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ABSTRACT
Convective motions over a sloping bottom driven by evaporation and freshening
are investigated by integrating the complete momentum and mass conservation
equations. The problem is posed as an initial value problem in a rotating frame of
reference to study the dynamics of establishment of the quasi-steady state
circulation when the rate of increase of density due to evaporation is equal to the
rate of decrease of density due to freshening. The study is motivated by an attempt
to give a description of the sub-mesoscale vertical convection in the cross-shore
plane of an enclosed elongated basin such as the Arabian Gulf where these physical
mechanisms are operative. The effect of the addition of wind-forcing in the
longshore direction is also investigated. To resolve sub-mesoscale phenomena we
find it necessary to employ a model basin which is smaller in its horizontal
dimension than the Arabian Gulf. The results of the two dimensional model are
presented herein. These results include (i) a detailed description of the evaporative-convective adjustment process; (ii) a measure of the convective length scale
and vertical velocity; (iii) an assessment of the relative strengths of the buoyancy
induced geostrophic current in the alongshore direction and the direct wind
induced velocities; (iv) an assessment of the effect of wind on the density structures
-and (v) an analogy between the forcing by diffusive buoyant source and advective
buoyant source.

INTRODUCTION
Surface sources of negative buoyancy and the resulting convective motions are
important in problems of geophysical interest. A notable example is found in the
large evaporation rate over the Arabian Gulf and the Red Sea.
The Gulf is a 990 km long semi-enclosed shallow sea which has an average width
of about 250 km, a mean depth of 36m and a maximum depth of about 100m (see
Fig. 1).The bathymetry of the basin is markedly asymmetrical across its axis. Its
floor on the Iranian side is relatively deep and steep, while that on the Arabian side
is shallow and slopes gently toward the bathymetric axis {Pprser, 1973).
The Gulf is a land-locked sea with a strong negative water balance, evaporation
(1.44 m/yr) far exceeds the total input of fresh water from precipitation (0.07 m/yr)
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Fig. 1: The coordinate system of the 2-D model on a map of the Arabian Gulf.

and river discharge (0.07 m/yr). Throughout the year, relatively low-salinity surface
water from the Gulf of Oman enters the Gulf through the Strait of Hormuz and
flows northwestward along the Iranian coast against the prevailing wind which is
northwesterly throughout the year (average wind speed = 5 m/s). The freshening
water mass undergoes transformation in the progress nothwards, but it can be
coherently identified at least to the mid-length cross-section of the Gulf (Brewer et
al, 1978).
With the understanding of the sub-mesoscale transverse motions in the
cross-shore section plane of the Gulf as a motivation, we undertake to investigate
convective adjustment process over a sloping bottom, driven by evaporation and
freshening, through a two-dimensional model using the complete Navier-Stokes
and diffusion equations in a rotating frame of reference. The problem is posed as an
initial-boundary value problem to study the dynamics of establishment of the
quasi-steady state circulation when the rate of increase in density due to
evaporation is equal to the rate of decrease of density due to freshening. The
negative convection generates flows with horizontal length scales of 100 m or less,
which is more than three order or magnitude smaller than the width of the Gulf. To
preserve these sub-mesoscale phenomena, the horizontal dimension of the basin is
made much smaller than that of the Gulf. The model is therefore more applicable
to the shallow reaches of the Gulf, where the denser water is generated. In the
three-dimensional study, Al-Hajri, et al, 1991, the actual dimensions of the Gulf
will be employed, but the coarse resolution truncates the sub-mesoscale motion.
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Thus, the present work can be regarded as the sub-mesoscale complement of the
3-D model.
If the deepest depth of the cross-section is denoted by d, the coriolis parameter
by f, the reduced gravity due to a representative density anomaly by g', kinematic
(eddy) viscosity by v, we can form a velocity scale U by (fd). The dimensionless
parameters of the problem are then the "thermal" Rossby Number (g'd/U') and the
Reynolds number Re=Ud/v. In this study we will assume that the eddy diffusivity
D is equal to the eddy viscosity so that the Schmidt Number Sc is equal to unity. In
the geophysical context of the present study, the thermal Ross by number is very
large (> 1()3) and Re is of order 102 • The range of parameters studied here is
markedly different from those covered by Quon (1987) in a numerical study of
thermal convection of a rotating differentially heated unit square. The thermal
Rossby number is his study is very small ( <1), Reynolds number is 10\ and
Schmidt number is 10.

In this paper, we will present the results of the two dimensional model which has
the following objectives:
(i)

to examine the evaporation induced convection process in a cross-section with
sloping bottom.

(ii) to establish the horizontal length scale and vertical velocity scale of the
associated motion;
(iii) to establish the relative strengths of thermal-wind and direct wind induced
velocities in the along-shore direction.
(iv) to establish the analogy between forcing by buoyant (fresher) water inflow
(forced convection) and by diffusive buoyant source (free convection). This
analogy will be exploited in the three-dimensional model in the subsequent
paper on the three-dimensional general circulation of the Gulf.

DESCRIPTION OF THE MODEL
The model is based on the numerical integration of the full Navier-Stokes and
diffusion equations in the vertical cross-section plane. It is two-dimensional in x-z
plane, and assumes no variations in y-direction. The model basin and the
coordinate system (x,y,z) is shown in Fig. 2. For application to the Gulf, the
idealized vertical section is oriented such that the Iranian side on the left of the
section, looking in the positive y-direction toward the Strait. Since all length scales
are non-dimensionalized in the model, the depth d can be chosen as a characteristic
depth scale for the shallow reaches of the Gulf.
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Fig. 3: Boundary conditions for the model.

where x and x are the original and transformed coordinate, respectively. The value
of b is chosen as 0.2. Thus x varies from 0 to 1 as x varies from 0 to oo. The
z-coordinate is unstreched. Then the stretched form of the governing equations and
the boundary conditions are written in a finite difference form. The central
difference in space and the forward difference in time are used except the
non-linear terms, for which the special three-point noncentral method is used
(Torrence and Rocket, 1968). Details of the transformation and the finite
difference equations can be found in Kao, et al, 1978.
RESULTS OF THE MODEL
a. Cross-shelf structure:

The cross-shelf density-driven circulation with the associated alongshore current
is investigated here. The density-driven experiment is driven by buoyancy flux:
positive buoyancy forcing at the upper vertical wall and negative buoyancy forcing
100
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at the sea surface. The former represents the freshening process from the deeper
side of the basin and the latter represents evaporation. Steady-state is achieved
through frictional and diffusive geostrophic adjustment in 7 days. The steady-state
solution of the density distribution is shown in Fig. 4. Along the deeper side, the
density structure shows the light water pool produced by the buoyancy flux is
trapped at the coast by rotation.
The isopycnals of the freshwater defined by the negative density anomaly extend
from the sea surface and intersect the left hand wall. On the shallow shelf,
evaporation generates heavy water (higher salinity) that travels down along the
slope toward the deep portion of the section. The isopycnals of the dense water
defined by the positive density anomaly originate at the sea surface and extend
parallel to the sloping shelf toward the deeper side.· It should be noted that the
dense water covers a large portion of the cross-section, indicating the importance of
evaporation in the cross-shelf dynamics. This density structure is in general
agreement with that of field observations of Brewer, et al, 1978. Fig. 5 shows the
most detailed transverse salinity section of Brewer survey. It is located on the
transect along the x-axis of Fig. 1, with Iran on the right of the section. Sugimato
and Whitehead (1983) conducted laboratory experiments to simulate convective
flows in a shallow rectangular sea of constant depth which adjoined a deep ocean
through a uniformly sloping bottom region. The experiment is cooled from above
and heated through the offshore side. Their cross-shore isothermal pattern is
similar to that of the density structure of Fig. 4. In their experiment, the thermal

Fig. 4: Isopycnals for the density-driven case at steady-state (ap
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front is trapped by rotation near the heated wall. The cold water is formed at the
surface of the coastal zone and sink to the bottom along the slope.
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Fig. 5: Vertical salinity section across the Gulf on the transect along the x-axis of
Fig. 1 Iran is to be right (After Brewer et al, 1978).
The contours of the isotachs of the alongshore velocity corresponding to Fig. 4
are given in Fig. 6. A surface jet stream is established in the negative y- direction,
where the density gradient is maximum on the sloping shelf. The sinking motion of
the dense water along the slope, therefore, is arrested by geostrophy. The
geostrophic balance is between the presence gradient due to cross-shelf density
variation and Coriolis force. On the deeper side of the section, a weaker return
flow is present. It is seen that the along-shore velocity due to thermal-wind effect
and the bulk of the associated transport is directed in the negative y-direction. The
maximum surface velocity of the thermal wind velocity is less than 1 em/sec., which
is weak. The thermal-wind effect is therefore easily overwhelmed by direct wind
induced velocity. This will be examined in the next section.
The cross-stream circulation is shown in Fig. 7. It is dominated by a laminar
convection cell with upwelling over the deeper basin and downwelling over the
shallow shelf. The cross-sectional extent of this convection cell is about 6 d in the
model. It is comparable to the internal Rossby radius of deformation L 0 which can
be found from the relation:

Lo

=

Nd/f,

where N is the averaged buoyancy frequency of the model taken about 2d from the
deep side (N-(10-3/s)), f is Coriolis parameter, (f=104 ) and dis the vertical scale.
The above formula yields a baroclinic Rossby radius of deformation of about
10d. This suggests that the convection cell is dominated by rotation.
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Fig. 6: Isotachs of the alongshore velocity, for the density driven case (av
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Fig. 7: Streamlines for the density-driven case (11$
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In order to investigate the effect of the bottom-slope topography, a flat bottom
case is compared with the sloping bottom topography, where all parameters are the
same except for the bottom topography. The density structure of the uniform depth
case at t = 7 days is shown in Fig. 8. At t = 7, the flow has reached steady-state
equilibrium.
The most significant effects of the sloping shelf is on the formation of the dense
water. The fresher water due to freshening is persistent as in the sloping bottom
case. The density structure of the dense water in this case shows a number of
isopycnals that extend from top to bottom to the right of the freshening source,
followed by a series of a sinking plumes of heavier water generated by evaporation.
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It is clear that the sloping topography acts as a slide for the dense water that
forms over the shallows. It then slides down the slope as a dense gravity current
toward the deeper channel underneath the freshwater and is eventually arrested
through geostrophy. This phenomenon has obvious implications to the shortening
of the flushing time of the Gulf.

The associated streamlines pattern for the flat bottom case is shown in Fig. 9.
The large convection cell is dominated by rotation as seen earlier. The smaller cells
are controlled by evaporative convection and their horizontal extent is governed by
evaporative convection and their horizontal extent is governed by the depth of the
basin.

Fig. 8: Isopycnals for the density-driven case with a flat bottom (.:lw
d

= 0.0001).

5d

Fig. 9: Streamlines for the density-driven case with a flat bottom (.:ltfl
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b. Wind effects:

To investigate the wind effects on the dynamics of the cross shelf circulation, a
surface wind stress is added to the surface boundary condition for the y- component
of the velocity once the equilibrium solution is reached in the previous experiment.
The surface stress is represented as v avlaz = -r/p for the condition of wind stress, -r.
The wind stress is usually represented by a surface friction velocity given by U• 2 =
-r/pa, where u. is the friction velocity and Pais the air density. The surface friction
velocity is about 18 crn/s for the average wind speed prevailing over the Gulf
region.
Since the predominant wind in the Gulf is from the northwest, the model wind
stress is in the positive y- direction. In this experiment, the wind stress is applied
uniformly to the surface for six days after the steady state solution is reached in the
previous run. During this period, the freshening process and evaporation are not
relaxed. The density field, streamliness pattern, and the v- component at t = 13 are
shown in Figs. 10, 11 and 12, respectively. Salient features induced by the wind are
summarized as follows:
1. The wind in the positive y- direction enhances the clockwise transverse
circulation pattsern shows a convection cell which is expanded toward the
shallow shelf by the wind as shwon in Fig. 11.
2. The density distribution of Fig. 4 is only midly affected by the wind 'field. The
isopycnals expand in the direction of the surface Ekman flow. This feature is
common with the two dimensional models of Ikeda (1985) and Porter (1986),
although the cross-section geometry in these two models is different from the
present model. The dense water formed by evaporation sinks further along the
sloping topography in the presence of wind forcing. This feature is noticed in the

Fig.10: Isopycnals at t = 13 for the case driven by both density and wind(..:lp
.0001)
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beginning time of convection, and the convection process depend on Froude
number. Cases #1 and #2 are stable, case #3 is stable initially then becomes
unstable at a later time.
Case #4, the most unstable case, is discussed here. The onset of convective
instability starts very early (t=0.4), within hours after evaporation starts. The
cellular motion initially appears at the top layer on the deep side of the section as
shown in Fig. 13. The convection in this case is vigorous, penetrating downward
and horizontally to the right.
The streamline pattern fort = 0.4 is shown in Fig. 14. The cellular convection in
the convection regime altered the isopycnal profile dramatically. The wavelength at

Fig. 13: Isopycnals for the uniform evaporation case at t = 0.4 for case 4 (.!lp
.0001)

=

Fig. 14: Streamlines for the uniform evaporation case at t = 0.4 for case 4 (.!l\jl =
0.1)
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the start of the convection is about twice the depth. The induced vertical velocity is
strong, on the order of 10- 1 cm/s. As Froude number is decreased, the buoyancy is
increased, thus, the baroclinic term, a-y/ax, in the vorticity equation is enhanced,
which in turn, produces a strong vertical velocity.
It should be noted here that the initial appearance of instability on the deep side
of the basin and initial wavelength of unstable waves are not affected by the
stretched coordinate. Quite a few experiments described here are repeated in the
unstretched coordinate. Results are very similar.

At t = 2.0, the wavy isopycnals are shifted toward the right. Fig. 15 shows this
trend in the displacement of the sinking plumes to shallow side of the basin. This
seems to be related to the rotational effect that causes the interaction and
coalescence of modes, producing an organized cell of which the horizontal extent is
on the order of the internal Rossby radius of deformation. The streamline pattern
of Fig. 16 is consistent with this trend. One large cell is being formed on the deep
side of the section with downwelling on the shallow shelf. The critical Rayleigh
number for this case is about 2300. It is based on an internal length scale (C) such as
the height of the top convective layer rather than the total depth of the
cross-section (Quon, 1987). The top, unstable layer, e, at the onset of convection
for this case is about 0.1d. Howard (1966) estimated a comparable critical Rayleigh
number at the onset of thermal instability for a deep layer of fluid without rotation,
heated from below. It seems that at times less than the inertial period, the
adjustment is approximately the same as in a non-rotating system.

Fig. 15: Isopycnals for the uniform evaporation case at t
.0001)
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The slope of W* versus 1/F as determined from Table 1 and
other like experiments not reported here is about 10- 5 • Therefore;

Fig. 19: Isopycnals for the perturbed evaporation case at t = 1.0 for case 4 (.:lp =
.0001)

Fig. 20: Streamlines for the perturbed evaporation case at t = 1.0 for case 4 (.:ltlt =
0.1)
It is obvious from this relation that the vertical velocity is proportional to the
strength of the buoyancy. There is, of course, a small uncertainty in this
relationship that comes from determining the proportionality constant and in
estimating the buoyancy term. The dependence of W* on other dimensionless
parameters are much weaker.
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d. The analogy between light water inflow and mass diffusion
The freshening process can be simulated by imposing buoyancy flux (free
convection) as discussed earlier or by injecting lighter water with inflow velocity
U;n through vertical opening d;n near the surface and withdrawing heavier water
from below such that the net volume influx is zero (forced convection) as depicted
in Fig. 21. Kao's (1980) similarity analysis suggests that U;n is related to the reduced
gravity of the light water, g', and the volumetric discharge, Oe, by U;n = (g' Oe)V3.
The conversion from the amount of fresher water supplied to the positive buoyancy
flux (BF) is expressed in Qui et al, 1988 as:
BF

=

Po

J3 .:ls Oe

Evo.poro. tion

r

r

5d
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Fig. 21: The forced convection in the 2-D model.

where Oe is the discharge of fresher water per unit length along the coast, Po is a
reference density, J3 is the expansion coefficient for salinity and .:ls is the salinity
difference between the incoming freshner water and the ambient.
Two experiments are carried out to compare the two types of forcing. In each
experiment, the model started at t = 0 and runs until t = 7, where t is in inertial
days. All parameters are kept the same for the two cases except the boundary
condition for the freshening process. The equilibrium solution for the two cases is
reached after seven inertial days. The steady-state distributions of the isopycnals
and the streamlines pattern for the free convection experiment are shown
previously in Fig. 4 and Fig. 7, respectively. For the forced convection case, they
are shown in Figs. 22 and 23.
The density fields are very similar in the two cases. The streamline patterns
associated with each experiment are also very similar except near the vertical wall
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Fig. 22: Isopycnals for the forced convection (.:lp

cl

Sci

to a

.0001)

20cl

Fig. 23: Streamlines for the forced convection case (.:ltJi

=

0.1)

where the streamfunction boundary conditions are different for each case. Along
the vertical wall, the buoyancy influx induces upwelling in the free convection case,
while in the forced convection case, downwelling prevails in a small localized region
due to source-sink effect. The accumulation of isopycnals next to the wall in the
free-convection experiment of Fig. 4 is due to this upward motion next to the wall.
The prominent feature of the cross-sectional streamlines pattern is dominated by a
clockwise convection cell, as shown in Fig. 23. These test experiments point out
that the two types of forcing methods--salt efflux (buoyancy source) and buoyant
inflow-outflow discharge--are analoguous in producing density fronts. Rouse, et al,
1952) pointed out the analogy for a point source, since it is the gravitational rather
than the thermal aspect of the flow which is fundamental to the convection
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phenomenon. Csanady 1982 pointed out the analogy in the oceanographic context
using a linear model. This analogy will be exploited in forcing the 3-D model.
SUMMARY
A two-dimensional numerical study is undertaken here to investigate the
cross-shore circulation dynamics of a rotating fluid dominated by surface
evaporation. The major results of this study are as follows.
1. The driving forces in gravitational convection are the buoyancy influx and efflux
of the fluid. The convection pattern can be obtained without regard to the
specific means whereby the buoyancy effect is produced.
2. Applying the model to the Arabian Gulf, the vertical circulation induced by the
density forcing alone in the f-plane of reference generates upwelling near the
Iranian side and downwelling along the Arabian Gulf.

3. The density forcing alone produces a weak surface current of order 1 em/sec in
the upwind direction, and even weaker return-flow underneath. The addition of
persistent wind field of a strength generally encounted in the winter months in
the Gulf region enhances the transverse circulation pattern and completely
reverses the direction of the surface alongshore flow, producing a downwind
coastal jet over the shallow shelf with no coastal undercurrent. The windward
surface current reaches 20 em/sec, in agreement with field observations of
surface velocity over the Arabian shelf (Picket, et al, 1984).
4. The dense water is formed over the shallow shelf by evaporation and migrates
along the sloping topography toward the bottom of the deep channel. The
bottom water formation is in agreement with field observations in the Gulf. The
density structure is largely unaffected by wind forcing.

5. The critical wavelength during the onset of convection is about twice the
maximum depth of the basin.
6. The vertical velocity induced by evaporation at the sea surface is proportional to
Froude number or the buoyancy strength according to the relation:
W*

=

10-s ((.:1p/p0 ) gd)Vz

For the Gulf basin, the vertical velocity induced by the average evaporation
rate is of order 10·3 cm/s.
7. The steady state is achieved rapidly in a matter of seven days, driven through
geostrophic adjustment and viscous and diffusive balances. In this 2-D study,
3-D transfer processes are precluded.
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