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Abstract We have employed a regional Massachusetts Institute of Technology oceanic general circulation
model of the Red Sea to investigate its circulation during marine isotope stage (MIS) 5e, the peak of the last
interglacial, approximately 125 ka before present. Compared to present-day conditions, MIS 5e was characterized
by higher Northern Hemisphere summer insolation, accompanied by increases in air temperature of more than
2°C and global sea level approximately 8m higher than today. As a consequence of the increased seasonality,
intensified monsoonal conditions with increased winds, rainfall, and humidity in the Red Sea region are evident
in speleothem records and supported by model simulations. To assess the dominant factors responsible for the
observed changes, we conducted several sensitivity experiments in which the MIS 5 boundary conditions or
forcing parameters were used individually. Overall, our model simulation for the last interglacial maximum
reconstructs a Red Sea that is colder, less ventilated and probably more oligotrophic than at present day.
The largest alteration in Red Sea circulation and properties was found for the simulation of the northward
displacement and intensification of the African tropical rain belt during MIS 5e, leading to a notable increase
in the fresh water flux into the Red Sea. Such an increase significantly reduced the Red Sea salinity and
exchange volume of the Red Sea with the Gulf of Aden. The Red Sea reacted to the MIS 5e insolation forcing
by the expected increase in seasonal sea surface temperature amplitude and overall cooling caused by
lower temperatures during deep water formation in winter.

1. Introduction

The Red Sea is, due to its unique geographic and topographic setting, of particular interest to oceanographers
and paleoclimatologists. The combination of high evaporation rates and limited exchange of water with the
open ocean causes an unparalleled amplification of the sea level signal in the oxygen isotopes in the sediment
archives of the Red Sea [Almogi-Labin et al., 1986; Fenton et al., 2000; Siddall et al., 2004], effectively allowing
the reconstruction of sea level from carbonates in sediment samples [Siddall et al., 2003]. The limited exchange
of the Red Sea with the open ocean led to extremely saline conditions with aplanktonic intervals during times
of sea level lowstands in the last and penultimate glacial [Rohling, 1994a; Fenton et al., 2000]. On the other
hand, the Red Sea is also highly sensitive to alterations in atmospheric forcings during times of sea level
highstands in the interglacials [Biton et al., 2010; Trommer et al., 2010, 2011], a circumstance that makes
the marine isotope stage (MIS) 5e a particularly interesting setting for the investigation and modeling of the
Red Sea circulation system. The simulation of such (extreme) climatic conditions allows assessment of the
natural variability of the Red Sea hydrographic conditions and the interaction of forcing parameters and
boundary conditions. This knowledge is invaluable in order to understand and evaluate the recent climate
change, even though recent research has shown that the last interglacial maximum is not a perfect analogue
for the ongoing anthropogenic-induced climate change [van de Berg et al., 2011].

Changes in atmospheric forcing that were able to cause significant variation in the Red Sea circulation during
that time include the increase in insolation amplitude and concurrent intensification of the Indian and
African monsoons, driving the moisture transport, precipitation, and wind field of the Red Sea region. In
conjunction with the change in the boundary conditions in form of elevated sea level, the effects of these altered
conditions on the Red Sea circulation system are in some cases opposing each other, making the resultant
synergetic effect difficult to predict without a numerical model. Furthermore, some of the sparse information
obtained from proxies in the sediment record of MIS 5e (low productivity) [Trommer et al., 2011] is not easily
reconciled with the expected effects of the prevalent environmental conditions (elevated sea level).

In this study, we use a regional general circulation models (GCM) to model the Red Sea in several scenarios
representing the different climatic systems under the presumed prevalent conditions during MIS 5e. In order
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to identify the major causes for changes, we run a suite of experiments (scenarios) with different combinations
of present-day (PD) and MIS 5e environmental forcings.

2. Background
2.1. Present-Day Red Sea Oceanography and Climatology

The Red Sea is a desert-enclosed, narrow basin of ~2000 km length, with an average width of ~300 km. A
deep trench of up to 2500m depth runs along the axis of the otherwise shallow sea (average depth ~500m).
The only connection of the basin to the open ocean (besides the Suez canal) is through the Strait of Bab
al Mandab in the south that links the Red Sea with the Gulf of Aden and the Indian Ocean. Hanish Sill, located
~130 km northward of the conspicuous Perim Narrows in the Bab al Mandab Straits and thus well inside
the basin, is with only 137m depth the critical point for inter ocean exchange [Smeed, 2004]. At its northern
end, the Red Sea is adjoined by the shallow Gulf of Suez and the narrow and deep Gulf of Aqaba, flanking
the Sinai Peninsula.

Air temperatures in the Red Sea region range between minimally 13°C at the tip of the Gulf of Suez in winter
and 40°C in the Bab al Mandab region during summer. Along the basin, air temperature gradients are
much smaller during summer (~3°C) than winter (~9°C). Precipitation over the Red Sea is with an average
of 0.12m/a very low and often neglected. It is, however, both spatially and seasonally concentrated; the
southern part of the Red Sea below 18°N receives about two thirds of the total annual precipitation during
the months July and August alone, when the African tropical rain belt, part of the Intertropical Convergence
Zone, reaches its northernmost position and its extensions penetrate into the Red Sea region. Freshwater
runoff occurs through Wadis (ephemeral streams) draining seasonal rainfall from the slopes of the bordering
mountain ranges and is only sparsely quantified.

In relation to the Indian monsoon, the winds over the Red Sea have two seasonal modes of asymmetric
duration. During the Indian winter monsoon season, from October to April, NNW winds, roughly along the
axis of the Red Sea, prevail over the entire Red Sea. Wind direction over the southern Red Sea is reversed
during the Indian summer monsoon season, from May to September, when NE winds from the Indian Ocean
become entrained in the topography and blow from SE over the southern Red Sea to a convergence zone
at approximately 18°N [cf. Sofianos and Johns, 2001]. Throughout the year, the winds are channeled along
the Red Sea axis by the steep topography on both shores. Next to the Indian and African monsoon systems,
the Red Sea is also influenced by the Mediterranean climate, with winter spells of cold air and precipitation
affecting the northernmost part of the basin.

The general circulation of the Red Sea is anti-estuarine and primarily driven by the evaporation and
secondarily by the seasonal winds [Eshel et al., 1994; Tragou and Garrett, 1997]. The high evaporation rate of
the Red Sea has been topic of many studies, and most recent estimates put the net fresh water flux into
the range of �2.06 ± 0.22m/a [Sofianos et al., 2002]. The influent water from the Bab al Mandab region
flows northward along the coast of Saudi Arabia to ~20.5°N where the inflow current turns to the central
Red Sea and merges into the complex pattern of seasonal or quasi-permanent circulation cells that
predominates the Red Sea surface circulation. Due to loss of buoyancy by evaporation and cooling, the
surface water begins to sink north of 25.5°N and flows southward as a subsurface current below 160m
depth [Eshel et al., 1994]. The main part of the Red Sea deep water, residing below 300m depth with a
uniform temperature and salinity of 21.7°C and 40.6 practical salinity unit (psu), is replenished convectively
during the winter months in the northernmost Red Sea with contributions of outflow waters from the
adjoining gulfs. Circulation patterns of the deep water masses within the basin and the mass contributions
of different deep water sources in the north of the Red Sea and the Gulfs of Aqaba and Suez are not
completely resolved due to the lack of actual measurements [Cember, 1988; Eshel et al., 1994; Jean-Baptiste
et al., 2004; Manasrah et al., 2004]. The effluent Red Sea deep water can be recognized as a warm, saline,
and oxygen depleted tongue of water in the Gulf of Aden and the Indian Ocean at depths of around
400 to 800m [Bower et al., 2005] and reaches as far as the Agulhas current [Beal et al., 2000].

Exchange flow at the critical point of Hanish Sill has in reference to the Red Sea wind field two seasonal
modes. For the largest part of the year, the exchange is two layered, with an influent surface layer and
effluent bottom layer. The Indian summer monsoon winds force this two-layered flow into a three-layered
exchange flow during the months June/July to August/September [Siddall et al., 2003; Aiki et al., 2006]. The
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layer of influent water is displaced to intermediate depths of ~100 to 50m between a thin wind-driven
layer of effluent water at the surface and an, in volume reduced, layer of effluent deep water at the bottom
[Smeed, 2004]. To this effect, the wind forcing acts in two different ways, directly on the Red Sea surface
waters via the NNW winds over the southern Red Sea and indirectly by a shoaling of the pycnocline in
the Gulf of Aden.

2.2. Marine Isotope Stage 5e Climatology

Earth’s orbital configuration during the last interglacial maximum entailed higher Northern Hemisphere
summer insolation and amplified seasonal insolation contrasts. European terrestrial records and climate
simulations for MIS 5e show air temperatures between 1 and 4°C higher than today [Zagwijn, 1996; Montoya
et al., 1998; Kukla et al., 2002; Kaspar et al., 2005] for both summer and winter seasons. The elevation of Polar
temperatures by between 2 and 4°C [Otto-Bliesner et al., 2006; Jouzel et al., 2007] resulted in a reduction
of global ice volume and a sea level rise of approximately 8m [Kopp et al., 2009]. The increased Northern
Hemisphere summer insolation and increased seasonal land sea temperature contrasts amplified the African
[Weldeab et al., 2007], Indian [Clemens et al., 1991], and East Asian Monsoons [Chen et al., 2003].

The deposition of sapropel S5 during MIS 5e in the eastern Mediterranean is an evidence for a dramatically
increased fresh water discharge of north African rivers that drain the African Monsoon precipitation
[Rossignol-Strick, 1985; Rohling, 1994b]. Concurrent speleothem records from the south eastern coast of
the Mediterranean [Bar-Matthews et al., 2003] and the south of the Arabian peninsula [Burns et al., 2001;
Fleitmann et al., 2003] suggest increased amounts of precipitation. Atmospheric modeling studies for the
last interglacial maximum reconstructed next to an amplification of the Northern Hemisphere monsoons
[Kubatzki et al., 2000; Montoya et al., 2000], an increased zonal transport of moisture from central Africa
toward the Red Sea region [Herold and Lohmann, 2009].

Marine records from the Arabian Sea show increased upwelling due to amplified Indian summer monsoon
winds for the last interglacial maximum [e.g., Anderson and Prell, 1993]. Chinese loess records indicate
concurrently increased Asian summer and decreased Asian winter monsoon intensity [e.g., Chen et al., 1999].
Indian and Asian summer monsoon intensities have been found to be positively correlated [Wang et al.,
2003], and while the assumption of strict anticorrelation of summer and winter monsoons might not hold
true for all time periods [Wang et al., 2003], the loess records from China show it exemplary for the last
interglacial maximum.

3. Methods
3.1. Model Description

We used the Massachusetts Institute of Technology oceanic general circulation model [Marshall et al., 1997a,
1997b] for this study. The model configuration was based on the Red Sea model of Biton et al. [2008]. In
our setting, themodel solves the hydrostatic primitive equations, has linear free-surface boundary conditions, and
includes true fresh water flux. The model domain comprises the whole Red Sea and part of the Gulf of Aden
extending to 46.7°E. The spatial resolution is 4′ in latitudinal and 2′ in longitudinal direction. The water column is
resolved in 15 vertical levels down to 2000m depth with varying resolution from 10m at the surface to 400m at
the bottom. Eight levels lie in the upper 200m of the water column to capture the complex surface circulation
of the Red Sea. The model is forced with monthly averaged climatological data for incoming shortwave and
longwave radiation, air temperature, specific humidity, precipitation, and winds. Latent and sensible heat fluxes
and evaporation are calculated by the model using the given atmospheric data and the methodology from
Large and Pond [1981, 1982]. Temperature and salinity at the open boundary of the model in the Gulf of Aden
immediate vicinity were relaxed to oceanographic data taken from the World Ocean Atlas 2009 [Antonov et al.,
2010; Locarnini et al., 2010].

3.2. Present-Day Model Forcing

The present-day simulation of the Red Sea was forced with climatological data from the Comprehensive
Ocean-Atmosphere Data Set database [da Silva et al., 1994] (air temperature, specific humidity, and winds).
Top of atmosphere incoming shortwave radiation was calculated from orbital parameters [Berger, 1978;
Berger and Loutre, 1992] according to Rosati and Miyakoda [1988]. It was attenuated for cloud cover with
data taken from the International Satellite Cloud Climatology Project database [Schiffer and Rossow, 1983]
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according to the method of Reed [1977] and for seasonal transmission anomalies based on the values
suggested by Tragou et al. [1999] (ranging from �15% in May to +2.5% in October). Incoming longwave
radiation was calculated via a bulk formula after Bignami et al. [1995]. Precipitation data were taken from
the Climate Prediction Center Merged Analysis of Precipitation (CMAP) database [Xie and Arkin, 1997]. Due to
lack of accessible data, terrestrial runoff was not directly included in the model forcing but compensated
for by elevated summer precipitation values during the summer season. To reproduce realistic model results
that are in agreement with available oceanographic (World Ocean Atlas) and observational data, the
atmospheric forcing was adjusted for some parameters and seasons. Specific humidity was reduced in the
range of minimally 2.5% in July to 30% in January to realize the annual mean evaporation rates of ~2m/yr.
The use of the unmodified precipitation and wind forcings did not reproduce the transition of a two-layered
to a three-layered exchange at Hanish Sill during the summer months. As we consider this pattern in the
exchange an essential feature of the Red Sea circulation, wemodified precipitation and wind forcing to realize
the transition. Precipitation during the summer months June to August was increased (peak factor of 2.5 in
July, resulting in a ~30% increase in annual precipitation). A comparison of the CMAP data with the few
available weather station data (Met Office Integrated Data Archive System, UK Meteorological Office [2012])
supports the assumption that precipitation in the CMAP data set underestimates the real values for the south
west of the model region. Summer (JJA) precipitation for locations in the south west, affected by the
northernmost extensions of the African tropical rain belt (e.g., Gedaref and El -Showak in Sudan and Gonder
in Ethiopia) is on average 30% lower in the CMAP data set than in the observations. Similarly, the summer
wind speeds were increased by 7.5% in June and August and 15% in July to achieve the transition from a
two-layered to a three-layered exchange at Hanish Sill. This feature of the Red Sea circulation, which has been
documented by observations [Sofianos and Johns, 2007] and intensively investigated via hydraulic models of
the strait [Siddall et al., 2002; Smeed, 2004], must be considered essential to any Red Sea GCM. The strong
summer winds in the Gulf of Aden cause upwelling of intermediate waters that facilitate the transition to a
three-layered exchange over Hanish Sill. Weather station data for wind speed are even scarcer than for
precipitation. A comparison of our modified wind speed forcing with the few available buoy data from the
central Red Sea for August [Langodan et al., 2014], however, shows that the modified values are still lower than
the observational data from the buoy (5.85m/s compared to 6m/s). Birol Kara et al. [2007] have shown that
including the effects of air-sea stability in the calculations of the wind stress drag coefficient (CD) generally leads
to increases in CD coefficient more than 20% in the tropics (10%–15% in the Red Sea region). With the
described modifications to forcings and boundary conditions, the model reproduces the characteristics of
the present-day Red Sea rather well (see section 4.1). For a more detailed comparison of the model output
with present-day observations, the reader is referred to Biton et al. [2008, supporting information].

3.3. Marine Isotope Stage 5e Model Forcing

Alterations to the atmospheric forcings for the last interglacial maximum (Table 1) were taken from published
modeling studies where possible. Kopp et al. [2009] suggested +8m as a probabilistic estimate for sea
level during MIS 5e based on a global assessment of sea level indicators. This rise translates to an increase of
1.65% in Red Sea volume, 3.24% in Red Sea surface area, and 12.1% and 19.1% in cross-section area at the
Perim Narrows and Hanish Sill, respectively. Temperature reconstructions for the Indian Ocean and the
Arabian Sea during the last interglacial maximum show increases in sea surface temperature (SST) between 1
and 2°C [e.g., COHMAP members, 1984; Emeis et al., 1995; Saher et al., 2009]. However, due to possible changes
in the proxy carriers (haptophyte algae and foraminifera) behavior, these changes cannot be conclusively
attributed to a specific season or water depth. Therefore, we chose a simplistic approach and increased SSTat
the open boundary of the model (46.7°E in the Gulf of Aden) by 0.75°C all year round. The SST increase was
moderated with depth down to 100m to disperse the resulting intensification of stratification.

We applied conservative estimates of atmospheric parameters obtained from published modeling studies of
Herold and Lohmann [2009] and Montoya et al. [1998] as the boundary conditions for our MIS 5e simulation.
Published summer (June-July-August, JJA) and winter (December-January-February, DJF) anomalies for
atmospheric parameters were decomposed into July and January values, respectively; values for the intermediary
months were obtained by sinusoidal weighted interpolation. Anomaly values for air temperature ranged from
�1.5°C south of 13°N to +3.5°C north of 25°N for summer and from�2.5°C south of 12°N to�1.5°C north of 20°N
for winter. Pattern and amplitude of the applied air temperature anomalies for MIS 5e agree with the study of
Lunt et al. [2013]. For the parameters, air humidity, precipitation, and cloud cover only summer values were
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modified, and the weighted interpolation for spring and autumnmonths changed to leave the parameter values
for November to March unaltered. Anomalies for cloud cover ranged from +25% at 11°N over +30% at 21°N
to +15% at 29°N. Precipitation anomalies ranged from +100mm/month at 11°N over +200mm/month at
19°N and +50mm/month at 26°N to +7.5mm/month at 29°N. Specific humidity was modified with anomalies
ranging from +2g/kg at 11°N over +5g/kg at 20°N to +0.5 g/kg at 29°N.

In lack of any data for the direction or speed of near surface winds for the last interglacial maximum and
the expected little variation in direction due to the orographic effect, only wind speeds were modified
proportionally. Wind speeds were increased by 35% from June to August and reduced by 15% between the
months October and April. Although the weakening of the winter monsoon might suggest a displacement of
the convergence zone to the south, we did not attempt to alter the wind direction as any modification
without a full atmospheric model would have to be considered highly speculative. Incoming shortwave and
longwave radiation were calculated from orbital parameters and bulk formulae and modified (transmission
anomalies, attenuation of the atmosphere, and cloud cover attenuation) as in the present-day experiment.

3.4. Scenarios

We conducted several experiments with different combinations of altered forcing parameters and
boundary conditions. These scenarios (Table 1) aimed to evaluate the different effects of the individual
climatic systems and their forcings acting on the Red Sea according to their presumed conditions during
the last interglacial maximum. In reality, these changes are always coupled, i.e., an increase in insolation
seasonality is inseparable from changes in the monsoon systems in the natural world. In the MIS 5e
experiment, we employ all these changes together.

The Sea Level scenario isolates the effects of elevated sea level and thus enlarged cross section for water
exchange at Hanish Sill on the Red Sea circulation. The Indian Monsoon Winds scenario focuses on the effects
of the amplified Indian summer monsoon on the winds in the Red Sea region. The effects of increased
moisture transport from the African tropics into the Red Sea region during the last interglacial maximum
were isolated with two scenarios, African Tropical Rain Belt A and B, simulating different levels of African
monsoon intensification. The alteration to local climate of Red Sea region during MIS 5e without the influence
of the Indian or African monsoons was realized in the Insolation Amplitude scenario. A Boundary SST scenario

Table 1. Detailed Information About the Alterations of Forcings and Boundary Conditions for All Scenariosa

SWR (W/m2) LWR (W/m2) AT (°C) RH (%) P (mm/month) WS (m/s) BSST (°C) SL (m)

Annual
Present Day 215.80 391.7 27.8 54.1 15.9 6.15
Insolation Amplitude �1.4 �2.3 �0.4
African Tropical Rain Belt A �27.7 +5.9 +3.3 +43.1
African Tropical Rain Belt B �13.8 +5.2 +1.7 +21.5
Indian Monsoon Winds <0.01
Boundary SST +0.75
Sea Level +8
MIS 5e �31.3 +4.3 �0.4 +4.4 +43.1 <0.01 +0.75 +8

Winter (DJF)
Present Day 175.4 350.5 24.5 43.9 8.9 6.42
Insolation Amplitude �17.6 �10.5 �1.5
Indian Monsoon Winds �0.96
MIS 5e �17.5 �10.4 �1.5 +4.1 �0.96

Summer (JJA)
Present Day 250.7 430.9 30.8 63.2 35.0 6.2
Insolation Amplitude +25.1 +7.6 +0.8
African Tropical Rain Belt A �76.3 +21.9 +8.8 +116.4
African Tropical Rain Belt B �37.9 +14.5 +4.4 +58.0
Indian Monsoon Winds +2.18
MIS 5e �59.3 +26.3 +0.8 +6.3 +116.4 +2.18

aSWR= downward incoming shortwave radiation; LWR= downward incoming longwave radiation; AT = air temperature; RH = relative humidity; P =precipitation;
WS =wind speed; BSST =model boundary SST (Gulf of Aden at 46.7°E); SL = sea level.

Paleoceanography 10.1002/2013PA002603

SICCHA ET AL. ©2015. American Geophysical Union. All Rights Reserved. 388



Table 2. Anomalies for the Main Model Variables Across the Different Scenariosa

Scenario T (°C) SST (°C) DWT (°C) S (psu) SSS (psu) DWS (psu) DWD (σT) E (m/a)
Q net
(W/m2)

HS bal
(Sv*10�3)

HS tev
(Sv*10�3)

Present Day 22.52 26.92 21.81 40.41 39.16 40.60 32.70 2.03 3.38 26.42 728.74
Insolation Amplitude �0.60 �0.33 �0.60 �0.06 �0.05 �0.05 0.143 �0.03 0.35 �0.47 38.26
African Tropical Rain Belt A �0.29 0.02 �0.28 �1.15 �1.04 �1.16 �0.796 �0.30 �1.52 �11.62 �116.38
African Tropical Rain Belt B �0.12 0.07 �0.13 �0.52 �0.46 �0.53 �0.363 �0.13 �0.44 �5.54 �50.96
Indian Monsoon Winds 0.75 0.11 0.79 0.27 0.27 0.26 �0.041 �0.05 �2.46 �0.65 �62.34
Boundary SST 0.01 0.03 0.00 �0.06 �0.06 �0.06 �0.049 0.01 1.12 0.06 13.00
Sea Level 0.04 0.01 0.01 �0.26 �0.18 �0.21 �0.204 0.00 �0.01 0.74 19.45
MIS 5e 0.05 �0.07 0.06 �1.47 �1.24 �1.47 �1.132 �0.42 �4.35 �13.18 �159.70

aParameter averages for the present-daymodel are given in the first row; the following rows hold the respective anomalies for the different scenarios. All values
are averaged over the final 10 years of the respective experiment. T, S = temperature/salinity average for the full water column; SST, SSS = sea surface temperature/
salinity (T/S of the uppermost vertical level; 0 to 10m water depth); DWT, DWS, DWD= deep water temperature/salinity/density averaged over the water column
below 600m water depth; E = evaporation; Q net = net upward heat flux (positive values decrease SST); HS bal = volume balance at Hanish Sill; HS tev = total
exchange volume at Hanish Sill.

Figure 1. (a–f ) Winter (DJF) sea surface temperatures of the Present Day experiment and anomalies for selected scenarios.
All values are averaged over the final 10 years of the respective experiment.
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with elevated SST at the model boundary in the Gulf of Aden was conducted to isolate the effect of an
increase in Indian Ocean temperature.

4. Results

A comparison of the averages of the main hydrographic variables and their variation in the different scenarios,
as described in the following sections, is given in Table 2. Below we discuss the main results of each experiment
in more detail.

4.1. Present-Day Model (Figures 1a, 2a, 3a, 4a, 5a, and 6a)

The present-day model results are generally in very good agreement with observations and previous modeling
studies. The dominant circulation pattern is a year round meridional overturning circulation cell with a depth
of ~200m in the south extending down to ~350m in the north of the Red Sea. Another (much weaker)
meridional circulation cell with southward flow at bottom and northward return flow at ~600m resides in the
central basin between 17° and 23°N (Figures 4 and 5a). During thewinter months (January–March), the density

Figure 2. (a–f) Summer (JJA) sea surface temperatures of the Present Day experiment and anomalies for selected scenarios.
All values are averaged over the final 10 years of the respective experiment.
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of the outflow water from the Gulfs of Aqaba and Suez and the surface waters in the northernmost Red Sea
increase as much as to allow it to sink and replenish the homogeneous deep water that resides in the basin.
The model reproduces this homogeneous deep water body below ~300m depth with a salinity of 40.6 psu
and a temperature of 21.8°C, which is minimally higher than the reported 21.6 to 21.7°C. The surface and
intermediate waters above this homogeneous layer show an annually averaged salinity gradient ranging from
35.9 psu at the Bab al Mandab to 40.5 psu at the southern tip of the Sinai peninsula and the Gulf of Aqaba
(Figure 3a). Sea surface salinity (SSS) of 43.9 psu is modeled for the very north of the Gulf of Suez. During winter
and spring, the inflowing waters from the Gulf of Aden that follow the Saudi Arabian coastline cause a strong
latitudinal salinity gradient below 21°N. During summer and autumn, when the exchange at Hanish Sill is
lower, this latitudinal gradient is less pronounced and does not extend further north than ~19°N. The SST
gradient of the Red Sea is generally unimodal with maximum located in the southern Red Sea at around 17°N
(Figure1a). Only during the summer months, the highest SST in the range of 31 to 32.4°C of the whole basin
is found in the shallow shelf areas instead of the central parts of the southern Red Sea (Figure 2a). Minimal
SST just below 16°C is modeled for the northern tip of the Gulf of Suez during the months January and

Figure 3. (a–f) Annually averaged sea surface salinities of the Present Day experiment and anomalies for selected scenarios.
All values are averaged over the final 10 years of the respective experiment.
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February. The lowest SST in the Red Sea proper of ~21.8°C is modeled for the months February and March
in the northernmost Red Sea (Figure1a).

The complex seasonal circulation patterns at Hanish Sill are well captured by the model. The exchange flow is
two layered during September to June and three layered during the months July and August (Figure 6a).
The surface inflow extends generally down to 30m, the intermediate influent layer during summer is centered
at ~50m depth but extends up to the surface at the eastern side of the main channel at Hanish Sill, while
the effluent surface layer is displaced to the western part of the channel. The absolute volumes for the flow
during the winter two-layer exchange and the intermediate layer inflow during the summer three-layer
exchange lie in the range of available observations, but the volumes for the surface and bottom outflow
during the three-layer exchange are lower, respectively, higher than reported in other modeling studies
[Siddall et al., 2002] or the few available direct observations (surface outflow only) [Sofianos et al., 2002]. The
annually averaged total exchange flow is 0.7287 Sv (sverdrup (106m3/s)); the exchange balance of 0.0264 Sv
is similar to values of 0.0295 Sv from Sofianos et al. [2002] or 0.023 Sv from Tragou et al. [1999]. Annually
averaged Qnet is with 3.38W/m2 lower than the value of 11± 5W/m2 proposed by Sofianos et al. [2002] The
annually averaged energy balance at Hanish Sill equates to an input of 5.06 TW. The surface water circulation
shows several cyclonic and anticyclonic circulation cells. A large and elongated semipermanent (April to
November/December) cyclonic gyre resides in the northern Red Sea between ~24 and 27°N. The central Red
Sea between 19 and 24°N typically harbors two anticyclonic eddies that slowly move northward and can
last for more than a year before disintegration. The strong inflow during winter along the western coast of
Saudi Arabia often generates small cyclonic eddies in the southern Red Sea that last for the following summer
and autumn before being merged with the next winter inflow. Due to the chosen grid size of the numerical

Figure 4. (a–f ) Winter (DJF) meridional stream function of the Present Day experiment and anomalies for selected scenarios. Dashed lines indicate the location of
Hanish Sill, the critical point for water exchange. Model data for the Gulfs of Aqaba and Suez were omitted from the graphs. All values are averaged from the
final 10 years of the respective experiment.
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model, the Strait of Tiran is not accurately represented in themodel and, consequently, the exchange between
the Gulf of Aqaba and the Red Sea is overestimated.

4.2. The Last Interglacial Maximum Model Results (Figures 1b, 2b, 3b, 4b, 5b, and 6b)

TheMIS 5emodel run, with all the model forcings and boundary conditions for the last interglacial maximum
combined, shows a Red Sea that in terms of temperature strongly resembles the African Tropical Rain Belt A
scenario during the summer season (cf. Figures 2b and 2e) and the Insolation Amplitude scenario during
the winter season (cf. Figures 1b and 1c). The variations of temperature are low. Winter SST (Figure 1b) is
lowered by 0.45°C (locally up to �0.9°C) in the southern Red Sea and virtually unchanged in the central and
northern Red Sea. It rises by ~0.47°C in the Gulf of Suez and ~0.22°C in the Gulf of Aqaba; as a result of
the small SST changes in the northern Red Sea, the temperature difference of the Red Sea deep water during
MIS 5e is just ~0.06°C. Summer SST (Figure 2b) is lowered by ~0.24°C in the southern and northern Red
Sea yet increased by locally up to 0.8°C in the central Red Sea. Consistently, negative changes ranging
between �0.8 and �1.2°C can be found along the coast of Saudi Arabia, similar to those in the Indian
Monsoon Winds scenario (cf. Figures 2b and 2d). Summer SST changes in the Gulf of Suez are inconspicuous,
while the Gulf of Aqaba shows a cooling of ~0.9°C.

Due to the increased fresh water flux and reduced evaporation, the salinity exhibits particularly large
changes that resemble those of the African Tropical Rain Belt scenario (cf. Figures 3b and 3e). Overall annual
salinity is 1.41 psu lower, maximal differences of ~�1.6 psu can be found in the subsurface waters in the
southern Red Sea and the surface waters of the central Red Sea. Annual averages show SSS reductions in
the range of �1 psu in the southern Red Sea to �1.45 psu in the northern Red Sea, local SSS variations

Figure 5. (a–f ) Summer (JJA) meridional stream function of the Present Day experiment and anomalies for selected scenarios. Dashed lines indicate the location of
Hanish Sill, the critical point for water exchange. Model data for the Gulfs of Aqaba and Suez were omitted from the graphs. All values are averaged over the
final 10 years of the respective experiment.
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in the central Red Sea attain values of�1.85 psu (Figure 3b). The Gulf of Suez shows annual salinity changes
of ~�2 psu, the Gulf of Aqaba ~�1.45 psu. The reduction of deep water salinity by 1.47 psu together
with the small temperature increase causes a lowering of the deep water density by 1.13 kg/m3.

Evaporation rates are reduced all year round; the annual evaporation rate is 42 cm/a lower than at present
day. The largest reduction both in absolute and relative terms occurs during summer in the southern
(�64mm/m) and central Red Sea (�56mm/m). The meridional overturning circulation is weakened during
the winter season, similar as in the African Tropical Rain Belt A scenario (cf. Figures 4b and 4e). During the
summer season, the meridional overturning circulation is strengthened and position of the intermediate
influent layer is displaced to greater water depths (one discrete layer step, from 40m to 65m). The summer
meridional overturning circulation ofMIS 5e (Figure 5b) resembles both the circulation of the African Tropical
Rain Belt A as well as the Indian Monsoon Winds scenario (cf. Figures 5b, 5e, and 5d). It surpasses the
amplification of the exchange flow as observed in the African Tropical Rain Belt A scenario (Figure 5e)
and also shows a strengthening of the circulation cell in the central and northern part of the basin, similar
albeit weaker than in the Indian Monsoon Winds scenario (Figure 5d), which is not observable in the African
Tropical Rain Belt A scenario.

The annually averaged exchange balance at Hanish Sill is lowered by 0.013 Sv, the total exchange volume
by ~0.113 Sv, corresponding to a relative reduction of 49% and 16%, respectively (Figure 6b). The volume
transport of the bottom layer of the three-layer exchange flow during summer is reduced to almost
zero, leaving the exchange flow pattern effectively with only two layers. Similar to the African Tropical
Rain Belt A scenario, the Red Sea shows a net fresh water excess during the months May to July. The
surface energy balance is lowered by 4W/m2 compared to present day, resulting in a positive energy
balance of 1W/m2.

Figure 6. (a–f ) Volume fluxes for the exchange at Hanish Sill. All values are averaged over the final 10 years of the respective experiment. Note the different scaling of
the volume balance.
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4.3. Scenario Model Results
4.3.1. Boundary SST (Not Shown in Figures)
Changes in temperature at the model boundary in the Gulf of Aden cause only very small variations in
the overall model results. This is related to the air-sea coupling, which limits the effect of temperature
changes at the open boundary [Biton et al., 2008, 2010]. The changes in annual overall temperature and SST
are 0.02°C and 0.03°C, respectively. The largest SST variation of 0.82°C is observed in the southern Red Sea
in January. Due to changes in volume exchange at Hanish Sill, salinity is ~0.06 psu lower throughout the
Red Sea. The annually averaged exchanged volume at Hanish Sill increases by ~0.013 Sv, while the volume
balance and annual evaporation remain unchanged. Energy input into the Red Sea through Hanish Sill is
1.2 TW larger than in the present-day model, of which ~0.4 TW is retained as an increase in the energy
balance. Annually, averaged surface Qnet increases by 1.12W/m2 compared to the present-day model.
4.3.2. Sea Level (Not Shown in Figures)
The elevation of sea level by 8m leads to an increase in annually averaged volume exchange at Hanish Sill by
~0.0245 Sv (3.4%), particularly the volume exchange of the three-layered summer circulation is increased.
Annual energy input at Hanish Sill increases by 1.4 TW compared to present day, of which ~0.32 TW is
retained in an increased energy balance. Qnet is decreased by ~0.01W/m2. The increased exchange flow
causes a lowering of the overall salinity and SSS of 0.26 psu and 0.18 psu, respectively. Annual overall
temperature in the Red Sea is increased by 0.04°C.
4.3.3. Insolation Amplitude (Figures 1c, 2c, 3c, 4c, 5c, and 6c)
Model results for this scenario show an increase in amplitude of seasonal surface temperatures. Annual SST is
lower by 0.3°C, the largest negative SST variation of ~�1.5°C is observed during winter in the southern Red
Sea (Figure 1c), and the largest positive variation of ~2.2°C is observed in the northern Red Sea during
summer (Figure 2c). Annual overall temperature is lowered by 0.54°C. Similarly, the deep water temperature
decreases by ~0.6°C, corresponding to the decrease in northern Red Sea SST during winter (particularly
during the months January and February). Salinity shows very small changes, the annual average variation is
�0.06 psu for the surface (Figure 3c) and �0.05 psu for the full water column. Annual Qnet (positive for
heat loss) is increased by 0.34W/m2, but the seasonal Qnet differs by ±17W/m2 in winter/summer and
±24W/m2 in autumn/spring from values for the present-day model. The largest increase in heat gain can be
observed in spring and summer in the northern Red Sea (~45 and ~41W/m2), while the largest increase in heat
loss occurs during autumn and is more evenly distributed over the whole Red Sea (~23W/m2 in the south and
central and ~28W/m2 in the northern Red Sea). Annual evaporation is reduced by ~3cm/a. The meridional
overturning circulation is strengthened in the northern part of the basin during thewinter season (Figure 4c). The
changes to the summer circulation pattern are small and restricted to the subsurface waters of the central Red
Sea (Figure 5c). Annually averaged total volume exchange at Hanish Sill increases by ~0.038 Sv. Energy input
at Hanish Sill is ~380MW lower than in the present-day model, the energy balance is decreased by ~0.2 TW.
4.3.4. Indian Monsoon Winds (Figures 1d, 2d, 3d, 4d, 5d, and 6d)
Themodel results for this scenario show large changes throughout the Red Sea and thus exemplary demonstrate
the high susceptibility of the Red Sea to changes in atmospheric forcing. The alteration of thewind forcing causes
a drop in winter and a gain in summer evaporation, resulting in an annually averaged decrease of ~5 cm/a.
Still, overall annual salinity is increased by ~0.27 psu (Figure 3d), a result of the reduction in exchange flow
at Hanish Sill of ~0.060 Sv, of which the saline bottom water outflow experiences the proportionally largest
reduction. The submergence of the northward flowing waters is postponed to higher latitudes during the winter
season (Figure 4d). The circulation during the summer season experiences the largest changes among all
conducted experiments (Figure 5d). Surface southward flow and subsurface northward flow are both greatly
increased. Surface water outflow during the summer months is increased and attains in this scenario more
than 50% of the intermediate water inflow volume (~10% in PD) (Figure 6d). Annually averaged Red Sea deep
water temperature is increased by 0.79°C, while SSTshows large seasonal differences with changes toward colder
SST during summer and warmer SST during winter (Figures 1 and 2d). During summer, a conspicuous strip
of negative temperature variations with values around �1°C appears along the Saudi Arabian coast due to
upwelling (Figure 2d). Annual surface Qnet is lowered by 2.46W/m2, energy balance at Hanish Sill by ~1 TW.
4.3.5. African Tropical Rain Belt A and B (Figures1e, 1f, 2e, 2f, 3e, 3f, 4e, 4f, 5e, 5f, 6e, and 6f)
Both scenarios simulating different levels of intensification of the African tropical rain belt (ATRB) showed
large changes in the modeled Red Sea properties. Salinity exhibited the largest variation, with overall salinity
decreasing by 0.52 (ATRB B) and 1.15 psu (ATRB A). In both cases, the variation in deep water salinity is larger

Paleoceanography 10.1002/2013PA002603

SICCHA ET AL. ©2015. American Geophysical Union. All Rights Reserved. 395



than in sea surface salinity (Figures 3e and 3f). Evaporation is reduced by 13 (ATRB B) or 30 cm/a (ATRB A).
Both scenarios affect the seasonal circulation pattern in a similar way, and the ATRB A circulation pattern
strongly resembles that of the MIS 5e experiment (cf. Figures 4, 5b, and 5e). The meridional overturning
circulation is weakened during the winter season (Figures 4e and 4f), while both the surface southward flow
and subsurface northward flow is increased during the summer season (Figures 5e and 5f). In combination with
the increased fresh water flux, the volume balance at Hanish Sill is reduced by 0.0055 (ATRB A) or 0.0116 Sv
(ATRB A). The total annual exchange volume at Hanish Sill decreases by 0.0051 (ATRB B) or 0.0116 Sv (ATRB A),
respectively. The pattern of exchange flow at Hanish Sill remains unaltered, except for an intensification of
the three-layer exchange during summer, in particular the outflow of surface waters (Figures 6e and 6f). The
modifications to the fresh water budget in the ATRB A scenario, with the largest increase in precipitation, were
large enough to generate an excess of fresh water during the months May to July. The alterations in seasonal
volume exchange, however, are not gradual over the two scenarios, for example, is the reduction in total
exchange volume for the summer season larger in scenario B than in A. SST shows small annually averaged
variations of 0.07 (ATRB B) or 0.02°C (ATRB A) (Figures 1, 2e, and 2f), but deep water temperatures decrease by
0.13 (ATRB B) or 0.28°C (ATRB A), respectively.

5. Discussion
5.1. Temperature and Seasonality

The large temperature variations as observed in the Insolation Amplitude scenario are not present in the
MIS 5e scenario. The mitigation of seasonal temperature extremes bases on the effects of altered cloud
cover and wind field counteracting the changes in insolation. While the increase in summer shortwave
radiation in the Insolation Amplitude scenario is larger by 11.4 TW (10%) than at present day, increased cloud
cover in the MIS 5e scenario reduces summer shortwave radiation by 24.2 TW (21%). At the same time
downward longwave radiation increases by 18.7 TW, and energy loss via latent heat is reduced by 20 TW. The
energy export at Hanish Sill during summer in the MIS 5e model is 8.8 TW larger than at present day (22.6 TW
versus 13.8 TW) due to excess fresh water. Net summer Qnet is 44 TW compared to 32.9 at present day. In
comparison, the winter season of MIS 5e does experience fewer alterations. We observe increased net heat
loss of ~50 TW compared to 45.3 TW at present day in combination with a virtually unaltered energy balance
at Hanish Sill.

Altogether, the temperature differences of our model are low and should be rather difficult or impossible to
detect by the analysis of paleoproxies regarding their general level of uncertainty in the range of ~1°C.
The only available temperature record of the Red Sea during MIS 5e [Trommer et al., 2011] was obtained from
a sediment core in the northern Red Sea via a local calibration of the TEX86 paleothermometer based on
Thaumarchaeota membrane lipids. This record shows no significant differences in temperatures for the last
interglacial maximum compared to present day, in our model the seasonal SST changes for the grid point
at the cores location range between �0.01°C for summer and 0.36°C for spring.

The common expectation of significantly increased temperature seasonality as a consequence of the increased
insolation amplitude is not met by our MIS 5e scenario. We do observe increased SST seasonality of between
0.25 and 0.5°C in the southern and central Red Sea, but a lowered SST seasonality in the northern Red Sea
and the adjoining gulfs. The Gulf of Aqaba shows with 1.1°C the largest reduction in SST seasonality. This stands
in opposition to the results from Felis et al. [2004], where the authors reconstruct an increase in SST amplitude
of 5°C for MIS 5e (from 6°C at present day to 11°C) in the Gulf of Aqaba based on coral isotopes. A reason
for this disagreement might be an increased SSS seasonality in the Gulf of Aqaba caused by a higher-regional
variability (e.g., regional precipitation), which is not captured in the model.

5.2. Salinity and Fresh Water Flux

The alterations for MIS 5e in fresh water flux and wind field lead to significant reductions in salinity. The
branched and isoprenoid tetraether index (BIT) index, a coregistered parameter of the TEX86 paleothermometer,
is commonly employed as a proxy for terrestrial runoff. Trommer et al. [2011] did find a peak in the BIT values
for the last interglacial maximum, indicating an exceptional increase in the terrestrial runoff, although it
occurs only as late as 122 ka B.P. However, elevated BIT values might also indicate changes in the composition
or rate of delivery of organic material into the sediment instead of terrestrial runoff [Smith et al., 2012]. The
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lack of a true paleoproxy for salinity prohibits a direct comparison with sediment records. Yet the increased
fresh water flux and runoff will have had its imprint on the oxygen isotope ratio in the sediments of the Red
Sea. The oxygen isotope ratios of the increased fresh water flux in the MIS 5e scenario should have been
especially low due to the long transport path of the summer precipitation in the Red Sea region [Herold and
Lohmann, 2009]. This would have further contributed to the lowering of the oxygen isotope ratio of Red Sea
surface waters in addition to the effect of the increase in fresh water flux. The alterations in exchange pattern
at Hanish Sill and the overall reduction of exchange volume will have also affected the oxygen isotope ratio.
Rohling et al. [2008] employed the oxygen isotope ratios measured in planktic foraminifera tests from the
central Red Sea during MIS 5e to determine rates of sea level rise, using the sea level gauge method
developed by Siddall et al. [2004]. They found peak values for sea level close to +20m; 12m (twice the
standard deviation of the method) higher than the common estimate for sea level at that time interval. Two
reasons might cause this significant deviation from other sea level estimates. First, Siddall et al. [2004] did
consider a generous range of values for seasonal net evaporation from 1.4m (approximately the value of our
MIS 5e experiment) to 2.8m but not a change in isotopic composition of the precipitation. Second, the simple
model employed for buoyancy transport within the basin is not applicable for the conditions during MIS 5e,
when the Red Sea circulation was muchmore sensible to atmospheric forcing than changes in sea level. A full
implementation of an oxygen isotope model is required to answer these questions in full.

5.3. Water Exchange With the Gulf of Aden

The most prominent alteration of the Red Sea circulation in the MIS 5e experiment is the dramatically
strengthened summer circulation in which the water balance actually becomes negative. The swap
between winter and summer circulation mode also occurs earlier in the year, and peak values of surface .
and intermediate layer volume flux are close to those of surface and bottom layer during winter. Bottom layer
outflow is reduced to values close to zero during the months June to September. A strengthening of the
summer circulation, although of lower magnitude, can also be observed in the African Tropical Rain Belt and
Indian Monsoon Winds scenarios. The latter scenarios results support the conclusions of Sofianos and Johns
[2002], indicating the importance of the wind field for the establishment of the three-layered summer
circulation.

Another alteration of the Red Sea circulation during MIS 5e is a weakened winter circulation, in which the
total exchange volume but not the exchange balance is significantly reduced. The conjunction of a reduction
of the exchange flow at Bab al Mandab during winter circulation and an increase in summer circulation
exchange flow is not only present in the MIS 5e experiment but also in the Tropical African Rain Belt and
Indian Monsoon Winds scenarios. All these scenarios show less dense deep waters as consequence of the
enhanced/prolonged summer circulation conditions.

The Insolation Amplitude scenario on the other hand shows an enhanced winter circulation, increased
total exchange volume, and deep water density together with an unaltered summer circulation.

The variations in exchange flow between the Red Sea and the Indian Ocean have significant effects on the
salinity budget of the Indian Ocean [Beal et al., 2000] and might also influence the overturning circulation
of the Atlantic Ocean [Weijer et al., 2002], as the signature of Red Sea deep water can be found in the Agulhas
current. However, a global GCM is needed to estimate these effects.

5.4. Primary Productivity

The lower total volume of water exchange between the Gulf of Aden and the Red Sea during MIS 5e indicates
reduced overall productivity in the basin, as the inflowing water from the Gulf of Aden is the main source
of nutrients in the surface waters of the Red Sea. The winter circulation mode of the Red Sea can transport
Gulf of Aden surface waters as far north as ~22°N and promote primary productivity in the central and
southern Red Sea. The inflowing nutrient-rich intermediate waters from the Gulf of Aden on the hand are
confined to the southern Red Sea and promote primary productivity only locally and not further north than 18°N
[Siccha et al., 2009]. Model results for theMIS 5e scenario show lowered surfacewater inflow compared to present
day during all months and greatly increased inflow of intermediate waters during the summer season.

Translating these considerations into the MIS 5e scenario, one would encounter decreased levels of primary
productivity in the central and northern Red Sea at times of winter circulation mode and greatly increased
primary productivity in the southern Red Sea during the summer season. The indications for upwelling
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along the Saudi Arabian coast complicate the picture as they could be able to compensate for the decrease
in nutrient supply in the central and northern parts of the basin.

Trommer et al. [2011] employed a planktic foraminifera transfer function for primary productivity [Siccha
et al., 2009] on a sediment record from the central Red Sea encompassing the last interglacial maximum.
They reconstructed lower levels of primary productivity for MIS 5e than found at present day. Similarly,
Almogi-Labin et al. [1998] found exceptionally low abundances of pteropods in Red Sea sediments for the
time period of MIS 5e.

A more accurate and reliable prediction about primary production would require an implementation of
an ecological model within the circulation model.

5.5. Water Column Stratification

A comparison of mixed layer depth (taken as the maxima of the Brunt-Väisälä frequency in the water column)
between the PD and MIS 5e experiments showed only minor differences, which are connected to intensity
of the eddies along the basin axis. Consistent basin-wide differences can be found in the stratification
intensity, which increases by ~15% in the central and northern Red Sea and decreases by ~20% in the deep,
central part of the southern Red Sea. This corroborates the assumptions about increased summer and
decreased winter primary productivity during MIS 5e. Pteropod assemblage data from a core from the
central Red Sea [Almogi-Labin et al., 1998] showed increased proportions of epipelagic species during MIS
5e, which supports the modeled results of intensified stratification.

5.6. Deep Water Oxygenation and Carbonate Preservation

The lower Red Sea bottom water outflow volume in the MIS 5e experiment indicates weaker bottom water
formation, which would have led to a lower bottom water oxygenation. Based on investigations of
benthic foraminifera communities, Badawi et al. [2005] reported low-oxygen conditions in the Red Sea
bottom water during the early stages of MIS 5. Similarly, Almogi-Labin et al. [1986] report lower numbers
of well-preserved pteropods in the sediments from MIS 5e than at present day. Pteropods were only
preserved as molds, indicating lower carbonate preservation which in turn indicates lower bottom water
oxygenation due to either elevated surface water productivity, low bottom water ventilation, or a combination
of these factors.

6. Conclusions

Our model simulations for the Red Sea during the last interglacial maximum produced partly unexpected
results. A common expectation for the climate in the Northern Hemisphere during that time intervals is an
increased SST seasonality due to the prevailing insolation pattern of increased seasonal amplitude. We
find that in the case of the Red Sea another climatic pattern of the last interglacial maximum, the amplification of
the African Monsoon system, which brings humid conditions into the Red Sea area, is effectively counteracting
the insolation effect.

The different scenarios that isolated the individual environmental forcings in their altered conditions during
MIS 5e showed that the Red Sea circulation is driven predominantly by the local freshwater balance and
winds. Temperature increase in the Gulf of Aden or the applied sea level rise of 8m hardly altered the
hydrographic properties of the Red Sea proper.

SST anomalies and changes in SST seasonal amplitude in the Red Sea during MIS 5e were below 1°C; compared
to present day, the central Red Sea was warmer during summer and the southern Red Sea was cooler all year
round. The deep water temperature was only 0.06°C higher than at present day. Increased freshwater flux and
reduced evaporation rates lowered salinity by around 1.45 psu. The summer circulation was strengthened
dramatically, yet the total exchange volume and volume balance at Hanish Sill was significantly lower. Neither
the changes in temperature nor salinity will have had significant impact on the biology of the Red Sea. Even the
considerable reduction of almost 1.5 psu still left the Red Sea a high salinity environment with an average
salinity of 38 psu, the most important difference between today and MIS 5e is the reduction in exchange
between the Red Sea and the Gulf of Aden. This effect of reduced ventilation of the Red Sea is somewhat
counterintuitive considering the increase in sea level and thus cross-section area of the restricted interface at
Hanish Sill. The reduction in buoyancy loss caused by the increase net fresh water flux, however, decelerates
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the thermohaline circulation of the Red Sea as much as to realize a net reduction of volume exchange with the
Gulf of Aden, even though the cross section for exchange is larger.

The decrease in exchange will have had manifold consequences for the Red Sea biology. Lacking any
large scale and deep reaching upwelling features at present day, the inflowing surface water in winter and
intermediate water in summer are the essential source of nutrient for primary production. Consequently,
the Red Sea during MIS 5e will have been even further biologically impoverished than at present day, a
conclusion which is supported by the sparsely available proxy data [Trommer et al., 2011]. Wemight, however,
also have encountered a dramatically enhanced primary productivity in the southern Red Sea during
the summer season. Support for a reduction in ventilation and an increase in southern Red Sea primary
productivity can also be found in benthic foraminifera assemblage data from that time interval [Badawi
et al., 2005]. Furthermore, the reduced exchange, in particular the reduced export of Red Sea deep water,
will have affected the salt budget and export of the Indian Ocean [Beal et al., 2000], and even influenced
the overturning circulation of the Atlantic Ocean [Weijer et al., 2002].

We conclude that the African tropical rain belt, as expression of the African monsoon system, poses as
effective neutralizing/negative feedback mechanism for increases in summer insolation in the Red Sea region
that would by themselves lead to significant increases in summer sea surface temperatures of the Red Sea.
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