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ABSTRACT

A shallow-water model, coupled with a three dimensional, hydrostatic ocean model, is used to study the wind induced
circulation, and the Shatt-al-Arab river plume expansion, in the Persian Gulf. The models are used in an idealized con-
figuration. The following results are obtained: 1) with northwesterly winds, a double gyre is formed: this gyre is cyc-
lonic in the south and anticyclonic in the north. Southeastward currents flow along the Iranian and Arabian coast where
the wind stress at the surface dominates the pressure gradient related to the free surface slope, and conversely in the
deeper region of the Gulf; 2) in the eastern part of the Gulf, the cyclonic gyre intensifies, as observed and reported in
the literature; 3) for northwesterly winds, the plume from Shatt-al-Arab first heads towards the Iranian coast and then
spreads southeastward along the Arabian coast; for northerly and northeasterly winds, the plume directly follows the
Kuwaiti coast and then the Arabian coast. This sensitivity of the orientation can be related to the double gyre flow

structure; 4) a southeasterly wind confines the plume in the northern end of the Gulf as does a pure tidal flow.

Keywords: Persian Gulf; Wind-Induced Circulation; Hydrodynamical Modeling

1. Introduction

The Persian Gulf is a northwest to southeast oriented
basin, with length of about 1000 km, maximum width of
350 km, average depth of 40 m and maximum depth of
120 m at the Straits of Hormuz which open on the Gulf
of Oman (see Figure 1(a)). Its surface is about 239,000
km? and its volume is 8780 km”®. It is bounded to the
Northwest by flat land (the delta of Iranian and Iraki riv-
ers), to the Northeast by the Zagros mountains, and to the
Southwest by the desert of Saudi Arabia. High evapora-
tion over the Persian Gulf leads to the formation of salty
waters, called the Persian Gulf Water, which are ex-
ported into the Gulf of Oman, and which are compen-

sated by an inflow of fresher Indian Ocean Surface Water.

In this paper, we study the wind-driven circulation of the
Persian Gulf, assuming initial water mass homogeneity,
and we also investigate the evolution of the plumes from
its northern rivers.

Winds over the Persian Gulf are dominantly north-
westerly with an annual mean of 5 m/s. This dominant
wind is called Shamal and it blows regularly in summer,
while wind bursts can occur in winter. These bursts are
preceded by episodes of southerly winds called Kaus or
Suhaili. A northeasterly wind called Nashi can also blow
along the Iranian coast for 3 to 5 days during winter.

Copyright © 2013 SciRes.

Closer to the Straits of Hormuz, the winds are more in-
fluenced by the monsoon cycle (northeasterlies in winter,
southwesterlies in summer).

Most rivers which exit in the Persian Gulf are located
in its northwestern part. Two groups of rivers can be dis-
tinguished:

1) Near the Iraki border, the Shatt-al-Arab is formed
by the confluence of rivers Tigris, Euphrates and Karun.
Different estimates have been provided by several au-
thors for the yearly averaged transport of this group of
rivers: from 160 m*/s to 3150 m*/s [1,2]; a value of 1400
m’/s is usually retained for this average transport. Fur-
thermore, the transport is quite variable with seasons
(from 700 m*/s in October to 5700 m*/s in April) [3];

2) Along the Iranian coast, rivers Hendijan, Hilleh and
Mand would carry 2034 m’/s as reported by [2]; this
should be confirmed and their variability should be de-
termined, so that further studies could take them into
account. For the moment, studies on the influence of riv-
ers on the Persian Gulf circulation (like [4]) have consid-
ered only the first group of rivers.

The precipitation rate is very weak in the Gulf: it
amounts to 7 cm/year for the whole Persian Gulf, which
is 4 times smaller than the river discharge [5]. Evapora-
tion is very strong but its estimates are quite variable,
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Figure 1. (a) Bathymetry and geography of the region of the Persian Gulf and of the Gulf of Oman. The thin isolines are the
isobaths and the numbers on them indicate their depth in meters (20 m, 40 m...); (b) The two boxes show the limits of the 2D

model (the largest) and of the 3D model (the smallest).

from 144 to 500 cm/year [6-8]; a value of 200 cm/year
has been used in recent work [2]. The deficit in freshwa-
ter for the whole Persian Gulf is therefore on the order of
416 km’/year which confers characteristics of an evapo-
ration basin to this gulf.

This paper is organized as follows: Section 2 presents
the numerical 2D and 3D models used in this study. In
Section 3, the circulation driven by the tide and the wind
in a homogeneous gulf is detailed and explained. In Sec-
tion 4, the evolution of the Shatt-al-Arab plume is calcu-

Copyright © 2013 SciRes.

lated for various types of wind forcings. In the same sec-
tion, the separate effect of tides and winds is shown. Fi-
nally, conclusions are drawn.

2. The Model

A two-dimensional shallow-water model in spherical co-
ordinates for a homogeneous ocean was first imple-
mented over a large domain comprising the Northwestern
Indian Ocean, the Persian Gulf and the Gulf of Oman

OJIMS
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(see Figure 1(b), large frame). The grid mesh was 9 km
in each direction. Bathymetric data with a 5° X 5’ resolu-
tion were provided by Proctor for the Persian Gulf (see in
particular [9]) and elsewhere, ETOPO bathymetry was
used. The model had quadratic bottom friction propor-
tional to gravity, to the modulus of velocity times its
vector, and inversely proportional to the squared Strick-
ler number (equal here to 45 m"*-s™") and to the cubic
root of ocean depth. The model also had harmonic diffu-
sion of horizontal momentum with a diffusivity coeffi-
cient equal to 365 m*s ™.

When tide was included in the simulations, four
semi-diurnal tidal components M2, S2, N2, K2 and three
diurnal components K1, Ol and P1 were forced simulta-
neously on the water height at the southern boundary of
this domain. This model was started from a state of rest.
The surface height and barotropic velocity derived from
the 2D model were then used to force the three dimen-
sional model in the smaller domain (see Figure 1(b),
small frame [10]).

A previous study [11] showed that the tidal elevations
and currents provided by this model are realistic.

The three-dimensional hydrodynamical model used in
this study was MARS-3D [12] based on the Blumberg
and Mellor model [13]. The horizontal resolution was 9
km, and 30 sigma levels were used. The sigma level dis-
tribution was denser near the surface. Quadratic friction
was applied at the ocean bottom. Harmonic dissipation
was added to the momentum equations. The dissipation
coefficients were calculated according to Smagorinsky
[14]. Friction and dissipation coefficient amplitudes were
kept to a minimum compatible with the model dynamical
and numerical stability. A homogeneous ocean was used
as the basic state in this study (before the river plumes
were allowed to flow). The temperature was set to 26°C
and the salinity to 40 psu.
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Our purpose here is to study the wind-driven circula-
tion and the effect of wind on the spreading of river
plumes, in the presence of tides. Therefore, no thermoha-
line flux was applied at the ocean surface. The study of
the wind-driven and thermally forced circulation in the
stratified gulf will be the subject of a forthcoming paper.

3. Wind-Driven Circulation
3.1. Circulation Due to a Northwesterly Wind

Firstly, a uniform and steady northwesterly wind, with 5
m/s velocity, was applied over the domain (northwesterly
winds are dominant over the Gulf as recalled in the in-
troduction). After 8 days of simulation, the ocean cur-
rents became stationary. The tide was also forced in the
model, but a Demerliac filter [15] was used to remove
the instantaneous tidal currents from the final results.
Only the residual tidal currents were left. The results are
the following:

In the western part of the Gulf, the surface current is
mostly southeastward in the shallow areas near the coasts
and northwestward in the deeper area (see Figure 2(a)).
This forms a double gyre system. In the eastern part of
the Gulf, the cyclonic gyre becomes dominant. A south-
eastward current exists along the Iranian coast despite the
presence of this cyclonic structure. This circulation is
controlled by the wind, by bottom topography and by the
shape of the basin. The current is surface-intensified,
with maximal amplitudes larger than 10 cm/s, along the
coasts and in shallow areas of the southeastern part of the
Gulf (where depths are smaller than 30 m).

Bottom currents (see Figure 2(b)) are weaker than
their surface counterparts and do not exceed a few cm/s.
Close to the coasts and in shallow areas, the bottom cur-
rents are southeastward or castward (like the surface
currents), and in the central, deeper, part of the Gulf, the

—=10cm/s N
Sigma level:1 AN
08-FEB-1980 00:00:00

53°E 55°E 57°E 59°E

(b)

Figure 2. Maps of the surface currents (a) and of the bottom currents (b), after 8 days of simulation with northwesterly winds.
(a) shows the location of the two vertical sections (AA’, BB”) presented in Figure 3.

Copyright © 2013 SciRes.
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bottom current heads northwestward against the wind.
The current is then very weak (1 or 2 cm/s).

The vertical structure of the currents shows few dif-
ferences between the eastern and western parts of the
gulf. Figure 3 presents two cross-sections, respectively
in the western (section AA’) and eastern (section BB’)
parts of the Gulf. The southeastward coastal currents, and
the return flow in the deeper, central region, can clearly
be seen on both sections. The only noticeable difference
between the two sections lies in the center of the eastern
section: the surface flow has a cyclonic signature there,
which is absent from the western section.

3.2. Sensitivity of the Circulation to the Wind
Direction

Figure 4 presents the surface and bottom currents ob-
tained for other directions of the wind, which have also
been observed over the Gulf. In all cases, the wind veloc-
ity is uniform and equal to 5 m/s.

The circulation resulting from a northerly wind is si-

20

milar to that generated by northwesterlies. The velocity
amplitudes are nevertheless slightly weaker over the
whole water column.

The circulation induced by a northeasterly wind is dif-
ferent from that created by northwesterlies. Far fewer
patterns are observed in the current structure, except for a
deep anticyclonic circulation in the eastern basin.

Finally, southeasterly winds induce a circulation op-
posite to that created by northwesterlies, both at the sur-
face and at the bottom. This result illustrates the con-
straint imposed by the basin shape and by the bottom
topography on the circulation.

The same characteristics are retrieved in the vertically
averaged currents, for the same wind directions (figure
not shown).

3.3. Relation to Former Studies and
Interpretation

The current structure that we have shown in Figure 2 is
very similar to that described by Csanady [16]; his idea-
lized simulations (without Coriolis force nor bottom
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Figure 3. Cross-section of perpendicular velocity (to the section axis), in the western (section AA’) and eastern (section BB’)
parts of the Gulf. Velocity amplitudes are given in cm/s after 8 days of simulation with a northwesterly wind. Positive veloci-
ties point northwestward. Section locations are shown on Figure 2(a).

Copyright © 2013 SciRes.
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Figure 4. Surface (left) and bottom (right) currents after 8 days of simulation with northerly winds (top), northeasterly winds

(middle), southeasterly winds (bottom).

friction) were achieved in long and narrow basins, com-
prising adjacent shallow and deeper areas, and forced by
a wind blowing along the basin axis.

More recently, Bowyer [17] described a similar circu-
lation in Lake Lough Mask, and compared in situ meas-
urements with Csanady’s theoretical results.

To explain this situation where the current flows along
the wind in shallow areas and opposite to it in deeper

Copyright © 2013 SciRes.

areas, Csanady developed the theory of a double gyre
circulation, seen in the shape of the streamlines. This
circulation balances the pressure force due to the free
surface (—g 0,{) with the friction force by unit mass due
to the wind (7/(ph)). This latter is stronger in shallow
areas, where it dominates the former, and generates a
downwind current. In the center of the basin (the deeper
area), the free-surface effect dominates and leads to a

OJIMS



6 S.POUS ET AL.

return flow (upwind current).

Including the Coriolis force in this schematic experi-
ment, does not substantially modify this circulation as
was shown by [18] for Lake Ontario; in fact, Lake On-
tario has geographical characteristics similar to those of
the Gulf.

To illustrate this result, Figure 5 shows the transport
due to a constant northwesterly wind for wind-forced
only dynamics. The double gyre circulation is sketched.
This circulation is close to that described by Csanady
[16]. Bottom topography controls the location of the two
gyres. The eastern cell is less marked due to the mor-
phology of the Iranian coast. The shallow area is indeed
quite narrow along this coast; this damps the intensity of
the southeastward currents there, contrary to the situation
along the southern coast of the Gulf.

4. River Plumes in the 3D Model

Schematic model simulations were performed to deter-
mine the interactions between the wind and the plume
from Shatt-al-Arab in the northwestern part of the Gulf.
The Shatt-al-Arab was represented by an inflow of
freshwater (with null salinity) in the mesh corresponding
to the position of the river outlet, northwest of the Gulf.
The river transport was assumed constant and equal to
1400 m*/s. A uniform steady northwesterly wind with
velocity 5 m/s was applied over the whole domain. The
initial density field was uniform. The tidal forcing was
taken into account in these simulations (except when
stated).

4.1. Joint Effect of the Wind and of Tides

The resulting salinity and flow fields after 18 months of
simulation are shown on Figures 6(a) and (b). A Demer-
liac filter removed the instantaneous variations due to the
tides.

. | 30°N
28°N
26°N

. - | 24°N

g;-;xl;:-/ls%o 00:00:00 \\\

49°E 51°E 53°E 55°E 57°E 59°E

Figure 5. Mean flux (vertically averaged current) due to a
northwesterly wind in the Gulf; the double gyre pattern is
superimposed on the flux arrows.

Copyright © 2013 SciRes.

At the surface, the Shatt-al-Arab plume expands down-
wind and tends to follow the Saudi Arabian coast (see
Figure 6(a)). Only near the river outlet (in shallow areas),
does the plume slightly head toward the Iranian coast.
The currents are the fastest there, with velocities larger
than 10 cm/s. Then, in regions deeper than 30 m, it veers
towards the Arabian coast. After 18 months of simulation,
waters with a —0.5 psu salinity anomaly have flown all
along the Gulf ; this corresponds to a mean advection
velocity of 2.4 cm/s. A —2 psu salinity anomaly is ob-
served within 150 km from the river outlet.

At the bottom, the plume hugs the southern coast (see
Figure 6(b)). The southward extent of this fresh plume is
identical to that at the surface. But the very fresh waters
(with —2 psu anomaly) remain localized in the north-
western end of the Gulf within 50 km from the outlet.
The stratification is therefore strong in this narrow region
and becomes weaker farther away from the outlet. There,
the Richardson number decreases below a critical value,
leading to an abrupt increase of vertical mixing which
homogenizes the water column.

Under the influence of the wind, the fresh waters are
advected along the coast towards the Straits of Hormuz.
The bottom current velocities are of a few cm/s only and
are stronger along the coasts.
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Figure 6. (a) Surface currents and salinity after 18 months
of simulation forced by a uniform northwesterly wind; (b)
Bottom currents and salinity under the same conditions. In-
stantaneous tidal currents was filtered out.
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Figures 7(a) and (b) present the salinity on, and velo-
city of the current perpendicular to, sections CC’and DD’
across the Gulf. Section CC’ is located about 100 km
away from the Shatt-al-Arab outlet. The salinity section
shows a strong stratification in the upper 12 m of the
water column, and across nearly the whole width of the
Gulf (Figure 7(a)). On the southern coast, near Kuwait,
the water is vertically homogeneous. The velocity section
shows a two-layer structure with an upper flow to the
southeast, intensified near the Iranian coast, and a north-
westward deeper flow.

Section DD’ is located near the Qatar peninsula. The
salinity section shows the presence of the plume near the
southern coast, with a thickness of about 25 m, and
southeastward currents reaching 8 cm/s (Figure 7(b)).
Elsewhere, the salinity anomaly and currents are much
weaker.

4.2. Separate Influence of the Wind and of Tides

Figure 8(a) presents the salinity and velocity fields for
the plume forced only at the outlet, without wind nor
tidal forcing, after 18 months of simulation. The plume
spreads out in the northwestern end of the basin. Then,
under the influence of the Coriolis force, it flows south-
ward along the Arabian coast and spreads beyond Qatar.
At the surface, the velocity reaches several cm/s while
near the bottom a weak counter-current exists. Stratifica-
tion is strong in the northern end of the Gulf while the
flow along the southern coast has a more uniform vertical
structure.

Figure 8(b) shows the evolution of the plume when
the Gulf is forced by the tide only. The main difference
with the previous simulation is the much shorter south-
ward extent of the plume in this new simulation. Tide
reduces the plume extent by mixing waters.

Figure 8(c) shows the evolution of the plume when
the Gulf is forced by a northwesterly wind only. The
plume takes a very different direction from the beginning
of the flow: the plume first flows along the Iranian coast,
then bifurcates southward to join the Arabian coast, and
finally flows southeastward along that coast. At the bot-
tom, the plume remains confined in the northwestern end
of the Gulf. Therefore, stratification is very intense in
this part. At the surface, the current is downwind in the
shallow areas and is deflected to the right in the deeper
areas. Near the bottom, an upwind current is again ob-
served in the deepest parts of the Gulf.

4.3. Influence of Various Types of Winds

Finally, Figures 9(a)-(c) show the salinity and velocity
fields at the surface and at the bottom for northerly,
northeasterly and southeasterly winds.

All wind configurations with a northerly component
lead to a stronger confinement of the plume along the
Arabian coast. These situations also create a less strati-
fied flow along this coast, under the action of the down-
welling due to the wind. The plume along this coast is
much fresher than for a northwesterly wind. On the con
trary, a southeasterly wind confines the fresh water in the
northwestern end of the Gulf, both at the surface and

ASbobhibonaa,,
Shbbbovran®

A0 24-JUL-1981 00:00:00

@

-8(_) 24-JUL-1981 00:00:00

(b)

Figure 7. Section CC’, at the Northwestern end of the Gulf (a) and section DD’, near the Qatar peninsula (b), showing salinity
(top) and perpendicular velocity (bottom, in cm/s) after 18 months of simulation forced by a northwesterly wind. Section lo-

cations are shown on Figure 6(a).

Copyright © 2013 SciRes.
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Figure 8. Salinity and flow field at the surface (left) and at the bottom (right) for (a) no wind nor tide; (b) no wind, tide only

and (c) no tide, northwesterly wind only.

at the bottom.

5. Discussion and Conclusions

A 2D shallow-water model coupled with a 3D hydro-
static model was used to study the wind-driven circula-
tion of the Persian Gulf in an idealized configuration (no
initial density gradient, no thermohaline forcing at the
surface) which excludes the reverse estuarine flow with
the Gulf of Oman. In several cases, the tidal forcing was
added, but the instantaneous tidal currents were filtered
out. The evolution of the plume from the Shatt-al-Arab
was also studied for various configurations of the forc-
ing.

This schematic approach has yielded the following re-

Copyright © 2013 SciRes.

sults:

The wind-driven circulation for a northerly or a north-
westerly wind is composed of two gyres, according to
Csanady’s theory, a cyclonic one along the Arabian
coast, and an anticyclonic one along the Iranian coast;
the cyclonic gyre is the stronger of both; it should be
noted that this circulation pattern is also that deduced
from synoptic measurements in the Gulf by Reynolds
[2]; these synoptic measurements included the trajec-
tories of Lagrangian floats seeded in winter 1992 in
the northwestern part of the Gulf;

The density current generated by the fresh water in-
flow is much weaker than the wind-driven circula-
tion; this wind-driven circulation is also stronger than

OJMS
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Figure 9. Salinity and flow field at the surface (left) and at the bottom (right) for northerly wind (a), northeasterly wind (b)
and southeasterly wind (c).

the residual tidal currents;

The shape of the basin and bottom topography play
an important role in the control of the wind-driven
circulation; due to the roughly rectangular shape of
the basin, a double gyre exists for both northwesterly
and southeasterly winds, in agreement with Csana-
dy’s theory. The asymmetry in bottom topography
can explain in part the asymmetry between the cyc-
lonic and anticyclonic gyres of this circulation.

For various directions of the wind (northerly and
northeasterly), the Shatt-al-Arab plume propagates
southeastward along the Arabian coast. But a north-
westerly wind first advects the plume towards the

Copyright © 2013 SciRes.

Iranian coast, before it heads towards the Arabian
coast.

This change of direction can be explained by the ex-
istence of two southward currents in the northern end
of the Gulf, one along the Iranian coast and one along
the Kuwaiti and Arabian coasts. These currents in-
fluence the initial orientation of the plume.
Descriptions of the plume in the literature [19,20]
indicate that it flows along the Kuwaiti and the Ara-
bian coasts, which is not observed for a northwesterly
wind in our model. But experiments varying slightly
the direction of the wind have shown a strong sensi-
tivity of the initial orientation of the plume to the
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wind direction (e.g. for a north-northwesterly wind,
the plume orientation is similar to that with a norther-
ly wind but it is different from that with a northwest-
erly wind).

— Though the tidal currents are weak compared with the
wind-driven currents, they have a dissipative influen-
ce on the plume and strongly limit its southward ex-
tent. The Shatt-al-Arab plume can also be severely
reduced in extent when southeasterly winds blow.

The 3D circulation in the Gulf in the presence of
thermohaline stratification and of forcing at the surface
was also studied with the same numerical model [20].
The circulation pattern that we have obtained here for a
constant northerly or a northwesterly wind, is also pre-
sent when wind variability and ocean stratification are
included in the model (see also [21,22]). This is all the
more clear in spring when strong winds blow. Obviously,
differences appear when density gradients and wind
fluctuations are included. In particular, the cyclonic gyre
is strengthened and amplified in the eastern part of the
Gulf, by a density gradient between waters flowing in
and out of the Straits of Hormuz. Wind and density
variations in space and time can also lead to the genera-
tion of smaller-scale features which are then superim-
posed on this general circulation pattern. The details of
our complete 3D study will be presented in a forthcom-

ing paper.
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