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[11 The mechanisms involved in the seasonal exchange between the Red Sea and the
Indian Ocean are studied using an Oceanic General Circulation Model (OGCM), namely
the Miami Isopycnic Coordinate Ocean Model (MICOM). The model reproduces the basic
characteristics of the seasonal circulation observed in the area of the strait of Bab el
Mandeb. There is good agreement between model results and available observations on
the strength of the exchange and the characteristics of the water masses involved, as well
as the seasonal flow pattern. During winter, this flow consists of a typical inverse estuarine

circulation, while during summer, the surface flow reverses, there is an intermediate
inflow of relatively cold and fresh water, and the hypersaline outflow at the bottom of
the strait is significantly reduced. Additional experiments with different atmospheric
forcing (seasonal winds, seasonal thermohaline air—sea fluxes, or combinations) were
performed in order to assess the role of the atmospheric forcing fields in the exchange flow
at Bab el Mandeb. The results of both the wind- and thermohaline-driven experiments
exhibit a strong seasonality at the area of the strait, which is in phase with the
observations. However, it is the combination of both the seasonal pattern of the wind stress
and the seasonal thermohaline forcing that can reproduce the observed seasonal variability
at the strait. The importance of the seasonal cycle of the thermohaline forcing on the
exchange flow pattern is also emphasized by these results. In the experiment where the
thermohaline forcing is represented by its annual mean, the strength of the exchange

is reduced almost by half.
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1. Introduction

[2] The Red Sea is an eclongated basin separating the
African and Asian continents, extending from 12.5°N to
30°N (a distance of about 2000 km) with an average width
of 220 km [Patzert, 1974a]. The surface area of the Red
Sea is 4.5 x 10" m? and the mean depth 524 m [Patzert,
1974a], but with maximum recorded depths of almost
3000 m. At the northern end it bifurcates into two gulfs,
the Gulf of Suez with average depth of 40 m and the Gulf
of Aqaba with depths exceeding 1800 m and a sill at the
entrance of approximately 175 m [Neumann and McGill,
1962]. The transport through the Suez Cannal, which
connects the Mediterranean Sea with the Gulf of Suez
and the Red Sea, is extremely small. Therefore, the only
significant connection between the Red Sea and the open
ocean is the strait of Bab el Mandeb located at the
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southern end of the basin, which connects to the Gulf of
Aden and Indian Ocean. It is a shallow and narrow
channel with a sill depth of 160 m and a minimum width
of about 25 km.

[3] Due to the excess evaporation, the Red Sea is a
typical concentration basin and an inverse estuarine circu-
lation is expected at the strait of Bab el Mandeb, with a
relatively fresh surface inflow on the top of a deep
outflow of higher salinity water. For more than a century
the general idea among the scientists investigating the
region was that a two layer exchange must persist
throughout the year, like in the case of the Mediterranean
Sea and the Gibraltar strait [Maury, 1855; Schott, 1929].
This idea was supported by several observational attempts,
all of them taking place during the winter months (Octo-
ber to May) [Luksch, 1901; Kriimmel, 1911; Vercelli,
1927]. Tt was in July 1929, when an Italian expedition
on board the AMIRAGLIO MAGNAGHI carried out
current measurements along the strait, that Vercelli
[1931a, 1931b] for the first time demonstrated the pres-
ence of a three-layer exchange during the summer, with

17 - 1



17 -2

surface and deep outflows and an intermediate inflowing
layer. Later observations [Sewell, 1934; Thompson, 1939b;
Maillard and Soliman, 1986] supported the existence of
this kind of seasonal variability as a permanent feature of
the exchange between the Red Sea and the Indian Ocean.
The overall picture emerging from all available investiga-
tions in the area is a two-layer winter inverse estuarine
(fresh inflow on top of a hypersaline outflow) exchange
during October to May, replaced between June and Sep-
tember by a three-layer exchange comprised of a shallow
surface outflow, an intermediate intrusion of the relatively
fresh and cold Gulf of Aden Intrusion Water mass
(GAIW), and a deep hypersaline outflow which is a small
fraction of the winter value.

[4] The explanation of the exchange flow and its varia-
bility must include consideration of the forcing and dynam-
ics governing the whole region (the system Red Sea—
Strait—Gulf of Aden). Although all previous studies agree
that the evaporation over the Red Sea far exceeds the
precipitation, the actual E—P rate is highly debated, ranging
in the available literature from 1.5 to 2.3 m/year [Yegorov,
1950; Neumann, 1952; Privett, 1959; da Silva et al., 1994,
Tragou et al., 1999]. The annual mean heat flux from the
surface of the Red Sea is very small [Patzert, 1974b] but the
seasonal variability is important with an annual cycle of
more than 200 W m 2 range [Tragou et al., 1999]. Recent
observations [Murray and Johns, 1997] have made possible
an accurate estimation of the annual mean fresh water and
heat budgets of the Red Sea [Sofianos et al., 2002] produc-
ing an E—P rate of 2.06 + 0.22 m/year and a heat loss of
approximately 11 = 5 W m 2 from the surface of the sea.
The wind field is also strong and exhibits considerable
seasonality [Patzert, 1974a]. In the northern part of the Red
Sea the climatological winds are from the northwest
throughout the year but in the southern part of the basin,
influenced by the Indian Monsoon, they reverse annually
from southeasterlies during winter to northwesterlies during
summer (June to September).

[s] Although there is a general agreement that both
thermohaline and wind-forcing play a role in generating
the horizontal and vertical circulation, the stratification of
the area, and the exchange at Bab el Mandeb, the relative
importance of each one and the role they play are highly
disputed. The different theories that evolved during the
last century ignore in general one or the other forcing
mechanism and emphasize either the mean exchange or
its seasonal variability. The buoyancy loss has been
thought by several investigators to be the basic control-
ling mechanism of the flow [Maury, 1855; Luksch, 1901;
Neumann and McGill, 1962; Phillips, 1966]. Others
believe that the wind stress field is more important in
determining the circulation pattern [Thompson, 1939a;
Siedler, 1969; Patzert, 1974a].

[6] The most representative theory of the thermohaline-
driven circulation of the Red Sea is by Phillips [1966],
involving similarity solutions of a convectively driven
model. He assumed a semienclosed basin, with a sill and
constant width, so that the circulation is in the vertical
plane and no rotational effect is present. The model is
driven by a uniform buoyancy loss over the surface of the
basin and the circulation is in steady state. The circulation
produced by the model is a two-layer flow and the
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exchange at the sill is in qualitative agreement with the
observed winter pattern.

[7] A very different approach was pursued by Patzert
[1974a] for explaining the mechanisms behind the basic
circulation features observed in the Red Sea and the
exchange with the Indian Ocean. Based on the obvious
coincidence of the reversal of the wind field in the south-
ern Red Sea with the reversal of the surface flow in the
strait, he hypothesized that the variable wind stress and the
associated changes of the sea level in the southern Red
Sea and the Gulf of Aden control the circulation in the
region throughout the year and the exchange flow at the
strait of Bab el Mandeb. To explain the three-layer system
present during summer, Patzert proposed that the north-
westerly winds and a drop in the sea level at the north-
western Gulf of Aden due to wind-induced upwelling
force a shallow surface layer outflow from the basin.
The same mechanism displaces the subsurface isopycnals
upward, producing an opposite pressure gradient at inter-
mediate depths that induces the intermediate intrusion of
GAIW. The relative importance of the direct wind stress
effect and the indirect effect through sea level setup across
the strait were not determined, however.

[8] During the past century very few studies were
carried out to directly measure the exchange flow at Bab
el Mandeb and most of them were very short term lasting
for only a few days to a few months [Vercelli, 1927,
Siedler, 1968; Maillard and Soliman, 1986]. In order to
assess the annual mean strength of the exchange and the
seasonal variability most investigators have used indirect
methods. Patzert [1974b] put together ship’s drift obser-
vations from the Koniklijk Nederlands Meteorologisch
Instituut [KNMI, 1949] Atlas and hydrographic data at
the strait to estimate the seasonal cycle of the exchange
flow. He calculated the monthly mean transports for a two-
layer exchange (Table 1), using a 0.03 Sv adjustment for
the lower layer to account for the freshwater loss inside
the basin due to E—P, and assuming that the summer deep
outflow was negligible. Using an evaporation rate of about
2.1 m/year he estimated the annual mean surface transport
to be 0.33 Sv and the outflow of the saline Red Sea
Outflow Water (RSOW) to be 0.30 Sv. Siedler [1969] used
an E—P value of 2 m/year and average salinities for a two-
layer exchange in Knudsen’s formula [Knudsen, 1900] to
estimate an annual mean RSOW outflow of 0.33 Sv.
Finally, Bethoux [1987] used the same method and salinity
values but with 2.4 m/year of E—P and an annual cycle
around this annual mean value, estimated by Hastenrath
and Lamb [1979], to get a mean RSOW outflow of 0.38
Sv. The annual cycle of the exchange flow from Bethoux
[1979] differs greatly from all the previous estimates. The
very large difference in the RSOW outflow from October
to December (Table 1) can be attributed to his assumption
that all the GAIW that entered the Red Sea during the
summer season must exit as an intermediate outflow in the
following months. All of the direct and indirect estimates
described here are summarized in Table 1.

[¢9] The most complete in space and time investigation of
the exchange flow at the strait of Bab el Mandeb was carried
out during 1995—1996 [Murray and Johns, 1997]. It lasted
18 months and resolved accurately the velocity, temperature
and salinity structure in the strait. It is the first time that the
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Table 1. Direct and Indirect Estimates of the Layer Transport® at
Bab el Mandeb®

Maillard and

Month Vercelli  Siedler Patzert Soliman Bethoux

0.57 0.72

0 0
January —0.54 —0.67
0.40 0.70

0 0
February —0.37 —0.67
0.58 0.57 0.69

0 0 0
March —0.49 —0.54 —0.67
0.42 0.68

0 0
April —0.39 —0.67
0.38 0.67

0 0
May —0.35 —0.67
—0.06 0.67

0.09 0
June 0 —0.67
—0.20 —0.16 —0.26
0.23 0.25 0.35
July 0 —0.06 —0.09
—0.21 —0.25 —-0.23
0.24 0.33 0.35
August 0 —0.05 —0.09
—0.09 —0.14 —0.20
0.12 0.20 0.35
September 0 —0.03 —0.09
0.52 0.54
0 —0.35
October —0.49 —0.09
0.58 0.57 0.50
0 0 —0.35
November —-0.42 —0.54 —0.09
0.51 0.49
0 —0.35
December —0.48 —0.09

“These estimates are in Sv.
°The three rows for each author correspond to the three layers, surface,
GAIW intrusion, and RSOW outflow, respectively.

complete seasonal cycle is captured with one set of direct
observations. Murray and Johns [1997] confirmed most of
the earlier deductions on the seasonal cycle of the exchange
flow and showed that the transition between the two-layer
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winter exchange to the three-layer summer exchange is a
robust feature of the seasonal flow pattern. The biggest
advantage of this new data is that this pattern can be
quantified and several important details, such as the RSOW
outflow during summer, are clear. The annual mean RSOW
outflow, which is a good measure of the overall strength of
the exchange, was estimated at 0.36 Sv but showed a large
annual cycle ranging from over 0.6 Sv during the peak of
the winter (February) to less than 0.1 Sv during the peak of
the summer season (August). The reversal of the surface
flow and the intrusion of GAIW lasts four months (June to
September) when an average of 0.22 Sv of GAIW enter the
Red Sea basin. The monthly mean values of the layer
transport are plotted in Figure 1 and compared with earlier
observations and indirect estimates.

[10] The basic features of the seasonal exchange cycle
between the Red Sea and the Indian Ocean can now be
taken as well defined and quantified, yet there is still a poor
understanding of what causes this seasonal cycle. Specifi-
cally, what are the roles of the seasonal wind and buoyancy
forcing fields in the exchange? The present paper focuses on
the mechanisms involved in the observed variability using
an Oceanic General Circulation Model (OGCM) approach,
with the goal to assess the relative importance of the
different processes and forcing fields.

2. Model Configuration and Experiments

[11] In this paper, we perform a series of experiments
using different combinations of wind stress and buoyancy
forcing to resolve their respective roles in the mean
exchange with the Indian Ocean and its seasonal cycle.
Since the primary goal is to examine the effect of the
different forcing mechanisms, and since detailed data are
available only at Bab el Mandeb, it is desirable to include
the strait within the model domain as a point of comparison
between model results and observations, rather than using
it as a boundary. Furthermore, important processes taking
place outside the basin that may affect the exchange flow
have been proposed, such as the wind-induced upwelling in
the northwestern Gulf of Aden [Patzert, 1974a]. Therefore,
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Figure 1. Estimates of the monthly mean layer transport at the strait of Bab el Mandeb.
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Figure 2. The domain and its bathymetry included in the
OGCM experiments. The area indicated by red color is the
location of the buffer zone where hydrography is relaxed to
Levitus climatology.

the domain chosen for numerical experiments includes a
part of the Gulf of Aden (Figure 2).

[12] The numerical experiments were carried out with the
Miami Isopycnic Coordinate Ocean Model (MICOM)
[Bleck et al., 1992; Bleck and Chassignet, 1994]. The most
important difference of MICOM compared with other
models is that it has a vertical discretization in layers of
constant potential density. On the top of the isopycnic layers
there is a thermodynamically active mixed layer of the
Kraus-Turner type [Kraus and Turner, 1967; Gaspar,
1988], which is vertically homogeneous but of varying
density in the horizontal. This layer provides the connection
between the atmospheric forcing and the interior domain.
The annual cycle of the atmospheric forcing causes the
mixed layer to expand and shrink and thus to exchange
properties with the interior layers which can outcrop in the
mixed layer by becoming massless.

[13] The horizontal grid is defined on a Mercator projec-
tion with the grid size fixed in the longitudinal direction but
varying with the cosine of latitude. In the experiments
presented here a horizontal grid interval of 0.1° (or about
10 km) was chosen in order to resolve the very narrow
channel at Bab el Mandeb. The two gulfs in northern end of
the Red Sea (Suez and Agaba) are very small with very
complicated topography and were not explicitly included in
the present experiments. The domain is extended outside the
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Red Sea to incorporate part of the Gulf of Aden reaching the
45°E. There are several reasons for including the western
part of the Gulf of Aden and the Bab el Mandeb in the
domain. The strait of Bab el Mandeb is the only open
boundary of the basin where advective freshwater and heat
fluxes can occur to balance the air—sea fluxes over the
basin. The dynamics of the region including the formation
processes are reflected in the exchange flow at the strait.
Furthermore, since the most comprehensive available data
set comes from the area of the strait, it is the best point for
validation of the results of the numerical simulation.
Another reason for including the western Gulf of Aden in
the domain is that important water masses and dynamics
involved in the seasonal circulation may be located in the
area outside the Red Sea basin [e.g., Patzert, 1974a].

[14] The vertical density structure is defined by 6 iso-
pycnic layers and a mixed layer, shown in Table 2. The
number and densities chosen for the layers used in these
experiments take into account all the basic water masses and
the strong pycnocline located at the base of the mixed layer,
so that the model can reproduce the basic density structure
observed and involved in the Red Sea circulation. The
distinction between water masses must take into account
the temperature and salinity characteristics, since the density
stratification does not always reflect the presence of a
certain water type. Although the basic structure of the
exchange flow can be condensed in a four-layer description
(surface, GAIW, RSOW, and RSDW) it is necessary to
include additional layers in the stratified region between the
surface, intermediate, and RSOW layers to account for the
seasonality of the stratification and changes in the water
column produced by mixing. Bottom topography and coast-
lines were obtained from the ETOPOS digital data set with
5’ resolution by averaging the topographic data located in
each 0.1° grid box. A correction was applied in the area of
the strait where ETOPOS data had a minimum sill depth of
about 100 m which is 60 m shallower than the 160 m sill
depth at the Hanish Sill [Murray and Johns, 1997]. At the
open end of the domain, in the Gulf of Aden, a 0.5° buffer
zone was added in which hydrography is relaxed toward
monthly values derived from the Levitus [1982] climatol-
ogy, with a relaxation time of 60 days.

[15] Both mechanical and thermodynamic forcing are
used to drive the model. The momentum flux is given by
the components of the wind stress. The along-sea compo-
nent of the wind stress derived from COADS is plotted in
Figure 3 as a function of latitude, for January and July (the
months that coincide with the peak of the winter and
summer season, respectively). The most interesting feature
is the seasonal reversal of the wind stress in the southern

Table 2. Vertical Resolution (Layer Density) Used in the
Experiments

Layer Density, kg m >

mixed layer
1025.75
1026.25
1026.75
1027.25
1028.00
1028.60
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Figure 3. The along Red Sea axis of the wind stress (in Pa)
during January and July from COADS climatology (the left
end of the plot corresponds to the strait of Bab el Mandeb,
while the right end to the northern limit of the Red Sea).

Red Sea. The thermodynamic forcing consists of the heat
flux and the freshwater flux (which is imposed as a virtual
salt flux [Bleck et al., 1992]) and the mixed layer is stirred
by turbulence generated by the oceanic friction velocity and
the buoyancy flux. The atmospheric forcing functions
imposed to the model are derived from COADS [da Silva
et al., 1994] but with several adjustments. Sofianos et al.
[2002] derived constraints on the annual mean heat and
freshwater budgets of the Red Sea, using the observed heat
and salt fluxes at the strait, which give 11 W m™2 heat loss
and 2.06 m year ' E—P, respectively. The COADS data
yield a heat gain of 90 W m~2 and a 1.5 m year ' E—P for
the Red Sea basin. These values are considerably different
from the observed values and cannot be expected to yield
reasonable results for the modeled exchange flow if used as
is. The heat gain of 90 W m 2 from COADS, in particular,
is approximately 100 W m™~ greater than the heat loss of
about 10 W m 2 obtained from observations. The first
correction applied is an addition of 0.5 m year ' E—P
uniformly in space and time throughout the year. While in
reality it is unlikely that this correction is uniform in space
or time, it is not clear what its spatial or seasonal variations
should be, and therefore the simplest approach is taken.
After adding the latent heat produced by this correction term
in the heat flux (each 0.5 m/year of evaporation corresponds
to approximately 40 W m~2 of heat loss) we need another
60 W m~? of heat loss to the atmosphere, which is added
again uniformly in space and time since the spatial distri-
bution and the seasonal cycle of the air—sea fluxes over the
Red Sea involve great uncertainties. Thus, we are effec-
tively assuming that the spatial and temporal (monthly)
patterns in the air—sea fluxes over the region from COADS
are valid but with a constant bias. While other choices are
possible, this is the simplest, and we will show that the
COADS seasonal forcing, after adjustment by these con-
stant offsets, can reasonably reproduce the observed
exchange cycle. The seasonal cycles of E—P and heat flux
from COADS, after applying the corrections, are plotted in
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Figure 4 (with negative values indicating oceanic heat gain).
The model experiments were initialized using the National
Oceanic Data Center (NODC) hydrographic data for the
winter state (Figure 5).

[16] Six experiments were carried out using the same
model configuration but differing in the application of the
forcing fields or in the buffer zone implementation, as
summarized in Table 3. The first one (El) is the most
“realistically” forced experiment and includes seasonal
wind and buoyancy forcing and a seasonally varying hydro-
graphic profile at the Gulf of Aden buffer zone. The goal of
this experiment is to capture as much variability of the
exchange flow as possible, to serve as a reference experi-
ment for all the other experiments. The next two (E2 and
E3) include only one driving field, either wind or thermoha-
line forcing, to investigate the different role and importance
of each one on the exchange flow. Without any buoyancy
loss in E2, the basin is no longer a concentration basin and
thus the exchange is not of the inverse estuarine type and
cannot be compared with observations and other experiment
results. To avoid this, another experiment (E4) is carried out
where the seasonal wind-forcing is combined with steady
(annual mean) thermohaline forcing. In the fifth experiment
(ES) the opposite combination was chosen (annual mean
wind-forcing and seasonally varying thermohaline forcing).
Finally, a diagnostic experiment was performed (E6), where
hydrography in the buffer zone is relaxed toward the annual
mean (no seasonal variability present in the buffer zone), to
investigate the influence of the buffer zone on the variability
of the exchange flow.

[17] The wind- and/or thermohaline-driven circulations
develop rapidly, and the flow acquires its basic character-
istics after the first few months of adjustment. Fully
equilibrated solutions have not been obtained, and long
term adjustments, different for each simulation, are still
taking place at the end of the simulations, associated with
the heat and fresh water fluxes into the model interior driven
by transformations occurring within the buffer zone. Never-
theless, after the first few months of simulation the pattern
and strength of the exchange through the strait of Bab el
Mandeb and its annual cycle changes little. All the experi-
ments were carried out for 10 years and, since the inter-
annual variability is very weak, the results presented in the
next section are an average of the last 9 years of the model
integrations.

3. Model Results

[18] The exchange flow produced in the experiments E1,
E3 and E4 will be presented and compared with the recent
observations at the Bab el Mandeb [Murray and Johns,
1997]. We will show that the full forcing experiment can
reproduce reasonably the observed strength and seasonality
of the exchange flow. Experiment E2 and E3 give either
weaker seasonality or weaker overall strength of the
exchange. As expected, it is the combined action of the
thermohaline and wind-forcing that produces the observed
response of the Red Sea. An unexpected result of the
models, however, is the dramatic reduction of the strength
of the exchange when the model is forced by a constant
(annual mean) thermohaline forcing and the seasonal
winds.
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Figure 4. Seasonal cycles of (a) freshwater and (b) heat fluxes (negative values indicate oceanic heat
gain) over the model domain from COADS, after corrections in the heat and freshwater budgets of the

Red Sea.

[19] The model data are taken from the location in the
model equivalent to the Perim Narrows at the southern end
of the Bab el Mandeb, which is where the Murray and
Johns [1997] observations were conducted. In all the
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numerical simulations the most active layers in the area
of the strait, and those in which most of the volume
transport of inflow and outflow is taking place, are the
surface layer (the mixed layer), the second layer represent-

Initial Stratification

Figure 5. The initial (winter) stratification used in the OGCM experiments, produced by the NODC

data set.
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Table 3. OGCM Experiments Performed

Experiments

full forcing (E1)

wind-forcing only (E2)

thermohaline forcing only (E3)

wind-forcing and annual mean thermohaline forcing (E4)
thermohaline forcing and annual mean wind-forcing (E5)
annual mean hydrography in the buffer zone (E6)

ing the GAIW, and the sixth layer which comprises the
core of the RSOW outflow. Although the other 4 layers
produce much smaller transports, they are also included in
the exchange estimates according to their temperature and
salinity characteristics and the direction of the flow in
them. In order to compare the model results with the layer
transports available from observations, the mixed layer is
taken to represent the surface layer (the inflow layer in
winter and shallow outflow layer in summer), layers 2 and
3 represent the GAIW water intrusion (these layers dis-
appear during winter inside the basin when the mixed
layer deepens due to atmospheric forcing), and the layers
below this (layers 4, 5, 6, and 7) comprise the hypersaline
outflow at the bottom of the strait (39.8 psu from the
model results compared to 39.7 psu from observations
[Murray and Johns, 1997)).

[20] The three-layer transports from the first experiment
(E1) are plotted in Figure 6. Although some differences
with the observations do exist, as described below, the
basic conclusion is that the model is able to capture the
seasonal pattern of the exchange flow. There is a reversal
of the surface flow during summer, accompanied by
weaker RSOW outflow. At the same time a strong inter-
mediate inflow is present with an average transport of 0.23
Sv. Furthermore, the strength of the exchange is of the
correct order of magnitude, with an annual mean RSOW
outflow of 0.38 Sv (compared with the 0.36 Sv obtained
from observations).

[21] The most important differences between the model
and the observations are in the time when the peaks of the
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Figure 6. Monthly layer transport at the location of the
Perim Narrows (positive represents flow into the Red Sea)
produced by the full-forcing experiment (E1). The values
are averages over the last 9 years of simulation.
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seasonal exchange take place, and the range of the seasonal
cycle. The peak of the summer season (represented by the
reversal of the surface flow, the maximum of the intermedi-
ate intrusion and the minimum of the RSOW outflow) takes
place during June in the model instead of August as
suggested by observations (Figure 1). The amplitude of
the seasonal cycle, for both the surface layer and RSOW
layer (and particularly the latter), is smaller than the
observations. These discrepancies can arise for several
reasons which may include aspects of the model config-
uration and problems in the atmospheric forcing fields.
Also, we do not know if the period of the observations is
a typical one, in the sense that it can be represented by the
climatological data sets used for driving the model simu-
lations and relaxing the buffer zone (COADS and Levitus).
Overall, this experiment is quite successful, reproducing the
main features and the strength of the exchange flow. There-
fore, it is useful to consider the other two experiments
(thermohaline- and wind-driven) to investigate the specific
roles of the forcing mechanisms.

[22] Experiment E3 includes seasonal thermohaline forc-
ing but no wind-forcing. Although no wind-forcing is
applied, the strength of the exchange does not change
perceptibly (Figure 7). The annual mean RSOW outflow
is now 0.39 Sv, almost identical to the previous result and
the observations. However, the seasonal cycle is substan-
tially changed with the RSOW outflow now showing little
variation throughout the year. The surface and intermediate
layers still show a strong seasonal cycle, but the surface
flow never reverses in summer and the intermediate intru-
sion continues beyond the summer into late fall. The overall
strength of the GAIW intrusion is similar in magnitude to
that found in experiment El despite the differences in
amplitude and phase.

[23] The exchange flow from experiment E4, forced by
the seasonal wind stresses and the annual mean thermoha-
line fluxes, is presented in Figure 8. The first and perhaps
most striking result is the reduction in the overall strength of
the exchange. The annual mean RSOW outflow is now 0.23
Sv, 40% weaker than in the case of the full forcing experi-
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Figure 7. Monthly layer transport at the location of the
Perim Narrows produced by the thermohaline-driven (E3)
experiment (average over the last 9 years of simulation).
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Figure 8. Monthly layer transport at the location of the
Perim Narrows from the wind-driven (E4) experiment
(average over the last 9 years of simulation).

ment (E1). In general, the flow at the strait is much weaker
than the previous two experiments and more irregular.
Nevertheless, some of the characteristics of the seasonal
exchange cycle are evident in this simulation. The summer
reversal of the surface flow, although very weak, does exist
during July and at the same time the intermediate inflow
acquires its maximum. The RSOW outflow also seems to
respond at this time, becoming slightly weaker, but it
remains weaker even into the fall when the surface inflow
resumes and the intermediate intrusion decays.

[24] The response of the Red Sea to the combined effects
of thermohaline and mechanical forcing is not expected to
be linear. One way to investigate this is to compare the
results of experiment El, forced with both the seasonal
wind and thermohaline fields, with the sum of the exchange
flow produced by the experiments involving the seasonal
winds only (E2) and the seasonal thermohaline forcing only
(E3). The comparison is presented in Figure 9. The obvious
differences of the two results show that the final outcome is
not a simple linear addition of the two effects. While the
summer intrusion of GAIW is reproduced, the surface flow
does not reverse in the summer nor does the deep outflow
show a significant reduction in summer. The wind and
thermohaline forcing are connected and interact such that
their combination produces an exchange flow similar to the
observed one.

[25] Since the general circulation of the whole domain
ends at the buffer zone which also provides the necessary
supply of fresh water to compensate the huge evaporation
rate, special attention must be given to the influence of the
variability in the buffer zone on the variability of the flow at
the strait. With this in mind the last experiment (E6) was
carried out, where the hydrography is held constant with the
annual mean values at the outer edge of the buffer zone.
Apart from some minor differences in the temperature and
salinity characteristics of the water masses taking part in the
exchange flow (not shown), which arise from the constant
values of temperature and salinity used in the buffer zone,
the result is the same as for the full forcing experiment (E1).
Although the water masses present in the Gulf of Aden play
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an important role in the circulation and the heat and fresh
water budgets of the Red Sea, the variability in seasonal
stratification far away from the strait does not greatly
influence the model results.

[26] There are some special issues that can be addressed
using the model results. One of the most interesting of these
is the mechanism by which the summer wind field contrib-
utes to or controls the surface flow reversal. Namely, what is
the relative importance of the direct wind stress compared to
its indirect effects (via wind-induced upwelling in the
northwestern Gulf of Aden which may lower the sea level
outside the basin and produce a surface pressure gradient
driving surface waters from the Red Sea, as proposed by
Patzert [1974a])? To investigate this question the sea sur-
face elevation difference between the two ends of the strait
and the wind stress influence on the surface layer were
computed and compared in the momentum equation

Ou on T
H_ AT |
ot~ Sox ol (1)

where H and p are the thickness and density of the surface
layer. The two terms on the right hand side were computed
at the time of the summer reversal and the acceleration that
can be produced from each one was estimated. The ratio of
the two terms is O(1), so that we can conclude that direct
and indirect influence of the wind are of similar importance
in the model. Furthermore, as shown in Figure 10, the
upward displacement of the subsurface isopycnals at the
same time in the northwestern Gulf of Aden produces a
pressure gradient to drive the intermediate layers (represent-
ing the GAIW) inside the basin.

4. Summary and Discussion

[27] As expected, the answer to the question of what is
driving the seasonal exchange flow at Bab el Mandeb is not
simple and straightforward. Both wind and thermohaline
forcing are important and contribute to the seasonal varia-
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Figure 9. Comparison between the results of the full
forcing experiment (El—thick lines) and the sum (thin
lines) of the experiments E2 (seasonal winds only) and E3
(seasonal cycle of the thermohaline forcing only).
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Figure 10. The pressure gradient between the two ends of
the strait from the experiment E1, for winter (January) and
summer (June). Positive values correspond to higher
pressure in the Gulf of Aden, forcing inflow to the Red
Sea. During the summer season the surface pressure
gradient reverses, helping to drive the surface outflow from
the Red Sea.

bility observed. Their combination is not a simple linear
addition but they interact to produce the final pattern. For
example, the peak of the winter two-layer exchange in the
thermohaline-driven experiment takes place during Febru-
ary, in the wind-driven experiment during April, and when
the two forcings are combined it occurs during December.
Thus it is the combination of the two that generates the
circulation and sets up the proper pressure gradients capable
of driving the seasonal cycle of the flow at the strait. The
wind-forcing seems to be most influential in controlling the
seasonal changes, such as the reversal of the surface flow
and the abrupt commencement of the GAIW intrusion.
However, a strong reduction of the surface inflow during
summer appears to be related to buoyancy forcing. Without
this effect the wind driven reversal in summer would be
either very weak or perhaps not occur at all. Some of the
irregularities present in the wind-driven result, especially
during the fall, can perhaps be attributed to the very weak
wind field of COADS in the end of the summer and
beginning of fall (August to October). Although the annual
mean heat and freshwater budgets are known with accuracy,
the seasonal variability of the different terms involved in the
buoyancy flux include large uncertainties and some of them
are highly disputed. The weaker seasonal cycle in the
thermohaline-driven experiment (E3) and the prolonged
summer type of exchange might be explained by the
uncertainty in the seasonal range of this forcing mechanism.
Recall that the corrections in the heat flux and E—P were
added uniformly around the year, although it is possible
(and likely) that they could contribute to a stronger seasonal
variability. A sensitivity study could be undertaken to
attempt to determine what spatial and temporal patterns of
the forcing could best reproduce the observed exchange.
However, with essentially no information available on these
seasonal patterns, any such attempt would be highly spec-
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ulative and model dependent, and perhaps nonunique. An
adjoint model approach could possibly be used to explore
this issue further, but this is beyond the scope of the present
paper.

[28] A very striking result of the experiments is the
influence of the separate forcing mechanisms on the mean
exchange flow and especially the large reduction in the
strength of the total exchange for experiment E4, which has
seasonal wind-forcing but steady (annual mean) thermoha-
line forcing. The annual mean RSOW outflow is reduced to
almost half its value in experiment E1 even though the same
average buoyancy loss is used in driving the model. The
seasonal variability of the thermohaline forcing therefore
seems to be very important in producing the observed
magnitude of the annual mean exchange. This must be
closely related to the amount of RSOW formed in the basin
which in turn should be related to the maximum buoyancy
loss during the peak of the winter when the layers of RSOW
are formed. Without a strong winter peak in the buoyancy
loss to the atmosphere, especially in the northern part of the
Red Sea, the amount of RSOW formed is not enough to
account for the observed values. Furthermore, the circula-
tion produced in the simulations including the seasonal
cycle of the buoyancy flux (E3 and E5) exhibit a more
vigorous basinwide circulation (S. S. Sofianos and W. E.
Johns, An OGCM investigation of the Red Sea circulation,
2, Three-dimensional circulation in the Red Sea, submitted
to Journal of Geophysical Research, 2002, hereinafter
referred to as Sofianos and Johns, submitted manuscript,
2002) than the one produced by the respective experiments
including only the seasonal cycle of the wind stress forcing
(E2 and E4).

[29] Although there is no intention here to discuss
details of the circulation inside the Red Sea (for a
description of the results of the model concerning the
three-dimensional circulation in the Red Sea, the reader is
referred to Sofianos and Johns, submitted manuscript,
2002), it is important to give an idea of the overturning
circulation in the model that produces the exchange flow
at the strait. Since MICOM is a layered model, the
overturning circulation is plotted on the og-latitude plane,
and is presented in Figure 11 for experiment E1 for the
months of December (the peak of the winter season when
the strongest two-layer exchange is taking place) and June
(when the strongest surface outflow is present in the
model). Although during December the production of
RSOW does not achieve its maximum, which takes place
one to two months later (see Sofianos and Johns, sub-
mitted manuscript, 2002), the two-layer cellular circulation
is well established (Figure 11a). A single broad recircula-
tion cell is present in winter centered at about 17°N. Most
of the fluid (about 2/3) sinks in the northern Red Sea north
of 22°N. A small amount of upwelling from the 2nd and
3rd layers into the mixed layer occurs south of 17°N
within the Red Sea.

[30] The summer overturning circulation presents two
cells, a shallow one in the southern part of the basin and
a deeper one centered in the middle of the basin (about
20°N, Figure 11b). The shallow cell is associated with the
reversal of the surface flow and the GAIW intrusion, in
which water entering the basin in the GAIW layer upwells
south of 20°N to feed the shallow outflow. The second,
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Figure 11.

Meridional overturning volume fluxes for (a) December and (b) June, from MICOM

simulation (experiment E1). Colors indicate different layers and contours indicate the overturning cells
(note that the two panels have different contour intervals).

deeper, cell connects the intermediate inflow with the
RSOW outflow, which is about half the strength in summer
as it is in winter. Some recirculation within the basin also
occurs in the deeper cell. We have to emphasize here that
the numerical model result for RSOW outflow, although
very close to the observations on the annual mean, presents
a weaker annual cycle than observed and the summer
RSOW outflow is overestimated.

[31] A question can be raised as to whether it is really
necessary to use a three-dimensional model instead of a
two-dimensional approach to accurately simulate the
exchange flow. We believe that three-dimensional features
present in the model results (discussed by Sofianos and
Johns, submitted manuscript, 2002) are indeed important for
the reproduction of the observed exchange flow. For exam-
ple, the formation of the RSOW is shown to be closely tied
to the existence of a cyclonic gyre in the northern Red Sea.

Furthermore, a two-dimensional simulation would require
unrealistic mixing parameters to account for the lateral
variability (gyres and boundary currents) observed in the
three-dimensional model simulations.

[32] In summary, the experiments conducted here have
been successful in reproducing the basic features of the
observed seasonal exchange between the Red Sea and the
Indian Ocean, and give some insight into the forcing
mechanisms responsible for this annual cycle. Modeling
of the Red Sea remains a challenging task because there are
several uncertainties in the atmospheric fields to drive such
a model and very few data to compare against the model
results away from the strait. The development of reliable
forcing data sets is one of the most important needs to
further improve our understanding of the Red Sea circu-
lation and exchange with the Indian Ocean. Future model-
ing attempts could also investigate the higher frequency
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variability which may play an important role in the dynam-
ics and is not considered here.
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