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INTRODUCTION
The Red Sea (RS) and the Persian Gulf (PG), 

also referred in the scientific literature as the 
Arabian Gulf, inject into the Indian Ocean via the 
Gulfs of Aden and Oman, respectively, the most 
saline waters found in the world oceans (Beal et 
al., 2000; Bower et al., 2000; Rochford, 1964). The 
volume transports from the two marginal seas are 

relatively small: ~0.2 Sv of  Persian Gulf Water 
(PGW) and ~0.4 to 0.8 Sv  of Red Sea Overflow 
Water (RSOW) (Beal et al., 2000; Bower et al., 
2000; Durgadoo et al., 2017; Johns et al., 2003). 
Nevertheless, due to their unique thermohaline 
characteristics, the PGW and the RSOW can be 
tracked from their sources over great distances. 
Their imprint is evident within the upper kilome-
ter, over an extensive area of the northern Indian 
Ocean (Beal et al., 2000; Bower et al., 2005, 2000; 
Wyrtki et al., 1971; You and Tomczak, 1993). As 
described in the cited works, the RSOW enters the 
Gulf of Aden with temperature close to 22oC and © 2022 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.

Ocean 
and Coastal
Research

http://doi.org/10.1590/2675-2824070.22019ejdc

Original article

ISSN 2675-2824

Warm saline water masses emanating from the Persian Gulf (PG) and the Red Sea (RS) spread across a large 
area of the northern Indian Ocean upper layers, affecting the thermocline stratification, the circulation, and the 
air-sea exchanges over the Arabian Sea (AS) and Bay of Bengal (BoB). To explore the significance of these 
waters, we use numerical simulations to investigate the impact of isolating (closing) the RS and PG.  The results 
show that the differences between the model runs, with and without the RS and PG, have marked effects on 
the AS and BoB seasonal variability. As expected, the major differences are concentrated in the surface mixed 
layer and thermocline of the AS. However, differences are also found further east in the BoB, mainly during the 
boreal summer. Significant differences are present in the air-sea freshwater and heat fluxes calculated by the 
model. In addition to the seasonality, there are significant interannual variability, with possible correlation with the 
El Nino-Southern Oscillation. Results of the experiments suggest that the upwelling in the Sri Lanka Dome, in the 
southwestern Bay of Bengal, would have responded differently to the 2009-2010 El Niño-La Niña in the absence 
of PG and RS input.
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salinity near 39, resulting in a density anomaly σθ 
of about 27.25 kg m-3. After undergoing intense 
transformation in the Gulf of Aden, due to mix-
ing with local fresher water, the RSOW reaches 
the Arabian Sea (ArS) with salinity in the range 
35.8-36.0 (Bower et al., 2005). While in the Gulf of 
Aden, the RS plume is found confined within the 
400–800m, with σθ ranging from 27.0 to 27.50 kg 
m-3. After leaving the Tadjura Rift, water in same 
density range is found at depths 600-800m. In 
the ArS, this water mass is advected to the south 
along the continental slope deepening progres-
sively, reaching 1000–1100m near 30oS (Bower et 
al.; 2005). The upper 300 meters is dominated by 
waters originated in the PG (Campos et al., 2020a; 
Ezam et al., 2017; Johns et al., 2003). These wa-
ters spread over a large area reaching into the Bay 
of Bengal (BoB) (Hormann et al., 2019; Murty et 
al., 1992; Vinayachandran et al., 2013).

The lower salinity Indonesian Throughflow 
(ITF) and BoB exports are the primary balance 
to the salty ArS water. The substantial terrestrial 
freshwater inflow in the BoB contrasts with the ArS 
where, in addition to the RSOW and PGW inflows, 
there is an excess evaporation of the order of -0.11 
Sv. The net result from precipitation, evaporation 
and river runoff in the BoB is of +0.13 Sv (Gordon 
et al., 2016; Murty et al., 1992; Vinayachandran 
et al., 2015). This causes a difference in sea sur-
face salinity (SSS) greater than 3, more than the 
''salty'' Atlantic versus the ''fresh'' Pacific. The SSS 
between the ArS and BoB basins depends on the 
efficiency of the interchange of their waters: the 
salty ArS invades BoB within the thermocline as 
BoB exports low salinity surface layer, in an es-
tuary-like setup (Hormann et al., 2019). The heat 
and freshwater budgets in the BoB have a marked 
seasonal variability, with a strong influence of the 
summer monsoon. The intrusion of the salty ArS 
waters into the upper thermocline may affect the 
near-surface stratification with impacts on the air-
sea exchanges (Vinayachandran et al., 2013).

An important feature associated with this ex-
change of waters between the ArS and the BoB 
is the Sri Lanka Dome (SLD), an upwelling sys-
tem that occurs east of Sri Lanka, in the region 
delimited by 83oE and 5o–10oN (Burns et al., 2017; 
Cullen and Shroyer, 2019; de Vos et al., 2014; 

Vinayachandran et al., 2004). By pumping up cool-
er, nutrient reach waters, the SLD affects biologi-
cal productivity and air-sea exchange. The SLD is 
highly variable both in space and time, coupled to 
the seasonal monsoon forcing. It typically initiates 
in early June and is strengthened by the south-
west monsoon winds. Then, it slowly migrates to-
wards the northwest and dissipates by the end of 
September (Burns et al., 2017; Cullen and Shroyer, 
2019; de Vos et al., 2014; Vinayachandran et al., 
2004). The SLD is correlated with both the Indian 
Ocean Dipole (IOD) and strong El-Niño–Southern 
Oscillation (ENSO) events (Burns et al., 2017; 
Cullen and Shroyer, 2019).

Despite its relatively small volume, the extreme 
saltiness of PGW is expected to have  significant 
impact on the thermohaline stratification, circula-
tion, and air-sea exchanges over the northern 
Indian Ocean, including the eastern realm of the 
BoB and the SLD. The Persian Gulf is an evapo-
rative basin. The increased salinity due to global 
warming, associated with the effects of the in-
creasing freshwater production in desalination 
plants in the region, will certainly magnify the im-
pacts of that marginal sea (Campos et al., 2020b). 
Thus, improved knowledge of the PGW spatial and 
temporal spreading patterns and their impact on 
the Indian Ocean oceanography is crucial to better 
evaluate the impact of the climate change induced 
intensified hydrological cycle in the Indian Ocean. 
In a previous study, the effects of different forcing 
mechanisms on the Indian Ocean salinity distribu-
tion were investigated in a suite of numerical ex-
periments with a 4½-layer model with a thermody-
namically active mixed layer (Han and McCreary 
Jr., 2001). It was found that some of the Persian 
Gulf waters, originally injected in a deeper layer 
(layer 3) in the Gulf of Oman, eventually entrains 
into the surface mixed layer, increasing the sur-
face salinity by 0.1–0.2 in the Arabian Sea. From 
the Red Sea, waters entering in layer 4 increase 
the salinity values in this layer throughout much of 
the Indian Ocean, but particularly in the Arabian 
Sea and the western regions of the basin. 

To further address the question on the impor-
tance of the PGW and RSOW in the Indian Ocean, 
two numerical experiments are carried out. In 
the first one, hereinafter referred as the Control 
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experiment, it is considered a realistic represen-
tation of the Indian Ocean basin to the north of 
30oS, including the Persian Gulf and the Red Sea. 
In the second (henceforth NoAGRS), the two mar-
ginal seas were completely masked out. Because 
of the more pronounced presence of the PG wa-
ters in the upper 300 meters, on a large area from 
the ArS to the BoB, and our interest on the air-sea 
interactions and near surface dynamics, we will 
focus the analysis on the impacts of closing the 
Persian/Arabian Gulf.

Our study is structured as follows. In Section 
Methods, the numerical model, its set-up, and the 
data used to validate the results are described. In 
the following section, the results of the numerical 
experiments are described and discussed. Finally, 
the final Section presents a summary and the 
Conclusions of the most relevant findings.

METHODS

The numerical model
The experiments were run with an implemen-

tation of the Hybrid Coordinate Ocean Model 
(HYCOM; https://www.hycom.org) (Bleck, 2002; 
Halliwell, 2004) to the geographic region delim-
ited by latitudes 30oS--31oN and longitudes 30oE-
-115oE (Figure 1), with nominal horizontal resolu-
tion of 1/12 of a degree (in the N-S direction the 
grid spacing is multiplied by the cosine of latitude). 
The vertical stratification was represented by 22 
hybrid layers, designed to have a higher resolu-
tion of the upper 1000 meters of the water col-
umn. All 22 layers were allowed to transform from 
isopycnic to terrain-following or to z-coordinates. 
The bathymetry was based on the NOAA-NGDC’s 
ETOPO5 dataset (Smith and Sandwell, 1997). The 
shallowest depths were kept in 5 meters -- regions 
with depths less than 5 meters were considered 
land.

The one-way nesting approach to pro-
vide the initial and boundary conditions is de-
scribed as follows. First, six-days averages of 
all relevant fields from a HYCOM global run 
(GLBa0.08) were remapped from 32 σ2 lay-
ers to 22 isopycnic surfaces and interpolated 
to the horizontal grid defined for the two pres-
ent experiments. The model was then forced 

with NCEP 1 Reanalysis products (Kalnay et 
al., 1996); (https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.html), namely: surface 
air temperature, net downward radiation flux, 
net downward shortwave flux, precipitation, va-
por mixing ratio, surface wind speed and wind 
stress. The experiment extended from January 
2000 to December 2013.  At each time step, 
the products of the model’s integration were 
relaxed to the boundary conditions, in a 36 
grid-points lateral buffer zone, with an e-folding 
time of 53 days. Values at grid-points farther 
than 1.5 degrees from the lateral open bound-
aries would be retained. Otherwise, inside the 
36-grid points nesting boundary layers, values 
would tend gradually towards those provided by 
GLBa.08 on the open boundaries.

Two experiments were run. In the first, the en-
tire oceanic region from ETOPO5 was considered, 
including the Red Sea and the Persian Gulf. For 
the second, the bathymetry file was edited con-
verting into land the PG and the RS (shown as the 
white area in Figure 1.  Because the major interest 
was to investigate the role of the PGW and RSOW, 
no rivers were considered in the simulations but, in 
both cases, the sea surface salinity and sea sur-
face temperature were relaxed to the WOA2018 
climatology, with an e-folding time of 30 days. In 
this way, the model retains ``memory” of the cli-
matological freshwater distribution in the mixed 
layer. The output of the integration for both the in-
ternal (baroclinic) and external (barotropic) modes 
were saved for the entire grid at a one-per-day fre-
quency. The size of the raw dataset containing all 
variables for the entire run is over one terabyte in 
binary (Fortran) format. The complete dataset can 
be downloaded via anonymous ftp, upon request. 
However, the minimum amount of the processed 
data necessary for reproducing the analyses re-
ported in this paper, sized over 5 gigabytes in com-
pressed NetCDF format, is freely available in an 
open access repository: https://www.seanoe.org 
(Campos, 2020).

Data for Model validation
To evaluate the model’s accuracy, the results 

were compared with gridded products of tempera-
ture, salinity and mixed layer depth provided by the 
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Figure 1. Bathymetry based on ETOPO5 (Smith and Sandwell, 1997) used in the experiment in which 
the Persian Gulf and the Red Sea were not considered (Experiment NoAGRS).

Argo Program available at http://www.argo.ucsd.
edu (http://doi.org/10.17882/42182), for the period 
extending from January 2004 to December 2016.

In preparation for the use of this data set in 
the model’s validation, seasonal (summer and 
winter) horizontal maps and vertical profiles of 
salinity in the upper four hundred meters of the 
northern Indian Ocean were plotted. As seen 
in Figure 2, in the uppermost 50m layer, the 
horizontal salinity distribution shows marked 
seasonal variation. In the January, February 
and March (JFM) season (a), fresher waters 
from the BoB are exported to the ArS along 
two main pathways, as described in a previous 
work based on Argo data, surface drifters and 
satellite data (Hormann et al., 2019). In the first 
one, located in the western region of the BoB, 
surface freshwater export during JFM is mainly 
associated with the westward flowing Northeast 
Monsoon Current (NMC), along the east coast 
of India and around Sri Lanka (Hormann et al., 
2019; Schott et al., 2009). As described in the 
literature  (Hormann et al., 2019), the freshwa-
ter exported from BoB does not appear to flow 
northwestward along the Indian west coast be-
yond approximately 10oN. As much as in the cit-
ed work, to the south of the NMC, between 5oS 

and 5oN, the high salinity waters from the ArS 
are transported towards the eastern Equatorial 
Indian Ocean by the South Equatorial Counter 
Current (SECC). In the second pathway, waters 
from the BoB flow southward along the east-
ern boundaries of the BoB, cross the equator 
and then veer westward as part of the South 
Equatorial Current (SEC). In July-August-
September (JAS), shown in Figure 2 (b), the 
surface-layer flow around Sri Lanka reverses 
direction, with the Southwest Monsoon Current 
(SMC) transporting ArS water into the BoB. 
The SECC is somewhat displaced southward 
and a tongue of lower salinity water protruding 
into the ArS appears between the SMC and the 
SECC.

Within the layer defined by depths 100m and 
150m, export of BoB waters into the ArS is con-
siderably reduced in both seasons, with basically 
a year-round export of saltier ArS waters into the 
BoB. The seasonality is in the apparent inten-
sity of the flow and in the northernmost latitudes 
reached by the ArS waters. Both during JFM and 
JAS (Figure 2 c,d), saltier waters flow around Sri 
Lanka towards the BoB. In JAS, however, these 
waters reach much further north along the east-
ern coast of India. Below 200m (Figure 2 e,f), the 
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Figure 2. Horizontal distribution of salinity, from Argo, averaged over 0-50m (top), 50-150m (mid) and 
200-300m (bottom) for JFM (left) and JAS (right). The thin blue line from the Gulf of Oman to the BoB 
indicates where vertical profiles were plotted. The curved arrows indicate the main currents in the region 
related to the water interchange between the ArS and the BoB, according to (Schott et al., 2009).

seasonality practically vanishes, with the saltier 
waters spreading all over the BoB.

The upper 300 meters in the ArS is dominat-
ed by waters from the Persian Gulf (Bower et al., 
2000, 2005; Campos et al., 2020a; Ezam et al., 
2017; Johns et al., 2003). Thus, it is likely that most 
of the water being exported into the BoB, at all 
depths considered in Figure 2, are predominantly 
from the Gulf of Oman. To have a better view of 
the structure of the presumably Persian Gulf water 
mass, according to Argo data, vertical profiles of 
salinity along a line extending from the mouth of 
the Gulf of Oman (see Figure 2) to the BoB were 
plotted, as shown in Figure 3. The seasonality in 
the near-surface layer (0-50m) is evident in the top 
150m during the winter (JFM). It is also clear from 
this vertical profile the intrusion of the saltier ArS 
waters into the BoB in the layer from 50m down to 
150m. In the JFM season (upper panel), the salin-
ity structure shows a well-defined estuary-like cir-
culation.  From the surface to approximately 50m 
depth, there is a layer of fresher BoB waters over 
a tongue of saltier waters protruding from the ArS 
into the BoB. Figure 3 also suggests that below 
150m there is a secondary tongue of saltier waters 
into the BoB, in both seasons.

RESULTS & DISCUSSION

Model spin-up and experiment’s time-
history

Both experiments were started on 1-Jan-2000 
and let to run until Nov-27-2013. The time-histo-
ry of each realization is represented by the time 
series of the basin-averaged sea surface height 
(SSH) and kinetic-energy (KE), plotted in Figure 
4. The upper panel (a) shows that it takes about 
four to five years for the model to reach a state 
of reasonable equilibrium in both experiments. 
The plots show that the differences in the mean 
surface elevation (b) and mean kinetic energy (c) 
between the two experiments are small.  However, 
they are not completely negligible, especially for 
the kinetic energy (KE). They present interesting 
seasonal and interannual variability. In some pe-
riods the difference in KE reaches up to 10% of 
the corresponding values in the Control experi-
ment. The seasonal variation is certainly linked to 
the Indian Ocean monsoon system. The interan-
nual periodicity seems to be of a couple of years. 
As highlighted by the two vertical dashed lines 
in Figure 4, relatively large differences occurred 
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Figure 3. Vertical profiles of salinity, from Argo, along a line from the Gulf of Oman to the BoB, as 
indicated in Figure 2.

during 2009-2010, a period that, incidentally, coin-
cides with the occurrence of an intriguing El Niño–
La Niña sequence. Thus, the analyses in the fol-
lowing sections of the manuscript will emphasize 
the 2009-2010 period.

Model validation
To proceed with a more detailed investigation 

on the effects of closing the RS and PG, an evalu-
ation of the model’s results is made by means of a 
comparison with previous studies and with salinity 
and temperature data sampled with Argo floats. It 
is found that the model reproduces quite well the 
overall patterns of the seasonal wind-driven circu-
lation (Figure 5) in the upper layers, in good agree-
ment with the general patterns described in the lit-
erature (Hormann et al., 2019; Schott et al., 2009). 
It does also a good job in reproducing the season-
ality in the exchange of waters between the ArS 
and the BoB. This is clear in the model’s horizon-
tal salinity distribution in the mixed layer (the color 

shadings in Figure 5), which compares quite well 
with the Argo data in the upper layers (see Figure 
2). For both Argo dataset and model, the salinity 
distribution follows the climatological circulation 
pattern. During JFM, in the region around southern 
India and Sri Lanka, to the north of the Equator, the 
surface circulation is dominated by a zonal current 
system oriented predominantly towards the west 
(the NMC), advecting fresher BoB waters into the 
ArS. In the summer (JAS), the mean salinity dis-
tribution also reflects the reversion of the currents, 
with an eastward flow (the SMC) advecting saltier 
waters into the BoB. In Figure 5, the 34.8 isohaline 
(red curve) highlights the frontier between regions 
of higher and lower salinity.

The accuracy of the model’s results is further 
investigated by comparing the horizontal salinity 
distribution in both experiments with Argo data for 
the winter (JFM) and summer (JAS) of 2009. As 
seen in Figure 6, except for the differences in the 
salinity tongue advancing toward BoB, the model’s 
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Figure 4. (a)Time-history of the basin averaged SSH and KE for both Control and NoAGRS experiments; 
(b) and (c) time series of the differences of SSH and KE in the two experiments. The dashed vertical 
lines indicate the 2009-2010 period, in which the KE difference reached values as high as 10% of the 
corresponding values in the Control experiment.

results for this particular year are also in good 
agreement with the data. The mixed layer salinity 
maps from the two experiments compare well with 
Argo data and are quite like each other. But, as it 
will be shown in the next Subsection (NoAGRS vs 
Control), some interesting differences can be no-
ticed between the two runs, mostly in the Arabian 
Sea but, also in the vicinity of Sri Lanka and in the 
western part of the BoB. In JAS, for the NoAGRS 
case, the salinity tongue seems to extend a little 

farther east than in the Control experiment. In this 
season, some significant differences are noticed 
within the SLD region and near the east coast of 
India in the BoB.

To complete the comparison with Argo data, 
TS-diagrams are plotted on some points along the 
line starting from the entrance of the Gulf of Oman 
to the Bay of Bengal, as indicated in the map in 
the upper-left panel of Figure 7. We will focus on 
the TS curves clustered in four different regions:  
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Figure 5. Color shading: seasonal winter (JFM) and summer (JAS) horizontal salinity distributions from 
the model's Control experiment (mixed layer). Vectors: the mixed layer seasonal velocity fields from 
the Control experiment. The averaging was done after removing the initial five years of the time series.

one in the northern (red color) and other (orange) 
in the southern part of the ArS, a third one (blue) 
around 4o–5oN, and the fourth (purple) in the SLD 
region. Although the thermohaline structure mostly 
agrees with the Argo data, the model fails to re-
produce the subsurface salinity maximum, around 
T=16oC, in the TS-diagrams from North Arabian 
Sea (red lines). Also, the intra-cluster variability 
is greater in the Argo data. This may affect the 
mean values and result in non-negligible differ-
ences between Argo data and model runs in Fig. 
8. However, for the JAS-2009 season, as shown 
in Figure 7, as well as for JFM-2009 (not shown), 

there is a good general agreement between the 
model’s thermohaline structure with that sampled 
by the Argo floats. The vertical dashed lines indi-
cate salinity 36.6 and 35, which roughly represent, 
respectively, the salinity values in the thermocline 
(the gray-shaded area in the TS-diagrams) near 
the Gulf of Oman and in the southern limits of the 
SLD.

NoAGRS versus Control
In the TS diagrams (Figure 7), there are small 

but noticeable differences between the experiment 
without the Arabian Sean (NoARS) and Control. 
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Figure 6. Horizontal distributions of salinity for JFM and JAS of 2009, for Argo (0-50m, top panel), 
Control (mixed layer, mid panel) and NoAGRS (mixed layer, bottom panel).

This is particularly true in the thermocline (shaded 
gray area in the TS-diagrams) and in the surface 
layers.  To look further into the differences, TS-
diagrams were plotted for temperature and salinity 
averaged over four of the six different segments 
along the line indicated in the map in Figure 7, 
for the JAS-2009 season. These are indicated in 
Figure 8 as the North and South Arabian Sea, the 
4o–8o N band, and the SLD. The black curve is 
from Argo data and the red and blue from Control 
and NoAGRS, respectively. The largest differ-
ences occur near the Gulf of Oman at thermocline 
depths, as it should be expected, and in the up-
per thermocline and mixed layer in the SLD, what 
is not so obvious. According to these plots, in the 
absence of the Persian Gulf outflow, waters near 
the entrance of the Gulf of Oman, on a specific 
isopycnic surface at thermocline level, would be 

less saline and consequently cooler. In The SLD 
region, the experiments suggest the opposite. On 
a specific density surface, in the NoAGRS case, 
waters would be saltier and warmer, an indicative 
that the SLD upwelling would be reduced during 
the JAS-2009 season.

As expected, because of the interruption of 
the Persian Gulf salty water inflow, which is nor-
mally present at thermocline levels in the Gulf of 
Oman (Campos et al., 2020a; Ezam et al., 2017; 
Johns et al., 2003),  the closure of the PG results 
in a significant decrease in salinity between the 
isopycnals 25 and 28 kg m-3 (the shaded area in 
Figure 7 and Figure 8. To better evaluate these 
differences, additional diagnostics are carried out 
starting with the horizontal distributions of salinity, 
temperature and velocity within the model’s ther-
mocline and the depth of mixed layer, as shown 



Red Sea, Persian Gulf, and the Indian Ocean 

Ocean and Coastal Research 2022, v70:e22050 10

Campos et al.

Figure 7. TS-diagrams from Argo and the two numerical experiments for JAS-2009, for T and S on the 
points indicated on the map in the upper left panel. The TS curve with black stars represents the T and 
S on 77.5oE, considered here as the longitude separating the ArS and the BoB.

Figure 8. TS-diagrams with T & S averaged over four different segments of the line shown in the upper 
left corner of Figure 7: North and south Arabian Sea, equatorial band and SLD, for JAS-2009. The black 
curve is from Argo data. The red and blue are from Control and NoAGRS experiments, respectively.
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in Figure 9 and Figure 10. In these two figures, 
the left panels (a, c, e and g) show the variables 
from the Control experiment with the differences 
(NoAGR minus Control) displayed on the right side 
(b, d, f and h). The temperature differences in the 
uppermost right panel (b) of Figure 9 and Figure 
10 show that experiment NoAGRS has slightly 
higher temperatures in the zonal band 4o–8o N, 
around southern India and Sri Lanka, in both sea-
sons (JFM and JAS). Despite the patchy distribu-
tion, it seems that NoAGRS in general has slightly 
lower temperatures in the ArS and higher in the 
BoB region. Similar distribution is seen for salinity 
in the upper-mid panel on the right (d), for both 
seasons. In general, salinity is higher in NoAGRS 
in the 4o–8o N band and in the BoB and lower in the 
ArS. For both seasons, the lower-mid panel (f) on 
the right show that there is an overall deepening 

Figure 9. Horizontal distributions of salinity (a, b), temperature (c, d) and velocity in m s-1 (g, h) within the 
model's thermocline, and the depth in meters of the model's mixed layer (e,f) - JFM.

of the mixed layer, with a clear seasonal differ-
ence in the SLD. The changes in the mixed layer 
depth within the rectangle drawn east of Sri Lanka 
show intensified negative and positive values dur-
ing JAS. These changes are also present in the 
thermocline salinity and temperature distribution 
within SLD, shown uppermost two left panels (b 
and d) in the JAS season.

The bottom-right panel (h) in Figure 9 and 
Figure 10 represents the differences in the veloc-
ity within the thermocline for JFM and JAS. In the 
two seasons, there are differences of up to 0.5 
m s-1, mainly near the western boundaries of the 
ArS. However, regions of higher differences are 
noted the northwest regions of the BoB in JFM. 
Within the SLD region, no noticeable differences 
are seen in JFM. While some differences are still 
present in the NW BoB during JAS, in this season 
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Figure 10. Horizontal distributions of salinity (a, b), temperature (c, d) and velocity in m s-1 (g, h) within 
the model's thermocline, and the depth in meters of the model's mixed layer (e,f) - JAS.

the largest differences are found within the SLD. In 
the summer (JAS), there is a pair of cyclonic and 
anti-cyclonic intensification which, as will be de-
tailed below, agrees with the changes in the mixed 
layer depth, and in the thermocline’s temperature 
and salinity, in the SLD region.

Because of its immediate connection to the 
PG and RS, the Arabian Sea is naturally more 
prone to be affected by the closure of the two mar-
ginal seas. However, the impacts on more remote 
regions such as the 4o–8o N band and the Bay 
of Bengal are not so obvious. Thus, to better un-
derstand the changes displayed in Figure 9 and 
Figure 10, more detailed maps of the sea surface 
height (SSH) and mixed layer velocity were plot-
ted for the region delimited by longitudes 77oE, 
and 95oE and the equator and latitude 20oN. In 
Figure 11, snapshots of the differences between 
values during JAS and the long-term mean in 

Control are shown at approximately 15-days in-
tervals, from 1-Jun-2009 to 1-Oct-2009. This dif-
ference was adopted to highlight the summertime 
anomalies in the two fields. In the first panel, on 
the upper left corner, a nucleus of cyclonic circu-
lation can be seen within the rectangle defining 
the SLD region. The blue colors associated with 
the cyclonic eddy (the SLD) indicate a depres-
sion in SSH, what corresponds to an uplifting of 
the mixed layer depth (upwelling). Another re-
gion of intense upwelling is seen near the east 
coast of India, centered around 83oE, 15oN. The 
sequence of maps shows that the SLD traveled 
slowly northwestward, being gradually replaced 
within the rectangle by an anticyclonic eddy com-
ing from southeast. In the higher latitudes, off 
east India, intense mesoscale variability is ob-
served, with a succession of cyclonic and anticy-
clonic vortices.
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Figure 11. Snapshots of the differences in SSH and mixed layer velocity, between NoAGRS and 
Control, during JAS minus the long-term mean, at approximately 15-days intervals, from 1-Jun-2009 
to 1-Oct-2009.

To evaluate the residual effect of the meso-
scale variability, maps of the seasonal mean (June 
to Sep) of the SSH and mixed layer velocity in 
the Control experiment, and the mean difference 
(NoAGRS minus Control) were plotted, as shown 
in Figure 12. The result shows that the seasonal 
mean circulation within the rectangle off Sri Lank 
(left panel) is dominated by a pair of anticyclonic 
(in the south) and cyclonic (more to the north) vor-
tices. More to north, the mean distribution shows 
a zonally oriented stripes of upwelling and down-
welling region. The differences, displayed in the 
right panel of Figure 12, suggest that the closure 
of the PG and RS results in an overall tendency to 
counteract the cyclonic and anticyclonic centers, 
reducing the strength of both upwelling and down-
welling processes.

For a clearer view of the impacts of NoAGRS in 
the water column, vertical profiles of temperature 
and salinity along the line from the Gulf of Oman 

to the SLD region, for JFM and JAS in the two ex-
periments, as well as the differences between the 
two cases were plotted and shown in Figure 13 
and Figure 14. In these figures, the two solid white 
curves indicate the isopycnic surfaces σθ =23.25 
kg m-3 and σθ =25.77 kg m-3, the 6th and 10th lay-
ers within the model’s thermocline. The vertical 
dashed white line marks the longitude separating 
the ArS to the Bay of Bengal (as indicated in the 
top left panel of Figures 9 and 10). The two thinner 
vertical dashed lines (black) are the limits of the 
SLD region. In these figures, the top and middle 
panels are the distributions for temperature (left) 
and salinity (right), whereas the bottom ones are 
the differences NoAGRS minus Control, for the 
two variables. In both JFM and JAS the differ-
ences in temperature are confined predominantly 
in the thermocline, with only small expressions in 
the mixed layer near the Gulf of Oman and in the 
southern limit of the SLD during the JAS season. 
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Figure 12. Maps of the seasonal mean (Jun to Sep) of SSH and mixed layer velocity in Control (left) and 
the difference between NoAGRS and Control (right).

Figure13. Vertical distributions of salinity and temperature (top two panels) and the differences 
(NoAGRS minus Control) for JFM.

For salinity, however, the differences are seen in 
the thermocline and in the mixed layer, in both sea-
sons. Within the SLD region, the anomalies are 
more expressive in the summer (JAS) season.

In JFM (Figure 13), the mixed layer in the SLD 
region deepens gradually northeastward, as seen 
in Figure 9, with no indications of centers of cy-
clonic or anticyclonic mesoscale features. Very 
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Figure 14. Vertical distributions of salinity and temperature (top two panels) and the differences 
(NoAGRS minus Control) for JAS. The white curves are the isopycnic surfaces indicating the thermocline 
region. The thicker dashed line marks the boundary between the ArS and the BoB.

small differences are seen both in temperature and 
salinity near the isopycnic surface defining the top 
of the thermocline. In JAS, however (Figure 14), 
within the SLD region the geometry of the isopyc-
nic indicating the depth of the mixed layer clearly 
show the presence of an anticyclone (deepening 
of the mixed layer) in the southern half and a cy-
clone (shallowing) in the northern part of the SLD, 
in accordance with what is seen in both Figures 
10 and 12. In this season (JAS), the differences 
in temperature and salinity from two experiments 
are much more evident, both in the thermocline 
(mainly for temperature) and in the mixed layer.

As pointed out previously, up to this point, the 
analyses have focused on the year 2009 because 
of the more significant differences in the basin av-
eraged KE time series seen in Figure 4. Here, to 
examine the interannual variability, time series of 

the differences averaged over the southern half 
of the SLD (82oE–87oE, 5oN–7.5oN) are plotted. 
In the upper, mid, and lower panels of Figure 15 
the time evolution of the differences in tempera-
ture, salinity, and mixed layer depth between the 
two experiments are shown, respectively, for the 
period 2006 to 2013. Despite the negligible mean 
values, the difference between the variables from 
the two experiments show significant interannual 
variability. In the period JAS-2009, the NoAGRS 
experiment present decrease of approximately 
0.2oC and 0.35 in the mixed layer temperature and 
salinity, respectively, associated with the shallow-
ing of the mixed layer in the order of 15 meters. 
While the differences in T and S are small in terms 
absolute, considering larger change in the mixed 
layer depth represent significant variations in the 
total heat and salt content.
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Figure 15. Time series of differences (NoAGRS minus Control) in temperature, salinity and mixed layer 
depth, averaged over the southern half of the Sri Lanka dome (82oE–87oE, 5oN–7.5oN).

Impacts of air-sea exchanges
Considering the differences in the surface 

mixed layer resulting from the closure of the PG 
and RS, it is natural to ask what the impacts on 
the exchange of thermodynamic variables at 
the ocean atmosphere interface would be.  The 
HYCOM output at the air-sea interface includes 
the net evaporation minus precipitation (EMP) 
and the net total heat flux (QTOT). To evaluate 
the differences between these fields in the two 
experiments, the time series of these quantities 
were averaged over the entire modeled region. 
Results for the Control experiment and the differ-
ence NoAGRS minus control, for JFM and JAS of 
2009 are shown in Figure 16. QTOT is in W m-2 

and EMP in kg m-2s-1. Positive values indicate 
downward fluxes (into the ocean).

The differences between NoAGRS and Control 
(displayed in the right panels of Figure 16) indicate 
that the closure of the PG and RS in the numerical 
simulation results in changes in QTOT of up to 5 W 
m-2, mainly in the ArS, during JFM (b). In this sea-
son (JFM), changes in EMP (c) with magnitudes 
of up to 5 kg m-2s-1 are present, predominantly in 
the western ArS and in the BoB, with regions with 
upward and downward fluxes. These regions with 
variable spatial distribution in the surface fluxes 
are probably associated with the changes in the 
upwelling/downwelling regions. In the summer 
season (JAS), as seen in panels f and h of Figure 
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Figure 16. Left panels: Total heat flux (QTOT), in W m-2, and excess evaporation (EMP), in kg m-2s-1, at 
the ocean surface for the Control experiment. Right panels: Differences between EMP and QTOT from 
the two numerical experiments. Both seasons JFM and JAS, are shown.

16, no significant differences between NoAGRS 
and Control are found in the BoB. However, both 
QTOT and EMP present high spatial variability 
in the ArS as well as in the vicinity of Sri Lanka 
Dome, during JAS.

SUMMARY and CONCLUSION
Waters from the Red Sea (RSOW) and the 

Persian Gulf (PGW), despite their relatively small 
volume fluxes, spread over a large area of the 
Indian Ocean. The PGW is shallower than the 
RSOW, spreading in the thermocline and upper 
levers of the ArS towards the Bay of Bengal. The 
heavier RSOW, after leaving the Gulf of Aden, is 
found at depths 600-800m and flows predomi-
nantly to the south along the continental slope, 

deepening progressively and reaching as far south 
as the Agulhas Current. However, to what extent 
they impact the upper ocean stratification and 
circulation of the northern Indian Ocean it is less 
clear. This is an important issue in a scenario of 
global warming and other human-induced chang-
es in those marginal seas. The present work was 
done as a first step towards a better understand-
ing of the role of those hypersaline waters, with 
focus on the PGW, as part of investigations being 
conducted at the American University of Sharjah.

We find that the complete interruption of the PG 
and RS inflows leads to small but not completely 
negligible alterations of the stratification and cir-
culation of the northern Indian Ocean. In the nu-
merical experiments, it is found that the difference 
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between the basin-averaged kinetic energy be-
tween the two runs shows interannual variability, 
reaching up to 10% of the value in the Control ex-
periment, which includes the two marginal seas. 
The larger differences occur at interannual scales, 
reflecting an effect of ENSO. Other significant dif-
ferences are found in the temperature and salinity 
of the mixed layer and within the thermocline. As 
expected, the greater impact occur mainly in the 
ArS but differences in the more remote northern 
sector of the BoB. The numerical experiments also 
show significant impact on the air-sea exchanges 
and in the upper layer’s circulation. In particular, 
the results show that the upwelling system in the 
Sri Lanka Dome would respond differently to vari-
ability of the climate system in the absence of the 
two marginal seas.

Even though closure of the PG and the RS 
is not a realistic situation at present, the results 
of these numerical experiments can be regarded 
as a contribution to understand the relevance of 
those waters to the larger scale. If the reduction 
of the salt influx impacts processes in remote re-
gions, as found in the present work, one can hy-
pothesize that, on the contrary, the increase would 
also be relevant. To tackle with this question, fur-
ther experiments are being conducted, in which 
several other components, such as riverine inflow, 
increased evaporation and salt content associated 
with desalination activities are considered.
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