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[1] We used an oceanic general circulation model to evaluate the sensitivity of the hydrography and circulation
of the Red Sea in response to reduced sea level and modified atmospheric conditions during the Holocene. With
Holocene sea level close to the modern level, the Red Sea was sensitive to changes in atmospheric conditions,
and it only shows a relatively mild response to sea level change. Changes in the monsoon system influence the
exchange flow through the Strait of Bab el Mandab, the meridional overturning circulation of the Red Sea, and
its hydrography. Forced by humid conditions the (modeled) Red Sea temperature increased by ∼1.5°C, while
when arid conditions were imposed, the temperature decreased by ∼2.5°C. Similar heating and cooling events
during the early and late Holocene are seen in a sea surface temperature record from the northern Red Sea
(derived from the temperature sensitive TEX86 molecular biomarker), which suggests that humid conditions
prevailed during the early Holocene and more arid conditions prevailed during the late Holocene. The
gradual decline in Red Sea temperature between these two time periods suggests a gradual decline in the
summer monsoon strength. This monsoon trend and the resulting changes in the Red Sea circulation are
supported by the distribution of crenarchaea fossil lipids in Red Sea sediments from this period. Monsoon‐
driven changes in the exchange flow through the Strait of Bab el Mandab affected the crenarchaea
population structure, and therefore, their molecular fossil distribution in the sediments of the Red Sea
potentially provides an index for the summer monsoon strength during the Holocene.

Citation: Biton, E., H. Gildor, G. Trommer, M. Siccha, M. Kucera, M. T. J. van der Meer, and S. Schouten (2010), Sensitivity
of Red Sea circulation to monsoonal variability during the Holocene: An integrated data and modeling study, Paleoceanography,
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1. Introduction

[2] Enclosed by arid land masses with low precipitation
and undergoing high evaporation rates, the oceanographic
properties of the Red Sea (RS) (Figure 1) are largely con-
trolled by the exchange flow through the Strait of Bab el
Mandab and by air‐sea fluxes over its interior, and therefore
are extremely sensitive to sea level variability and climatic
changes [Thunell et al., 1988; Hemleben et al., 1996;
Rohling et al., 1998; Geiselhart, 1998; Fenton et al., 2000;
Siddall et al., 2003; Arz et al., 2003a, 2007; Biton et al.,

2008; Rohling et al., 2008]. Using an oceanic general cir-
culation model, Biton et al. [2008] investigated responses of
RS properties during sea level lowstands (more than 90 m
sea level reduction), close to the last glacial maximum
(LGM) conditions. They found that during sea level low-
stands the effects of changes in atmospheric conditions on
the RS salinity are much weaker than the effect of reduced
sea level, as noted by previous studies [Hemleben et al.,
1996; Rohling et al., 1998; Fenton et al., 2000; Siddall
et al., 2003; Arz et al., 2003a]. Strong sensitivity of the
RS to sea level variations implies that small changes in sea
level cause large changes in properties like salinity and d18O,
masking the relationship of RS sediment records with
atmospheric conditions during these times. In contrast, if the
sensitivity of RS properties to atmospheric changes during
sea level highstands (similar to the present‐day and Holocene
sea level) exceeds the influence of sea level changes, new
methods of connecting faunal records from the RS to
regional climate variability could be developed.
[3] Recently, studies on sedimentary records from the RS

suggested that atmospheric changes significantly influenced
the RS fauna [Arz et al., 2003b, 2006; Legge et al., 2006;
Edelman‐Furstenberg et al., 2009; Trommer et al., 2010].
However, the RS sensitivity (response) to changes in
atmospheric conditions is not trivial and may vary with sea
level variability and the corresponding exchange flow with
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the Indian Ocean. Additionally, the limited number of sed-
iment core studies provide only restricted information about
the circulation and hydrography near the core sites.
[4] The objectives of this work are to investigate the RS

circulation and hydrographical sensitivity to atmospheric
conditions and sea level variability during the Holocene. For
that we used an oceanic general circulation model combined
with TEX86 records from the central and northern RS. In
addition, we investigated whether an index for the summer
monsoonal variability for the Holocene can be derived from
TEX86 records based on the correlation between the
exchange flow pattern at the Strait of Bab el Mandab and
the expected distribution of open ocean crenarchaea within
the RS.

2. Climate of the Red Sea

2.1. Present‐Day Physiography and Oceanography
of the Red Sea

[5] The surface winds are orographically steered to flow
along the main axis of the RS. Whereas in the northern RS
the winds are directed to the southeast all year round, the
southern RS is controlled by the Indian Monsoon biannual
variability [Da Silva et al., 1994]. Thus, during the south-
west (SW) monsoon (June–September) the wind is directed
from NNW to the SSE along the entire RS. During the

northeast (NE) monsoon (October–May), the wind south of
19°N reverses its direction, blows from SSE to the NNW,
creating a convergence zone at 19°N, which gradually
moves southward and weakens from December to May [Da
Silva et al., 1994].
[6] The general circulation is antiestuarine, driven mainly

by buoyancy loss [Phillips, 1966; Eshel et al., 1994;
Sofianos and Johns, 2003]: the surface water from the Gulf
of Aden is forced to move northward through the Strait of
Bab el Mandab by the strong south‐north (S‐N) thermoha-
line forcing, sinking at the northernmost RS and returning
south as deep and intermediate waters, and exiting the RS as
the bottom layer of the exchange flux as high saline water.
The RS circulation is more intense during winter when the
buoyancy loss from the RS surface is at its maximum
[Phillips, 1966; Eshel et al., 1994; Sofianos and Johns,
2003].
[7] The surface hydrographic conditions at the RS are

characterized by S‐N gradients of salinity (increase) and
surface temperature (decrease). Beneath the dynamical upper
layer, a thick and almost homogeneous layer fills the rest of
the water column [Morcos, 1970; Quadfasel and Baudner,
1993; Woelk and Quadfasel, 1996]. The RS deep/interme-
diate water is formed during winter in the northern RS and in
the two gulfs bordering the Sinai peninsula. Stratification is
strong during the summer and weakest at the northernmost
RS during winter [Morcos, 1970; Quadfasel and Baudner,
1993; Woelk and Quadfasel, 1996; Plähn et al., 2002].
[8] The exchange flow through the Strait of Bab el

Mandab exhibits a strong seasonality pattern [Murray and
Johns, 1997; Sofianos et al., 2002]. During winter (October–
May) a strong two‐layer exchange flow pattern exists,
consisting of the inflowing Gulf of Aden Surface Water
(GASW) and the RS Outflow Water (RSOW). During
summer the SW monsoon winds elevates the interface
between the GASW and the Gulf of Aden Intermediate
Water (GAIW) through upwelling. This upwelling forces
the GAIW to flow into the RS as a third layer between the
RSOW and the GASW. As the upwelling of this interface
increases, the GAIW intrusion increases, until the upper
layer is forced to reverse its direction in order to conserve
volume at the RS basin, forming a relatively weak exchange
flow with a three‐layer pattern [Smeed, 1997, 2000; Siddall
et al., 2002; Smeed, 2004].

2.2. Holocene Climate Conditions

[9] During the Holocene, climate in the RS region fluctu-
ated between wet and dry periods. This is supported by evi-
dence fromAfrica, Arabia, and theMediterranean for a humid
period from early to mid Holocene [Adamson et al., 1980; Van
Campo et al., 1982; Rossignol‐Strick, 1983, 1985; Pachur
and Kröpelin, 1987; Pachur and Hoelzmann, 1991;
Hoelzmann et al., 1998; Bar‐Matthews et al., 1999; Gasse,
2000; Gvirtzman and Wieder, 2001; Gupta et al., 2003;
Fleitmann et al., 2007]. The humid conditions during early to
middle Holocene are associated with strong summer mon-
soon circulation, forced by relatively high summer insolation
in early Holocene due to changes in orbital forcing
[Rossignol‐Strick, 1983;Kutzbach and Street‐Perrott, 1985].
Atmospheric models (partial list: Kutzbach and Guetter

Figure 1. The Red Sea, with the core locations mentioned
in the text. The contours indicate the 0, 100, and 1000 m
depth levels.
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[1986]; Mitchell et al. [1988]; Joussaume and PMIP
Members [1999]; Liu et al. [2003]; Bush [2006]) and sta-
lagmite records in Oman and Yemen [Fleitmann et al., 2007]
show that the mean latitudinal position of the summer Inter-
tropical Convergence Zone (ITCZ) and its associated mon-
soonal rainfall belt was shifted north at least up to 23°N
latitude during early Holocene. Other records based upon lake
levels, vegetation, and animal and human activities, show that
deserts vanished south of 30°N [Hoelzmann et al., 1998].
Most of these studies associate this humid period in the early
Holocene to monsoonal activity. The humidity source for the
northern border of the Sahara, eastern Mediterranean and the
northern RS is attributed to the southward extension of
Mediterranean humidity [Bar‐Matthews et al., 1999; Arz
et al., 2003b]. The humid conditions were terminated
∼5 ka, and the same records that supported humid conditions
during early to middle Holocene, show that more arid con-
ditions prevailed at 3–4 ka [Adamson et al., 1980; Pachur
and Hoelzmann, 1991; Weiss, 1993; Hoelzmann et al.,
1998; Gasse, 2000; Gvirtzman and Wieder, 2001; Weiss
and Bradley, 2001; Nicoll, 2004; Fleitmann et al., 2007].

3. Model Description

[10] We apply the Massachusetts Institute of Technology
oceanic general circulation model (MITgcm) [Marshall
et al., 1997a, 1997b] as described by Biton et al. [2008].
The model domain includes the whole RS area and part of
the Gulf of Aden extending to 45°E. At the surface we
impose monthly average climatological atmospheric data,
including surface zonal and meridional wind vector com-
ponents, surface air temperature, specific humidity, precipi-
tation, incoming shortwave and longwave radiation, all
based on Da Silva et al. [1994]. Evaporation and surface
turbulent flux components such as latent heat, sensible heat,
and wind stress were calculated by the model based on the
applied atmospheric data and used the methodology
described in Large and Pond [1981, 1982]. The spatial
resolution is 2′ across the RS and 5′ along its main axis. The
water column is resolved by 13 levels in the vertical, with
seven of these layers concentrated in the upper ∼200 m in
order to capture the complex dynamics of the upper ocean. A
detailed description of the model is given by Biton et al.
[2008] and its supplementary information.
[11] To test exactly how the RS circulation responded to

Holocene climate trends, we would need a reliable, high
resolution reconstruction of atmospheric conditions, derived,

e.g., from a regional atmospheric model. However, such a
model does not exist at present. Therefore, we conduct a
series of experiments designed to investigate the sensitivity
of the RS to sea level and atmospheric changes (that are
plausible for the Holocene). A summary of the experiment
list, with the different forcings used, can be found in Table 1.
[12] The model was first run for present‐day conditions as

a control experiment (hereafter PD), and then we focused on
the two extreme scenarios of the early Holocene (humid
period, RS02) and late Holocene (dry period, RS03). Two
additional reference experiments are used to investigate the
RS response solely to maximum sea level reduction during
the early Holocene (RS01) and to humid conditions (RS04).
In addition to the limited number of the GCM sensitivity
studies, we also discuss the RS sensitivity to the various
forcing parameters in a more general way (sections 5.2.1
and 5.2.2).
[13] The altered parameters and the justifications for these

choices are as follows. Sea level conditions were chosen to
mimic the conditions for the two extreme scenarios in our
modeling experiments (i.e., −25 m at early Holocene and
modern sea level for the late Holocene as reconstructed by
Siddall et al. [2004]). As we found a relatively weak
response to sea level reduction of −25 m (the minimum sea
level conditions during the early Holocene), we did not
simulate higher sea level conditions for the early (or mid)
Holocene, assuming it to be even less sensitive to the change
in sea level. In our study, we assign ±25% variability to the
specific humidity, which is in accordance with the extreme
dry and wet seasonal values in the modern RS [Da Silva
et al., 1994] and thus represents climatologically plausible
values. We note that even during the LGM, specific humidity
was lower by only 25%, based on atmospheric GCM [Biton
et al., 2008, and references therein], which gives an upper
bound to the changes in the specific humidity.
[14] As a starting point for the wind conditions during the

late Holocene (e.g., RS03) we use the wind conditions
applied by Biton et al. [2008] (experiment M120L therein).
The changes to the winds in Biton et al. [2008] derived from
an atmospheric GCM simulation for the LGM and therefore
represents an upper bound to the changes. Biton et al.
[2008] increased the annual mean winds by 20%, which
were redistributed such that the winter monsoon (October–
May) was more intense than the summer monsoon (June–
September). For the conditions during early Holocene we
strengthened the summer wind by 40% and reduced the
winter wind to 80% of the modern values to be symmetric
with the changes made to the winds during the late Holocene.

4. Sediment Material and Lipid Analyses

[15] TEX86 records were measured for two cores, one
from the northern RS (KL17 VL, 27°41.13′N, 34°35.76′E
taken from Trommer et al. [2010]) and one from the central
RS (KL9, 19°57.6′N, 38°06.3′E, Figure 1). Sediment sam-
ples from KL9 were taken at 10 cm resolution, freeze dried
and homogenized by mortar and pestle. At least 10 g of the
homogenized sediments were extracted with an accelerated
solvent extractor (ASE 200, Dionex) using dichloromethane
(DCM)/MeOH, 9:1 (v:v) at 100°C and 7.6 × 106 Pa. Polar

Table 1. Summary of the Applied Forcings to the Experiments in
Relation to the Present‐Day Simulation (PD)a

Sea Level
Specific
Humidity

Winter Winds
(October–May)

Summer Winds
(June–September)

RS01 PD‐25 m PD PD PD
RS02 (humid) PD‐25 m PD × 1.25 PD × 0.8 PD × 1.4
RS03 (arid) PD PD × 0.75 PD × 1.4 PD × 0.8
RS04 PD PD × 1.25 PD × 0.8 PD × 1.4

aThe changes to atmospheric conditions, such as changes to the wind and
humidity, were made to the entire RS.
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fractions were isolated from the obtained extracts following
Trommer et al. [2009] and were then analyzed by high
performance liquid chromatography (HPLC) atmospheric
pressure chemical ionization (ACPI) mass spectrometry
(MS), using an Agilent 1100 series LC MSD series instru-
ment, equipped with an autoinjection system and HP
Chemstation software [Hopmans et al., 2000; Schouten
et al., 2007]. Separation was achieved with a Prevail Cyano
column (150 mm × 2.1 mm; 3 m; Alltech), maintained at
30°C. Injection volumes ranged from 2 to 10 ml. Dialkyl
glycerol tetraethers (GDGTs) were detected with selected
ion monitoring (SIM) of their protonated molecules [M + H]+

(dwell time = 234 ms), quantified by manual integration of
peak areas of the mass chromatograms and further used in
the calculation of the TEX86 following Schouten et al.
[2002]:

TEX86 ¼
GDGT2½ � þ GDGT3½ � þ GDGT4

0� �

GDGT1½ � þ GDGT2½ � þ GDGT3½ � þ GDGT40½ �

GDGTs 1–3 are GDGTs with 1–3 cyclopentane moieties,
respectively, and GDGT4“ represents the regio‐isomer of
crenarchaeol (see Schouten et al. [2002] for structures).

5. Results and Discussion

[16] In contrast to the RS experiments during the LGM, in
which reduced sea level was the dominant driver of changes
in the RS [Biton et al., 2008], changes in the Holocene were
largely driven by atmospheric conditions, and showed a
relatively moderate or comparable impact of sea level
reduction (up to 25 m).

5.1. Exchange Flow Through the Strait of Bab el
Mandab and the Meridional Overturning Circulation

[17] Understanding the response of the exchange flow
through the Strait of Bab el Mandab and the meridional
overturning circulation (MOC) to regional climatic changes
is crucial for any interpretation of the observed RS sediment
records. These two physical processes undergo seasonal
variations that are strongly connected with the biannual
monsoon system, and are, therefore, expected to change
during the Holocene. The modeled exchange flow for the
present day (Figure 2d) is in good agreements with ob-
servations [Murray and Johns, 1997; Sofianos and Johns,
2002]. Changes to the exchange flow at the strait and to
the MOC, in response to changes in sea level and atmo-
spheric conditions are as follows.
[18] Sea level changes affect the exchange flow because

they are associated with changes in the strait geometry (strait
cross‐section area) and changes in the RS surface area, which
determine the total buoyancy flux from the RS surface. In
addition, sea level affects the seasonality of the exchange
flow, which is especially important for the transition to a
three‐layer pattern during summer. The strait cross section
and the RS surface areas are changing relatively fast for the
first 30 m sea level reduction, when compared to lower sea
levels (Figure 3). Therefore, we expect the exchange flow
through the strait to be more sensitive to sea level variability
at relatively high sea levels (higher than 30 m below present).

Indeed, reducing sea level by 25 m in RS01 (as for the early
Holocene ∼10.5 ka), reduces the exchange flow through the
Strait of Bab el Mandab to ∼60% of its PD value. When sea
level is reduced by 25 m the strait cross‐sectional area is
reduced by ∼45% (Figure 3a), which explains part of the
reduction in the exchange flow. In addition, the total buoy-
ancy loss from the RS surface in RS01 is reduced by ∼30% of
its PD values because of the RS area reduced by the same
amount (Figure 3b).
[19] When, in addition to reduced sea level, more humid

conditions are imposed (in RS02), the exchange flow
through the strait is reduced even more to ∼49% of its PD
value, because of the reduction in buoyancy loss from the
RS surface (Figure 4h). In addition, the enhanced summer
monsoon winds in RS02 lead to intensified and prolonged
transition to a three‐layer pattern, that lasts from July–
October (Figure 2b), in comparison to only September in
RS01 (Figure 2b). A prolonged period of the three‐layer
exchange pattern results in a reduction in the annual
mean exchange flow because it is weaker than the two‐layer
exchange flow. A similar trend due to “wet” conditions also
appears in RS04 (not shown) with the exchange flow
reduced to ∼82% of its present value, and the transition to a
three‐layer pattern lasts from July to November. The results
of RS02 and RS04, that differ only in the imposed sea level,
show that the exchange flow is more sensitive to the imposed
“wet” conditions at higher sea levels (e.g., RS04 with the
exchange flow reduced by ∼18% of its present value com-
pared with only ∼11% in RS02). One possible explanation
for the observed changes in RS02 and RS04 is the higher
sensitivity of the three‐layer pattern to changes in the wind
variability imposed at the Gulf of Aden at higher sea levels.
This can be seen when we compare the transition to a three‐
layer pattern in RS01 (Figure 2a) with PD (Figure 2d) and in
the comparison of RS02 with RS04, with identical wind
forcing, all showing an intensified and prolonged transition
to the three layer pattern in the case of a higher sea level
(i.e., RS04 and PD). A second reason is that the RS surface
area in RS02 is reduced by ∼30% from its modern value
(Figure 3b), and, therefore, experiences a smaller reduction
in buoyancy loss due to the imposed “wet” conditions (for a
given evaporation and heat loss rates), when compared to
RS04 (modern sea level).
[20] When arid conditions are imposed (RS03), the

increased evaporation and heat loss (Figures 4e and 4f; see
also Table 2) increased the buoyancy loss during October–
May. Therefore, the circulation and the exchange flow
increased during that time, compared to PD conditions
(Figures 2d and 5d). The effects of arid conditions not only
enhance the winter RS circulation, but also dramatically
affect the exchange flow through the Strait of Bab el
Mandab, by showing no transition to three layers, which
characterizes the summer exchange flow pattern at PD
(Figure 2d). The reason for the observed change in RS03 is
due to weaker summer monsoon winds over the Gulf of
Aden, which are now unable to force the transition to a three‐
layer pattern and, therefore, the exchange flow increases.
[21] The Strait of Bab el Mandab is the only connection to

the Indian Ocean and acts as a valve for any exchange
properties such as nutrients, salinity, temperature, and
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oxygen. Our model results show marked changes in the
exchange flow and in the MOC (Figures 2 and 5), which
may lead to a significant change in nutrient supply into the
RS and to their distribution within the RS. At present, the
nutrient influx through the strait is larger during summer
than in winter [Souvermezoglou et al., 1989]. During sum-
mer, the SW monsoon wind upwells the nutrient rich GAIW
that then penetrates into the RS as an intermediate layer
between the outflowing bottom and surface RS layers
[Murray and Johns, 1997]. The nutrient rich water then
mixes with the RS surface water and is responsible for the
summer primary production observed in the southern RS.
Although the higher net influx of nutrients to the RS is
during summer, the winter is the most productive season in
the central to northern RS [Veldhuis et al., 1997]. Increasing
buoyancy loss from the RS surface enhances the exchange
flow through the strait and the associated nutrient flux. In

addition to the external nutrient influx, the nutrient con-
centration at the northern and central RS increases by
nutrient flux from deeper layers, because of deep water
formation and mixing processes occurring during winter
[Halim, 1984; Weikert, 1987]. Intensified winter circulation,
as shown for times of dominant NE monsoon (i.e., RS03),
will appear as a productive periods in the RS sediment re-
cords, and intensified summer circulation (happens when the
SW monsoon is dominant, e.g., RS02) will be represented
by oligotrophic conditions. Our model results, therefore,
support the RS circulation scenario suggested by Trommer
et al. [2010] and Siccha et al. [2009]. They found oligo-
trophic conditions in the RS during the early Holocene (10–
6 ka) and a maximum productivity during the late Holocene,
which they related to dominant SW (summer) monsoon to
cause summer like circulation in the first case and to a
period of extended winter circulation, dominated by inten-

Figure 2. Monthly average transport at the Strait of Bab el Mandab (Sv) at Hanish Sill cross section for
(a) RS01, (b) RS02, (c) RS03, and (d) PD. The black, light gray, and gray lines represent the surface layer,
the Gulf of Aden intermediate water and the RS outflow water, respectively. Dashed lines are measured
values taken from Sofianos et al. [2002, Table 3]. The model results show reasonable agreement when
compared to the measured values. Annual means of the RS incoming water (representing the exchange
flow) are indicated in Table 3. Sea level reduction by 25 m in RS01 (Figure 2a) reduces the exchange flow
by 40%, due to reduction of the strait cross‐sectional area by the same amount (Figure 3a). The sub-
maximal exchange flow for the Holocene sea level conditions enables higher sensitivity to changes in
atmospheric conditions that alter both seasonality and annual mean flux values (sections 5.1 and 5.2).
Significant changes to summer circulation can be seen in RS03, where there is no transition to a three‐
layer exchange flow pattern, and in RS02, where this transition is intensified, as a response to changes in
the winds at the Gulf of Aden. Maximum exchange flow year‐round in RS03 is due to an increase in
buoyancy loss from the RS surface when arid conditions are applied.
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sified NE (winter) monsoon in the second case. Higher
aridity and consequently increase in water column ventila-
tion during late Holocene found also by Edelman‐
Furstenberg et al. [2009]. They studied three cores from
the central RS and found the highest abundance of the
mesopelagic pteropod Limacina bulimoides in the last 6 kyr
at ∼3.8 ka. High abundance of this pteropod species indic-
ative for well aerated water column [Almogi Labin et al.,
1991].

5.2. Hydrography

[22] The comparison between experiments RS01 and PD
(solid and dashed lines in Figure 4), which differ only in sea
level, suggests a relatively moderate sensitivity to sea level,
although a significant reduction by ∼40% in the exchange
flow through the Strait of Bab el Mandab can be observed in
RS01 relative to PD. With identical atmospheric conditions
in both experiments, the net evaporation (Figure 4e) and the
net heat flux (Figure 4f) have similar seasonality and annual
mean values (Table 2). Because the exchange flow is
reduced by ∼40% relative to PD (Figure 2a), the salinity
shows an increase of ∼0.3 psu (Table 1). The seasonality in
the SST (Figure 4d) and in the volume mean temperature
(Figure 4b) behave similarly in PD and RS01, but show a
small SST decrease during summer in RS01. At present,
maximum SST can be found on the continental shelves on
both sides of the central basin (∼16°N), reaching up to 33°C
during summer [Saad and Kandeel, 1987]. The small
reduction by 0.3°C in RS01 with respect to PD values, can
be attributed to lower sea level and, therefore, exposed

continental shelves in RS01 (Figure 3b). Altogether, the RS
salinity and temperature show moderate sensitivity to sea
level reduction of −25 m (the minimum sea level conditions
during the early Holocene), when compared to the sensi-
tivity during low sea level conditions. For example, lower-
ing sea level by only 15 m during low sea level conditions
increased salinity by more then 13 psu [Biton et al., 2008],
while reducing sea level by 25 m in RS01, increased salinity
only by 0.3 psu. As sea level conditions during the Holo-
cene were higher than −25 m, even a weaker response to sea
level of the RS salinity and temperature is expected for the
rest of the Holocene.
5.2.1. Salinity Sensitivity
[23] The sensitivity of the RS salinity to sea level can be

partially explained by combining volume and salt conser-
vation [Biton et al., 2008]. Assuming steady state for the
RS:

Sout ¼ SinQin= Qin � E � Að Þ ð1Þ

where terms in equation (1) reflect annual average values.
Qin and Sin are the incoming volume flux and the average
salinity of the incoming water, which include the mixed
properties of the surface and intermediate layers. Sout is the
averaged salinity of the outflowing water, E is the net
evaporation rate, and A is the RS surface area. The RS
outflowing water salinity (Sout) is similar to the RS inter-
mediate and deep water salinity, and reflects trends in the
mean RS salinity. Although appearing rather simple,
equation (1) encapsulates much of the information one

Figure 3. (a) The Hanish Sill cross‐sectional area and (b) RS surface area versus sea level reduction.
Values at the Y axis were normalized with respect to the present values of the RS surface area
(4.8908 × 1011 m2) and the Hanish Sill cross‐sectional area (5.0159 × 106 m2). Up to −30 m, the RS sur-
face and the strait cross‐section area reduced quickly but show a relatively moderate decrease afterward.
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should consider when studying the RS salinity sensitivity to
atmospheric and sea level variability. The volume flux
entering the RS (Qin) is affected by the strait geometry,
changing with sea level, and by boundary conditions, which
are influenced by the variability of atmospheric conditions
(e.g., wind at the Gulf of Aden and buoyancy flux from the
RS surface, section 5.1). The sensitivity of Qin to atmo-
spheric conditions and sea level may also change with dif-
ferent regimes of the strait’s exchange flow patterns, such as
maximal and submaximal conditions (discussed next). The
evaporation flux (E × A) is affected by both atmospheric
conditions (which change the evaporation rate (E)) and by
sea level variability that influences the RS surface area (A).
Equation (1) has two physical limits: one is when the flux
entering the RS cannot compensate for the volume flux from
the RS surface due to evaporation (Qin ≤ E × A) that would
cause the breakdown of volume conservation, and the RS
salinity increase to infinity. The second limit is when Qin �
E × A and salinity approaches the salinity of the entering
water. Therefore, equation (1) shows higher salinity sensi-
tivity at low sea level (which is closer to the first limit) than
at high sea level.

[24] A reduction in sea level exposes large shallow areas
and reduces the evaporative flux (E × A) and this opposes the
salinity buildup when the sea level is reduced. However, as
∼30% of the area in the RS is shallower than 25m (Figure 3b),
most of the shallow areas dry up fast at the very beginning
of sea level reduction and less so afterward (this being
another reason for the relative moderate sensitivity to sea
level observed in RS01). At low sea level conditions, the
exchange flow through the strait is reduced while the
evaporation flux (E × A) is similar, and the ratio Qin/(Qin −
E × A) increases, causing the observed salinity build up in
the RS. We note that an even higher sensitivity to sea level
reduction is achieved when the effects of mixing in the strait
are included in equation (1) [Biton et al., 2008]. The salinity
of the RS outflow (Sout) is somewhat closer to the salinity
of the intermediate water (∼39.7 psu [Sofianos et al.,
2002, Table 3] than to that of the RS deep water
(∼40.6 psu) and, therefore, equation (1) might underestimate
the average salinity of the RS. Indeed, using equation (1)
for the different experiments results in salinities that are
lower by 0.3 ± 0.1 psu than modeled values, but nicely
captures the changes in salinity when compared to the

Figure 4. Monthly averaged values of hydrography and air‐sea fluxes for RS01 (dashed), RS02 (dotted),
RS03 (dashed dotted), and PD (solid). Plots are for (a) volume‐averaged salinity (psu), (b) volume‐aver-
aged temperature (°C), (c) sea surface salinity (psu), (d) sea surface temperature (°C), (e) evaporation
(m yr−1), (f) net heat flux (inWm−2 and positive values indicate ocean’s sea surface heat loss), (g) buoyancy
flux (m2 s−3), and (h) buoyancy flux anomalies relative to PD values (m2 s−3). A summary of annual mean
values for these fields can be found in Table 2. The maximum in buoyancy loss anomalies at RS03 during
November–May increases the RS circulation and the exchange flow at the strait compared to PD. Forced by
intensified SW monsoons, RS02 mostly shows negative buoyancy anomalies, which imply a reduction in
winter circulation and in the exchange flow in general.
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present‐day conditions (Table 3). Equation (1) predicts a
salinity of 40.7 psu for RS01 when compared to the PD
value of 40.3 psu, this is an increase of ∼0.4 psu due to sea
level reduction (Table 3) which is in agreement with the
GCM results of RS01 (Table 2).
[25] The salinities are higher in RS02 than RS01, despite

the lower evaporation rate in RS02 (although both have the
same sea level), and show a slight reduction in the RS
salinity in RS03 when compared to PD (40.6 psu), to a value
of 40.5 psu, regardless of the higher evaporation in RS03
(Figure 4 and Table 2). These changes in salinity are related

to the significant differences in the exchange flow season-
ality through the Strait of Bab el Mandab between experi-
ments RS02 and RS03. In RS03 a larger buoyancy loss
during winter forces a higher exchange flow at the strait
(section 5.1). During summer, reduced winds and, therefore,
upwelling over the Gulf of Aden (weak SW monsoon)
prevent the transition to a three‐layer pattern, which is the
main reason for the relatively weak exchange flow during
summer at present (Figure 2c). In total, the annual mean
exchange flow in RS03 is 0.44 Sv, that is ∼26% more than
PD value (0.35 Sv, Table 3). In RS02, and for the same
reasons as for RS03, the reduction in winter evaporation rate
and the increase in wind strength at the Gulf of Aden region

Figure 5. Zonally averaged meridional stream function (Sv) for January–April. (a) RS01, (b) RS02,
(c) RS03, and (d) PD. The circulation is antiestuarine; it is maximal in RS03 due to dry atmospheric
conditions and minimal in RS02 due to wet conditions applied at these experiments. During winter the
water column at the northern RS is generally mixed down to ∼600 m depth, due to deep water forma-
tion processes (convection) and the consequent deepening of the circulation at this location. The circu-
lation during winter causes mixing and upwelling of nutrients to the photic zone. Therefore, the
maximum primary production is during winter. Circulation changes observed in RS02 and RS03,
forced by changes of the monsoonal system, will affect the RS primary production.

Table 2. Annual Mean Values of Hydrography and Air‐Sea
Fluxes for the Different Experimentsa

S (psu) T (°C) SSS (psu) SST (°C) E (m yr−1) Q (W m−2)

RS01 40.9 22.21 39.63 26.93 1.86 4.35
RS02 41.13 23.74 39.95 28.01 1.67 0.65
RS03 40.46 20.06 39.26 25.36 2.19 10.09
PD 40.56 22.36 39.33 27.28 1.86 4.65

aS, volume‐averaged salinity; T, volume‐averaged temperature; SSS, sea
surface salinity; SST, sea surface temperature; E, evaporation; Q, net heat
flux (positive for ocean’s sea surface heat loss).

Table 3. Summary of Different Parameters Appearing in Equation
(1) Taken From the Model Results of Experiments RS01–RS03
and PD, and the Calculated RS Salinity (S3), Based on Equation (1)

S3 (psu) Qin (Sv) Sin (psu) E × A (Sv)

RS01 40.69 0.213 36.93 0.02
RS02 40.83 0.186 36.94 0.018
RS03 40.03 0.444 37 0.033
PD 40.28 0.350 37 0.028
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during summer, caused a weakening of the annual exchange
flow through the strait (Figure 2b), and is in total reduced to
49% of the annual mean PD value (Table 3).
[26] Similar changes to the atmospheric conditions used in

RS03, along with sea level reduction of 105 m and 120 m,
resulted only in minor changes in the exchange flow (less
than 3%) [Biton et al., 2008], compared to the 26% increase
in RS03. The observed changes in the relative sensitivity of
the exchange flow to atmospheric conditions and sea level
may be connected to different regimes of the strait’s
exchange flow patterns, such as maximal and submaximal
conditions (see Dalziel [1991, 1992] for complete defini-
tions). We note that in submaximal conditions the exchange
flow is also determined by the asymptotic stratification
conditions at the strait’s exits (here at the RS and Gulf of
Aden sides) and is therefore sensitive to changes in the
stratification conditions there. At maximal conditions the
exchange flow is only controlled by the density differences
between the exchange flow layers and by the strait dimen-
sions, and it is not sensitive to the asymptotic stratification
conditions at the two strait’s exits. Siddall et al. [2002,
2004] found submaximal conditions for the Strait of Bab el
Mandab at present day and predicted a transition to maximal
exchange flow at low sea level as a consequence of sea level
reduction (as was later also shown by Biton et al. [2008]).
Biton et al. [2008] proposed a transition in the circulation
pattern at the Strait of Bab el Mandab from submaximal
flow to a maximal flow, when sea level is reduced by more
than ∼90 m. The maximal exchange flow is not sensitive
to the asymptotic stratification conditions, and therefore
exhibits lower sensitivity to changes in wind strength at the
Gulf of Aden. Altogether, at −25 m sea level and higher
(as for the Holocene conditions), the effects of sea level
reduction and changes in the monsoon on the RS salinity are
comparable (Tables 2 and 3). The attribution of changes in
reconstructed salinity to atmospheric conditions or to sea
level is not straightforward.
[27] The SW monsoon changed significantly during the

Holocene [e.g., Gupta et al., 2003] and affected the
exchange flow at the Strait of Bab el Mandab. Reconstructing
the monsoonal variability and its effect on the exchange flow
through the Strait of Bab el Mandab and other RS properties
such as salinity and d18O is not an easy task. However, our
study demonstrates that monsoonal variability should be
taken into account, especially when considering the RS
method for reconstructing sea level [Siddall et al., 2003] at
relatively high sea level and for future climate [e.g., Rohling
et al., 2009]. In that sense, our study may be valuable for
studies that focus on periods with similar sea level conditions
as for the Holocene (especially the monsoonal index from the
central RS to be discussed in section 5.3).
5.2.2. Temperature Sensitivity
[28] Unlike salinity, temperature changes in the RS are

affected mainly by changes in atmospheric conditions and
less by sea level variability. Significant changes in temper-
ature in the RS were observed, when arid conditions in RS03
and humid conditions in RS02 were imposed (Figure 4 and
Table 2). Similar to salinity, temperature is affected by both
changes in the exchange flow temperatures at the strait, and
by changes in the air‐sea fluxes from the RS surface (net

evaporation and heat flux). In RS03, the larger heat loss
and evaporation rates from the RS surface (9.9 W m−2 and
2.2 m yr−1) and the changes in the circulation pattern at the
strait resulted in a dramatic decrease of ∼2.3°C in RS tem-
perature compared to PD. In RS02, smaller heat loss and
evaporation rate values (0.65 W m−2 and 1.7 m yr−1) along
with changes to the exchange flow at the strait, increased
temperature by 1 – 1.5°C (Table 2).
[29] It is worthwhile to estimate the different contributions

of air‐sea fluxes from the RS surface, and changes in cir-
culation pattern at the strait, to the changes in temperature.
Using the heat balance at the strait and conservation of
mass, we obtain [Tragou et al., 1999; Sofianos et al., 2002]:

�Cp Q1T1 þ Q2T2 þ Q3T3 þ AE � Ts
� �þ A � Ft ¼ 0 ð2Þ

Q1 þ Q2 þ Q3 þ AE ¼ 0 ð3Þ

where Ti and Qi (i = 1,2,3) are the layer temperatures and the
layer fluxes at the strait, respectively. Ts is the RS SST, A is
the RS surface, Ft is the net heat flux from the RS surface
(positive for heat gain by the ocean), r is the mean water
density (1026 kg m−3), and Cp is the heat capacity of water
(3986 J °C − 1 kg−1). Overbar denotes annual average. The
term rCpA · E � Ts in the heat balance equation is a heat loss
term accounting for the actual volume flux of surface water
due to evaporation with (sea surface) temperature Ts. This
term is generally small, as is the evaporation flux (E × A),
when compared to the fluxes at the strait. Being a small term
we express the sea surface temperature as Ts = T3 + DT .
Our model results show that DT = 3.2 ± 0.4°C and, as we
show later, using this value (with uncertainty of ±0.4°C) will
not affect our results much. Combining equations (2) and
(3), and using Qin = (Q1 þ Q2) for the mean flux entering
the RS as used before (equation (1)), and Tin = Q1T1þQ2T2

Q1þQ2

for the average temperatures entering the RS we get:

T3 ¼ Tin � A � jFtj
QinCp�

� A � E �DT

Qin
ð4Þ

[30] Equation (4) connects the temperature properties
exiting the RS (T3) with the temperature entering the RS at
the strait (Tin), and air‐sea fluxes (E, and Ft) from the RS
surface (right‐hand side (RHS), the last two terms). As
mentioned before, the water properties of the outflowing RS
water resemble the RS intermediate water, and therefore are
not representative of the volumetric average RS tempera-
tures. However, changes in T3 will normally reflect similar
changes in the RS average temperature. We assumed that
temperature profiles at the far end of the Gulf of Aden did not
change during the Holocene (and are identical to PD at all
experiments), and that changes in Tin are mainly connected
with the changes in circulation patterns at the strait (i.e., the
fluxes Q1, and Q2). At present, water with the lowest tem-
perature enters the RS during winter, so increasing the
exchange flow during winter will cause lower Tin and vice
versa. The middle term on the RHS of equation (4) causes
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a reduction in temperature entering the RS due to the heat
loss flux from the RS surface.
[31] Table 4 gives the calculated T3 using equation (4), in

comparison with the GCM results (denoted here as T3M in
order to be differentiated from T3), along with the values of
the terms at the RHS of equation (4). The values of T3 are in
good agreement with modeled values T3M, and show an
increase of 1.8°C for experiment RS02 and reduction of
2.5°C for RS03, when compared to the PD value (T3, Table 4).
Much of the observed changes in temperature can be
attributed to Tin and to changes in the Ft term (Table 4) and
much less so to the evaporation term. In RS01 the winter
exchange flow is reduced due to lower sea level and, in
response, Tin increased by 0.3°C. In RS02, additional
reduction in the exchange flow, especially due to changes in
the wind pattern at the Gulf of Aden (i.e., intensified three‐
layer pattern), leads to additional heating by 0.6°C in the
water temperature entering the RS when compared to PD.
The higher exchange flow at RS03 (by 26%, Table 3)
reduced Tin to 24.4°C, which is 1.4°C lower than PD value.
Small heat loss from the RS surface in RS02 (Table 2)
reduced the RS cooling by the Ft term to a minimum, and
effectively warmed the RS by ∼1.2°C when compared to
PD. A doubling of the heat loss from the RS surface in RS03
on one hand (especially due to the high evaporation rate),
and the increase in the exchange flow on the other hand,
increased the RS cooling by the Ft term to −2.6°C.
[32] Independent support for the proposed environmental

changes in the basin, discussed in section 5.1, comes from
reconstructed SST, based on the TEX86 record from a sed-
iment core in the northernmost RS (KL17 VL [Trommer et
al., 2009]). The reconstructed SSTs are maximal during the
early Holocene “wet” period at ∼10.5 ka, and are minimal
during the more arid conditions prevailing in the RS region
during the late Holocene ∼3.5 ka (Figure 6). Our model SST
results for experiments RS02 and RS03 at the KL17 VL
core location, are in good agreement with the most extreme
values of the TEX86 based SST from KL17 VL (Figure 6).
Both the modeled temperature and TEX86 based SST record
from the northernmost RS support a gradual change from
wet conditions during early Holocene to more arid condi-
tions during late Holocene ∼3.5 ka.
[33] We note that Arz et al. [2003b] showed a warming

trend for the Holocene in a reconstructed SST record based
on the U37

k′ paleotemperature proxy in the northernmost RS
in an area close to the location of core KL17 VL. The dif-
ference between U37

k ′ and TEX86 SST reconstructions
observed here has previously been observed for the eastern

Mediterranean during the Holocene [Castañeda et al.,
2010]. These authors related these differences to changes
in the main bloom season of alkenone and GDGT produ-
cers. Similar potential bias in the use of proxies that may be
biased toward a particular season, due, for example, to
changes in the annual distribution of precipitation or other
environmental conditions, was described by Gildor and Ghil
[2002] and by Ashkenazy and Tziperman [2006]. Indeed,
our model show significant differences in SST changes for
the different season, with SST changes of up to 4°C for
winter and less than 1.4°C for summer (e.g., compare SST
changes during August and February in Figure 4d). There-
fore, to correctly estimate the changes in the annual mean
RS SST, the paleotemperature proxy should represent
annual mean values.
[34] Based on their core top measurements from the

northern RS, Arz et al. [2003a] showed that both alkenones
and oxygen isotope temperature represent approximately the
same season, which lies midway between the annual mean
and maximum summer temperature (also noted by Arz et al.
[2006]). Our reconstructed SST is based on a new linear
relation between the TEX86 and temperature, that was spe-
cifically calibrated for the northern RS conditions [Trommer
et al., 2010]. This new calibration seems to work well in the
temperature and salinity range that resemble those expected

Table 4. Calculated Water Temperature Outflowing From the RS
(T3), When Using Equation (4), Compared With Model Results
(T3M)

a

T3 T3M Tin Ft Term E Term

RS01 24.18 24.19 26.12 −1.64 −0.30
RS02 25.80 25.26 26.39 −0.28 −0.30
RS03 21.52 21.76 24.37 −2.61 −0.24
PD 24.01 23.68 25.79 −1.52 −0.26

aThe terms Tin, Ft, and E give values for terms appearing on the right‐
hand side of equation (4).

Figure 6. Northern RS reconstructed SST at core KL17 VL
(solid line) based on the TEX86 record [Trommer et al.,
2010]. The dotted lines are for the annual average SST at
the core KL17 VL location observed in the 3D model
experiments of PD, RS01, RS02, and RS03 (the specific
experiments are indicated at the right side of each line). The
significant changes observed in RS02 and in RS03 can be
attributed to changes in monsoonal system. Maximum SST
in RS02 is forced by intensified summer circulation and fits
the maximum value remarkably well in the reconstructed
SST record from KL17 VL at 10.5 ka (solid line). The
minimum SST in RS03 is attributed to extended winter
circulation pattern and is lower than the minimum re-
constructed values ∼3.5 ka but still is close to the minimum
of the error bar range for the reconstructed SST ( ±0.3°C,
shaded in gray).
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for the Holocene (25 – 28°C and 39.5 – 40.5 psu), as shown
by Trommer et al. [2010]).
5.2.3. Red Sea Sensitivity to Monsoonal Versus
Mediterranean Climatic Systems
[35] Changes in the forcing in our modeling study are

based on the expected variations in the monsoons, and the
influence of the Mediterranean seems to be neglected.
Attributing everything to the monsoon climate variability
results in some bias, but to some extent, the effects of the
Mediterranean climate system are implicitly taken into
account as the changes to the forcing were applied to the
entire RS in our experiments.
[36] We concentrate on the monsoon in our interpretations

for two main reasons. First, the changes in the monsoon are
relatively well documented and include continuous records
[Gupta et al., 2003; Fleitmann et al., 2007], GCM studies
[Kutzbach and Guetter, 1986; Mitchell et al., 1988;
Joussaume and PMIP Members, 1999; Liu et al., 2003;
Bush, 2006] and other evidence that demonstrates the
changes in the intensities of the SW and NE monsoons
during the Holocene (section 2.2 and references therein).
These allowed experiments to be designed to test sensitivity
to the monsoon. In contrast, changes on the Mediterranean
climate system are much less known. Therefore, it is diffi-
cult to decide how to test the sensitivity to the Mediterra-
nean climate system. Second, and more important, the RS
thermohaline circulation and its associated deep water for-
mation processes are linked to the exchange flow at the strait
and to the cumulative thermohaline forcing upon the entire
RS surface. This is true in general for a buoyancy driven
circulation in a marginal sea connected to the open ocean via
a sill/strait (among others [Stommel and Farmer, 1953;
Phillips, 1966; Tragou and Garrett, 1997; Maxworthy,
1997; Finnigan and Ivey, 2000; Finnigan et al., 2001;
Siddall et al., 2004; Pratt and Spall, 2008]). As such, the
significance of an individual climatic forcing (e.g., Medi-
terranean versus monsoon) in affecting the RS circulation is
influenced by (1) the duration of changes over the year, (2)
the space over which they are taking place, and (3) the
strength of changes/anomalies of the individual climatic
forcing.
[37] This explains why the effects of the monsoonal sys-

tem are likely to be larger than the effects of the Mediter-
ranean climate system. The changes in buoyancy fluxes that
result from changes in the monsoon are consistent
throughout the year. During the early Holocene the SW
summer monsoons were intensified and the NE winter
monsoons were weakened, both resulting in more humid
conditions throughout the year. During the late Holocene,
intensified (extended) NE winter monsoons and weakened
SW summer monsoons resulted in more arid conditions
year‐round over places that are directly influenced by the
monsoons. In contrast, changes in the Mediterranean,
especially if connected with the North Atlantic oscillations
(NAO), occur mainly during the winter [Hurrell et al., 2003,
and references therein].
[38] In addition, the monsoon system covers a larger

fraction of the RS, especially during the early Holocene,
where the ITCZ and its associated monsoonal rainfall belt
was shifted north at least up to 23°N [e.g., Kutzbach and

Guetter, 1986; Mitchell et al., 1988; Joussaume and PMIP
Members, 1999; Liu et al., 2003; Bush, 2006; Fleitmann
et al., 2007]. On the other hand, although there is evi-
dence for freshening in the northern RS during the early
Holocene and for more arid condition in the northern RS
during the late Holocene, which were attributed to the
Mediterranean climate influence on the northern RS, all the
evidence is concentrated at the northernmost RS [Arz et al.,
2003b, 2006; Lamy et al., 2006; Legge et al., 2006, 2008].
[39] Besides affecting the surface fluxes over the RS, the

monsoon (together with sea level reduction), affects the
properties of the RS also by modifying the exchange flux
through the Strait of Bab el Mandab. This point is demon-
strated by the results of RS03 and RS02 and by the heat and
salt balance considerations. These experiments behave dif-
ferently from our expectation based solely on changes of the
mean evaporation rate (section 5.2.1). In RS02 we found
that the mean evaporation rate is reduced by 200 mm yr−1,
and yet the RS salinity increased. This was the result of the
changes in the monsoon and a lower sea level that reduced
the annual mean exchange flow at the Strait of Bab el
Mandab, opposing the humid conditions applied for the
early Holocene. To counteract the increasing RS salinity, the
freshening from a Mediterranean source should be equiva-
lent to more than 4000 mm yr−1 precipitation rate over the
northernmost RS (compared with present‐day values of 10–
25 mm yr−1 [Arz et al., 2003b]). The local freshening at the
northern RS, such the one found in the work of Arz et al.
[2003b], might have caused a southward migration of the
deep water formation site, but it would not have affected
much the bulk properties of the RS.

5.3. TEX86 Record in the Central Red Sea as an Index
for Monsoonal Variability

[40] Trommer et al. [2009] found a TEX86 versus tem-
perature relationship in the northern RS, that deviates from
the open ocean relationship and that seems to be specific for
this area, possibly because of an endemic Crenarchaeota
population in the northern part of the RS. However, the
central and southern Red Sea sediments seem to contain a
mixture of membrane lipids from the endemic northern RS
and open ocean Crenarchaeota populations. Here, we pro-
pose an index for the monsoonal activity based on the rel-
ative abundance of the open ocean crenarchaea TEX86

signal versus that of the northern RS TEX86 signal in the
central RS.
[41] The decrease of the GDGT contribution of the open

ocean population with distance from the Strait of Bab el
Mandab suggests that the exchange flow through the strait is
a dominant factor determining the relative abundance of
these different TEX86 signals in the central modern RS
[Trommer et al., 2009, Figure 6]. Therefore, one might
expect that the relative contribution of the open ocean TEX86

signal in the RS should increase whenever the exchange flow
increases. However, our calculations for the relative contri-
bution of the open ocean TEX86 signal at the central RS show
that it increases at times when the volumetric flux of the
GASW entering the RS is reduced and vice versa: It dis-
appears during late Holocene although the modeled flux
entering the surface layer is increased by more than 30%

BITON ET AL.: RED SEA DURING HOLOCENE PA4209PA4209

11 of 16



during that time (RS03, Figure 2c). Similarly, the relative
contribution of the open ocean TEX86 signal increases to
maximum values during early Holocene although the mod-
eled flux entering at the surface during that time is minimal
(RS02, Figure 2b).
[42] Since the GASW does not appear to be the source for

the open ocean TEX86 signal in the RS, we propose that the
GAIW entering the RS during summer is linked to the open
ocean crenarchaea TEX86 signal at the RS. Indeed, our
calculations for the relative contribution of the open ocean
TEX86 signal to the central RS during the Holocene shows a
good correlation with the GAIW intrusion flux. Therefore,
we suggest that the summer intrusion of the GAIW into the
RS could be the source for this open ocean TEX86 signal in
the southern and central RS: The interface between the
GAIW and the GASW is elevated (as a result of upwelling)
from ∼110 m depth at winter to ∼20 m depth at summer due
to the easterly winds prevailed at the Gulf of Aden area.
Therefore, from June to October the SW monsoon winds
induce an intrusion of an intermediate layer at the Strait of
Bab el Mandab toward the RS as a third layer (section 2.1).
This intermediate water enters the RS via the Hanish Sill
(with the maximal depth being 137 m), and observations
([Sofianos et al., 2002]), as well as our model results, show
that it converges to a relatively thin layer between 40–100 m
depths at the sill and ends up at depths of ∼50 m inside
the RS where it is mixed with the RS surface water [Siddall
et al., 2002; Sofianos and Johns, 2007]. The relative
importance of the open ocean TEX86 signal in the RS might
therefore be highly sensitive to changes in circulation pat-
terns at the strait, and especially to the summer circulation
when the intrusion of the GAIW occurs. Since our model
results showed that the circulation at the strait changes sig-
nificantly (especially during summer) as a response to “wet”
and “dry” periods driven by our changes to the monsoonal
system (i.e., experiments RS02 and RS03, section 5.1), we

expect changes in the relative contributions of the different
TEX86 signals during the Holocene.
[43] The TEX86 records for the cores KL17 VL and KL9

do not share similar trends during the Holocene (Figure 7).
If core KL9 lies in the mixing zone of the northern RS and
open ocean TEX86 signals during the Holocene (as for the
modern RS [Trommer et al., 2009, Figure 6]), the measured
TEX86 values should reflect a mixed signal that can be
described as linear combination of TEX86 values calculated
according to the open ocean and the RS calibrations:

TEX86mix ¼ a � TEX86rs Tð Þ þ b � TEX86oo Tð Þ ð5Þ

where a and b are the relative contributions of the individual
TEX86 signals of the northern RS (TEX86rs) and that of the
open ocean (TEX86oo). These TEX86 values are linear
functions of temperature:

TEX86rs Tð Þ ¼ 0:035 � T � 0:09

TEX86oo Tð Þ ¼ 0:018 � T þ 0:19
ð6Þ

where the linear equations for the open ocean is from Kim
et al. [2008] and for the RS from Trommer et al. [2009].
Given that a + b = 1, we can use the individual linear
equations (6) along with the linear combination (5), to get a
new linear equation for the mixed TEX86 with temperature
(TEX86mix).

TEX86mix ¼ 0:017 � aþ 0:018ð Þ � T � 0:28 � aþ 0:19 ð7Þ

[44] In addition to temperature (T), this linear equation
now contains the coefficient a (the relative contribution of
northern RS TEX86 signal), which is a function of the dis-
tance from the Strait of Bab el Mandab in the modern RS
[Trommer et al., 2009]. As mentioned before, this coeffi-
cient (a) may have changed in the past due to changes in
atmospheric and sea level conditions, which in turn affects
the RS circulation. Using the 3D model to estimate quanti-
tative changes of the coefficient a for the past is difficult,
especially due to the seasonality in the exchange flux through
the Strait of Bab el Mandab. Instead, we use the SST at the
core KL9 (T in equation (7)), where a mixed TEX86 signal
exists, for calculating a, which in turn will provide an indi-
cation for the circulation pattern and atmospheric conditions
that prevailed in the past. This is possible with two reason-
able assumptions: (1) that in the northern RS the GDGT
distribution of the crenarchaea only reflects the RS TEX86

temperature calibration throughout the Holocene (as for the
modern RS) and (2) that the annual mean SST temperature
differences between the cores are nearly constant and
therefore did not change much during the Holocene.
[45] Although our model experiments cover significant

changes in atmospheric forcing and sea level conditions
during the Holocene, and show large changes in absolute
SST values (section 5.2), the annual mean SST gradient is
nearly constant. Specifically, our model experiments (RS01‐
RS03 and PD) suggest annual mean SST differences of
3.7 ± 0.2°C between the locations of cores KL17VL andKL9

Figure 7. TEX86 records from the northern RS taken from
Trommer et al. [2010] (core KL17 VL, dashed dotted) and
the central RS (core KL9, solid) [Trommer et al., 2009].
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(not shown). The model results of the different experiments
of Biton et al. [2008], simulating sea level and atmospheric
conditions close to LGM, showed SST differences of 3.8 ±
0.2°C between the two core locations, that are close to the
values assumed in this study. Assuming that the TEX86

signal only reflects that of the northern RS population similar
to KL17 VL (i.e., a = 1), we can then calculate SST at this
core location using equation (6) (TEX86rs). Using the re-
constructed SST from KL17 VL and the constant tempera-
ture differences of 3.7 ± 0.2°C between the cores KL17 VL
and KL9, we can obtain an SST record for KL9. Using
equation (7), we can calculate the contribution of the
northern RS TEX86 signal (a) at core KL9 as a function of
time (Figure 8).
[46] The contribution of GDGTs with a RS TEX86 dis-

tribution in KL9 (Figure 8) increases from the early Holo-
cene (∼10 ka) with a∼0.5, to more present‐day‐like
conditions around 5 ka with a∼0.75, increasing to values of
a∼1 at late Holocene (2.5 – 3.5 ka), and decreasing again to
the present‐day values at 1 ka, thus giving additional con-
fidence to our method. There are several places where a

somewhat exceeds 1 (2–4 ka, Figure 8), but these are all
within the uncertainties of the methods used.
[47] The values of a can be related to changes in summer

circulation, and specifically to the transition from the two to
three‐layer exchange flow pattern at the Bab el Mandab
during the summer months (see discussion above). Assum-
ing the intrusion of the intermediate water layer from the
Gulf of Aden as the major source for the RS open ocean
TEX86 signal, we would expect an increase in the contri-
bution of the open ocean TEX86 signal at times when the
transition to the three‐layer pattern is intensified, and vice
versa. Our 3D model simulations show that the intensified
transition to the three‐layer exchange flow at the Strait of
Bab el Mandab occurs during humid conditions at the RS
(intensified summer circulation), and falls back to the two‐
layer exchange flow during arid conditions (and for weak
summer monsoons). In that context, the relative contribution
of the open ocean TEX86 signals at KL9 (Figure 8) does not
only suggest intensified summer circulation (or humid
conditions) during early Holocene (∼10 ka) and decrease
summer circulation or arid conditions during late Holocene
(∼3 ka), as the TEX86 based SST from KL17 VL and from
our 3D model results, but also gives additional information
for the RS circulation patterns and atmospheric conditions
during the Holocene in general. For example, the similar to
present‐day value of a around 5 ka implies similar circula-
tion and atmospheric conditions as present day, which is
also supported by the foraminifera assemblage [Trommer et
al., 2010]. We note that during late Holocene (∼3 ka), the
KL9 data (Figure 8) suggest a pure northern RS TEX86

signal at the central RS, that is the same time interval over
which we modeled no transition to three‐layer exchange
flow at the Strait of Bab el Mandab and an increase of 30%
in the flux entering at the surface layer and originating from
the GASW (e.g., RS03 results for arid conditions). The
relative abundance of a northern RS signal in the central RS
suggests a gradual decline in the summer circulation mode,
and fits very well with the RS temperatures observed in our
3D model, with the reconstructed SST in northern RS
(section 5.2), and with the RS foraminiferal fauna assem-
blage during the Holocene [Trommer et al., 2010].
[48] Additional support for our monsoonal index at the

central RS comes from the high resolution record from the
northern Arabian Sea by Gupta et al. [2003]. Gupta et al.
[2003] linked a proxy for coastal upwelling activity in the
northern Arabian Sea with the SW summer monsoon wind
variability. They found a first‐order weakening trend in the
SW monsoon winds between the early and late Holocene
that is similar to our monsoonal index (Figure 8), which they
correlated with the insolation trend on millennial time scales.
In addition, they found a secondary (generally weaker)
impact of North Atlantic warm/cold periods that modulated
the SW monsoon winds signal around the insolation trend,
on a submillennial time scale. As the SW monsoon wind
affects the upwelling in the Arabian Sea and in the Gulf of
Aden in a similar way, the Gupta et al. [2003] record pro-
vides additional evidence that the signal found in the central
RS record (Figure 8) is truly a monsoonal index. Unfortu-
nately, the coarser temporal resolution of our record in the

Figure 8. The contribution of RS crenarchaea (a) at central
RS (KL9) as a function of time (ka), proposed here as an
index for monsoonal variability. Uncertainties in a values
are shaded (in gray) around mean values and represents
±0.5°C uncertainties in temperature differences between
KL17 VL and KL9 (composed from ±0.3°C uncertainties
in reconstructed SST at core KL17 VL [Trommer et al.,
2010] and from ±0.2°C achieved from model results).
Minimum values of a at ∼10 ka represent stronger summer
circulation, when the SW summer monsoons are dominant,
and are correlated with an intensified transition to three‐
layer pattern at the Strait of Bab el Mandab (Figure 2b). The
pure northern RS TEX86 signal (crenarchaea with a GDGT
distribution that fits the RS calibration) in the central RS
(a∼1), for the more arid conditions at ∼3.5 ka, are correlated
with the cessation of the transition to a three‐layer exchange
flow at the strait during summer (e.g., Figure 2c) and to the
dominance of the NE winter monsoons.
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central RS (∼1 kyr) cannot account for the higher variability
(centennial) found by Gupta et al. [2003].

6. Conclusions

[49] We investigated the sensitivity of the RS to atmo-
spheric conditions and sea level variability during the
Holocene. In a previous work, that investigated the RS
during low sea level (similar to the conditions during the
LGM), Biton et al. [2008] found a relatively weak sensitivity
to atmospheric conditions compared with strong impact of
sea level variability. In contrast to the LGM, the current
study shows that the RS during the Holocene has a higher
(e.g., temperature, MOC, exchange flow) or comparable
(salinity) sensitivity to atmospheric conditions compared to
the sea level impact, making it an ideal site for regional
climate variability studies. During sea level lowstands
maximal exchange flow at the strait and the high sea level
sensitivity buffers the impact of atmospheric variability on
the RS properties, and the relationship between RS proxy
data and climate variability is more complicated. This is
contrasted the Holocene at high sea level conditions:
Submaximal water exchange through the strait, which are
highly sensitive to changes in atmospheric conditions, i.e.,
wind patterns over the Gulf of Aden, and fast changes in
the RS surface area as a response to sea level reduction act
to reduce sensitivity to sea level reduction and lead to a
higher sensitivity to atmospheric conditions and an only
moderate sea level impact (sections 5.1 and 5.2). For these
reasons the changes to the monsoonal variability that we
applied in the numerical experiments RS02‐RS04 left a
great impact on the RS dynamics and hydrography.
[50] Our model results directly support the RS circulation

scenario that was developed by Trommer et al. [2010] using
planktonic foraminiferal proxy records. Dominant SW
summer monsoon in model experiment RS02 as proposed
for the early Holocene conditions, reduced the MOC and the
exchange flow through the strait, both reducing the nutrient
supply into the photic zone and, therefore, leading to more
oligotrophic conditions. Dominant NE winter monsoon in
RS03, as proposed for the late Holocene period, caused
extended winter circulation conditions in the RS. This is the
season of maximal productivity in the RS, and the numerical
model scenario is supported by indications of a productive

phase seen in the sediment records. A gradual increase in RS
biological productivity between the early and late Holocene
that is seen in RS paleorecords [Trommer et al., 2010],
suggests a gradual decline in the RS summer circulation
during this period. Additional evidence for this climato-
logical forcing and its impact on the RS circulation comes
from the high correlation between our model results and the
reconstructed SSTs and TEX86 records from the central and
northern basin. Using relatively simple salt and heat balance
considerations (i.e., equation (1) and (4)), which have shown
to be in good agreement with the 3D model results, we have
shown that the RS temperature (and salinity) during Holo-
cene sea level conditions are regulated by changes in the
strait’s exchange flow seasonality and in the air‐sea heat and
fresh water fluxes (section 5.2). Forced by humid conditions
(e.g., RS02), the RS temperature is characterized by ∼1.5°C
increase during the early Holocene, and by a significant
reduction of ∼2.3°C in the late Holocene, both excursion
being in excellent agreement with TEX86 SST reconstruc-
tions for the northern RS region for the respective time
interval (Figure 6). The gradual decline in RS temperature
between these two time periods, also suggests decreasing
summer monsoon strength, which may correlate with the
decline in summer insolation in the northern Hemisphere.
This trend in the RS circulation is supported by the re-
constructed relative importance of the different TEX86

signals, based on TEX86 records from the northern and
central RS (Figure 8). The mixing of these signals seems
highly sensitive to changes in the exchange flow seasonality
at the Strait of Bab el Mandab and consequently also sen-
sitive to changes in the monsoons system (section 5.3).
Based on this, the crenarchaea population structure and,
therefore, their molecular fossil distribution in the sediments
of the Red Sea potentially provides an index for the summer
monsoon strength during the Holocene.
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