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[1] The Gulf of Aqaba (Gulf of Eilat) is a terminal elongated basin that exchanges water
with the northern Red Sea via the Straits of Tiran. The gulf’s hydrography exhibits strong
seasonal variability, with deep mixing during February–March and stable stratification
afterward. We use an oceanic model to investigate the annual cycle of the general
circulation and hydrographic conditions in the gulf. We demonstrate that on a subannual
time scale, the general circulation deviates from the standard depiction of inverse estuarine
circulation. During the restratification season (April–August), the exchange flux with
the northern Red Sea is maximal and is driven by density differences between the basins,
while atmospheric fluxes actually counteract this exchange flow. The observed warming
of the surface layer is mainly due to advection of warm water from the northern
Red Sea, with a smaller contribution from surface heating. During the mixing season
(September–March), the exchange flux and the advection of heat are minimal and
atmospheric fluxes drive convection rather than the exchange flow. We estimate the
seasonality of the exchange flow through the Straits of Tiran. The seasonal variability in
the exchange flow is large and ranges from 0.04 Sv during early spring to 0.005 Sv during
early winter.

Citation: Biton, E., and H. Gildor (2011), The general circulation of the Gulf of Aqaba (Gulf of Eilat) revisited: The interplay
between the exchange flow through the Straits of Tiran and surface fluxes, J. Geophys. Res., 116, C08020,
doi:10.1029/2010JC006860.

1. Introduction

[2] The Gulf of Aqaba (Gulf of Eilat, hereafter the gulf) is
an elongated basin connected to the northern Red Sea via
the shallow and narrow Straits of Tiran at its southern end
(Figure 1). It is of interest for various reasons. First, it hosts
an ecological system that includes coral reefs and other
tropical biota that are unique in such high latitudes. Second,
it can serve as a natural laboratory for small‐scale processes.
Because of its depth, the gulf has many features in common
with the open ocean, but at the same time, the small size of
the gulf makes it possible to observe and model it at relatively
high spatial and temporal resolutions. Despite its importance
and the severe anthropogenic stresses that endanger the gulf
and may alter it permanently, the dynamics of the gulf are
not fully understood.
[3] The consensual view of the general circulation in

the gulf, as described by Klinker et al. [1976] and cited in
numerous studies thereafter [e.g., Paldor and Anati, 1979;
Reiss and Hottinger, 1984; Wolf‐Vecht et al., 1992; Berman

et al., 2000; Silverman and Gildor, 2008; Biton et al.,
2008a; Ben‐Sasson et al., 2009], is that throughout the
year, the net buoyancy loss due to large evaporation and
heat loss drives an inverse estuarine circulation, causing a
northward flow of warm and low‐salinity surface water
from the Red Sea into the gulf. As the surface water flows
northward, it becomes denser through cooling and evapo-
ration. When the water reaches the northern end of the gulf,
it sinks and returns to the Red Sea as a dense layer, out-
flowing in the lower level of the Straits of Tiran. This view
of the gulf is based on a limited number of observations and
models, and in this paper we show that on subannual time
scales it is inaccurate. We next review available observa-
tions and previous models and explain why they led to the
inverse estuarine circulation hypothesis.
[4] Studies of the Straits of Tiran indeed mention a two‐

layer exchange flow [Hecht and Anati, 1983; Murray et al.,
1984; Manasrah et al., 2004], with relatively light Red Sea
water entering the gulf through the upper 80–90 m of the
water column at a rate of 0.03 Sv [Murray et al., 1984], and
denser gulf water flowing out through the bottom layer.
However, all of these studies were conducted for short
periods of time during the winter months. Thus the seasonal
changes in the exchange flux remain unknown and have
only been estimated using indirect methods [Klinker et al.,
1976; Anati, 1976].

1Department of Environmental Sciences and Energy Research,
Weizmann Institute of Science, Rehovot, Israel.

2Institute of Earth Sciences, Hebrew University of Jerusalem, Jerusalem,
Israel.

Copyright 2011 by the American Geophysical Union.
0148‐0227/11/2010JC006860

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, C08020, doi:10.1029/2010JC006860, 2011

C08020 1 of 15

http://dx.doi.org/10.1029/2010JC006860


[5] In situ estimates of the seasonal surface fluxes are only
available for a few places in the gulf and are based on dif-
ferent standard bulk formulae [Assaf and Kessler, 1976;
Berman et al., 2003a; Ben‐Sasson et al., 2009]. Therefore,
the annual and spatial averages of surface fluxes for the
entire gulf have been estimated indirectly based on mass and
salt balances of the gulf [Anati, 1976; Klinker et al., 1976].
These estimates suggest a net annual mean evaporation of
between 1.5 and 4 m yr−1 and between 40 and 200 W m−2

for the net heat loss. The upper bound on the evaporation
rate of 3–4m yr−1 [Assaf and Kessler, 1976] caused studies to
overestimate the net heat loss from the gulf and the asso-
ciated compensatory advected heat through the Straits of
Tiran (see Ben‐Sasson et al. [2009] for a thorough review).
[6] Ocean observations along the gulf are also rare

[Klinker et al., 1976], and the most recent ones were con-
ducted by the Meteor [Plähn et al., 2002]. Comparison of
temperature profiles from the northern (station A, Figure 1)
and southern (station G, Figure 1) parts of the gulf indicated
a negative temperature gradient from south to north year‐
round. This negative sea surface temperature gradient was
interpreted as the result of cooling of the water that flows
northward after entering the gulf at the Straits of Tiran
[Paldor and Anati, 1979] and supported the hypothesis put
forward by Klinker et al. [1976] that the northward flow
during spring and summer is driven by the net surface
buoyancy loss flux as is the case in the winter.
[7] Early one‐dimensional models ascribed differential

weights to the advected heat flux and surface fluxes. Wolf‐
Vecht et al. [1992] and Berman et al. [2003a] concluded that

the lateral advected heat from the straits due to northward
flow make a negligible contribution to the temperature
profile at the northernmost gulf, and that the spring‐summer
surface warming is mostly due to atmospheric heating. In a
more recent study, using a one‐dimensional model based on
observations and heat budget, Ben‐Sasson et al. [2009]
concluded that the advected heat from the straits dom-
inates the temperature profile in the northernmost gulf
during the spring, but has little impact during the rest of the
year. In any case, it should be stressed that these studies
only focused on the conditions in the northernmost gulf. As
the proportion of Red Sea inflow water that actually reaches
this region remains unknown, and the extent to which this
water is influenced by surface fluxes as they propagate
along the gulf is uncertain, it is not clear how these studies
reflect the conditions in the gulf in general.
[8] General circulation models have been used to study

the wind‐driven and tidal circulation in different seasons
[Berman et al., 2000, 2003b]. Brenner and Paldor [2004]
were the first to simulate the gulf hydrography and circu-
lation using a high‐resolution model driven by full seasonal
forcing. However, they did not examine the heat and salt
budgets of the gulf or the connection between the general
circulation in the gulf and the exchange flux through the
straits.
[9] Here, we use an oceanic general circulation model

(OGCM) and recent observations to investigate, on monthly
to seasonal time scales, the connection between the hydro-
graphic conditions within the gulf and their main two
driving forces: (1) the exchange processes with the northern

Figure 1. (left) The area of study indicated by the inset, (right) with the gulf bathymetry also shown.
Also indicated are stations A and G and the Straits of Tiran.
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Red Sea through the Straits of Tiran and (2) the air‐sea
fluxes.
[10] Our study revises the paradigm of the gulf’s inverse

estuarine circulation. Our model shows that on subannual
time scales the circulation and the heat budget of the gulf
run counter inverse estuarine circulation predictions. Spe-
cifically, when the exchange flow is maximal during April–
August, the water entering the gulf becomes warmer as it
flows northward. Clearly the northward flow at the surface
cannot be driven by the atmosphere during that period. From
September to March, despite considerable cooling, the
exchange flux is minimal. Additionally, the transfer of mass
from the surface to deeper layers, as occurs in inverse
estuarine circulation, takes place only during late winter.
During the rest of the year the surface layer is flooded by the
Red Sea water influx, but does not feed the subsurface
counterflow. Thus our simulated findings suggest that
within several months after the winter mixing conditions,
the upper ∼150 m in the entire gulf is replaced with northern
Red Sea surface water. Finally, our study presents estimates
for the seasonal exchange flow in the straits and reveals
considerable variability ranges from ∼0.04 Sv in early spring
to ∼0.005 Sv in early winter.
[11] The manuscript is organized as follows. In section 2

we describe the model and compare its results to existing
observations. In section 3 we introduce the simulation
results for exchange flow properties through the Straits of
Tiran. We discuss the heat balance in the gulf in section 4
and explain the evolution of temperature and stratification.
In section 5 we discuss the limitations of the model and we
conclude in section 6.

2. The Oceanic Model

2.1. Model Description

[12] We used the Massachusetts Institute of Technology
general circulation model (MITgcm) [Marshall et al.,

1997a, 1997b] to solve an approximated form of the ther-
modynamic and momentum equations known as the
hydrostatic primitive equations (HPEs) along with a linear
free surface. The model domain includes the whole Gulf of
Aqaba (Gulf of Eilat) and ends ∼20 km south of the Straits
of Tiran. The bathymetry of the gulf is based on Hall and
Ben‐Avraham [1973], and the topography in the straits
region is based on Hall [1975]. A full mixing scheme,
known as “KPP” (based on the local Richardson number) is
used [Large et al., 1994]. The model grid is rotated coun-
terclockwise by 34.5° to minimize the grid size and save
computation time. This rotated coordinate system aligns the
coordinate axes along the length and width of the gulf. The
horizontal resolution is 300 m, with 32 vertical levels, most
of which are concentrated in the upper ∼300 m to capture
the complex dynamics in the upper ocean, with a time step
of 100 s. The model was run for 15 years and reached a
quasi steady state condition.
[13] We next describe boundary conditions for the model.

As observations in the gulf are sparse, the setups of
boundary conditions in the northern Red Sea and at the
surface described in sections 2.2 and 2.3 must by necessity
be somewhat ad hoc and pragmatic. Yet, as is shown in
section 2.4, this ad hoc approach is at least partially justified
by the acceptable fit of the model results with observations.

2.2. Open Boundary Conditions

[14] At the southern end of the domain there is a sponge
layer in which temperature and salinity are relaxed to
monthly mean profiles (shown in Figure 2). These profiles
are based on the analysis of temperature and salinity profiles
taken from the National Oceanographic Data Center data-
base (NODC available from http://www.nodc.noaa.gov/);
see Appendix A for analysis details. The sponge layer has a
width of 6 km (20 grid points) and the relaxation time was
gradually increased from 2160 s at the southern end of the
sponge layer, to 4320 s at its northern end.

Figure 2. Climatological (a) salinity and (b) temperature conditions in the northern Red Sea plotted
down to a depth of 400 m (see Appendix A and text for more detail).
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2.3. Surface Boundary Conditions

[15] At the surface, monthly mean wind stress, net evap-
oration, and heat flux were used as boundary conditions.
The existing databases of atmospheric conditions have low
resolution that poorly resolve the gulf area, and there are
only few observations in the region. Therefore, wind stress
was based on Berman et al. [2000, 2003a] and had no
spatial variability, and the thermohaline fluxes were derived
using an iterative procedure that started with thermohaline
fluxes from the coarse‐resolution model of Biton et al.
[2008b]. These fluxes were modified by relaxation terms
to monthly mean sea surface salinity (SSS) and sea surface
temperature (SST) approximations (see details below), using
weaker and weaker relaxation terms for SST and SSS at
each iteration. Eventually we used thermohaline fluxes
diagnosed from the iterative procedure described above,
along with relaxation to the monthly mean SST and SSS
approximations with a relaxation time of 3 days. At this
stage, the relaxation terms were small compared to the
thermohaline fluxes (∼1% of the total fluxes). A relaxation
time of 30 days did not change the model results to any great
extent.
[16] SST and SSS have only been measured at a few

places along the gulf and are generally limited to specific

years/months. In addition, the SST and SSS data included in
several databases (e.g., GDEMV 3.0 available from http://
www.usgodae.org/las/getUI.do, and Levitus available from
http://iridl.ldeo.columbia.edu/SOURCES/.LEVITUS94/.
MONTHLY/) show large discrepancies in their values when
compared with long‐term measurements taken from the
northern Red Sea and northernmost gulf. Because there is no
reliable spatial SSS and SST data, the SSS and SST needed
for the relaxation terms were approximated as follows:
SSS and SST data for April–December were specified by
defining a constant gradient between observed values in the
northern tip of the gulf (based on monthly data courtesy of
the National Monitoring Program for the years 2003–2009)
and data based on NODC taken for the southern end of the
domain (Figure 2).
[17] From January to March the relatively warm and less

saline northern Red Sea water (by gulf standards) that enters
the gulf creates a relatively thin layer at the surface that is
mixed quickly with intermediate water up to the middle gulf
as a result of strong atmospheric cooling. From the middle
gulf and northward even stronger atmospheric cooling
exists; however, it acts on a much thicker and homogeneous
water column (up to ∼600 m in depth at the northernmost
gulf during mid‐March), and the sea surface salinity and
temperature stay fairly constant from the middle gulf and
northward. Therefore, the SST and SSS gradients along the
gulf from January to March are strong up to the middle gulf
and weak northward [see Plähn et al., 2002, Figures 8 and 9].
To better account for winter mixing (January–March), the
linear gradient distributions (between the southern and
northern gulf) were replaced with the SSS and SST gra-
dients along the gulf shown by Plähn et al. [2002]. Note that
the linear gradients for the SSS and SST within the gulf
(April–December) were chosen somewhat arbitrarily. Nev-
ertheless, we show below that the model simulates the
conditions in the gulf reasonably well compared to existing
observations.

2.4. Model Results Versus Observations

[18] The 3D model reproduces the main characteristics of
the gulf circulation and hydrography rather well. The first‐
order dynamics resemble previous studies: the general
circulation consists of relatively warm and fresh water
(40.3 psu) that enters from the south through the Straits of
Tiran as a surface layer, and flows northward, whereas the
cold and saline water of the gulf exits as the bottom layer of
the exchange flux (section 3). The surface flow field is
complex (Figure 3), and is composed of a chain of eddies
along the main axis of the gulf as reported in previous
modeling studies [Berman et al., 2000; Brenner and Paldor,
2004] and in current measurements along the basin
[Manasrah et al., 2004].
[19] Regular vertical profiles in the gulf are only available

for the northernmost part, and were conducted by the
National Monitoring Program in the gulf (NMP available
from http://www.iui‐eilat.ac.il/NMP/). Due to the surface
northward flow, the northern tip of the gulf is the ideal
location to test the performance of the model: the hydro-
graphic profiles in the northernmost gulf reflect the cumu-
lative contributions of air‐sea fluxes that influence the
properties of a parcel of water that moves along the main

Figure 3. Modeled monthly mean surface currents (cm s−1)
for (right) September and (left) February. Chain of eddies
are seen along the main axis of the basin as in previous stud-
ies (section 2.4).
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axis of the gulf. In addition, because it is a deep water
formation site, hydrographic profiles from the northernmost
gulf exhibit complex seasonality. Figures 4 and 5 show
average monthly temperature and salinity profiles that were
measured at station A (black), ∼10 km south of the north
shore of the gulf (Figure 1), and the model climatological
hydrographic profiles at the same location (gray). The model
successfully captures the observed profiles not just at the
surface, where the relaxation terms restore the model surface
hydrography, but throughout the water column. Important
seasonal characteristics such as the evolution of the salinity
minimum during the summer, and the erosion of summer
stratification until nearly complete mixed conditions appear
in February–March, are reproduced well by the model.
[20] Note that there are slight discrepancies between

the model and observations for November–December
(Figure 4), especially near the thermocline. Specifically, the
shape of the thermocline in the model is much sharper than
the mean observed profile, and second, the thermocline is
shallower in the model than in the observations. The mean
observed profile is based on seven temperature profiles
obtained over 7 years of measurements. The thermocline in
each individual profile was fairly sharp and similar to the
model, as can be deduced from the envelope of the upper
and lower bounds (shaded areas in Figure 4). The depth of

the simulated thermocline is shallower than the average
profile but still within the range of the observed profiles.

3. Seasonality of the Exchange Flow Through
the Straits of Tiran

[21] The Straits of Tiran is an elevated sill, whose maxi-
mum slope reaches 40° at its southern part. The sill topog-
raphy is complex and has two passages (∼1 km width each):
The deepest passage, Enterprise, has a maximum depth of
252 m and a cross‐sectional area of 168,500 m2 at the
narrowest and shallowest part, whereas the shallower pas-
sage, Grafton, has a maximum depth of 84 m and a cross‐
sectional area of 53,000 m2 at the narrowest and shallowest
part [Hall, 1975].
[22] Very few measurements of the flow through straits

have been conducted [Hecht and Anati, 1983; Murray et al.,
1984; Manasrah et al., 2006], all of them during February–
March. Therefore, the seasonal variations in the exchange
flow remain unknown and have been estimated solely by
indirect methods. Based on measured hydrographic condi-
tions along the main axis of the gulf and assuming heat and
salt balances on seasonal time scales, Klinker et al. [1976]
calculated ∼0.07 Sv for the exchange flow during the win-
ter and ∼0.045 Sv during the summer. They also suggested a
transition to a three‐layer flow during the summer. Anati

Figure 4. Comparison between the model and observations: Monthly average temperature profiles mea-
sured at station A (Figure 1) based on monthly measurements courtesy of the National Monitoring
Program for the years 2003–2009 (black) and the model climatological temperature profiles at the same
location (gray). Shaded areas indicate the interannual variability over 7 years of measurements.
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[1976] assumed overmixed conditions [Stommel and Farmer,
1953] for the exchange flow in the straits along with salt
and heat conservations for the gulf, and estimated the annual
mean exchange flux to be ∼0.05 Sv. Overmixed conditions
in the straits were also found by Li and Lawrence [2009]
who used a two‐layer model for the exchange flow in the
Straits of Tiran. However, their model only simulated con-
ditions during late winter.
[23] We simulated the annual cycle of the exchange flow

and recalculated the annual mean exchange flow. The model
results for the exchange flow properties, combining the
two passages of the Straits of Tiran, are shown in Figure 6
and the different exchange water masses are summarized in
Table 1. Our model is consistent with the available obser-
vations: the monthly mean model exchange flow for Feb-
ruary is 0.027 Sv, which is close to the 0.029 Sv estimated by
Murray et al. [1984] based on observations in February
1982. In addition, the depth of the interface that separates the
exchange flow layers in February–March is ∼80 m (white
line in Figures 6a–6c), which is close to the value found by
Hecht and Anati [1983] and is midway between measured
values reported by Manasrah et al. [2004] (70 m) and by
Murray et al. [1984] (90 m) for this month. However,
according to our model the exchange flow in February–
March does not reflect the conditions in the straits during the
rest of the year, which generally exhibits weaker exchange

flow values andmore complexity (see below). In addition, the
annual mean of the exchange flow, based on the outflowing
gulf intermediate water (indicated by regions below the white
lines in Figures 6a–6c), is only 0.0185 Sv, a much smaller
value than the previous indirect estimates of ∼0.05 Sv. The
discrepancy between our estimate and previous estimates
may be attributed to the high evaporation rate assumed in
these calculations (3.65–4.2 m yr−1), whereas we calculated
an annual mean evaporation rate of ∼1.9 m yr−1 that resem-
bles the value recently estimated by Ben‐Sasson et al. [2009]
(Appendix B). Latent heat loss due to evaporation has a
dominant cooling effect (1 m yr−1 evaporation rate is equiv-
alent to ∼80 W m−2 of latent heat loss). Therefore, the larger
evaporation rate used in previous indirect methods requires a
larger advected heat flux through the straits to balance the
surface fluxes and, therefore, a larger exchange flow rate
through the straits.
[24] In terms of fluxes, the modeled exchange flow is

composed of the inflowing northern Red Sea water in the
upper layer (including the region above the continuous solid
black line in Figures 6a–6c) and the outflowing gulf inter-
mediate water (region below the white line in Figures 6a–6c)
as noted in previous studies [Murray et al., 1984; Manasrah
et al., 2004]. The two‐layer exchange flow from February to
July is relatively high, with maximal seasonal values
appearing in April–May. The exchange flow then switches

Figure 5. Comparison between the model and observations: Monthly average salinity profiles measured
at station A (Figure 1) based on monthly measurements courtesy of the National Monitoring Program for
the years 2003–2009 (black) and the model climatological salinity profiles at the same location (gray).
Note the evolution of the minimum salinity level from April to August and later the erosion of that layer
from September to December.
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to a weak four‐layer pattern from August to November,
where the additional two layers are outflowing gulf sub-
surface layer (∼24.2°C, ∼40.3 psu) and inflowing Red Sea
intermediate water (∼22.5°C, ∼40.4 psu). The salinity and
temperature distributions in the outflowing bottom layer in
December–January are highly inhomogeneous, where the
gulf intermediate water can only be found below ∼200 m in
depth (white lines in Figures 6a–6c). The outflowing water
above ∼200 m in depth in this layer has a relatively high
temperature of ∼23°C and low salinity values of ∼40.6 psu
and resembles water properties of the gulf subsurface layer.
[25] Most of the complex exchange flow in the straits

from August to January is within the relatively warm gulf
surface layer (region above the white line in Figures 6a–6c),
whereas the outflowing gulf intermediate water is not
interrupted. The fluxes in the additional layers are relatively
small; therefore, the exchange flow can be approximated as
a two‐layer case, characterized by the steadily outflowing
gulf intermediate water (Figure 6d, dashed black line).
Under this approximation, the exchange flow is highly
correlated with the height of the interface that separates the
two layers (shown by the white line in Figures 6a–6c). This
strong correlation reflects the two‐way interaction between

the exchange flow in the Straits of Tiran and the stratifica-
tion conditions in the gulf, and is discussed by Biton and
Gildor [2011a].

4. Stratification/Temperature Seasonality

4.1. Temperature Structure

[26] Because of the relatively warm and salty water in the
gulf, the seawater density is particularly sensitive to changes
in temperature [Biton et al., 2008a, Figure S2], and hence to

Figure 6. Exchange flow properties in the Straits of Tiran. (left) Ten day average profiles covering one
simulated seasonal cycle of (a) transport (Sv × 10−3), (b) salinity (psu‐40), and (c) temperature (°C). The
black lines in Figures 6a–6c indicate the zero flux contours. The layer below the white line and the layer
above the black line in Figures 6a–6c are the outflowing gulf intermediate water and the inflowing north-
ern Red Sea surface water, respectively. (right) Average properties for the inflowing northern Red Sea
surface water (solid gray) and the outflowing water in the bottom layer (solid black) for (d) integrated
transport (Sv × 10−2), (e) salinity (psu‐40), and (f) temperature. Dashed lines in Figure 6d indicate the
net exchange flow with the gulf surface layer in gray (regime above the white line in Figure 6a) and
the outflowing gulf intermediate water in black (regime below the white line in Figure 6a). Positive values
in Figures 6a and 6d represent flux into the gulf and negative values out of the gulf. A summary of
different water masses in the straits can be found in Table 1.

Table 1. Summary of Different Water Masses That Exchange
Through the Straits Year‐rounda

Feb–Jul Aug–Nov Dec–Jan

Inflowing NRSSW Yes Yes Yes
Outflowing GOESSW No Yes Yes
Inflowing NRSIW No Yes No
Outflowing GOEIW Yes Yes Yes

aWater masses are as follows: NRSSW, Northern Red Sea Surface
Water; GOESSW, Gulf of Aqaba (Gulf of Eilat) Subsurface Water;
NRSIW, Northern Red Sea Intermediate Water; and GOEIW, Gulf of
Aqaba (Gulf of Eilat) Intermediate Water. Yes (no) indicate the existence
(nonexistence) of water masses.
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thermally driven forces. In fact, the seasonal salinity varia-
tions within the gulf can change the sea water density by up
to 0.38 kg m−3 compared to potential changes of up to
2.2 kg m−3 from seasonal temperature variations. Thus, the
major dynamic patterns observed in the gulf such as the
exchange flow with the northern Red Sea, the circulation
driven by density differences, and stratification are mainly
affected by temperature changes, while changes in salinity
are minor players (another example is the stable stratifica-
tion condition found during the summer despite the forma-
tion of the summertime salinity minimum, mentioned in
section 2.4). The estimated surface fluxes based on the
results of themodel support this view (Figure 7). In Figures 7c
and 7f we calculated the buoyancy flux, based on the
derived surface fluxes (Figures 7a, 7b, 7d, and 7e). With the
exception of several places in the south, the contribution of

the thermal component is larger than the contribution of the
saline component (Figure 7f). More details on the modeled
surface fluxes can be found in Appendix B.
[27] Based on the observed temperature profiles at

the northernmost gulf (Figure 4) and the model results
(Figures 8 and 9a), three layers characterizing the gulf water
column can be distinguished: (1) a deep and quasi stagnant
layer; (2) the intermediate water, and (3) the surface water.
The deep layer is slightly colder than 21°C and fills the gulf
below 600 m. The intermediate water temperature slowly
increases from 21°C to 21.9°C, and the surface layer has a
temperature above 21.9°C.
[28] Unlike the deep water layer, the two upper layers are

highly active and undergo strong seasonal changes. The year
can be divided into two phases, the restratification phase
(April–August) and the mixing phase (September–March).

Figure 7. Air‐sea thermohaline fluxes calculated by our model results, based on the iterative procedure
described in section 2.3. (left) Monthly averaged values (x axis) along the main axis of the gulf (y axis,
increasing northward) for the (a) net heat flux (W m−2), (b) net evaporation (m yr−1), and (c) buoyancy
flux (m2 s−3 × 10−7). (right) Annual mean values along the main axis of the gulf (x axis) for the (d) net
heat flux (W m−2), (e) net evaporation (m yr−1), and (f) buoyancy (m2 s−3 × 10−8). Buoyancy fluxes
were calculated using the formula g/r(aH/Cw + rb · S · EmP) [Marshall and Schott, 1999], where g =
9.8 m s−2 is the gravitational acceleration constant; r = 1028 kg m−3 is the water density (average for the
gulf); Cw = 3995 J (kg K)−1 is the heat capacity of sea water [Ben‐Sasson et al., 2009]; S (psu) is the sea
surface salinity; a = 2.96 × 10−4 K−1 and b = 7.4 × 10−4 psu−1 are the thermal expansion and haline
coefficients, respectively (calculated for the gulf water masses salinity and temperature regimes); and
H(W m−2) and EmP (m s−1) are the net heat and net evaporation fluxes, respectively. In Figure 7f, the dark
gray and light gray curves indicate the thermal and haline buoyancy components, respectively. Note that
positive values for the net heat indicate ocean surface cooling and positive buoyancy values indicate
ocean buoyancy loss.
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During the restratification phase the surface layer is rebuilt,
increases its temperature and volume, and pushes the 21.9°C
isotherm from the surface down to ∼200 m. In August the
temperature in the stratified surface layer at the northern-
most gulf increases almost linearly from 21.9°C at its base
to SST ∼ 27°C (Figure 4) and comparably close temperature
profiles exist throughout the rest of the gulf (Figures 8
and 9a). From September to December, the surface layer
increases its volume at a much slower rate and the strong
stratification starts to erode (Figures 4 and 8) due to atmo-
spheric cooling (Figure 7a), until the surface layer is verti-
cally mixed, and a relatively thin (stratified) layer separates
the surface layer from intermediate water everywhere along
the main axis. From January to March the surface layer is
mixed with the intermediate layer almost completely and the
sea surface temperature in mid‐February is below 21.9°C in
most places in the gulf (Figure 8) [also see Plähn et al.,
2002; Klinker et al., 1976]. In severe winters the water
column can mix down to the bottom (∼700 m) at the
northernmost end of the gulf, where the deep water is
formed via both open water convection and shelf convection
[Wolf‐Vecht et al., 1992; Genin et al., 1995; Biton et al.,
2008a].

4.2. Heat and Buoyancy Balances

[29] Using a heat budget for the gulf, we traced the
sources of heat that rebuild the warm and relatively stratified
layer during the restratification phase, and the conditions
that lead to efficient vertical mixing during the mixing
phase.

[30] The seasonal changes in the average temperature/
density for the gulf were calculated as follows:

@ Cp

R
V T � � � dV� �
@t

¼
Z
A
H � dAþ Cp

Z
l
T � � � ~V � dl!; ð1Þ

@ðRV bdV Þ
@t

¼
Z
A
Bo � dAþ

Z
l
b � ~V � dl!; ð2Þ

where T and b are the temperature and buoyancy, A and V
are the gulf surface area and volume, and Cp is the heat
capacity. H and Bo are the net heat and buoyancy flux
from the gulf surface. ~V is the velocity vector and ~l is
the cross‐sectional vector of the Straits of Tiran.
[31] Assuming the gulf is in quasiequilibrium on annual

time scales (the left‐hand terms in equations (1) and (2)
equal zero), the buoyancy/heat flux from the surface of
the gulf (first term on the right of equations (1) and (2))
should be compensated for by the advected buoyancy/heat
through the straits (second term on the right of equations (1)
and (2)). Figure 9b shows the seasonality of the advected
heat flux through the Straits of Tiran (gray) compared with
those from the gulf surface (black). As expected, the
buoyancy flux from the gulf surface largely follows the heat
flux (section 4.1), and for this reason calculations are shown
only for the heat budget.
[32] The model shows that the advected heat from the

straits almost perfectly balances the surface fluxes on annual
time scales (annual mean values for both are ∼55 W m−2,

Figure 8. Bimonthly zonally averaged temperature along the central axis of the gulf, plotted down to
400 m in depth. Temperatures below 400 m in depth are colder than ∼21.2°C for the entire gulf.
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Figure 9). However, the gulf’s seasonality is generally
dominated by only one of these at a time. The gulf gains
heat that is mostly advected from the straits during the
restratification phase (April–August) and loses that heat
to the atmosphere during the mixing phase (September–
March). Note that although the advected buoyancy/heat
integrated over the cross‐sectional area of the straits is
positive year‐round (as expected from an evaporative basin),
the buoyancy/heat flux changes sign and a small amount of
buoyancy/heat gain due to atmospheric forcing exists during
the restratification phase.

4.3. Restratification Phase

[33] The model results show that the relatively large
advected heat into the gulf during the restratification phase
(Figure 9b) is responsible for most of the observed tem-
perature increase in the gulf surface layer during that time
(Figure 9a), whereas the atmospheric flux only makes a
secondary contribution (as was also suggested by Ben‐
Sasson et al. [2009]). Since the outflowing gulf intermedi-
ate water temperature does not change significantly over the
year (Figure 6f, black), changes in the advected heat through
the straits depend mainly on the mass transport and tem-
perature of the relatively warm northern Red Sea surface
inflow water (Figure 6f, gray). Therefore, the large amount
of advection of heat during the restratification phase is
connected with the relatively high exchange flow and warm

temperature of the inflowing water from the Red Sea during
this time. More detailed findings on the restratification
process at the surface layer due to northern Red Sea water
influx are given by Biton and Gildor [2011b].
[34] Further support for the dominance of heat advection

over surface flux comes from observations. Figure 10 shows
temperature data at constant depths between 30 and 260 m
that were measured in the northernmost gulf from February
to May 2008. The fast transition from the mixing phase
(dark gray region) to the restratification phase (light gray
region) is clearly visible. One week after the restratification
phase commenced, all thermistors recorded a rapid increase
in temperature, up to 2.5°C. Such vigorous heating below
30 m in depth cannot be explained by surface heating. Based
on the measured temperature profiles we calculated the
average rate of change in the internal heat between 70 and
260 m in depth for both phases (shown in the legend).
During the mixing phase the ocean heat loss at the surface
affects the deeper layer through convection. However,
during the restratification phase heat gained at the surface
can warm the deeper layer only through diffusion or by
mechanical mixing (induced by wind and tidal forcing).
Assuming the contributions of these processes to be negli-
gible below 70 m in depth, most of the calculated heat flux
during the restratification phase (94 W m−2 in the legend of
Figure 10) is thus due to lateral advective heat.

Figure 9. (a) Ten day average covering one simulated seasonal cycle of temperature profile throughout the
entire gulf (down to 400 m in depth). Shaded areas indicate the seasonal mixing (dark gray) and restratifica-
tion (light gray) phases in the evolution of the gulf stratification. The isotherm 21.9°C separates the gulf
intermediate water and the surface water. (b) Seasonal advected heat flux through the Straits of Tiran (dark
gray), net heat flux from the gulf surface (black), and the sum of the two heat components (light gray) (the
computed values are based on the right‐hand term of equation (1)). The advected heat through the straits is
given here inWm−2 of the gulf surface to be on the same scale as the net atmospheric flux. The annual mean
values (in parentheses) show that quasi‐stable conditions are achieved on annual time scale, however, as
shown here they are far from being in equilibrium on seasonal to monthly time scales (section 4.2).
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4.4. Mixing Phase

[35] Between September and March atmospheric cooling
(heat loss forcing) easily overcomes the advected heat gain
coming from the straits (Figure 9b), and the gulf mostly
experiences thermally driven vertical mixing. In fact, inte-
grating over the time equation (1) from September to mid‐
March shows that the heat content of the gulf is reduced by
−5.2 × 1018 J, which is close to the total heat loss from the
gulf surface during this same period (−6.57 × 1018 J). The
limited amount of advected heat from the straits allows for
efficient thermally driven vertical mixing that takes place
during the mixing phase (note the increasingly mixed layer
depth during this time in Figure 9a, due to the applied heat
loss to the atmosphere during this time in Figure 9b). A small
amount of advected heat from September to November,
despite the relatively high water temperature that enters the
gulf, can be attributed to the minimum exchange flow rate
during this time (Figure 6d). From December to March the
exchange flow increases, but the advected heat through the
straits remains low because of the small temperature dif-
ference between the exchange flow layers (Figure 6f).

4.5. Negative Through‐Gulf SST Gradient

[36] The inflowing water during the restratification phase
increases its temperature/salinity as it propagates northward
throughout the gulf. This result is expected because of
atmospheric heating and net evaporation, but is somewhat
counterintuitive to the observed negative SST gradient in the
gulf at this time [Paldor and Anati, 1979]. This gradient
during the spring and the summer was related to atmosphere

cooling, due to a large evaporation rate (assumed to be
3–4 m yr−1) and hence was interpreted as evidence for the
inverse estuarine circulation during that time (section 1 and
references therein). As mentioned above, our estimate as
well as that of Ben‐Sasson et al. [2009] show minimum
evaporation and a net buoyancy/heat gain during the spring
and the summer. Here we propose different reasons for the
observed negative SST gradient during the year. The SST
gradient is affected by changes in the temperature of the
water entering the straits and by the net heat flux from the
surface. Between April and August a net heat gain warms
the water as it flows northward (as shown by Biton and
Gildor [2011b]); however, faster warming in the southern
gulf due to increasing temperature values of the entering
water and relatively high exchange flow (Figure 6) sustains
the negative SST gradient. During the mixing phase, the
temperature of the water entering the gulf through the straits
decreases quickly, but faster cooling of this water by the
atmosphere (when it propagates northward) sustains the
negative SST gradient.

4.6. Evolution of the Surface Layer Volume

[37] Additional model‐based evidence that contradicts the
standard view of inverse estuarine circulation comes from
the volume balance of the surface layer, as is shown in
Figure 11. Figure 11 compares time integration over the
fluxes in the straits (starting at the beginning of the restra-
tification phase) with the modeled volume of the surface
layer. The two calculations are a perfect match between
mid‐March and December (Figure 11). Therefore, based on
the model, the transfer of mass from the upper ocean to

Figure 10. Temperature at constant depths of 30, 70, 80, 90, 110, 170, 210, and 260 that were measured
in the northernmost gulf from February to May 2008 (total depth is 410 m). Dark gray and light gray
regions indicate part of the mixing and restratification phases, respectively. The average heat flux into
water columns between 70 and 260 m in depth for the two periods are shown in the legend. As downward
heat flux due to atmospheric heating is expected to be negligible at depths below 70 m, most of the heat
flux during the restratification phase (94 W m−2) is due to lateral advective heat, probably from exchange
flow properties in the Straits of Tiran at that time (section 4.2).
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deeper layers, as occurs in inverse estuarine circulation,
occurs only during late winter, whereas during the rest of
the year the surface layer is flooded by the Red Sea water
influx. The volume of the surface layer changes quickly
during the restratification phase, and increases slowly
afterward until December (Figure 11, black line). From
December to mid‐March the calculated volume flux differs
from the model results. In the initial stage from December to
mid‐January the volume of the surface layer increases at a
higher rate than the contribution from the straits (Figure 11).
The surface layer during this time increases its volume due
to entrainment of intermediate water from below, which
under the weak stratification occurs at a higher rate (note the
slight deepening of the 21.9°C isotherm during this time,
Figure 9a). In the second stage, the surface layer is mixed
with intermediate water for a short time in February. This
results in a rapid reduction in the volume of the surface layer
from its maximum values to its minimum (Figure 11, black
line), provided that the water masses are colder than 21.9°C
over most places in the gulf (Figure 9a). In addition, in
February–March the integrated volume entering the gulf
increases rapidly (Figure 11, gray line), but the strong
atmospheric cooling during this time mixes the entering
water from the straits with the intermediate water. Therefore
the volume of the surface layer does not increase from its
minimal value until the end of the mixing phase (Figure 11,
black line).

5. Caveats and Limitations

[38] There are few caveats and limitations that should be
mentioned. First, there are uncertainties associated with the

surface heat flux used as the boundary condition. However,
as we focused on the integrative effect of surface fluxes
above the entire gulf and because the model compared well
with existing observations, our estimated surface fluxes
seem reasonable. Second, we neglected the explicit contri-
bution of tides and we only used a simple time‐varying wind
stress pattern (without spatial variations, section 2.3). Pre-
vious studies have shown that the circulation in the gulf has
tidal [Genin and Paldor, 1998; Monismith and Genin, 2004;
Manasrah et al., 2006] and wind‐driven [Berman et al.,
2003b; Monismith and Genin, 2004] components, but the
contributions of these influences to the seasonal heat budget
of the gulf and to the exchange flow with the northern Red
Sea have not been examined. Both contribute to vertical
mixing and wind also affects the surface fluxes (and hence
contribute to density differences). These forces were taken
into account to some extent implicitly, either in the param-
etrization of vertical mixing and in the derivation of the
surface fluxes using the iterative procedure (section 2.3). In
addition, the large‐scale dynamics appear to be dominated
by the surface fluxes. Year‐round, the water at the surface
flows northward against the northerly wind that prevails
over the gulf and observations show that the mixed layer
during the restratification phase is very shallow (Figure 4).
These features suggest that the induced mixing due to
mechanical forces is not sufficient to overcome the stratifi-
cation induced by the advected heat coming from the straits
and by atmospheric heating. During the winter, the water
column is almost mixed completely by convection; there-
fore, additional induced turbulent vertical fluxes due to the
above mentioned mechanical forces cannot affect the heat
content along the water column or its shape. Thus, despite

Figure 11. A comparison of the cumulative time integration over the exchange fluxes through the straits
starting from mid‐March (gray) and the volume of the surface layer with temperatures warmer than 21.9°C
(black). The volume of the surface layer changes fast during the restratification phase but increases slowly
afterward until December and fits the calculated curve well. From December to mid‐March the calculated
volume flux is different from model results because of significant entrainment/mixing processes that
change the volume of the surface layer with respect to the volume flux entering through the Straits
of Tiran.
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these shortcoming of our model, its satisfactory fit with
available observations suggests that it captures the main
components of the general circulation in the gulf.
[39] In this study we focused on the effects of the

exchange flow process in the strait and of surface fluxes, but
we did not discuss the processes that contribute to these two
main driving forces. A good example of such a process is
the chain of eddies along the gulf (Figure 3). Our model
shows that these eddies are associated with relatively high
vertical velocities from January to March (not shown), when
strong vertical mixing takes place in the gulf. Similarly,
during the restratification phase these eddies steer and dis-
tribute the northern Red Sea water influx in the gulf. These
eddies also clearly affect air‐sea surface fluxes locally, as
depicted in Figures 7b and 7c. The mechanism behind the
formation of these eddies and their role in the heat budget
are beyond the scope of this study and will be investigated
in the future.
[40] Last, our model solves an approximated form of the

thermodynamic and momentum equations known as the
hydrostatic primitive equations, and vertical turbulence
fluxes were not included explicitly. Rather, they are partially
parametrized by the vertical mixing scheme KPP. We con-
ducted short sensitivity tests that solved the full nonhydro-
static equations for July and for December and the effect on
the model results was negligible (temperature differences
along the water column between the hydrostatic and non-
hydrostatic simulations were only ∼0.0001°C for July and
∼0.01°C for December).

6. Summary and Conclusions

[41] We used an oceanic general circulation model to
investigate the general circulation in the Gulf of Aqaba
(Gulf of Eilat) and the exchange flux with the Red Sea. Our
study revises the paradigm of the inverse estuarine circula-
tion of the gulf. On a seasonal time scale the modeled cir-
culation and exchange flow contrast with expectations from
the inverse estuarine circulation depiction. A relatively weak
exchange flow and a limited advected heat through the
straits are found during the mixing phase, despite the strong
heat loss to the atmosphere; similarly, a relatively strong
exchange flow and a large advected heat are present during
the restratification phase, despite the heat acquired from the
atmosphere. Moreover, we showed that during the restrati-
fication phase, the water becomes warmer as it flows north-
ward along the gulf due to atmospheric heating; thus, the
northward flow at the surface cannot be driven by the
atmosphere during this time. Finally, transfer of mass from
the upper ocean to deeper layers occurs only during late
winter, whereas during the rest of the year the surface layer
is flooded by the relatively warm northern Red Sea water
influx.
[42] In the present study we described the unsteady pro-

cesses in the gulf, including the general circulation, the heat
budget, and the exchange flow with the Red Sea. In a
companion paper, Biton and Gildor [2011b], we explain the
evolution of the summertime salinity minimum, the gradual
buildup of the surface layer, and the transition to a four‐
layer exchange flow between August and November.
[43] The physical mechanism behind the seasonality of

the exchange flow and general circulation, and the rela-

tionships between the subannual variability in surface fluxes
and the advected heat through the straits, is presented by
Biton and Gildor [2011a]. This mechanism is based on the
hydraulic conditions in the Straits of Tiran and their cou-
pling with the stratification conditions within the gulf on the
one hand, and the time varying conditions at the northern
Red Sea on the other. Biton and Gildor [2011a] also discuss
the applicability of our results to other systems.

Appendix A: Northern Red Sea Hydrography

[44] The climatological hydrography conditions in the
northern Red Sea, that were used in the sponge layer in the
southern model domain, were derived from the National
Oceanographic Data Center database (NODC available from
http://www.nodc.noaa.gov/). We analyzed ∼1000 tempera-
ture profiles that were measured in the northernmost Red
Sea (27–28.2°N, 34–35°E) starting in 1950. Several tem-
perature profiles were excluded (especially due to their
temperature values in the deep layer, where a large vari-
ability is unexpected), and all profiles were linearly inter-
polated down to 700 m in depth. The profiles were ordered
according to their time of measurements during the year, and
then fitted to a sixth‐order polynomial for each layer depth
for the upper 400 m and to a linear line at the deeper layers,
to reconstruct daily temperature profiles. The daily profiles
were then averaged to obtain the monthly mean profiles we
used in our model (section 2).
[45] Similarly, we analyzed ∼250 salinity profiles that

were measured at the northernmost Red Sea (25–28.2°N,
33–36°E) as of 1889. Salinity measurements in the north-
ernmost Red Sea are rare; therefore, the search area was
extended compared to the one used for temperature to achieve
better statistics for the climatological salinity profiles.

Appendix B: Surface Fluxes

[46] The iterative procedure (described in section 2.3)
provides estimates of air‐sea thermohaline fluxes, which
unlike previous estimates based on different bulk formulas
[e.g., Anati, 1976; Assaf and Kessler, 1976; Wolf‐Vecht
et al., 1992; Ben‐Sasson et al., 2009], are independent of
measurements of atmospheric conditions. Our estimates for
the air‐sea fluxes in term of seasonality and mean values
(for the entire gulf) are close to Ben‐Sasson et al. [2009],
with an annual mean of ∼1.9 m yr−1 and ∼55 W m−2 for the
net evaporation rate and net heat flux, respectively. The
evaporation rate (averaged for the entire gulf) is maximal
between February and March (∼3 m yr−1) and drops to
∼1 m yr−1 in August–September. Because of the proximity
to the Red Sea and similar climatic conditions, the evapo-
ration rate in the gulf cannot be far from that of the Red Sea.
Sofianos et al. [2002] estimated an annual mean evaporation
rate of ∼2 m yr−1 for the Red Sea. Matsoukas et al. [2007],
using a radiation transfer model, estimated an annual
evaporation rate of 2.1 ± 0.3 m yr−1 for the Red Sea, and a
similar value was estimated for the northern Red Sea by
Eshel and Heavens [2007]. These studies support an evap-
oration rate closer to ∼2 m yr−1 for the gulf unlike the
commonly cited value of ∼3.5–4 m yr−1 that was estimated
by Assaf and Kessler [1976].
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[47] While our estimates of surface fluxes for the entire
gulf are comparable to Ben‐Sasson et al. [2009], our esti-
mates of the net heat flux at the northernmost gulf are dif-
ferent. Specifically, Ben‐Sasson et al. [2009] estimated an
annual net heat loss of up to ∼60 W m−2 for the northern-
most gulf compared to our estimate of ∼100 W m−2 for the
same location. As we estimate similar values for the evap-
oration (and, therefore, latent heat) as Ben‐Sasson et al.
[2009], and errors in the estimated incoming shortwave
radiation are generally small, the discrepancy between the
two estimates is probably due to the long‐wave radiation
estimation, which is the largest contributor to the heat bal-
ance. For example, Biton [2006] estimated ∼376 W m−2 for
the annual mean incoming long‐wave radiation over the Red
Sea, about ∼100 W m−2 more than the proposed net short-
wave radiation flux over this area. Therefore, even small
uncertainties in the calculated incoming long‐wave radiation
are associated with large biases in the calculated net heat
flux.
[48] Using meteorological and oceanic data Ben‐Sasson

et al. [2009] calculated the net heat flux for the northern-
most gulf based on different combinations of commonly
used bulk formulas for latent heat, sensible heat, and long‐
wave radiations. They suggested that the Bignami formula
for long‐wave radiation [Bignami et al., 1995] is the best
choice for the gulf. Bignami et al. [1995] derived his for-
mula for the Western Mediterranean Sea and showed that
previous bulk formulas systematically underestimated the
net long‐wave radiation by ∼30 W m−2. This systematic bias
was attributed to specified poor parametrization of the water
vapor content; Bignami et al. [1995] rectified the water
vapor parametrization to better fit the observations for the
Western Mediterranean Sea. However, the conditions over
the gulf are much more arid than over the Western Medi-
terranean. The cumulative effect of the water vapor content
along the atmospheric column (which affects the incoming
long‐wave radiation) is represented by a + b · eg, where e is
the air water vapor pressure values slightly above the sea
surface, and a, b, and g are constant coefficients [Bignami
et al., 1995]. Because it is only 20 km wide, it is more
reasonable to assume that the atmospheric water vapor
above the gulf region is primarily affected by the climatic
conditions in the surrounding desert landmasses. Therefore,
using the values derived for the Western Mediterranean in
the gulf will overestimate the columnar atmospheric water
vapor and its contribution to the incoming (downward)
long‐wave radiation.
[49] In fact, when Biton et al. [2008b] simulated the Red

Sea and used the same formula to calculate the net long‐
wave radiation, they had to subtract 60 W m−2 from the
derived fluxes for the winter months (October–March) in
order to obtain accurate results for the deep water temper-
ature and salinity. Assuming that at least ∼30 W m−2 should
be subtracted from the calculated annual mean net incoming
long‐wave radiation when applying the Bignami formula in
the gulf as for the Red Sea (which is only ∼10% of the
incoming long‐wave radiation), leads to an annual net heat
loss of ∼90 W m2 at the northernmost gulf which is closer to
our estimate. Such changes are equivalent to reducing the
value of the coefficient b to 0.555, which probably better
reflects the arid conditions in the northernmost gulf than the

value of 0.653 that was used to fit the conditions in the
Western Mediterranean [Bignami et al., 1995].
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