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[1] We investigate the coupling between the dynamics in the Gulf of Aqaba (Gulf of Eilat,
northern Red Sea) and the exchange flow through the Straits of Tiran in response to
seasonally varying surface fluxes and northern Red Sea hydrographic conditions. Because
the gulf is a relatively small basin, winter mixing between the surface and intermediate
layers occurs over most places in the gulf including in the vicinity of the straits, and
leads to a maximal exchange flow in the strait. During the spring, warming in the Red Sea
forces an influx of warm Red Sea water into the gulf, the surface layer is refilled, and
consequently the exchange flow in the straits changes from a maximal to a submaximal
flow regime. As a result, the dense wintertime water formation in the gulf and the
exchange flow through the strait are strongly coupled on seasonal time scales. In addition,
the hydrographic conditions in the northern Red Sea undergo strong seasonality. These
characteristics prevent the direct application of current theories for strait‐marginal sea
systems, which commonly assume steady conditions in the “open ocean” side of the
strait and/or an annual mean surface flux over the marginal sea. We explain why the
exchange of volume and heat between the Gulf of Aqaba (Gulf of Eilat) and the northern
Red Sea is larger during spring‐summer despite the net surface buoyancy input into
the gulf and why it diminishes during fall‐winter despite the large buoyancy loss to the
atmosphere. The applicability of the results to other systems is discussed.

Citation: Biton, E., and H. Gildor (2011), The coupling between exchange flux through a strait and dynamics in a small
convectively driven marginal sea: The Gulf of Aqaba (Gulf of Eilat), J. Geophys. Res., 116, C06017,
doi:10.1029/2011JC006944.

1. Introduction

[2] The Gulf of Aqaba (Gulf of Eilat, hereinafter the gulf)
is a small convectively driven marginal sea connected to the
northern Red Sea through the Straits of Tiran (hereinafter
straits) (Figure 1). Encircled by arid landmasses, the gulf
experiences large net evaporation and heat loss. Thus it was
typically assumed that surface fluxes drive an inverse
estuarine circulation in the gulf [Biton and Gildor, 2011a,
and references therein]. However, Biton and Gildor [2011a]
recently showed that while from an annual mean point of
view the dynamics of the gulf resemble an inverse estuarine
circulation, on subannual time scales the circulation and the
heat budget of the gulf depart from this scenario. A limited
advected heat and a relatively weak exchange flow through
the straits exist from September to March (hereinafter
termed the “mixing phase”), despite the strong heat loss to
the atmosphere. Similarly, a strong exchange flow and heat

advection are present from April to August (hereinafter
termed the “restratification phase”), despite net atmospheric
heating. Moreover, in that article we showed that during the
restratification phase the water becomes warmer as it flows
northward along the gulf due to atmospheric heating; thus,
the northward flow at the surface cannot be driven by the
atmosphere during this time.
[3] In this article we propose a mechanistic explanation

for the time‐dependent variations described by Biton and
Gildor [2011a]. This mechanism takes into account the
hydraulic conditions in the Straits of Tiran and their cou-
pling with the stratification conditions in the gulf on the one
hand and the time‐varying conditions in the northern Red
Sea on the other. This mechanism successfully accounts for
the heat budget of the gulf and reveals the role played by
wintertime deep/intermediate water formation in the general
circulation of the gulf. This is done using a combination of
an oceanic general circulation model (OGCM) to simulate
the gulf [Biton and Gildor, 2011a] and a simple two‐layer
hydraulic model for the exchange flow through the Straits of
Tiran.
[4] Previous studies have attempted to develop a theo-

retical formulation for various idealized strait‐marginal sea
systems, including nonrotating 2D basins [Stommel and
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Farmer, 1953; Phillips, 1966; Tragou and Garrett, 1997;
Maxworthy, 1997; Finnigan and Ivey, 2000; Finnigan et al.,
2001], rotating choked 3D systems (with hydraulically
controlled exchange in the strait), and rotating unchoked 3D
systems (with geostrophically balanced exchange in the
strait) [Spall, 2003, 2004; Siddall et al., 2004; Iovino et al.,
2008; Pratt and Spall, 2008]. The steady, nonrotating case
results in an inverse estuarine circulation, the consensual
view of the circulation in the gulf until Biton and Gildor
[2011a]. In the case of an inverse estuarine circulation, the
buoyancy loss from the marginal sea surface (due to net
evaporation and/or net heat loss to the atmosphere) sustains
a lateral density gradient between the marginal sea and the
adjoining open ocean [Finnigan and Ivey, 1999]. This gra-
dient results in an exchange flow through the strait that
balances/compensates the cumulative net buoyancy loss
over the marginal sea surface. The light water flows into the
marginal sea through the strait at the surface and increases
its density as it flows along the basin, due to buoyancy loss
forcing. Near the basin end wall this water is continually
mixed vertically and feeds a counterflow of dense and
homogeneous water at the deep layer that eventually out-
flows through the strait at the bottom layer [Finnigan and
Ivey, 1999].
[5] However, the simplifications in the above mentioned

studies do not account for the complex behavior observed in
the gulf. With the exception of Finnigan et al. [2001], which
is discussed in more detail in section 5, and to some extent
Sturman and Ivey [1998] and Finnigan and Ivey [1999],
these models considered steady flows, or analyzed annual
mean solutions. Additionally, in all the idealized cases
mentioned above the hydrographic conditions in the open sea
side of the strait are constant in time. In cases where only
constant conditions in the open sea side of the strait are

considered, variations in the surface buoyancy flux are
associated with changes in the density gradient (and thus the
pressure gradient) between the marginal sea and the adjoin-
ing open ocean that are determined solely by the variations in
these fields that occur in the marginal sea. However, changes
in the surface buoyancy forcing are not compensated by the
exchange flow immediately. In these cases (e.g., in the
transient regimes described by Finnigan and Ivey [1999]),
processes inside the marginal sea such as interior mixing/
convection change both the density gradient and hydraulic
conditions in the strait until the exchange flow balances the
surface fluxes [Finnigan and Ivey, 1999]. Therefore, varia-
tions in surface buoyancy forcing are followed by similar
variations in the compensatory exchange flow throughout the
strait as described by Finnigan et al. [2001]. However, as
shown in the present study, in the case of the Gulf of Aqaba
(Gulf of Eilat), seasonal variations in density differences
between the gulf and the Red Sea, and the advected heat
through the straits are mainly dictated by the conditions in
the adjoining “open ocean” side; namely, on the northern
Red Sea. Because the northern Red Sea is a deep/interme-
diate formation site, the hydrographic conditions there
change substantially over the year [see Biton and Gildor,
2011a; Cember, 1988] (Figure 2).
[6] The effect of time‐varying hydrography conditions

that includes variations to interface heights and the property
of the exchange flow layers in the open sea side have been
investigated. For example, Siddall et al. [2002] simulated
the exchange flow through the Strait of Bab el Mandab
using an hydraulic model, and demonstrated that the time‐
varying hydrographic conditions in the Gulf of Aden are
responsible for the seasonal transfer from a two‐layer to a
three‐layer exchange flow and, therefore, reduce the annual
average exchange by a quarter. However, in such models in
which the conditions on both sides of the strait are specified,

Figure 1. Domain of the OGCM and bathymetry of the
gulf based on Hall and Ben‐Avraham [1973]. Also indi-
cated is the Straits of Tiran.

Figure 2. Bathymetry of the Straits of Tiran based on Hall
[1975]. The two solid cross‐section lines indicate the loca-
tions of Grafton and Enterprise passages.
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the coupling between the exchange flow and the processes
within the marginal sea cannot be investigated.
[7] Here we focus on the coupling between the exchange

flow, and the time‐varying conditions within and outside the
gulf. We show in section 5 that the exchange flow induced
by the varying hydrographic conditions in the northern Red
Sea opposes the circulation driven by the net buoyancy flux.
This can be seen in the pressure gradient between the Red
Sea and the gulf induced by the two forces over time, and
the way northern Red Sea variations affect the properties of
the water entering the gulf. The adjustment time of the gulf
to its time varying forces is controlled by the hydraulic
condition in the Straits of Tiran determined by the interface
heights that separates the exchange flow layers on both
side of the straits and by the straits’ geometry (section 5.3).
Similar to larger marginal seas, the outflowing dense and
homogeneous water is formed during late winter. Although
within larger marginal seas the seasonal deep/intermediate
water formation occurs in localized sites remote from the
strait, in the Gulf of Aqaba (Gulf of Eilat) the mixing of
the surface and intermediate layers occurs in the entire gulf,
including in the vicinity of the straits. Therefore, the
hydraulic conditions in the straits changes substantially over
the year and are strongly coupled to the deep‐intermediate
wintertime water formation process that occurs in the gulf
(section 5.3).
[8] This manuscript is organized as follows: To lay the

groundwork for this study, in section 2 we review some of
the results obtained by Biton and Gildor [2011a], including
the seasonality of the exchange flow through the Straits of
Tiran (section 2.2) and the evolution of the gulf stratification
(section 2.3). To better understand the exchange flow in
terms of its driving forces we use a two‐layer hydraulic
model for a sea strait which is described in section 3. The
results of the hydraulic model, applied to the Straits of
Tiran, are presented in section 4. We discuss our results in
section 5 and suggest a conceptual mechanism for the
coupling between the hydraulic conditions in the Straits of
Tiran, the stratification conditions in the gulf, and the gulf
circulation year round. We conclude in section 6.

2. Review of the General Circulation in the Gulf
of Aqaba (Gulf of Eilat)

[9] Biton and Gildor [2011a] simulated the annual cycle
of the general circulation in the Gulf of Aqaba (Gulf of
Eilat) using an OGCM. Below we briefly review the OGCM
(section 2.1) and the results that are most germane to the
present study. Specifically, we focus on the seasonal
exchange flow through the Straits of Tiran (section 2.2) and
the evolution of the gulf stratification (section 2.3). A more
detailed description of the model and the gulf dynamics are
given by Biton and Gildor [2011a].

2.1. Model Description

[10] We used the Massachusetts Institute of Technology
general circulation model (MITgcm) [Marshall et al.,
1997a, 1997b] as described by Biton and Gildor [2011a].
The model domain includes the whole Gulf of Aqaba (Gulf
of Eilat) and ends ∼20 km south of the Straits of Tiran. The
horizontal resolution is 300 m, with 32 vertical levels and a
time step of 100 s. At the southern end of the domain there

is a sponge layer in which temperature and salinity are
relaxed to monthly mean profiles. On the surface, monthly
mean wind stress, net evaporation, and heat flux are used as
boundary conditions. The model reached a quasi steady state
condition, and simulated the conditions in the gulf reason-
ably well as compared to existing observations [Biton and
Gildor, 2011a]. Unless stated otherwise, in what follows,
the OGCM results represent a 10 day average and cover
conditions in the gulf over one seasonal cycle.

2.2. The Exchange Flow Through the Straits of Tiran

[11] The model results for the exchange flow properties
are shown in Figure 3 (based on Figure 5 of Biton and
Gildor [2011a]). A more detailed description of the com-
plex modeled exchange flow through the straits (presented
in Figure 3a) and its comparison with the few available
observations are given by Biton and Gildor [2011a]. In
short, the model results for February–March are in good
agreements with observations that exist only for these
months, but during the rest of the year, the exchange is
weaker and more complex [Biton and Gildor, 2011a].
Despite its complexity, such as the transition to four layers
in August–November, Biton and Gildor [2011a] showed
that the exchange flow can be approximated as a two‐layer
case, with outflowing intermediate water (below the white
line in Figure 3a) in the lower layer. It can be seen that under
this approximation, seasonal variations in the exchange flow
(Figure 3b) follow the height of the interface that separates
the two layers (white line in Figure 3a) but generally oppose
the variations in density differences between the exchange
flow layers (Figure 3c). In section 5 we show that such a
behavior reflects the strong coupling between wintertime
deep water formation in the gulf and the exchange flow
which is not observed in larger marginal seas such as the
Mediterranean Sea or the Red Sea.

2.3. Evolution of Stratification

[12] Because of the specific regime of the temperature‐
salinity space in which the water of the gulf is located, the
gulf is mainly a thermally driven basin [Biton et al., 2008a;
Biton and Gildor, 2011a]; therefore, its thermal structure
can be exploited as an indication of the evolution of strati-
fication conditions. Biton and Gildor [2011a] showed that
the observed warming of the surface layer during the
restratification phase (Figure 4a) is mainly due to advection
of heat through the straits, with a smaller contribution from
surface heating (Figure 4b). As was shown by Biton and
Gildor [2011b], during this phase, the water entering the
gulf through the straits gradually reconstructs the stratifi-
cation in the surface layer with increasing temperatures,
while pushing the gulf intermediate water level downward
(Figure 4a). During the mixing phase a small amount of
advected heat from the straits and large heat loss to the
atmosphere (Figure 4b) lead to efficient erosion of the
stratification at the surface (note the increasing mixed layer
depth during this time in Figure 4a). Unlike steady inverse
estuarine circulation, the transfer of mass from the surface to
intermediate water only occurs from December to mid‐
March. During this time significant entrainment/mixing
processes, Biton and Gildor [2011a] change the volume of
the surface layer with respect to the volume flux entering
through the straits (Figure 4c). During the rest of the year

BITON AND GILDOR: GULF OF AQABA (EILAT) CIRCULATION C06017C06017

3 of 17



the volume of the surface layer is driven ultimately by the
contribution of flux entering through the Straits of Tiran,
which increases rapidly during the restratification phase and
at a slower rate afterward until December (Figure 4c).

3. Description of the Hydraulic Model

[13] To explore the parameters controlling the exchange
flow we used a simplified hydraulic model configured for the
Straits of Tiran. Hydraulic models have successfully simu-
lated exchange flows in other sea straits using idealized
geometries, including the Strait of Bab el Mandab [Siddall
et al., 2002], the Strait of Gibraltar [Bryden and Kinder,
1991; Bryden et al., 1994], and the Bosphoros Strait [Rachev
and Stanev, 1997]. Here, the exchange flow through the
Straits of Tiran is approximated as a two‐layer case in a
one‐channel strait and was characterized by continuous
outflowing of gulf intermediate water, ignoring further com-
plexity in the exchange flow and strait geometry (see below).
[14] To solve the two‐layer exchange flow problem we

used the hydraulic functional approach. This method, which

was first introduced to solve single layer flow in a channel
with a rectangular cross section [Gill, 1977], was applied to
two‐layer hydraulic flows with a realistic cross section
[Dalziel, 1991, 1992], and was later generalized to multi-
layer hydraulic exchange flows [Lane‐Serff et al., 2000].
The method is a reformulation of the classic Froude number
method for a two‐layer exchange flow introduced by Armi
and Farmer [1986], and is used here because it can be
applied to complex strait geometries. Below we describe the
topography and forcing that are used for the Straits of Tiran;
more details on the hydraulic functional approach and
solution strategy can be found in Appendix A.

3.1. Strait Geometry

[15] The Straits of Tiran form an elevated sill whose
maximum slope reaches 40° at its southern part (Figure 2).
The sill topography is complex and has two passages (∼1 km
in width each): the deepest passage, Enterprise, has a max-
imum depth of 252 m and a cross‐section area of 168,500 m2

at the narrowest and shallowest part, whereas the shallower
passage, Grafton, has a maximum depth of 84 m and a cross‐

Figure 3. Exchange flow properties through the Straits of Tiran based on Biton and Gildor [2011a]
(combined for Enterprise and Grafton passages). (a) Ten day average transport profiles (Sv × 10−3). The
black lines in Figure 3a indicate the zero flux contours and the white line defines the depth of the 21.85°C
isotherm in the sill crest. Water that is colder than 21.85°C (region below the white line) is associated with
the gulf intermediate water, and water that is warmer than 21.85°C (region above the white line) in the
straits contributes to the complex exchange flow with the gulf surface layer. Model results for the exchange
flux during February–March is 0.032 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 height in February–March is
80 m (white line in Figure 3a), which is close to the value found by Hecht and Anati [1983] and is midway
between measured values by Manasrah et al. [2004] (70 m) and by Murray et al. [1984] (90 m) for this
month. Average values for the net exchange flow with the gulf surface layer (gray) and the outflowing gulf
intermediate water (black) for the (b) transport (Sv × 10−2) and (c) density anomalies (kg m−3, left axis).
The dashed line in Figure 3c represents density differences between the lower and upper layers and the
values appear on the right axis. Positive values in Figures 3a and 3b represent flux into the gulf and
negative values out of the gulf.
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section area of 53,000 m2 at the narrowest and shallowest
part [Hall, 1975].
[16] The hydraulic model topography has similar dimen-

sions to the Enterprise passage and is illustrated in Figure 5;
values of the model parameters are summarized in Table 1.
The model consists of two reservoirs that are connected
through a strait with a nonrectangular cross‐sectional shape,
where both contraction and the sill crest are colocated (as for
the Enterprise passage). To include the strong dependency
of the width and depth of the channel as a function of dis-
tance along the main axis of the channel (x), but keep it
simple enough to facilitate interpretation of the OGCM, the
channel geometry is approximated as follows:
[17] Sill height in the along‐strait direction is a Gaussian

of the form

H0 xð Þ ¼ Dw � Dmð Þe�
�

x
xexit

�2

; ð1Þ

where Dm and Dw are water column depths at the sill (x = 0)
and at the two strait exits (x = ±L2), respectively, and xexit is
the width of the Gaussian selected to fit the Enterprise
passage topography (based on Hall [1975]).

[18] The width of the channel at the surface (z = 0) and at
the bottom (z = D(x)) are given by

b x; 0ð Þ ¼ bw þ bm � bwð Þe�
�

x
xexit

�2

at z ¼ 0

b x;D xð Þð Þ ¼ bwDþ bmD� bwDð Þe�
�

x
xexit

�2

at z ¼ D xð Þ; ð2Þ

where D(x) = Dw − H0(x). The width of the channel with
respect to depth is exponential

b x; zð Þ ¼ Q xð ÞeF xð Þz: ð3Þ

[19] Fitting the width of the channel (equation (3)) to the
channel width at the surface and at the bottom using
equations (2) leads to the following relations for the func-
tions Q(x) and F(x)

Q xð Þ ¼ b x; 0ð Þ

F xð Þ ¼ 1

D
ln

b x;Dð Þ
b x; 0ð Þ

� �
:

ð4Þ

Figure 4. The evolution of thermal structure at the surface layer versus heat and volume fluxes based on
Biton and Gildor [2011a]. (a) Average temperature profile throughout the entire gulf (down to 400 m in
depth). Shaded areas indicate the seasonal mixing (dark gray) and restratification (light gray) phases of gulf
stratification. The isotherm 21.9°C approximately 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 dashed gray line indicates the
advected heat through the straits when the hydrographic conditions in the northern Red Sea are constant in
time and equal the annual mean values (see section 5 for more details). Values in parentheses indicate
annual means of the different heat sources. (c) Time integration over the fluxes in the straits starting from
mid‐March (gray), and the volume of the surface layer with temperatures above 21.9°C (black).
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This results in an exponential parameter F(x) that is a
function of the depth of the sill at a specific location (Ho(x)).
Therefore, the width of the channel and depth are syn-
chronized and both change along the channel (equation (3)).
[20] The nonrectangular cross‐sectional areas in the two

layers along the channel are calculated using equation (3)

S2 x; h1ð Þ ¼ RD�h1
0 b x; zð Þdz

S1 x; h1ð Þ ¼ RD
D�h1

b x; zð Þdz:
ð5Þ

The calculated total cross‐sectional area (S1 + S2) at the sill
crest (x = 0) based on equation (3) (170,000 m2) is similar to
the measured value at the Enterprise sill crest section
(168,500 m2) [Hall, 1975].

3.2. Model Forcing

[21] The seasonality of the exchange flow is determined
by the dimensions of the strait (section 3.1) and four addi-
tional external forcing parameters. These are the reservoir’s
asymptotic conditions (i.e., interface heights on both sides
of the strait), reduced gravity (g′) and the net barotropic flux
(Q) (see Appendix A for explicit definitions).
[22] The net barotropic flux can be estimated directly by

the OGCM results or by using volume conservation (i.e., the
net barotropic flow is balanced by the net evaporation from
the basin surface). Both methods showed that the net bar-
otropic flow is negligible when compared to the exchange
fluxes in the straits. Even the highest estimate of ∼4 m yr−1

for the net evaporation [Assaf and Kessler, 1976] leads to a

calculation of Q ∼ 0.0004 Sv. This value is 2 orders of
magnitude smaller than the annual average flux of 0.018 Sv
for the outflowing gulf intermediate water calculated in our
model [Biton and Gildor, 2011a].
[23] The reduced gravity was calculated based on the

exchange flow properties at the sill crest from the OGCM
(Figure 6a), where the 21.85°C isotherm was used to sep-
arate the two layers (white line in Figure 3a). Similar to
other sea straits, the density of the outflowing water reflects
the dense water that is formed during the winter, and is
nearly constant throughout the year (black line in Figure 3c).
Therefore, seasonal variations in the reduced gravity are
mainly associated with the density of the inflowing water
from the northern Red Sea (gray line in Figure 3c). The
isotherm 21.85°C was traced into both exits of the straits to

Figure 5. Two‐layer flow along the channel, showing the notation used in section 3.1. A (a) side view,
(b) top view, and the cross sections of the channel (c) at the sill location (i.e., x = 0) and (d) at x = ±L/2 are
depicted. The ellipse appearing at x = −L/2 on the interfacial layer schematically shows the location where
the asymptotic condition in the gulf side was applied to force the hydraulic model. The values of the
different parameters used in our configuration are summarized in Table 1. Note that the two cross sections
(Figures 5c and 5D) are not plotted on the same scale (bwD is 5 times larger than bmD).

Table 1. Parameters Used to Calculate Channel Geometry for the
Hydraulic Model, Which Were Best Suited to Enterprise Passage
Topographya

Parameter

bm bmD bw bwD Dm Dw Xexit L

Value (m) 1300 300 7800 1500 250 1500 5000 30,000

aHere bm and bmD are the widths of the channel at the surface and the
bottom at the location of the sill crest (x = 0), respectively. In addition,
bw and bwD are the surface and bottom widths at the ends of the channel
(x = ±L2), respectively. Dm is the water column depth at the sill (x = 0).
Dw is the water column depth at the exits (x = ±L2). Xexit determines the
width of the Gaussian. L is the length of the channel measured between
the two exits.
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achieve the reservoir asymptotic conditions. Although
stratification conditions in the northern Red Sea change
dramatically year‐round, the outflowing gulf intermediate
water descends to a great depth in the Red Sea and therefore
the conditions there are always supercritical. We therefore
fixed the asymptotic condition at the northern Red Sea to
400 m, much below the sill crest. This sets the supercritical
flow on the Red Sea side and one control point at the
location of the sill crest year‐round (definitions for flow
regimes such as supercritical, subcritical, and the control
point can be found in Appendix A and in Table 2). On the
gulf side, the asymptotic condition changes substantially
over the year (Figure 6b), and as we show in section 4, can
potentially force maximal or submaximal conditions in the
straits.
[24] There are uncertainties in the forcing of the hydraulic

model, namely the height of the asymptotic conditions and
the reduced gravity, which depends on the specific iso-
pycnal criteria used to defined the interface between upper
and lower layers. We examined the effect of varying the
interface criteria between 21.8°C and 21.9°C; while such
variability had a negligible effect on the calculated reduced
gravity it lead to uncertainty of ±5 m in the asymptotic
condition in the gulf side during most of the year. We
doubled this value and assumed an uncertainty of ±10 m in
the asymptotic conditions (shaded area in Figure 6b).

4. Results of the Hydraulic Model

[25] The results of the hydraulic model are presented in
Figure 7. It nicely captures the seasonality of the OGCM
exchange flow (combined for the two passages in the straits;
section 2.2) and the interface height at the sill crest, but
somewhat overestimates the OGCM values. There are
numerous assumptions in the formulation of the hydraulic

model that might have caused this difference. First, we
simplified the shape of the Straits of Tiran, including only
one passage of the straits instead of two. Second, we only
simulated a two‐layer exchange flow and neglected the
complex exchange flow within the surface layer (circulation
above the white line in Figure 3a). Third, the assumptions
that are generally used in classical hydraulic theory such as
ignoring interfacial mixing process, wind stress, bottom
friction, and rotation can also contribute to these differences.
For a given stratification and dimensions of the straits, if
these processes are not negligible, the fluxes in the straits
will generally be less than those predicted by the discrete
layer hydraulic model we used [Hogg et al., 2001; Stenstörm,
2003; Ivey, 2004; Smeed, 2004; Biton et al., 2008b]. A more
detailed discussion on the effects of tidal forcing, friction,
and rotation can be found in section 6. Nevertheless, in terms
of seasonality, the hydraulic model solution replicates most
of the OGCM exchange flow characteristics, and is therefore
useful in interpreting the OGCM results on the basis of
hydraulic theory principles.
[26] As mentioned above, the asymptotic condition in the

Red Sea was fixed much below the sill crest (section 3.2)

Figure 6. Parameters derived from the OGCM results that were used to drive the hydraulic model.
(a) Reduced gravity g′ and (b) interface layer depth (with respect to the surface) at ∼3.3 km northward of the
Enterprise Passage on the gulf side. Shaded area in Figure 6b indicates a ±10 m uncertainty in asymptotic
conditions (section 3.2). The interface layer depth on the northern Red Sea side was set to a constant depth of
400 m (section 3.2).

Table 2. Summary of Different Hydraulic Flow Regimes in the
Exchange Flow as a Function of Hydraulic Functional Ja

Subcritical Supercritical Control Point

Exchange flow @J
@h < 0 @J

@h > 0 dJ
dh = 0

aSee Appendix A for more details. As described in Appendix A, flow
regimes for the inviscid two‐layer exchange flows can be interpreted in
terms of internal wave propagation. In a subcritical region, internal waves
can propagate in both the upstream and downstream directions. In the
supercritical regime, one of the internal wave modes is swept downstream
and information can only propagate in one direction. A control point exists
whenever a smoothed transition between supercritical and subcritical re-
gimes occurs.
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and thus cannot affect the seasonality of the exchange flow.
Therefore, submaximal or maximal hydraulic solutions (see
Appendix A for definitions) depend solely on the asymp-
totic condition on the gulf side (hereinafter simply asymp-
totic condition). The maximal condition provides the
greatest exchange flow for a given density difference
between the exchange flow layers and occurs whenever the
asymptotic condition is elevated above some level. When-
ever the asymptotic condition is below the maximal regime,
a variety of submaximal exchange flows are possible. The
hydraulic model predicts maximal flow conditions in
March–April (Figure 7c), or when the asymptotic condition
are shallower than −80 m (Figure 6b). As a result, during
this period the hydraulic model solutions for the nondi-
mensional exchange flow and for the interface height at the
sill crest reached their maximal values and are insensitive to
variations in the asymptotic condition (Figures 7b and 7c).
As long as the model is in a maximal exchange conditions,
the rate of exchange varies solely as a function of the
reduced gravity. This rate reaches its maximum values at
the end of April (Figure 7a) due to the increased value of
the reduced gravity (Figure 6a). Maximal conditions during
late winter in the straits were also found by Murray et al.
[1984] based on actual measurements in the straits and by
Li and Lawrence [2009] based on a hydraulic model that
simulated the conditions in the straits during the winter.
[27] The asymptotic condition deepens rapidly during the

restratification phase (Figure 6b). This results in a reduction
of volume transport, despite the increased value of reduced
gravity (i.e., due to reduced density values in the inflowing
surface layer), immediately after the asymptotic condition

decreases below the maximal asymptotic condition and
enters the submaximal asymptotic regime (Figures 6 and 7
from May to the end of August). In September–December
the volume transport decreases slowly in conjunction with
further deepening in the asymptotic condition and the
reduction of the reduced gravity value. Between January and
March, the asymptotic condition “jumps” from minimal
values to maximal values (Figure 6b) and results in a rapid
increase in volume transport (Figure 7a), despite the rela-
tively low values of reduced gravity (Figure 6a).
[28] Although the hydraulic model solutions for the

interface height and for the exchange flow follow that of the
OGCM curves at the sill crest, there are small changes
between the two curves that are worth mentioning: the
interface height at the sill crest in the OGCM and the
asymptotic conditions reach their peaks in March (Figures 7b
and 6b), suggesting that a maximal or close to maximal
flow only exists in the OGCM for this short period of time
and only when the asymptotic condition is above −60 m,
rather than −80 m as in the hydraulic model solution. As a
result, in April the exchange flow in the hydraulic model
is only affected by the reduced gravity and, therefore,
increases at much higher rate than the exchange in the
OGCM (Figure 7a), which because it is in submaximal
conditions is also affected by the reduced asymptotic con-
dition (Figure 6a). From August to October the exchange in
the OGCM is weaker than the exchange in the hydraulic
model. Some of these small changes can be explained by the
uncertainty in the asymptotic condition (Figure 7a, shaded
region) and others by the transition to four layers (Figure 3a)
which is not included in our simplified hydraulic model.

Figure 7. The hydraulic model solution (gray) versus OGCM results (black) at the sill crest for
(a) volume transport and (b) interface height. In Figure 7a the annual means exchange flow for the
hydraulic model (gray) and in the OGCM (black) are 0.024 Sv and 0.018 Sv, respectively. Shaded areas
in Figures 7a and 7b represent the uncertainties associated with ±10 m uncertainty in the asymptotic con-
ditions (see Figure 6b). (c) Nondimensional exchange flow rate q that indicates maximal (white) and
submaximal (black) flow regimes in the hydraulic model solution. Shaded areas in Figure 7c indicate
the seasonal mixing (dark gray) and restratification (light gray) phases in the evolution of the gulf
stratification.
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Last, changes in the modeled interface height in January–
February are more abrupt than in the hydraulic model
solution. During this time a relatively small density differ-
ence between the exchange flow layers enhances interfacial
mixing processes, therefore preventing accurate tracing of
the interface height (which differentiates between layers)
along the straits when using a single isopycnal (section 3.2).

5. Discussion

[29] The imbalance of the heat budget (Figure 4b) is
central to our account of the gulf’s response to its main
driving forces. Previous theoretical works developed for
idealized marginal seas cannot provide the needed physical
framework to explain the seasonal advected heat and the
exchange flow through the straits because most considered
steady flows (or annual mean solutions) and/or used constant
conditions on the open ocean side of the strait (section 1 and
references therein). Below we discuss the response time of
the gulf to time‐varying forcing, the relative contribution of
the two time‐varying forces to the seasonal variations of the
pressure gradient between the northern Red Sea and the gulf
(which is ultimately the driving force of the exchange flux),
and the role of wintertime deep/intermediate water forma-
tion processes within the gulf on the exchange flux. At the
end of this section we discuss the applicability of our study
to other systems.

5.1. Response Time of the Gulf

[30] Ben‐Sasson et al. [2009] suggested that the relatively
high lateral advected heat flux into the northernmost gulf is
a late response (with a time lag of about three months) to the
high evaporation rate during the winter (and thus the high
latent heat loss). This view may have some theoretical jus-
tifications, as was demonstrated by Finnigan et al. [2001]
(discussed below), but it cannot explain the substantial
differences between the seasonality of the two heat sources
(the advected heat compared to surface heat flux, Figure 4b).
Moreover, as we show, the response time of the gulf to
buoyancy forcing is much shorter than three months. Hence,
to explain the seasonal heat budget of the gulf the time
varying conditions at the northern Red Sea must be taken
into account, in addition to the surface buoyancy flux.
[31] Finnigan et al. [2001] considered the unsteady flow

in an idealized marginal sea caused by time‐varying buoy-
ancy loss. Their theoretical development showed that the
exchange flow in the strait should follow oscillating buoy-
ancy forcing with a time lag and magnitude that depend
primarily on the dimensions of the marginal sea. Assuming
the dominant balance in the horizontal direction to be inertia
buoyancy, Finnigan and Ivey [1999] suggested that the
characteristic adjustment time (tr) required for a motionless
and homogeneous semienclosed basin to reach a steady state
under an applied steady, spatially uniform buoyancy loss
surface forcing (B0) is given by tr ∼ L

2
3 (Bo)

−13 (Hh ). Here
L is the length of the basin, and H

h is the ratio between
the basin depth (H) and sill crest depth (h). As tr is
measured from a state of rest, it represents an upper bound
for the response time scale for the exchange flow through
the straits. Inserting the characteristic values for the gulf
with 0.5 × 10−7 < B0 < 2 × 10−7 m2 s−3 (covering the full
range of existing estimates for the gulf), L = 180 km, and

H
h ∼3.5 (where H ∼ 850 m is the average depth of the gulf,
and h = 250 m is the sill minimum depth), yields values
ranging from 22 to 32 days. Therefore, if the conditions in
the northern Red Sea were constant, we would expect that
advected heat into the gulf would follow the buoyancy loss
to the atmosphere with a lag of approximately one month.
However, the situation in the gulf is very different as can be
seen in the advected heat/buoyancy in the Straits of Tiran
relative to surface fluxes (Figure 4b). Despite the large
variability in heat loss to the atmosphere from September to
March, the advected heat remains stable and relatively low.
Similarly, a relatively large amount of advected heat is
observed from April to August when there is a heat/buoy-
ancy gain at the surface of the gulf (section 2.3). In order to
demonstrate the effect of the time‐varying conditions in the
northern Red Sea, we ran an additional experiment with the
same surface fluxes, but with the conditions at the northern
Red Sea kept constant in time and equal to the annual mean
profiles of temperature and salinity. The advected heat of
this experiment is shown in Figure 4b (dashed gray line). As
expected, in this case variations in the advected heat fol-
lowed the variations in the surface fluxes with a time lag of
approximately one month, not far from the value calculated
based on the Finnigan and Ivey [1999] parametrization.

5.2. The Hydrostatic Pressure Gradient Between
the Gulf of Aqaba (Gulf of Eilat) and the Red Sea

[32] The hydrographic conditions in the northern Red Sea
are not affected much by the exchange flow with the gulf,
and therefore can be considered an independent external
forcing for the straits‐gulf system in addition to surface
fluxes. The northern Red Sea changes substantially during
the year and exhibits similar seasonality as for the gulf
hydrography. As a result, seasonal variations in the hydro-
static pressure on both sides of the Straits of Tiran are nearly
in phase (Figures 8a and 8b), but the amplitude is different.
The northern Red Sea hydrography forces a pressure gra-
dient along the straits that opposes the one forced by the
surface flux year‐round and, therefore is one major reason
for the imbalanced heat budget. From September to March
the increase in hydrostatic pressure in the northern Red Sea
reduces the south‐north pressure gradient along the straits
that is forced by the strong heat loss to the atmosphere.
However, the increase in pressure gradient along the straits
during this time (Figure 8c) shows that the variation in
pressure in the northern Red Sea is not enough to balance
the increased pressure in the gulf. In fact, the increase in
pressure gradient from September to March forces an
increased exchange flux in the straits (Figures 8b and 3a).
Nevertheless, this increased exchange flow occurs parallel
to the reduced temperature of the water entering through
the straits; thus the advected heat remains low and does
not follow/compensate for the surface flux (Figure 4). The
resulting imbalance in the heat budget causes turbulent
vertical convection that gradually deepens the mixed layer
depth everywhere along the gulf (Figure 4a) and is asso-
ciated with increasing hydrostatic pressure in the gulf
(Figure 9). Similarly, between April and August the
decreasing hydrostatic pressure in the northern Red Sea
increases the south‐north pressure gradient along the straits,
which would otherwise have been reduced by atmospheric
heating. This explains the large advected heat coming from
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the straits despite the atmospheric heating during this time.
The advected heat associated with mass transport of the
warm northern Red Sea water gradually warms the gulf
surface layer (section 2.3) and is responsible for reducing the
hydrostatic pressure in the gulf during this time (Figure 9).
[33] Another reason for the unsteady nature of the gulf is

the strong coupling between the seasonality of deep water
formation and the hydraulic conditions in the Straits of
Tiran. This coupling is consistent with the pressure variation
argument above, but is discussed below in a more detailed
physical framework using hydraulic theory principles and
the results of the hydraulic model presented in section 4.

5.3. The Role Played by Deep/Intermediate Water
Formation in the Gulf of Aqaba (Gulf of Eilat)

[34] Based on the results of the hydraulic model, varia-
tions in the exchange flow follow those of the asymptotic
condition in the gulf, but generally run counter predictions
from variations in the reduced gravity (section 4). The
asymptotic condition is the interface height that separates
the surface layer and the dense intermediate water in the
gulf and therefore is affected by mixing processes between
these layers.
[35] The asymptotic condition is elevated to its maximal

height when the deep/intermediate water is formed/accu-
mulated during the winter (Figures 4a and 6b). When the
wintertime vertical mixing ceases, the asymptotic condition
moves downward. The coupling between the wintertime
dense water mass formation and the gulf dynamics year‐
round is discussed in detail below.

[36] The uplift of the asymptotic condition in February–
March (Figure 6b), forces maximal or nearly maximal
conditions in the straits (section 4). During this time the
water entering the gulf at the surface layer is weakly
buoyant due to its relatively low temperature compared to
that of the gulf, and is easily mixed by atmospheric cooling
when it flows northward along the gulf [Biton and Gildor,
2011a]. Therefore, the thermally driven vertical mixing
sustains the interface level of intermediate water and the
associated asymptotic condition above or close to the
maximal asymptotic condition until the end of the mixing
phase (section 4). These cause only slight changes in the
interface depth of the outflowing gulf intermediate water in
the straits in March–April around its maximum seasonal
values (∼−80 m, white line in Figure 3a). With maximal or
close to maximal flow, the density differences dominate the
exchange flow variations, which therefore increases to its
maximum at the end of April (Figure 3b), although the
asymptotic condition starts to descend at the beginning of
March (Figure 6b).
[37] The conditions in February–March are somewhat

similar to the estuarine overmixing conditions defined by
Stommel and Farmer [1953]. Estuarine overmixing condi-
tions occur when mechanical mixing within the estuary
exceeds the amount needed to sustain maximal hydraulic
conditions for the exchange flow at the estuary mouth. In
such a case, the exchange flow with the open ocean
reaches its upper bound despite any further increase in
mechanical mixing (which could be induced by wind or tidal
mixing). Unlike classical estuarine overmixing conditions,

Figure 8. Monthly zonally averaged hydrostatic pressure anomaly (N m−2) in two sections located
∼1 km from the straits in (a) the northern Red Sea and (b) the gulf. (c) The pressure gradient along
the straits based on the different pressure values in the two sections. Positive pressure gradient is
directed from the northern Red Sea to the gulf; the black line indicates the zero isobar contour.
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an enhancement of the surface buoyancy flux is accompa-
nied by increasing density in the gulf, and therefore may
cause increased exchange flux through the straits. However,
the hydraulic conditions in terms of the asymptotic condition
do not change. The maximal conditions (or very close to them)
in the straits and the overmixed conditions in the gulf set the
upper bound for the advected heat through the straits for a
given density difference between the two reservoirs. In that
sense these hydraulic conditions might be partially respon-
sible (in addition to the reduced temperature of the northern
Red Sea water) for the limited advected heat through the
straits during this time and the efficient mixing process within
the gulf.
[38] When stabilizing atmospheric forcing exists (April–

August), there is no force that can hold the asymptotic
condition near the surface (as was true in February–March).
The gulf intermediate water exits the gulf as during the
winter, but the surface layer of the gulf is restratified/flooded
by the relatively warm northern Red Sea surface water
influx. Because it is small, the surface layer of the gulf is
refilled on time scales of several months (Figures 4a and 4c),
and consequently translates the asymptotic condition below
the maximal flow level into a submaximal flow regime
(Figures 6b and 7c). At submaximal conditions the
exchange rate is subjected to strong negative feedback,

where increasing the volume of the surface layer in the gulf
translates the asymptotic condition further into a submaximal
regime, which further reduces the exchange flow (section 4).
At some asymptotic level depth, the exchange flow is
reduced such that further increases in the volume of the gulf
surface layer occur at a negligible rate, with a comparable
negligible deepening of the asymptotic condition. Therefore,
quasi‐steady conditions in both the volume of the surface
layer and the asymptotic condition appear in September–
November (Figures 4c and 6b). From December on, the
asymptotic condition is mostly affected by mixing processes
between surface and intermediate water (section 2.3), until
the surface layer mixes completely with intermediate water
during a brief period in February (Figure 4a). In response, the
asymptotic condition is suddenly uplifted from ∼190 m depth
to a near surface location and begins a new seasonal cycle.
[39] It should be noted that during the restratification

phase the water becomes warmer as it flows northward; thus
clearly the exchange flow cannot be driven by the atmo-
sphere during this period [Biton and Gildor, 2011a]. It is
therefore the wintertime deep/intermediate water formation
combined with warming conditions in the northern Red Sea
that dominate the relatively high exchange flow through the
straits that occurs between April and August (Figure 4b).
The strong coupling between the outflowing intermediate

Figure 9. Monthly zonally averaged hydrostatic pressure anomaly along the central axis of the gulf and
in the northern Red Sea (in N m−2), plotted down to −250 m. Pressure was calculated using

R z
� (r − rref)

gdz, where r(x, y, z) is density, rref is a reference density (1028 kg m−2), and h(x, y) is free surface height.
Black arrows indicate the location of the Enterprise Passage, and white lines are the 21.9°C isotherm
(indicating the intermediate water level along the gulf). Large excessive heat loss from September to
March slowly erodes the stratification and increases the pressure in the gulf. The reduced pressure in
the northern Red Sea from April to August is due to warming conditions there and is the driving force
for the exchange flow during this time (section 5.2).
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water and the asymptotic condition that occurs after winter
conditions (that exist whenever the asymptotic condition is
in the submaximal regime) explains several key issues in the
behavior of the exchange flow through the straits: (1) the
reduction in the exchange flow from April to September that
occurs despite the increasing density difference between the
exchange flow layers; (2) the relatively large advected heat
that enters the gulf through the straits from mid‐March to
September; and (3) the rapid deepening of the thermocline
during the restratification phase, and the quasi‐steady ther-
mocline depth from September to December (as shown in
Figure 9 (white line) and observed in the northernmost gulf)
[Biton and Gildor, 2011a, Figure 3].

5.4. Applicability to Other Systems

[40] Although much smaller than the Red and Mediter-
ranean Seas, the gulf has several features in common with
these seas: they are all convectively driven, choked mar-
ginal seas (the exchange flow with the open ocean is
hydraulically restricted by the existence of a sill that is
narrower than local internal Rossby Radius of deformation
[Pratt and Spall, 2008]). Nevertheless, the different
dynamics that is observed in the gulf when compared to
these larger seas makes the comparison worthwhile. The

gulf has a unique stratification seasonality compared to
these seas. While in the Mediterranean and in the Red Seas
deep/intermediate water formation occurs within exclusive
sites and the rest of the sea remains stratified year‐round,
the winter deep/intermediate water formation within the
gulf occurs in most places in the gulf, including in the
vicinity of the straits (Figure 10). As a result, the exchange
flow and circulation in the gulf are strongly coupled with
the wintertime dense water mass formation. In contrast, in
the Mediterranean Sea and in the Red Sea, the highly
seasonal process of deep water formation is less visible in
the exchange flow in the strait. This is expressed in the
minor variability in the advected heat and transport
through the strait compared to seasonal variability in sur-
face flux and dense water formation rate. While the sea-
sonal variability in surface flux in the Mediterranean Sea
and in the Red Sea is ∼300 W m−2, the seasonal variability
in the advected heat through the Strait of Gibraltar
[Krahmann et al., 2000, Figure 2] and through the Strait of
Bab el Mandab [Tragou et al., 1999, Figure 1a] is only
∼20–30 W m−2. The situation in the gulf is different.
Despite the similar seasonal variability of surface fluxes to
the above mentioned seas, the variability of the advected
heat through the Straits of Tiran is ∼120 W m−2.

Figure 10. Monthly average density profile (down to 300 m) for regions near (a) the Strait of Gibraltar
(3.5°W–4.5°W, 34.5°N–37.5°N), (b) the Strait of Bab el Mandab (39.5°E–42.5°E, 15.5°N–16.5°N), and
(c) modeled values in a cross gulf section about 50 km from the Straits of Tiran. Density values of the Red
Sea and Mediterranean Sea were calculated based on salinity and temperature data taken from the NODC
database (available from http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/.WOA01/.Grid‐1x1/.
Monthly/). White lines indicate the depth of dense water that outflows through the different straits and
were specified as follows: Tiran, the isotherm 21.9°C; Bab el Mandab, the isohaline 38.2 psu (midway
between outflowing and inflowing water salinity throughout the strait based on Sofianos et al. [2002,
Table 1]; Gibraltar, the isohaline 37 psu as was indicated by Bryden et al. [1994].
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[41] In what follows we attempt to explain the observed
weak coupling between wintertime water mass formation
and the exchange flow found in larger marginal seas. Taking
into account the short period during the year in which the
deep water is formed, the annual mean deep water formation
rate can be defined as Vpulse

year , where Vpulse is the annual volume
of dense water that is formed in the marginal sea. Assuming
this formation rate is mainly balanced by the annual mean
rate of outflowing water through the strait (Qout), the
asymptotic condition depth level (h) grossly changes its rate
due to the deep water formation rate as follows:

dh

dt
¼ Qout

A
; ð6Þ

where A is the marginal sea surface, and the deep water
formation rate (Vpulse

year ) is replaced with Qout. The exchange
flow seasonality is affected by the seasonal deep water
formation process whenever the former significantly influ-
ences the asymptotic condition on seasonal time scales. In
the case of the Red Sea the annual exchange flow in the
Strait of Bab el Mandab (∼0.36 Sv) [Sofianos et al., 2002] is
an order of magnitude larger than the exchange flow in the
Straits of Tiran; however, the Red Sea surface is 2 orders of
magnitude larger than that of the gulf. The exchange flow in
the Strait of Bab el Mandab affects the volume of the
Red Sea surface layer and the asymptotic condition at a
much slower rate than a seasonal time scale. In fact, various
observations of the Red Sea surface layer depth in the
vicinity of the Strait of Bab el Mandab show only a slight
seasonal variation of 40 ± 5 m in depth [Siddall et al., 2002,
and references therein], compared to seasonal changes that
range from ∼60 m to 190 m in the case of the gulf (Figure 6b).
Similarly, various observations of the exchange flow
through the Strait of Gibraltar show a small interannual
variability in interfacial layer height of ±18 m (with a mean
value ∼150 m) and in the outflow Mediterranean transport of
±0.05 Sv (with mean value ∼0.7 Sv) [Bryden et al., 1994;
Tsimplis and Bryden, 2000]. This suggests that the charac-
teristic response time scale of the asymptotic conditions due
to the exchange flow rate is much slower than the seasonal
time scale.
[42] The lesson learned here for the dynamic of the gulf

may also be relevant to smaller systems such as fjords,
lagoons and estuaries, and for some of the Arctic and Ant-
arctic basins. Because of their relatively small size, fjords,
lagoons, and estuaries respond more quickly to induced
external forces (such as air‐sea fluxes, tidal forcing, and
wind) compared to the open sea side of the entrance. In these
systems, the characteristic flushing time due to the exchange
driven by the density difference with the open sea is rela-
tively short and a strong coupling between the exchange and
stratification can exist.
[43] In particular, in many ways the evolution of hydrog-

raphy and the unsteady heat budget in the gulf behave sim-
ilarly to other convective sites (e.g., Labrador Sea, Gulf of
Lion, and the northern Red Sea). First, as in other convective
sites, the gulf experiences a seasonal mixing phase during
late winter due to buoyancy loss forcing and a subsequent
restratification phase due to lateral advection of heat [Jones
and Marshall, 1997; Spall, 2003, 2004]. Second, in both
cases, the restratification phase is associated with advection

of heat which is a function of the density difference and
interface height that separates the water in the deep mixing
region from the water in the source of the advected water.
Therefore, a similar negative feedback between the intensity
of convection and the inflow of warm water might exist
(although in the gulf the restratification phase is driven by the
advected heat from the straits, while the restratification
process in convective sites is driven by the flux of baroclinic
eddies carrying the warmer and/or less saline ambient water
to the convective site region [Jones and Marshall, 1997;
Spall, 2003, 2004]).

6. Summary and Conclusions

[44] We used oceanic and hydraulic models to investigate
the coupling between the exchange flow through the Straits
of Tiran and conditions in the Gulf of Aqaba (Gulf of Eilat).
Deep mixing during a short time of the year create the
needed conditions to sustain exchange flux through the
straits for most of the year. We demonstrated that there are
two main reasons for this strong coupling: (1) The strong
seasonality in the hydrographic conditions in the “open
ocean” side of the strait, namely in the northern Red Sea and
(2) The relatively small size of the gulf. These two features
make previous theoretical works on marginal sea exchanges
inapplicable to the gulf on a seasonal time scale.
[45] We then demonstrated the impact of these varying

conditions in the northern Red Sea. We showed (Figure 4b)
that if these conditions are kept constant, the exchange flux
roughly adheres to the changes in the surface buoyancy flux,
as expected from a previous theoretical study by Finnigan
et al. [2001]. However, when the varying conditions in
the northern Red Sea are taken into account, the resulting
exchange flux is somewhat counterintuitive, with much
more exchange (in terms of volume and heat) during the
restratification season despite the positive buoyancy flux,
and a minimum exchange during the mixing season (again,
in terms of volume and heat flux, not to be confused with
the fact that the exchange is hydraulically maximal during
the mixing season).
[46] Our results have numerous implications. First, it is

relevant to studies of the ecological system in the gulf as
nutrients can get to the photic zone either by deep vertical
mixing or by lateral advection from the northern Red Sea, and
at present the relative contribution of the sources is unknown.
Second, although in this study we use climatological condi-
tions, it provides insight on the expected behavior under
different conditions. For example, there seems to be a con-
nection between the northern Red Sea and El Niño [Rimbu
et al., 2001]. Our study suggests that such a connection will
also be manifested in the exchange flow into the gulf.
[47] There are a few caveats and limitations that should be

mentioned. In addition to controlling the parameters dis-
cussed above, the exchange fluxes through the Straits of
Tiran may also be affected by tidal forcing, friction, and
rotation.
[48] Rotation forces a cross‐channel slope on the free

surface or interfaces as a result of a geostrophic balance in
that direction [Dalziel, 1988; Pratt and Lundberg, 1991].
The effect of rotation is important when the width of the
straits is larger than the Rossby radius of deformation
[Dalziel, 1988; Pratt and Lundberg, 1991]. The Straits of
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Tiran, which are ∼1 km in width, are sufficiently narrow
with respect to the Rossby radius of deformation (generally
greater than ∼10 km year‐round) and, therefore, rotation
seems negligible and was omitted in the simple model.
Indeed, in the OGCM, in which rotation is included, the
resulting cross‐channel interface slope was very small
(∼0.002 m m−1), confirming the negligible effect of rotation
in the straits.
[49] Tidal forcing was not included in the hydraulic model

or in the OGCM and friction was only included in the
OGCM. The effects of friction and/or tidal forcing (i.e.,
barotropic forcing) have been the subject of a series of
investigations (including Pratt [1986], Helfrich [1995],
Zaremba et al. [2003], Frankcombe and Hogg [2007], and
Li and Lawrence [2009]). Helfrich [1995] and Frankcombe
and Hogg [2007] analyzed frictionless exchange with peri-
odic tidal forcing, and showed that the tidal forcing in-
creases the exchange flux above the steady hydraulic limit
as a function of two nondimensional parameters: the tidal
amplitude (g) and tidal barotropic flux (qb0). Helfrich [1995,
Table 1] calculated these parameters for the Straits of Tiran
to be g = 15 and qb0 = 0.25. For these values both studies
predicted only slight increases in the exchange flux above
the steady hydraulic limit. Li and Lawrence [2009] used an
unsteady two‐layer hydraulic model with simple geometry
and dynamic parameters characterizing different sea straits
to investigate the combined effect of interfacial shear, bot-
tom and sidewall frictions and tidal forcing on the exchange
flow. They found that the predicted exchange flow for the
Straits of Tiran was only 5% less than the steady inviscid
result. The above studies showed that tidal forcing and
friction are essentially unimportant for the exchange flow in
the Straits of Tiran, yet both induce interfacial mixing
between the exchange flow layers, which reduces the
exchange flow [Winters and Seim, 2000; Hogg et al., 2001;
Ivey, 2004].

Appendix A: Derivation of a Hydraulic Functional
for the Two‐Layer Exchange Flow

[50] The hydraulic model is based on the unidirectional,
inviscid, hydrostatic, irrotational Boussinesq water equa-
tions. These equations were applied here for a two immis-
cible layer exchange flow, and a shallow nonrectangular
shaped strait. At the surface we impose rigid lid surface
boundary conditions. Under this setting, the steady two‐
layer exchange flow problem can be expressed as the
solution of a hydraulic functional as follows:
[51] Under inviscid conditions, continuity is translated to

the conservation of volume fluxes (qi) along the channel

uiSi ¼ qi i ¼ 1; 2; ðA1Þ

where the i’th index represents the two exchange flow lay-
ers, ui(x) are the layer velocities, and Si are the layer cross‐
sectional areas as was defined previously (equation (5)).
[52] The momentum equations are

@

@x

u2i
2
þ Pi

�

� �
¼ 0; ðA2Þ

where � = (r1 + r2)/2 is the mean density, and Pi are the
hydrostatic pressures calculated as

P2 ¼ P0 þ �2gz

P1 ¼ P0 þ �2gh2 þ �1g z� h2ð Þ; ðA3Þ

where P0(x) is the pressure at the surface, g is gravity, and
z is depth (measured from the surface and positive
downward). Substituting the hydrostatic pressure above in
the momentum equations (A2) and integrating along the
channel (x direction) gives the Bernoulli equations for each
layer

G1 ¼ u21
2

þ P0

�
� h2g′

G2 ¼ u22
2

þ P0

�
:

ðA4Þ

[53] Here, G1 and G2 are the Bernoulli potentials, and g′ =
g �1��2ð Þ

� is the reduced gravity. Subtracting the Bernoulli
equations to eliminate the surface pressure gives

DG ¼ u21 � u22
2

� h2g′; ðA5Þ

where DG = G1 − G2 and is constant along the channel.
Using h2 = Dw − (H0 + h1) (Figure 5), and replacing
velocities with volume fluxes using equation (A1) leads to

G ¼ 1

2

q21
S21

� q22
S22

� �
þ H0 þ hð Þg′; ðA6Þ

where h = h1 is the lower‐layer thickness and G = DG +
Dwg′. We nondimensionalized the equations with respect to
the minimum width (bm) and depth (dm) of the channel at the
location of the sill crest as follows:

b ¼ bmb?

H0 ¼ dmH?
0

h ¼ dmh?

Si ¼ dmbmS?i
qi ¼ dmbm g′dmð Þ12q?i
G ¼ dmg′DG?:

ðA7Þ

[54] In the above, variables with an asterisk superscript
are dimensionless. Moving to these dimensionless variables,
a Bernoulli equation (A6) transforms to the following:

G ¼ 1

2

q21
S2

� q22
S22

� �
þ H0 þ hð Þ; ðA8Þ

where the asterisk superscript has been dropped. Following
Dalziel [1991, 1992] we introduce the exchange flow rate as
q, and the net barotropic flow rate as Q

Q ¼ q2 þ q1 ¼ q2j j � q1j j
q ¼ q2 � q1 ¼ q2j j þ q1j j: ðA9Þ
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[55] The net barotropic flow Q is assumed to be a known
parameter (prescribed and constant along the channel), and
the exchange flux flow rate q is considered to be an
unknown variable to be determined by the hydraulic solu-
tion. Replacing the fluxes q1 and q2 in equation (A8) with q
and Q using equation (A9)

J S1; S2;H0;G;Q; q; hð Þ ¼ G� 1

8S21S
2
2

2 S21 þ S22
� �

Qq
��

� S21 � S22
� �

Q2 þ q2
� ��þ H0 þ h

�
¼ 0;

ðA10Þ

where we expressed equation (A8) as a hydraulic functional
J(S1, S2, H0, G, Q, q; h) for the two layer exchange flow.
Because it is an expression of the difference between the
layers’ Bernoulli potentials, the hydraulic functional J is
conserved whenever there is no loss of energy along the
strait. This condition breaks down whenever a hydraulic
jump is needed to match the interface between exchange
flow layers and the reservoirs’ asymptotic conditions
(energy is lost at these locations). For any given location
along the channel and a given set of constant parameters G,
Q, and q, the functional J may have up to three roots/
solutions as a function of interface position variation (i.e.,
0 < h(x) <D(x)). In order to find the unknown parameters and
to trace the exact solution along the channel, it is necessary to
consider the different flow regimes and the control points.
[56] Control points and supercritical/subcritical flow

regimes for the inviscid two‐layer exchange flows can be
interpreted in terms of internal wave propagation. In a
subcritical region, internal waves can propagate in both
upstream and downstream directions. In the supercritical
regime one of the internal wave modes is swept downstream
and information can only propagate in one direction. In
such a case small amplitude disturbances that occur in the
downstream reservoir cannot propagate toward the strait and
affect the flow. A control point exists whenever a smoothed
transition between supercritical and subcritical regimes
occurs (smoothed refers to small variations in the interface
height when the flow transfers from one regime to another,
not to be confused with a hydraulic jump). In the case where
supercritical conditions exist toward both ends of the sill,
small amplitude disturbances that occur either in the dense
or light reservoir sides of the strait are swept downstream
and cannot affect the flow in the strait. Such conditions are
known as maximal conditions or fully controlled conditions,
where if one of the reservoirs is connected to the strait
through a subcritical flow regime the conditions are sub-
maximal or partially controlled. In maximal conditions there
are two controls; one located at the sill crest and the other
somewhere along the channel. The first control is known as
a topographic control, and the second is called a virtual
control, where in submaximal conditions only one of the
controls exists (either the topographic control or the virtual
control). When neither control sites exists, the flow is sub-
critical everywhere.
[57] Using wave propagation analysis, Dalziel [1991,

1992] showed that conditions for subcritical and supercritical
flows are given by @J

@h < 0 and @J
@h > 0, respectively. Plots of J

as a function of h (for a given location h(x) can change from 0

to D(x)) show that two of the roots are supercritical (dJdh > 0)
and one is subcritical (dJdh < 0). Therefore, if the constant
parameters are known (Q, q, G), the three roots of the
hydraulic functional (J) allow us to trace the different bran-
ches of the solution (for the different flow regimes) along the
strait. In a control site the solution to equation (A10) transfers
from one flow regime to another (or from a supercritical to a
subcritical flow) given that at least two or all the three roots
of the hydraulic functional coincide. One of the conditions
for a control site is therefore achieved when

dJ

dh
¼ 0: ðA11Þ

[58] Dalziel [1991] showed that dJdh can be expressed by the
two phase speeds (c1, c2) of the interfacial wave mode as
follows:

dJ

dh
¼ c1c2

h D� hð Þ ; ðA12Þ

which leads to the following simple relation with the com-
posite Froude number (F):

F2 ¼ 1þ dJ

dh
: ðA13Þ

Therefore, the conditions for the different flow regimes and
for the critical conditions are equivalent to the one used by
Armi and Farmer [1986] in the classical composite Froude
number method (F2 = 1 for critical flow, F2 > 1 for super-
critical flow, and F2 < 1 for subcritical flow).
[59] In addition to critical conditions (equation (A11)),

Dalziel [1991] showed that the regulatory condition must
hold at a control site

K ¼ dJ

dx
¼ dJ

dH0

dH0

dx
þ dJ

db

db

dx
¼ 0: ðA14Þ

[60] We next provide the solution strategy to trace the
correct solution branch of J along the channel. Possible
maximal or submaximal solution types for the Straits of
Tiran depend solely on the asymptotic condition on the gulf
side (section 3.2). For each of these two possible solutions a
different subset of equations must be solved. Under maxi-
mal conditions we have five unknowns: xv is the virtual
control location, hv is the interface height at the virtual
control site, q is the exchange flow rate, G is the Bernoulli
constant, and hc is the interface height at the topographic
control location. These unknowns can be found by solving
the following five independent equations, as given by the
constraint at the two control sites (equations (A10), (A11),
and (A14)):

Functional condition at topographic control

J x¼xcj ¼ 0; ðA15aÞ

Critical condition at topographic control

dJ

dh x¼xcj ¼ 0; ðA15bÞ
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Functional condition at virtual control

J x¼vj ¼ 0; ðA15cÞ

Critical condition at virtual control

dJ

dh x¼xvj ¼ 0; ðA15dÞ

Regularity condition at virtual control

K x¼xvj ¼ 0: ðA15eÞ

[61] This system of nonlinear equations is solved numer-
ically using Matlab solver (Matlab function fsolv.m). Using
the constant parameters for the maximal flow solution
(equations (A15a)–(A15e)) we trace the interface height h
(x) for the subcritical solution branch of the hydraulic
functional J (equation (A10)) on the gulf side. If the
asymptotic condition in the gulf is located above the sub-
critical branch found for the maximal flow, the two‐layer
exchange flow is maximal, otherwise a variety of submax-
imal exchange flows are possible as a function of the
asymptotic condition. When only one of the control sites
exists (topographic control), the set of unknowns parameters
for the submaximal flow is reduced to three (hc, G, and q)
and has the additional requirement that the asymptotic
condition must be lying on the subcritical branch of the
solution.

Asymptotic condition at the gulf

J x¼xgulf ; h¼hgulfð Þ
��� ¼ 0; ðA16aÞ

Functional condition at topographic control

J x¼xcj ¼ 0; ðA16bÞ

Critical condition at topographic control

dJ

dh x¼xcj ¼ 0: ðA16cÞ
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