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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 in February–March and stable stratification
afterward. Recently, using an oceanic model that simulated the seasonal conditions in the
gulf, we demonstrated that a relatively large advected heat and water influx through the
straits are responsible for most of the observed rises in temperature and increase in volume of
the surface layer during the restratification phase (April–August). Here we investigate the
restratification process in the surface layer by using the same oceanic model with the aid of
passive tracers that allow tracking the water entering through the straits as it flows
northward. We show that the time‐varying surface hydrography in the northern Red Sea
has a significant influence on the seasonal hydrographic conditions in the gulf. The
northern Red Sea water warms monotonically during the restratification phase. As a result,
new water that enters the gulf during this phase is warmer than the water that entered
previously and therefore the stratification is built up gradually layer by layer. The phase
difference between minimal salinity (May) and maximal temperature (September) in the
northern Red Sea is responsible for the evolution of subsurface salinity minimum level
along the gulf. We also explain the transition to a four‐layer exchange flow between
August and November.

Citation: Biton, E., and H. Gildor (2011), Stepwise seasonal restratification and the evolution of salinity
minimum in the Gulf of Aqaba (Gulf of Eilat), J. Geophys. Res., 116, C08022, doi:10.1029/2011JC007106.

1. Introduction

[2] The Gulf of Aqaba (Gulf of Eilat, hereafter the gulf) is
a small, elongated marginal sea connected to the northern
Red Sea through the Straits of Tiran (hereafter straits)
(Figure 1). The gulf’s hydrography exhibits strong seasonal
variability, with deep mixing from February to March, fol-
lowed by restratification between April and August.
Recently, Biton and Gildor [2011] used an ocean model to
study the gulf’s seasonal evolution in response to the flow
through the straits and to surface fluxes. They showed that the
relatively large amount of heat advected through the straits
from April to August (hereafter restratification phase) is
responsible for most of the observed warming and deepening
of the surface layer of the gulf. Specifically, the model results
suggest that during the several months following the winter
mixing, the upper ∼150 m of the entire gulf is replaced by
northern Red Sea surface water entering the gulf.
[3] Here we investigate the stepwise evolution of hydro-

graphic conditions during the restratification phase in the
gulf. During that phase, there is a nearly linear upward

increase in temperature from the thermocline to the surface,
and the formation of a subsurface salinity minimum level
roughly midway between the two (Figure 2). To examine
the restratification process in the surface layer we use the
same oceanic model as was used by Biton and Gildor [2011],
seeding the northernmost Red Sea with neutrally buoyant
passive tracers, which enables us to track water entering the
gulf. We show that stratification is rebuilt gradually, layer
upon layer, as a result of the time‐varying northern Red Sea
water temperature and salinity. In this way, vertical variations
in temperature and salinity in the upper gulf mimic the
northern Red Sea time‐varying sea surface conditions. We
show that such a mechanism can account for the seasonal
transition to a four‐layer exchange flow in the straits between
August and November described by Biton and Gildor [2011].
[4] The manuscript is organized as follows. In section 2

we briefly describe the oceanic model of Biton and Gildor
[2011]. In sections 3 and 4 we discuss the evolution of
the temperature and salinity profiles and focus mainly on the
gradual restratification process in the surface layer. In section
5 we use the proposed mechanism for the restratification
process to explain the transition to a four‐layer exchange flow
in the straits during the summer. We conclude in section 6.

2. The Oceanic Model

[5] We used the Massachusetts Institute of Technology
general circulation model (MITgcm) [Marshall et al. [1997a,
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1997b] as described by Biton and Gildor [2011]. 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 tomonthly
mean profiles. At the surface, monthly mean wind stress, net
evaporation, and heat flux are imposed. Wind stress is based
on Berman et al. [2000] and have no spatial variability, and
the surface fluxes is derived using the iterative procedure
described by Biton and Gildor [2011]. The model reaches a
quasi‐steady state, and simulating the gulf conditions rea-
sonably well compared with observations [Biton and Gildor,
2011]. A more detailed description of the model and a thor-
ough review of gulf dynamics are given by Biton and Gildor
[2011].
[6] Here the simulated water influx through the straits was

tagged with a neutrally buoyant passive tracer for a short
time at the beginning of each month (see Figure 1 for spe-
cific location). The passive tracers allowed us to track the
water particles after they entered the gulf, and thus examine
the restratification process in details.

3. Restratification Process

[7] The tracer experiment shows that the tagged water
entering the gulf during restratification becomes warmer and
saltier as it propagates northward (Figure 3a). Such salinity
and temperature increases are expected based on net heating

Figure 1. (left) The bathymetry of the gulf based on Hall and Ben‐Avraham [1973]. Also indicated are
the locations of station A and the Straits of Tiran (black square). (right) Focus on the straits region. The
arrow points to the location in the straits where the water in the model was tagged to examine the dis-
persion and distribution of the inflowing water in the gulf.

Figure 2. (a) Salinity, (b) temperature, and (c) density pro-
files at station A in the northernmost gulf for February and
August based on monthly measurements courtesy of the
National Monitoring Program for the years 2003–2009
(see Figure 1 for specific location). During late winter the
water column is almost completely mixed (black line). In
spring and summer the gulf is restratified, and until August
the stratification in the surface layer is characterized by a
gradual increase in temperature and by the formation of a
subsurface salinity minimum (gray line).
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and evaporation during this time (Figure 3b), yet the increased
values correlate poorly with surface fluxes (Figure 3). For
example, while from June to July surface fluxes decline
(Figure 3b), the surface temperature and salinity rises

increase. In addition to the strength of the surface fluxes, the
increased temperature and salinity also depend on exposure
time to the atmosphere, which is inversely proportional to
the exchange rate in the straits. During restratification, the

Figure 3. (a) Salinity (dashed gray line, left axis) and temperature (solid black line, right axis) rises
experienced by water parcels entering the gulf from April to July until they get to the northern end of
the gulf. (b) Monthly mean net evaporation (dashed gray line, left axis) and net heat flux (solid black line,
right axis) for these months.

Figure 4. Ten day average covering one simulated annual cycle of (a) the outflowing rate of the gulf
intermediate water that reflects an approximate exchange flow in the straits [Biton and Gildor, 2011],
(b) temperature (black line, right axis) and salinity (gray line, left axis) of the inflowing northern Red Sea
surface water, and (c) temperature profile throughout the entire gulf plotted down to 400 m in depth. Mean
salinity and temperature values for the outflowing gulf intermediate water are ∼40.7 psu and ∼21.5°C year‐
round, respectively. Shaded areas indicate the seasonal mixing (dark gray) and restratification (light gray)
phases in the evolution of the gulf stratification.
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Figure 5. Zonally averaged tracer distribution following the April release, normalized to domain total of
tracer (in %). The horizontal axis is northward distance from the Straits of Tiran (in km), and the vertical
axis is depth. The plots indicate the average of different periods during April–September. The tracer
quickly propagates northward as surface water (1–10 and 11–20 April plots) and then deepens with time.
Similar behavior is observed for all tracer releases in sequential months during restratification, suggesting
that the influx from the northern Red Sea builds up the stratification at the surface layer gradually (section 3
and Figure 6).

Figure 6. The tracer experiment results for August, demonstrating the evolution of the surface layer dur-
ing restratification due to influx of water from the straits (sections 3 and 4). (top) Temperature and
(bottom) salinity are averages over six equally spaced sections along the gulf measured from the straits (the
distance from the straits to the end of each section is indicated in the lower left corner of the salinity plots).
Horizontal lines indicate depth ofmaximum tracer concentration entering the gulf fromApril to August. The
value on the right side of each horizontal line indicates the total amount of individual tracer in the different
sections along the gulf relative to the total amount of that tracer in the model domain (in %).
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exchange rate drops substantially (Figure 4a), so the time it
takes for water parcels to travel at the surface from the straits
to the northernmost gulf increases. The tracers experiment
showed that this duration (the exposure time) increased from
∼12 days in April to ∼40 days in July. As a result, the net
warming of water parcel flowing northward from the straits
up to the northernmost gulf increased rapidly from ∼0.7°C
for water that entered the gulf in the beginning of April to a
value of ∼2.5°C for water that entered the gulf in the
beginning of July. Similarly, during this period the salinity
enrichment of water parcel flowing northward between these
two ends increased from ∼0.1 psu to ∼0.45 psu, despite the
evaporation rate reduction over this period.
[8] Although the net heat flux contributes somewhat to

surface layer warming (as described above), Biton and
Gildor [2011] showed that the relatively large advective
heat flux into the gulf during restratification dominates the
observed warming in the gulf surface layer during that time
(as was also suggested by Ben‐Sasson et al. [2009]). The
northward heat advection through the straits depends on the
mass exchange rate and on the temperature integrated over
the straits’ cross‐sectional area [Biton and Gildor, 2011].
While the mass exchange rate reduces during restratification
(Figure 4a), the northern Red Sea inflowing water warms
monotonically from March to August (Figure 4b). The net
effect is a relatively large amount of advected heat through the
straits with maximal values in mid‐July [Biton and Gildor,
2011]. The northern Red Sea warming during restratifica-
tion is responsible for the gradual surface restratification
with rising temperatures (region above the 21.9°C isotherm
in Figure 4c), as reflected in the observed temperature

profile in the northernmost gulf (e.g., Figure 2b for August).
Thus, the interface between the intermediate water (that are
colder than 21.9°C) and the surface water within the gulf
deepens (see the slant to the right of the 21.9°C isotherm in
Figure 4c).
[9] Figures 5 and 6 present the results of the passive tracer

experiment that confirms this view. Figure 5 shows the
tracer distribution following the entry April release during
restratification. Tracer propagates northward at the surface
(1–10 and 11–20 April plots in Figure 5) and then descends
with time. Similar behavior was observed for subsequent
tracer releases during restratification, suggesting that the
influx from the northern Red Sea builds up the stratification
at the surface layer gradually. Figure 6 shows tracers depth
and distribution at the end of restratification (August) rela-
tive to salinity and temperature profiles along the gulf.
Tracer is ordered up the water column in the order in which
it entered the gulf; That is, April tracer is located in the base
of the thermocline, May tracer is located above it, and so on
(Figure 6). Evidence for reconstruction of a newly formed
layer can be found in the upstream first 90 km (close to the
straits), where the water entering the gulf in early August
subducts below the surface making room for new influx
water. Aside from the last, early August tracer, which is still
concentrated near the straits, each tracer is nearly homoge-
neous throughout the gulf. Figure 6 shows the relative
amount of tracer in six sections along the gulf as a fraction
of the total amount of that specific release in the model
domain. The percentage of different tracers in each of the
sections is nearly the same and closely tracks the surface
area of these sections as a fraction of the surface area of the

Figure 7. Monthly zonally averaged salinity along the central axis of the gulf, plotted down to 400 m in
depth. Salinities below 400 m in depth are ∼40.7 psu for the entire gulf.
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entire gulf. This suggests that water entering the gulf during
restratification is well distributed over the entire gulf.

4. Evolution of the Salinity Minimum

[10] Seasonal salinity changes are substantial, and occur
mainly in the upper 300m, where the 40.7 psu surface divides
the upper and intermediate layers (Figures 2 and 7). A salinity
minimum develops between ∼100 and 200 m from June to
December [Klinker et al., 1976; Wolf‐Vecht et al., 1992], as
observed in the northernmost gulf (Figure 2, black). It was
suggested, without significant accompanying study, that the
Red Sea surface water is continuously advected into the gulf
throughout the summer [Wolf‐Vecht et al., 1992] and causes
this salinity minimum. Our model captures the evolution of
the salinity minimum in the northernmost gulf (Figure 2)
[see also Biton and Gildor, 2011, Figure 5], and thus affords
a complete view of the salinity minimum temporal evolution
and spatial extent (Figure 7).
[11] The salinity in the northern Red Sea, the gulf’s source

region of the relatively fresh water, reaches a minimum
around May (Figure 4b), at the time exchange rate is max-
imized (Figure 4a). In subsequent months, the salinity of the
entering water increases, but because its temperature also
increases, it is less dense than ambient water, with minimal
salinity, and thus floats atop it (section 3 and Figure 6). This
increases surface layer salinity, yet the stratification is
maintained due to temperature.
[12] In addition to the northern Red Sea time‐varying

salinity, evaporation is also important, increasing the salinity
of water parcels entering and flowing northward along the
gulf (Figures 6 and 7). During restratification, evaporative

salinity enrichment (relative to entering salinity values)
throughout the gulf increases from ∼0.1 psu to ∼0.45 psu
(section 3 and Figure 3a). Therefore, evaporation counters
the reduced surface layer salinity in April–May due to the
water entering from the straits, and contributes to the
increased surface layer salinity that emerges from June to
August (in addition to the entering Red Sea water).
[13] Starting in September, atmospheric forcing changes

from heating/stabilizing the water column to cooling/
destabilizing it [Biton and Gildor, 2011], and thermally
driven vertical mixing begins (section 1). The high‐salinity
surface water is mixed vertically, until by December the
salinity minimum layer erodes completely (Figure 7). The
salinity minimum erosion starts in the North and migrates
southward, tracking the stratified surface layer destabiliza-
tion, because of stronger cooling in the North and the rela-
tively weak heat advection through the straits [Biton and
Gildor, 2011].

5. The Transition to a Four‐Layer Flow Pattern
in the Straits

[14] Biton and Gildor [2011] described a complex
exchange flow pattern in the straits that occurs within the
gulf surface layer. In particular, from August to November
the exchange flow switches to a four‐layer pattern that in-
corporates the intrusion of the northern Red Sea interme-
diate water into the gulf. This four‐layer exchange flow
pattern is interesting because it reveals an additional facet of
the stepwise evolution of stratification described so far. The
transition from two layers to four layers is related to changes
in gulf water column density that occur during restratifica-

Figure 8. Monthly average potential density anomaly profiles (kg m−3) for (a) March and (b) September,
located ∼3 km off the Straits of Tiran sill location, on the gulf side (gray line) and at the northern Red Sea
side (black line). (c) Focus on the region where the Red Sea water is denser than the water of the gulf
during September (for a given depth) and is indicated by the ellipse in Figure 8b. The rapid changes
in the water column density occurring on the gulf side during the restratification phase (April–August),
compared to the northern Red Sea water column density profile primarily account for the observed four‐
layer exchange flow patter from August to December (section 5).
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tion (Figure 8, gray lines), compared to northern Red Sea
water column density structure (Figure 8, black lines).
Between January and July the water column on the gulf side
is denser than the northern Red Sea side for any given depth
(e.g., March conditions in Figure 8a); therefore, only a two‐
layer exchange flow exists in the straits. During restratifica-
tion, the interface height of the gulf intermediate water
(approximately the 28.7 kg m−3 isopycnal) deepens rapidly
down to ∼170 m during July. From August onward the
additional volume influx through the straits subducts under
lighter gulf water (e.g., September conditions in Figures 8b
and 8c). The northern Red Sea intermediate water thus
moves toward the gulf side into the surface layer to form a
four‐layer exchange flow pattern. Starting in September both
atmospheric cooling and the decreasing temperature that
enters the gulf (Figure 4b) act to mix/cool the surface layer,
until the surface layer becomes denser than the northern Red
Sea water column for any given depth and the exchange
flow reverts to a two‐layer pattern. Note that the four‐layer
pattern is driven by small density differences (Figure 8c),
such that the slightly denser water column on the gulf side or
a lighter water column on the northern Red Sea side, which
can occur due to interannual variability, will impede this
phenomenon. Unlike other seasonal phenomena in the gulf,
the four‐layer pattern may not be a stable seasonal phe-
nomenon characterizing the exchange flow seasonality
through the Straits of Tiran and therefore may not occur on a
yearly basis.

6. Summary and Conclusions

[15] We used an oceanic general circulation model and
passive tracers to examine the surface layer restratification process
in the Gulf of Aqaba (Gulf of Eilat). During restratification,
water enters from the northern Red Sea and propagates
northward at the surface. The water reaches the northernmost
gulf in ∼12 days (April) to ∼40 days (July), due to the sub-
stantial reduction in the exchange flux through the straits
during this period.
[16] We show that time‐varying northern Red Sea tem-

perature and salinity have a significant impact on the
seasonal hydrographic conditions within the gulf. The
northern Red Sea inflowing water warms monotonically
during restratification, and thus gradually restratifies the
surface layer, with increasing temperatures, while subducting

the gulf intermediate water. Eventually, the whole upper
∼150 m in the entire gulf is replaced with northern Red Sea
surface water. This affects the gulf nutrients budget and hence
its ecology, which will be investigated in future studies.
[17] The phase difference between the minimal salinity

and maximal temperature in the northern Red Sea is
responsible for the evolution of the summer time salinity
minimum. Water with minimal salinity enters the gulf in
April–May and flows northward. Afterward, saltier but
warmer water enters and pushes the minimum salinity layer
downward, as the stratification is rebuilt. The surface
salinity is further increased at the end of the summer due to
evaporation (section 4).
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