal variability, which is associated with
monsoon cycle.The SSS, winds, surface currents, evapo-
ration, and precipitation show enormous discrepancies
coupled with space and time (Fig.4).SSS variations for
the latitude-time diagrams are more similar for the Argo
and Aquarius.Zonally averaged SSS and the other physi-
cal parameters in the selected region have interseasonal
variation which are shown in Figure 4 a—b.The salinity
of 22° N and its

meridional salinity descending gradient towards the e-

reaches the maximum in north
quator is sustained throughout the year.The south of 22°
N shows the strongest seasonal variations for SSS,inclu-

ding all other parameters.

37.0 N 37.0 b 37.0 -
R-square=0.874 8 R-square=0.849 7 __g R-square=0.955 9
- 36.5} - - 365 . o 36.5
& 360 & 360 7z 36.0
192) 192) < 22
=) =) £ =1
= = y g
3551 355 ° 355
35.0 35.0 35.0
35.5 36.0 36.5 37.0 355 36.0 36.5 37.0 355 36.0 36.5 37.0
Aqu(SSS)/(psu) Argo(SSS)/(psu) Argo(SSS)/(psu)

Fig. 3  Scatter diagrams of SSS between satellites and Argo in Northern Arabian Sea, (a) SMOS and Aquarius,
(b) SMOS and Argo,and (c¢) Aquarius and Argo
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Fig. 4 Latitude-time diagrams of the selected area (longitude 62—68°E) :(a) Aquarius SSS (shaded,unit;psu) ,
NOAA SST (contour,unit;C ) ,and OSCAR currents (vector,unit;m/s) ;(b) Aquarius SSS (shaded,unit;psu) ,
E-P (contour,unit;mm/d) ,and ASCAT wind ( vector,unit:m/s) ;(c¢)—(d) seasonal anomalies of (a) and

(b) respectively (multi-year climatology removed from each parameter)

Result from the Argo and Aquarius satellite SSS
shows higher SSS during SW monsoon period. The in-
creases of the SSS and SST in CNAS begin from the end
of April and the maximum values for both can be ob-
served during the May-June period when the early
phases of SW monsoon respectively appear. During this
period, the maximum salinity and the corresponding
temperature are 36.7 psu and 29 °C ( Fig.4a). The
south westerly winds are directed to northeastward ( Fig.
4b ). Previous studies show that the SSS decreases
during the SW summer due to the low SSS water advect
from the OMAN and Somalian upwelling to the CNAS

-1 But in point of fact, this reduction appears

region
during the end of the SW monsoon ( September) near
south of 19°N ( Fig. 4a) because of the lag time
response of salinity compared to the currents. During
May to September, the winds during SW monsoon are
constantly directed to the northeastward ( Fig. 4b ),
which triggers strong northward western coastal currents
and strong southeastward currents in the open ocean
( Fig. 4a ). This southward components advect high
salinity water into the study region from the most north

western parts of the Arabian Sea where highest SSS

water persists.These SSS increases during the SW mon-

soon period are probably due to the warm high salinity
water activation associated with East Arabian Sea’s
(EAS) western boundary current called Ras al Hadd
jet (RAH) P This current exists from May to Sep-
tember,and becomes energetic with SW monsoon wind
establishment. It brings high salinity warm water from
the Gulf of Oman and elevates surface temperature
during SW monsoon period in the NAS (Fig.4a).The
results can be confirmed by the studies done by Lee in
2000 . The velocity and the strength of the RAH is
highest during the transition period from NE monsoon to
SW monsoon' ™. Highest value for the surface velocity
near RAH, is dominating during the same time where
the SSS exactly begins to increase in the study region
(end of May) (Fig.4a).The E-P couldn’t explain the
salinity increase during the May to June period.
Although both SST and the SSS show their maximum
values during particular time , E-P gets low positive val-
ues (Fig.3b) during the period.It means that the evap-
oration would not be a driving factor for the SSS rising
during early summer in the CNAS region. During Sep-
tember and October a reduction shows in SSS,which is
caused by the low salinity advection by the western

coastal current from south east Arabian Sea.
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In the NE monsoon ( December to February) , dry
and cold northeasterly winds cool the surface of the
north eastern Arabian Sea. As a result of that, the
surface salinity increases to more than 36.5 psu and
SST drops to 24 °C'"'. Anomalies of SSS in the north of
21°N show an increase in both Argo and Aquarius sa-
linity measurements during winter, but not strong as that
in summer ( Figs.4c—d).The continued decrease of SSS
in south of 20°N can be observed with the beginning of
NE monsoon.Minimum values for the SSS appear during
the end of February. Although the northeasterly winds
are strong during the winter monsoon period, a western
coastal current moves to northwestward along the
western Indian coast,which has an opposite direction to
the wind. Surface currents and winds during NE
monsoon are not stronger than those during SW
monsoon period'’’ . These results suggest that the low sa-
linity water in the south of CNAS during November to
February is advected from the eastern Arabian Sea,
which are formed in the Southeast Arabian Sea as well
as in the equatorial region.The reduction of SSS in the
region is associated with low salinity water advection
from the south eastern part of the Arabian Sea via the
eastern coastal currents of India called west Indian
coast current ( WICC) during Northeast (NE) monsoon
period ™/

Argo and Aquarius satellite show similar SSS vari-
ations throughout the year for the studied region. As a
result of that, Aquarius satellite and Argo can be used
to study the regional salinity variation with an
acceptable manner in CNAS. According to the seasonal
anomalies , there are two negative phase of SSS and one
strong and one small positive SSS anomalies in the
CNAS during a year ( Figs.4c—d).The positive SSS
anomalies appear to be in middle of the April for both
Aquarius and Argo. But during some particular time,
surface current and wind anomalies are relatively weak.
Then the positive anomalies become stronger in June-
July period.This positive anomalies appear in the entire
region ( 18—24°N) , and last until the end of August.
Wind, currents and the SST show positive anomalies
during the above mentioned time period ( April to Au-

gust) . This positive SSS anomalies can be considered as

the corresponding summer salinity increases in the re-
gion.But E-P displays a negative anomaly value during
the period.To explain these negative E-P anomalies we
need to do studies about the subsurface changes too.The
positive SSS anomalies results for both satellite and
Argo during the May to August period is consistent with
findings of previous studies. The advection of dense
water and the Ekman pumping from the north to the
central basin during SW monsoon can initiate these pos-
itive SSS anomalies'**'.

The second positive SSS anomalies appear in the
north of 20°N during November for the Argo (Fig.4c) ,
but in Aquarius it has already appeared at the
beginning of October ( Fig.4d ). Strong southwestward
winds anomalies that appear during this period, suggest
the activation of dry and cold northeasterly winds in
winter, when they induce the excess evaporation and
raise the surface salinity in the region'™ .In the mean-
time , negative SSS anomalies at south of 20°N, appear
in November and become strong and persist as
negatively during the end of NE monsoon in February.
The strong northwestward current anomalies as well as
the weak southwestward wind anomalies in the region
provide evidence for the advection of low SSS water
from the equatorial region and the west coast of Indi-
al1:31.34.36]

For the winter monsoonal anomaly study, February
is considered as the mature phase of winter ( Figs.5
a—b).Aquarius and Argo show similar SSS variation for
the winter.In Figure 5a,it’s clearly showed that negative
anomalies extend up to the Sea of Oman in the mature
phase of the winter monsoon in NAS. This negative
anomalies appear due to the advection of low salinity
water probably with WICC and other coastal currents in
the north eastern Arabian Sea, indicated as
northwestward moving surface current anomalies in
Figure 52" Due to the dry and cold NE monsoon
winds, while negative SST anomalies develop in the
NAS, relatively positive anomaly values for E-P can be
observed near the coastal waters of north western India
(Figs.5a,b).And during this period positive SSS anom-
alies remain only at the southwestern part of the NAS,

as the southward moving coastal currents of Oman shift
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Fig. 5 Monthly averaged SSS anomalies (shaded,unit:psu) at different monsoonal seasons,where (a-d) for
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dashed blue (=) ,unit;mm/day) ,and (e-h) for Aquarius SSS anomalies,surface winds anomalies

(blue arrows ,unit;m/s) ,SST anomalies ( contour,red (+) ,dashed blue (=) ,unit;°C)

the high salinity water more downward during winter.
Transition period between the tropical monsoons are
more related with annual variation of SST in the north
Indian Ocean. In this study, the first inter-monsoon
('spring inter monsoon ) is considered as May,and No-
vember as the second inter-monsoon. Aquarius and Argo
could display a similar pattern of interseasonal SSS
anomaly variations in this study (Figs.5b,d,f,h).
During the first inter-monsoon , as a result of south-
westward advected high salinity NAS waters in Omani
coast, and northwestward advected low salinity south
eastern Arabian Sea water in western Indian coast, posi-
tive SSS anomalies and negative SSS anomalies showed

respectively in these two regions ( Fig.5b).Positive SST

anomalies during the first inter monsoon ( Fig. 5f)
appear due to the excess heating via strong incoming ra-
diations. Although the wind anomalies during February
are headed to southwestward direction in NAS, during
May they have changed their direction as northeastward
in the NAS,and clockwise changes can be observed to-
ward the south.

NE moving surface currents and winds start to ap-
pear during May and become strong in August of SW
monsoon period ( Figs.5¢,g).As the intertropical con-
vergence zone (ITCZ) moves northward*’  higher pre-
cipitation probably causes the negative SST anomalies
in the southwestern Arabian Sea (Fig.5¢) during peaks
of the SW monsoon. A negative SSS anomaly begins to
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appear near the Oman and NA coastal regions where the
coastal upwelling is strengthening. And the positive SSS
anomalies are more prominent in the eastern Arabian
Sea,due to advection of the high SSS water towards the
east and central Arabian Sea associated with southeast
moving surface currents (Fig.5¢).

In the second inter monsoon (autumn inter mon-
soon ) , considered as November, distribution of SSS
anomalies are almost opposite to the first inter monsoon
(May) (Figs.5d,h).At this moment the advected low
salinity water from south during SW monsoon period has
been distributed to west and the center of the NAS'*/ |
where it’s indicated as negative SSS anomalies in the
west.And the negative SSS anomalies near the western
Indian coast in Figure 5d confirm the upwelled low sa-
linity water during previous SW monsoon in this region.
These negative SSS anomalies only appear in the Argo
SSS measurements. The most probable reason is that,
Argo indicates the 5 m below salinity measurements.
Due to the southeastward advection of high salinity
water from the NAS'™' during the SW monsoon , the sa-
linity shows positive anomalies along the southeast coast
of India during the second inter-monsoon period >’ Tt
reveals that the Arabian Sea high salinity water advects
to the southeastern Arabian Sea,almost to the equatorial

region.

3.4 Inter-annual variability
In this study, interannual variation of SSS is also
considered for particular time periods relevant to the

data source. Argo has been considered from 2004 to

Argo SSS RMS
28°N 4 it

%
\«/ﬂ

24°N

<
<
2 20°N
=

16°N : ;

B i T

50°E  55°E 60°E  65°E  70°E  75°E
longitude

2017 ,and Aquarius for 2012 to 2014.Interannual varia-
tion of RMS for both Aquarius and Argo shows large
SSS variation near NAS above 18°N ( Figs.6a,b),
where it’s spreading toward south.This indicates that the
studied region has more related interannual variability
during the SW monsoon period. Aquarius shows stronger
SSS variance than Argo,in particular area as it is only
considered for 2 years’ time. And differences in spatial
RMS changes can be observed between Argo and
Aquarius near eastern Arabian Sea, and the south
central of 16°N (Figs.6a,b).It may be due to the less
amount of sampling locations and the dissimilarity with
corresponding point data distribution for the two data
sets and as well as the unbalanced time-space data dis-
tribution , such as near the continents*’.The land in-
duced contaminations in SMOS measurements may
SSS

variability near the coastal region'”

results for interannual

7]

cause the incorrect

Time series of Aquarius and Argo show an
extensive inter-annual variation for the CNAS (Fig.7a).
Negative ( positive) SSS anomalies were considered rel-
evant to its lower (higher) position in the Argo climato-
logical seasonal cycle.Both Aquarius and Argo observe
similar inter annual variation from January 2012 to De-
cember 2014.Both show strong negative SSS anomalies
during 2012. Since 2004, Argo reveals largest positive
SSS anomalies between end of 2015 and 2016. The
winter time SSS anomaly variation are compared with
the northeast V component of the surface current ( Fig.
7b) . After 2008 ,it clearly shows that whenever there is

a negative V anomaly, SSS will get positive anomalies.

psu

0.15

=
y.
50°E  55°E 60°E  65°E  70°E  75°E
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Fig. 6 RMS of SSS and time series of particular SSS data ( multi-year averaged

removed from each data sets) during July/August,(a) Argo SSS,and (b) Aquarius SSS
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Therefore the result can suggest that, when the north-
westward advection reduces, it may cause SSS increase
in the CNAS during winter. According to the strength of
the northwestward flowing eastern Arabian coastal cur-
rent, we can observe interannual variability in the
CNAS. Exploring and studying this SSS observation is
hoped to be useful for further researches and to make
sustainable exploration and exploitation of ocean re-
sources. Understanding the seasonal changes may help
to improve the knowledge in weather conditions, and

long term climate changes.

4 Summary and conclusion

In this study, satellite Aquarius, SMOS and in situ
Argo observations were used to study the SSS variability
in the CNAS. Although the mean state of SSS in CNAS
is similar for all salinity data sources, SMOS was not
used to study the SSS changes in inter-annual time
scale due to its fabricated responses for external land
induced contaminations. As a result of that, RMS of
SMOS is giving less similarity, compared to the
observations. Both Argo and

and Argo

Aquarius

Aquarius show similar SSS variation on interannual time

for northeastern Arabian Sea (68-70°E,18-20°N)

scale.Argo displays higher SSS measurements in CNAS
compared with the other two satellites datasets.

CNAS records the highest SSS value of 36.7 psu
which reduces to 36. 3 psu southward in the CNAS.Due
to the advection and excess evaporation,the CNAS SSS
shows significant seasonal variation.As a result of south-
ward advect, the high salinity water from the Gulf of
Oman and the existence of Ras al Hadd Jet present the
highest SSS anomalies during the mature phase of SW
the CNAS. Coastal upwelling

associated with summer monsoon favors the low salinity

monsoon period in
water intrusion to the studied area. The effect of the
northwestward advection of low salinity West Indian
coastal currents can be observed up to the Sea of Oman
as negative SSS anomalies during later winter phase.The
high salinity water of NAS advects to the most south-
eastern Arabian Sea during the later summer monsoon
of the

contributes to intensive inter-annual changes for SSS in

period. The strength monsoon  circulation
the CNAS.It’s necessary to do further studies to under-
stand the subsurface salinity responses to the monsoon
circulation and their associated climate changes in the

central north Arabian Sea.
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