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Abstract
The Red Sea is located between North Africa and the Arabian Peninsula, the largest
sources of dust in the world. Satellite retrievals show very high aerosol optical depth in
the region, which increases during the summer season, especially over the southern Red
Sea. Previously estimated and validated radiative effect from dust is expected to have a
profound thermal and dynamic impact on the Red Sea, but that impact has not yet been
studied or evaluated. Due to the strong dust radiative effect at the sea surface, uncoupled
ocean modeling approaches with prescribed atmospheric boundary conditions result in an
unrealistic ocean response. Therefore, to study the impact of dust on the regional climate
of the Middle East and the Red Sea, we employed the Regional Ocean Modeling System
fully coupled with the Weather Research and Forecasting model. We modified the atmospheric model to account for the radiative effect of dust. The simulations show that, in the
equilibrium response, dust cools the Red Sea, reduces the surface wind speed, and weakens both the exchange at the Bab-el-Mandeb strait and the overturning circulation. The
salinity distribution, freshwater, and heat budgets are significantly altered. A validation of
the simulations against satellite products indicates that accounting for radiative effect from
dust almost completely removes the bias and reduces errors in the top of the atmosphere
fluxes and sea surface temperature. Our results suggest that dust plays an important role in
the energy balance, thermal, and circulation regimes in the Red Sea.

1 Introduction
The Red Sea is a tropical, marginal sea located in the dust belt [Prospero et al.,
2002] between North Africa and the Arabian Peninsula, the world’s largest sources of
dust. Together, these two regions account for 70 % of global dust emissions [Tanaka and
Chiba, 2006; Ginoux et al., 2012]. Background dust loading is high relative to other parts
of the world and dust storms are frequent [Jish Prakash et al., 2015], which have a profound effect on the climate and air quality [Osipov et al., 2015; Bangalath and Stenchikov,
2015]. Climatological aerosol optical depth (AOD) has been recently produced over the
Red Sea [Brindley et al., 2015; Banks et al., 2017]. It is based on the geostationary Spinning Enhanced Visible and InfraRed Imager (SEVIRI) instrument retrievals and validated
against ship-based sun photometer observations. The climatology reveals high AOD in
summer and distinct north to south AOD gradient along the Red Sea axis. Steep mountain ranges reach heights of 3 km and surround the southern Red Sea. They trap dust in
the narrow mountain passes when axis winds in the southern Red Sea reverse from southeasterly to north-westerly in the summer, producing heavy dust loading with an aerosol
optical depth (AOD) monthly mean value greater than 1.
Brindley et al. [2015] estimated the radiative effect associated with dust aerosols. In
the southern Red Sea shortwave (SW) cooling and longwave (LW) warming at the surface can reach up to 60 W m−2 and 20 W m−2 , respectively. The dust radiative effect is
expected to have a profound thermal and dynamic impact on the Red Sea [Cahill et al.,
2017], but the overall impact has not yet been studied or evaluated. In this paper, we
study the climatological impact of dust, the equilibrium response of the Red Sea and the
main mechanisms that define the energy balance, thermal regime, and overturning circulation in the Red Sea. We derived the optical properties of the aerosols, implemented them
in a state-of-the-art regional model, and carried out the first high-resolution coupled regional ocean-atmosphere simulations for the Red Sea region.
The models used to obtain a realistic Red Sea climate state in coupled ocean-atmosphere
simulations, an aerosol implementation to evaluate the climate’s sensitivity to realistic radiative effect from dust, and the experimental setup are described in Section 2. Results
and a quantitative analysis of the mechanisms that maintain the energy balance, thermal
and overturning circulation and responses of the Red Sea to radiative effect from dust,
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including possible implications for biological productivity, are provided in Section 3. A
discussion and conclusions are offered in Section 4.

2 Model
Due to the strong radiation absorption in the atmosphere by dust aerosols, a coupled modeling approach is critical for this study. Miller [2012] has shown that dust radiative effect at the top of the atmosphere (TOA), rather than at the surface, is the primary
control on both atmospheric and oceanic temperature adjustments, as it accounts for both
atmospheric heating and the energy exchange with the surface. Adjustment of the atmosphere to the dust radiative effect perturbs the ocean-atmosphere heat exchange and, thus,
strongly opposes radiative cooling of the surface. Therefore, stand-alone ocean models
driven by prescribed dust radiative effect at the surface are not adequate for the goals of
this paper, since they do not account for atmospheric adjustments and overestimate the radiative impact of dust [Cahill et al., 2017]. These deficiencies are exaggerated in our case
by the large magnitude of radiative effect from dust and, consequently, the strong adjustments in the atmosphere and in the latent and sensible heat fluxes.
In this study, the coupled model included the Weather Research and Forecasting
(WRF) model [Skamarock et al., 2008] as the atmospheric component and the Regional
Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005, 2009] as the oceanic
component. These models are coupled using the Model Coupling Toolkit (MCT) as implemented in the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) framework [Warner et al., 2010]. Technical details and model settings are provided in Appendix
A: .
2.1 Aerosol implementation
Dust aerosols are optically active in both the (SW) and longwave spectral bands [Osborne et al., 2011]. It perturbs the radiation balance in the atmospheric column by scattering and absorbing electromagnetic radiation. Spectral optical properties of dust (extinction
, single scattering albedo ω and phase function p) are functions of the wavelength and
depend on several parameters. The mineral composition of the dust and, thus, the imaginary part of the refractive index define the single-scattering albedo and the atmospheric
absorption of dust [Balkanski et al., 2007; Di Biagio et al., 2017]. The particle size distribution strongly affects the spectral extinction and single-scattering albedo, modulating the
associated radiative effect. Multiple observational campaigns [Otto et al., 2007; Weinzierl
et al., 2009; Ryder et al., 2013] and numerical studies [Khan et al., 2015; Kok et al., 2017]
have indicated the presence and importance of coarse mode particles, which significantly
contribute to the AOD and single-scattering albedo. In modeling studies, the concentration
of coarse particles (with diameter larger than 1-3 µm) is often underestimated and compensated by finer particles [Kok, 2011; Khan et al., 2015]. The complex shape of the dust
particles affects the phase function and angular scattering patterns [Dubovik et al., 2006,
2002]. Conventionally, the scattering effects are often ignored in the LW range, and only
absorption is considered [Sicard et al., 2014]. However, due to the presence of large particles and at high optical depths, longwave scattering by dust is not negligible [Osipov et al.,
2015; Dufresne et al., 2002]. Due to the anisotropic scattering of dust, in which forward
scattering is prevailing, the diurnal cycle of radiative effect in the shortwave band has a
distinct and complex shape [Osipov et al., 2015].
In this study, radiative transfer calculations in WRF were conducted using the Rapid
Radiative Transfer Model for General Circulation Models (RRTMG) in both SW and LW
ranges [Mlawer et al., 1997; Mlawer and Clough, 1997]. To account for the radiative effects of dust, we implemented the precalculated optical properties of aerosols in the WRF
model as an additional daily input and propagated them into the radiation driver. We computed these spectral properties (optical depth, single scattering albedo, and asymmetry
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parameter) offline for the RRTMG SW and LW wavelength bands using the Mie, T-matrix,
and geometric optics approaches, and the daily SEVIRI climatological optical depth as described in Osipov et al. [2015]; Brindley et al. [2015]. Brindley et al. [2015] describes the
methodology used to derive the dust optical properties and specific values of the parameters such as refractive index. Osipov et al. [2015] additionally provides the validation of
the modelling assumptions and sensitivity analysis of the dust radiative effect. The experiments with and without the prescribed optical properties are referred to as perturbed (P)
and control (C), respectively.
2.2 Experimental setup
As shown in Figure 1, the parent domain of WRF covers part of the Middle East
and North Africa (MENA) region at 30 km resolution. The extent of the domain is limited by the spatial coverage of the optical depth retrievals from SEVIRI. A two-way interactive nested domain over the Red Sea at 10 km resolution was added to downscale the 30
km fields to improve the air-sea interaction calculations and smooth out the transition from
a relatively coarse atmospheric grid to a finer spatial resolution oceanic grid. The ROMS
domain covers the Red Sea and the western part of the Gulf of Aden at 2 km resolution.
The ocean and atmosphere coupling interval was 30 minutes.
The initial and boundary conditions for the atmospheric model were taken from the
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim data, and
from the Ocean ReAnalysis Pilot 5 (ORAP5) [Zuo et al., 2015] reanalysis for the ocean
model. Sea surface temperature (SST) in the WRF domains, but outside the ROMS domain, was prescribed from the ERA-Interim data and updated every 6 hours. According to
Papadopoulos et al. [2015]; Zhai et al. [2015], the potential temperature and salinity of the
deep waters in the Red Sea are largely steady. Due to the coarse bathymetry and biases
in deep waters in the ORAP5 reanalysis, we interpolated the oceanic initial conditions in
the deep Red Sea (below 400 m and north of the Bab-el-Mandeb strait) from the World
Ocean Atlas (WOA) annual climatological profile [Locarnini et al., 2013; Zweng et al.,
2013], assuming zero velocities at these locations. The oceanic bathymetry in the model
was constructed using the ETOPO1 1 arc-minute data set [Amante and Eakins, 2009].
The coupled model (both the P and C experiments) was integrated from 1996 to
2013, using the initial and boundary conditions from the reanalysis, as described above.
The analysis shows that this time span is representative of the regional climate, and is sufficient to equilibrate the atmosphere and the upper ocean. However, the characteristic time
scales of the deep ocean processes are longer. To better stabilize the deep ocean, we integrated the model another 17 years by initializing the ocean model using a restart file from
January 1, 2013, while the atmospheric model starts from January 1, 1996, using ERAInterim initial conditions. The use of diagnostics based on the "restart" run is explicitly
stated in the text.
We configured the ROMS model to save the daily averaged output, which was calculated from the integration of the instantaneous fields during each time step. This accurate
time averaging facilitated analysis and improved diagnostics of the Red Sea energy balance. The WRF model output was saved every hour as instantaneous fields.

3 Results
The thermal energy balance for the entire Red Sea basin can be written in the following form:
d Ê
= F̂H B + F̂BM ,
dt
where
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Here, E is the heat content of sea water, S is the surface area of the Red Sea, V is
the volume of the Red Sea, F̂BM is the heat flux integrated across the Bab-el-Mandeb
strait, and A is the Bab-el-Mandeb cross section. The heat budget (HB), F̂H B , can be
written in the following form:
F̂H B = F̂SW + F̂LW + F̂LH + F̂SH ,
where
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Here, FSW (shortwave), FLW (longwave), FLH (latent), and FSH (sensible) are net (downward minus upward) fluxes at the ocean-atmosphere interface. Following the ROMS model
convention, a positive net flux means heating of the ocean.
Equation 1 states that changes in E can be split into two components: fluxes at the
ocean-atmosphere interface and an advection through the strait. These components are
discussed in the Section 3.1 and 3.5, respectively.
3.1 Dust radiative effect and heat budget redistribution at the sea surface
Evaporation exceeding precipitation makes the Red Sea one of the most saline bodies of water in the world [Zolina et al., 2017]. The energy balance of the Red Sea is maintained by an exchange with the atmosphere (heat budget) and an advection through the
strait of Bab-el-Mandeb. Previous heat budget estimates show variations between heat
losses to the atmosphere (-22 W m−2 ) to heat gains (83 W m−2 ) [Sofianos et al., 2002].
Recent studies based on direct observations at the Bab-el-Mandeb strait suggest that the
current annual mean heat budget is close to zero [Sofianos et al., 2002]. Through the exchange with the atmosphere, the Red Sea gains energy from March to September, and
loses energy during the rest of the year.
Figure 2 shows the daily climatology of the net fluxes anomaly at the ocean-atmosphere
interface spatially averaged over the Red Sea. The anomaly is computed as a difference
between perturbed and control runs at the sea surface. The climatology is defined as the
average over the 1997-2013 period. The seasonal cycle of the anomalies resembles the
aerosol loading of dust. Thus, the amplitude of the anomalies is largest in the summer,
when dust is most abundant. Dust aerosols cause strong cooling in SW (up to -60 W m−2 )
and warming in LW (up to 20 W m−2 ). The net radiative result (SW+LW) is dominated
by the SW component and leads to energy loss from the ocean. This loss is mostly compensated by decreased evaporation (LH), but also by the slightly decreased turbulent heat
flux (SH). Overall, the annual mean of the Red Sea heat budget is reduced by 1.3 W m−2
and, thus, dust aerosols lead to energy loss through the ocean-atmosphere interface.
While Figure 2 shows the temporal structure of the anomalies in the heat budget
components averaged over the Red Sea, Figure 3 shows the spatial distributions of those
components along the Red Sea axis. The SW and LW flux anomalies have a distinct meridional shape and reflect the spatial distribution of the AOD along the Red Sea axis. The
climatological SW cooling is rather uniform over the southern Red Sea and reaches about
-30 W m−2 . It has a sharp boundary at 19.5 N, after which it steadily reduces to about
-13 W m−2 . The LW warming has a similar shape but an opposite sign, although the
magnitude (9 W m−2 in the southern half of the Red Sea and 5.5 W m−2 in the northernmost Red Sea) is weaker than the SW. The climatological LH and SH anomalies are
bounded by 5-15 W m−2 and 0-2 W m−2 , respectively. The positive LH anomaly in the
southern Red Sea is predominantly associated with the net radiative (SW+LW) cooling by
dust aerosols. Unlike the radiative components, the LH and SH fluxes do not exhibit as
strong a gradient along the Red Sea axis, but rather have a more spread out shape. This
is explained by two factors. First, the shallow overturning circulation causes a northward
advection of the SST cold signal. Second, the atmosphere responds dynamically to the
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radiative effect from dust, which is reflected by the spatially nonuniform reduction of the
surface wind speed. Both factors are discussed in detail in Section 3.4. Since both the LH
and SH fluxes depend on a 10 m wind speed, the reduction of the wind speed further reduces evaporation and the turbulent heat fluxes. Stand-alone ocean models with prescribed
surface radiative effect do not account for these processes. The increasing year-to-year
variability in the LH and SH fluxes over the nothern Red Sea is caused by the strength
and position of wind jets across the Red Sea, which have been studied previously by Jiang
et al. [2009]; Davis et al. [2015]; Farley Nicholls et al. [2015]; Kalenderski et al. [2013];
Anisimov et al. [2017].
The spatially asymmetric responses of the latent and turbulent heat fluxes relative
to the radiative fluxes propagate into the heat budget (SW+LW+LH+SH). The radiative
(SW+LW) effect by dust is always negative (i.e. cooling); however, both the ocean and atmosphere dynamics lead to the adjustment and redistribution of the heat budget anomaly
along the Red Sea axis, resulting in a dipole structure, as shown in the far right panel in
Figure 3. Thus, the overall (spatially integrated) heat budget loss (-1.3 W m2 ) from imposed dust radiative effect is represented by an energy loss in the southern Red Sea and
by an energy gain in the northern the Red Sea. Since the climatological heat budget along
the Red Sea axis (not shown) is characterized by the energy gain and loss in the southern
and northern parts of the sea, respectively, dust aerosols lead to a more uniform meridional profile of the heat budget.
3.2 TOA fluxes and SST validation
As discussed in Section 2, dust TOA radiative effect is the primary control upon the
atmospheric and oceanic temperature anomalies. The TOA radiative effect was validated
in a previous study [Brindley et al., 2015] via comparison with the Geostationary Earth
Radiation Budget (GERB) radiative effect, which was based on the independent method
and satellite observations. In this section, we supplement that validation by comparing the
simulated TOA fluxes and SST with observations from the two additional satellite instruments. The root-mean-square error (RMSE) and bias comparison statistics are provided in
Table 1.
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Net flux anomalies (left to right: SW, LW, LH, SH, and HB) due to dust aerosols at the sea sur-

face. Thin gray lines indicate individual years and the mean is indicated by the thick blue line. Diagnostic
variables are spatially averaged across the Red Sea axis. Red Sea land mask contours are provided in the left
column as a spatial reference.
Table 1.

Root-mean-square error and bias comparison statistics for monthly climatological CERES TOA

SW and LW fluxes and OISST-AVHRR SST in relation to COAWST P and C simulations. Statistics are
computed in the observation-simulation sense.

COAWST C
COAWST P

CERES TOA SW flux
RMSE/Bias, (Wm−2 )

CERES TOA LW flux
RMSE/Bias, (Wm−2 )

OISST-AVHRR SST
RMSE/Bias, (◦ C)

15.33/-14.65
2.31/-0.30

4.55/0.37
4.79/-2.16

0.78/-0.39
0.62/0.01

Figure 4 shows the monthly climatology of the observed all-sky TOA SW and LW
NET fluxes over the Red Sea, obtained from the Clouds and the Earth’s Radiant Energy
System (CERES) EBAF-TOA Ed4.0 product [Loeb et al., 2009]. According to CERES, the
Earth-atmosphere system over the Red Sea loses energy from November to January, and
gains energy during the rest of the year. The estimated uncertainty of the CERES TOA
fluxes is 2.5 Wm−2 in both SW and LW (sections 4.1 and 4.2 of CERES EBAF Ed4.0
Data Quality Summary, https://ceres.larc.nasa.gov/documents/DQ_summaries/
CERES_EBAF_Ed4.0_DQS.pdf). Accounting for the dust aerosols almost completely removes the bias and reduces the RMSE of the simulated TOA SW flux relative to the CERES
fluxes. Eight out of twelve values from the climatological monthly WRF P TOA SW
fluxes fall into the CERES 2.5 Wm−2 uncertainty range. The largest difference is seen
in August and is equal to 4.06 Wm−2 . In LW, the dust TOA radiative effect is smaller
than in SW. The dust aerosols improve the agreement of the TOA LW fluxes during MaySeptember, when AOD is highest, and half of the WRF P monthly values fall into the
CERES uncertainty range. During November, December, February, and March, the simulated atmospheric temperature profiles are likely biased, since the TOA SW fluxes agree
best with CERES during these months. Overall, accounting for the radiative effect of dust
improves the total (SW plus LW) simulated energy balance.
Figure 5 shows the annual cycle of SST, averaged over the Red Sea. According to
the Advanced Very High Resolution Radiometer (AVHRR) -only Optimum Interpolation
SST (OISST) [Reynolds et al., 2007] and WOA, August and February are the warmest and
coldest months, respectively. The largest difference between these two data sets is seen
during May-September and is likely due to differences in the temporospatial sampling.
The OISST-AVHRR data set is based on satellite retrievals and includes extensive shallow areas. The WOA data set is based on fewer in-situ measurements, which are mostly
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sampled along the Red Sea axis. Table 1 and Figure 5 show that accounting for the radiative effect from dust almost completely removes the SST bias and reduces the RMSE.
However, the simulated ROMS P SST has stronger seasonal variability than SST in the
observations.
A comparison of the control and perturbed simulations with satellite-based data sets
shows that accounting for dust aerosols improves the agreement between the simulated
and observed climatological states. Thus, it also indirectly confirms the consistency of the
magnitudes of the dust radiative effect and ocean SST response.
3.3 Dust signal in the ocean
Analyzing the ocean response to forcing of different origins and temporospatial characteristics advances the understanding of the mechanisms that control the variability of
regional climate. For example, Osipov and Stenchikov [2017] analyzed the impact of the
Mount Pinatubo volcanic eruption on the Red Sea. The climatological radiative effect
from dust is different from the atmospheric forcing from the Mount Pinatubo eruption
in several aspects, providing an opportunity to assess and compare the main mechanisms
and time scales of the Red Sea responses. The volcanically induced atmospheric forcing
caused an increased LH flux which resulted in a strong episodic winter cooling in the
northern Red Sea and a relatively quick cooling of the deep waters. On the other hand,
dust radiative effect is not transient in time, its maximum is observed in summer, and it is
spatially located in the southern part of the Red Sea basin. These two qualitatively differ-
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Table 2.

Linear regression trends of the SST, Θ ↑75 m , Θ ↓75 m , and SSS.

◦C

1996-2003
2002-2013

SST
(10 yr)−1
-0.12
-0.06

◦C

Θ↑75 m
(10 yr)−1
-0.22
-0.07

◦C

Θ↓75 m
(10 yr)−1
-0.15
-0.08

SSS
(10 yr)−1
-0.18
-0.02

ent forcings provide an opportunity to assess and compare the main mechanisms and time
scales of the Red Sea responses.
Figure 6 shows the time series of the spatially averaged anomalies of the sea surface temperature (SST), salinity (SSS), and potential temperature Θ averaged in the water
column above (Θ↑75 m ) and below (Θ↓75 m ) 75 m. Figure 6 shows two time scales, one
fast and one slow. The fast time scale is represented by SST and Θ↑75 m , which quickly
respond to the radiative effect and are stabilized after two years at about -0.4 ◦ C (yearly
mean value). Due to intense mixing in the upper layer of the ocean, the Θ↑75 m anomaly
follows the SST anomaly, but with one to two month lag. Θ↑75 m is also characterized
by a smaller temporal variability than SST. The monthly seasonal variability of the dustinduced SST anomaly is bounded by -0.3 ◦ C in winter and -0.7 ◦ C in summer. As was
discussed in Section 3.2, accounting for radiative effect of dust reduces the SST bias relative to the OISST by 0.4 ◦ C. The slow time scale is represented by the SSS and Θ↓75 m .
Radiative cooling caused by dust leads to reduced evaporation and, thus, reduced SSS.
Both the SSS and Θ↓75 m anomalies exhibit the strongest gradient during the first six years
(shallow overturning circulation characteristic time) shown in the Table 2. By the end of
the simulation, the SSS and Θ↓75 m anomalies reach -0.12 and -0.19 ◦ C, respectively. The
"restart" run provides an additional 17 years (see Section 2.2) and shows that the SSS and
Θ↓75 m anomalies almost stabilize at -0.17 and -0.22 ◦ C (not shown in Figure 6), and the
trend is minimal onward.
The time scales of the cooling signal in the deep Red Sea are different between the
dust and Pinatubo cases. In the Pinatubo case, the timing and spatial distribution of the
atmospheric forcing coincided with the time and location of the most intense deep water formation in the Red Sea. Due to the weak stratification of the water column in the
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northern part of the basin during winter, the deep Red Sea cooled within a few months.
In the case of dust, the deep Red Sea integrates the signal much more slowly, since the
stratification is stable enough in most of the basin to suppress the deep convective mixing.
Therefore, a slow "diffusion-like" heat exchange between the upper and lower ocean layers
and a northward advection of the cold signal to the region of deep water formation region
are the main mechanisms that inject colder water masses into the deep ocean in the case
of dust.
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3.4 Ocean overturning response
The annual cycles of overturning circulation in the Red Sea and water exchange at
the Bab-el-Mandeb strait is characterized by two seasonal patterns. From October to May
(winter season), the shallow, meridional overturning circulation is represented by a northward propagation of the surface waters and a deeper southward flow. During this season,
the overturning circulation is mostly driven by thermohaline forcing [Yao et al., 2014a] and
the development of cold and saline waters in the Gulf of Aqaba, the Gulf of Suez, and
the northernmost Red Sea. These intermediate and deep waters are produced by means
of buoyancy loss caused by the strong energy exchange with the atmosphere [Papadopoulos et al., 2015, 2013; Abualnaja et al., 2015; Cember, 1988]. In the south, the exchange
at the Bab-el-Mandeb strait is represented by a warm, relatively fresh surface inflow and
a colder, highly saline deep outflow (Red Sea Overflow Water, RSOW). Thus, the Red
Sea gains energy by advection during this season. According to Yao et al. [2014a], windinduced forcing only slightly increases the two-layer exchange at the Bab-el-Mandeb strait.
From June to September (summer season), the shallow overturning cell is reversed,
becoming shallower and weaker than in winter. The transition to this summer state is
associated with the seasonally varying atmospheric forcing. The onset of the summer
monsoon reverses the winds to northwesterly in the southern Red Sea and to westerly in
the Gulf of Aden and the Arabian Sea. Wind-induced thermocline shoaling in the Gulf
of Aden associated with the Ekman upwelling introduces a northward pressure gradient across the strait and drives the influx of intermediate-depth waters from the Gulf of
Aden (GAIW) [Patzert, 1974; Aiki et al., 2006; Yao et al., 2014b]. During this season,
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a three-layer exchange at the Bab-el-Mandeb strait is established and represented by a
warm surface outflow and a cool GAIW inflow. The RSOW outflow almost vanishes and,
thus, the Red Sea loses energy through the strait. According to Yao et al. [2014b], local
wind-induced forcing significantly enhances the three-layer water exchange at the Bab-elMandeb Strait during this season.
In order to obtain a more robust response in the deep ocean, we integrated the model
an additional 17 years as mentioned above. The overturning circulation diagnostics discussed in this section are based on this "restart" run. There are two distinct mechanisms
of the radiative effect caused by dust aerosols that are relevant to the overturning circulation. The first mechanism is associated with the spatially nonuniform radiative effect,
which results in a stronger cooling of the southern half of the Red Sea, thereby reducing
the meridional baroclinic pressure gradient. This impact was discussed in Sections 3.1 and
3.3. The second mechanism is associated with the reduced surface wind speed caused by
the radiative cooling of the surface and the heating of the overlaying atmospheric layers by
dust (climatological sea level pressure maps are available in the supporting information).
The reduced wind speed also translates into a reduced surface shear stress, which perturbs
the barotropic pressure gradient. The top panel in Figure 7 shows the simulated climatological annual cycle of the surface wind stress along the Red Sea axis. From October to
May, (during the winter overturning circulation) southeasterly winds in the southern Red
Sea converge with northwesterly winds in the northern Red Sea. From June to September,
(during the summer overturning circulation) the winds in the southern Red Sea reverse.
The bottom panel in Figure 7 shows the overall reduction of the surface wind stress along
the axis due to dust. The anomaly peaks temporally in summer and spatially in the southern Red Sea, when and where the dust optical depth is highest. Simulated wind speeds
across the Red Sea (not shown) are also reduced due to dust.
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The shallow overturning circulation in the Red Sea is characterized by a strong seasonal cycle. The winter and summer circulations are driven by different dynamic processes; therefore, we discuss the impact of dust separately for each season. The shallow
overturning circulation in winter, is mostly driven by thermohaline forcing [Yao et al.,
2014a] and is shown in the top panel in Figure 8. It is represented by a clockwise cell
with a strength of 0.6 Sv. The simulated mean state is broadly consistent with previous
studies [Cember, 1988; Sofianos and Johns, 2015, 2003; Yao et al., 2014b,a; Sofianos and
Johns, 2003]). Bottom panel in Figure 8 shows that dust inhibits the shallow overturning
circulation, which is mostly due to reduced thermohaline forcing. According to Yao et al.
[2014a], the wind-induced forcing during this season only slightly modulates the circulation strength and the inflow through the Bab-el-Mandeb strait. Thus, the reduction of the
wind speed by dust has only a secondary role in reducing the strength of the overturning
circulation in winter. The relative Ψ anomaly peaks in the southern Red Sea. It reaches
2-5% around the core of the overturning cell and 10% in the upper 25 m.
The overturning circulation in summer (shown in the top panel in Figure 9) is characterized by a reversed (counterclockwise) upper overturning cell, a weaker Ψ magnitude,
and the transition from a two to three-layer exchange at the Bab-el-Mandeb strait. According to Yao et al. [2014b], it is controlled by both the shallowing of the thermocline in the
Gulf of Aden, which introduces a northward pressure gradient and drives the GAIW intrusion, and by the local surface wind stress over the Red Sea, which enhances the Ψ and
GAIW flow strength through the strait. The bottom panel in Figure 9 shows that south of
20 N, dust also inhibits the summer overturning circulation in the Red Sea. In this case,
the Ψ anomaly is driven by the reduced surface wind stress, shown in Figure 7. A positive
Ψ anomaly peaks near the anticyclonic eddies at 18.6 N (only in the upper 100 m), 21.2
N, and 22.5 N, identified previously by Sofianos and Johns [2007]. A negative Ψ anomaly
is seen in the Red Sea north of 24 N, which is the southernmost annual limit of the cyclonic gyre [Sofianos and Johns, 2003]. These anomalies are associated with the dampening of the drivers of the eddies by dust, i.e., a decreased supply of GAIW waters and a
reduced surface wind speed. Although the absolute magnitude of the summer overturning
circulation strength and anomaly are weaker than in winter, the relative magnitude of the
anomalies (2-10%) is similar. Thus, dust reduces the strength of the shallow overturning
circulation in the Red Sea throughout the entire annual cycle.
3.5 Exchange at the Bab-El-Mandeb strait and implications for biological productivity
The water exchange at the strait of Bab-el-Mandeb closes the energy, mass, and
salt balance in the Red Sea. In this section, we validate the simulated flow strength and
analyze the perturbations due to the radiative effect from dust. The top panel in Figure
10 shows the monthly climatology of the simulated transport at the strait. From October to May, the two-layer water exchange is represented by a relatively fresh and warm
surface inflow into the Red Sea and a cold, high-salinity deep outflow (RSOW) [Murray and Johns, 1997]. From June to September, the exchange at the strait transitions to
a three-layer structure, with weak surface and almost vanishing deep outflows, and the
mid-depth intrusion of cold, low-salinity GAIW. The bottom panel in Figure 10 shows
that dust reduces the water transport in the surface layer for all months except September.
The relative magnitude of the anomaly (with respect to the perturbed run) peaks in July at
9%, and the yearly mean value is 3%. Dust also suppresses the intrusion of GAIW for all
months except September. The relative magnitude of the anomaly in this layer also peaks
in July at 8%; the mean value is 2%. The radiative impact of dust reduces the strength of
the deep RSOW flow during the two-layer exchange at the strait, but strengthens it when
the three-layer exchange is present. The yearly mean of the relative anomaly magnitude for
this layer is 3%.
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the time scale of the deep overturning circulation [Cember, 1988].

0.005

437

0.010

436

1

0.06
0.05
0.04
0.03
0.02
0.01
0.00
0.01
0.02
0.03
0.04
0.05
0.06

10

14

5
-0.2
16

1

0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6

106 m3sec

Depth, (m)

-0.0100
50
100
150
200
250
300

106 m3sec

Winter type overturning circulation, P

0.05

Depth, (m)

0.150
50
100
150
200
250
300

This article is protected by copyright. All rights reserved.

-0.12

106 m3sec

0.12

-0.05

-0.08
-0.10
-0.12 18
20
22
24
26
-0.15
106 m3sec 1
Summer type overturning circulation, P-C
0.005 -0.22 5
0.002
0.0
0.0
07
10
8
0
0
.
0.030
-0 .015 01-0
-0.2
--00..00005
0.025
0. 7 .03
8
0.005
0.020
0.015
3
1
0
.
0
0.010
7
0
0
0.005
0.
-0.0
0.000
05
-0.01
-0.013 5
0
0.005
.01
05
0
0
.
0.010
0
0.015
0.020
0.025
0.030
14
16
18
20
22
24
26
Latitude
-0.0
7
3
-0.1
16

-0.003

0.002

-0.

Figure 9.

-0.003

0.005

0.0200.002

01

0

14

Same as Figure 8 but for summer overturning circulation

0.02

5

01

-0.

0.013

0.030

465

4 Discussion and conclusions

477

479
480

0.02

-0.008

7

0.02

482

0.02

481

0.02

478

0.02

476

The radiative impact of dust on the Red Sea is manifested by several effects. Dust
aerosols significantly alter the energy balance and redistribute the fluxes at the sea surface.
The simulated climatological SW and LW anomalies due to dust in the basin are -22.8
8 The overall radiative cooling is partly compensated by the
and 7.7 W m−2 , respectively.
.00
0
decreased evaporation and turbulent heat flux of 12.9 and 0.9 W m−2 , respectively. Thus,
dust reduces the Red Sea heat budget by 1.3 W m−2 . Strong radiative cooling leads to the
0.4 ◦ C reduction of the SST and the potential temperature in the upper 75 m (Θ↑75 m ).
The seasonal cycle of the SST anomaly is bounded by -0.3 and -0.7 ◦ C in winter and
summer, respectively. Reduced evaporation due to dust also leads to the freshening of the

0.005

475

0.02

474

0.02

473

0.002

472

-0.005

471

-0.003

470

0.02

469

0.05

468

To quantify the climatological impact of the dust aerosol on the Red Sea and ultimately to improve the understanding of the dust role in the regional climate, we derived
its optical properties, implemented them into the state of the art regional model and run
the first high resolution coupled ocean-atmosphere simulations for the Red Sea. Through
validation of the TOA fluxes, radiative effect of dust, and SST, we showed that accounting
for dust aerosols reduces the bias and RMSE in the simulations and improves the simulated climate. This indicates that dust is an important radiative forcing agent in the Middle
East and the Red Sea region.

0.05

467

0.02

0.02

466

0.025

460

-0.01

459

-0.0
05

461

pact of dust reduces the supply of nutrients through the Bab-el-Mandeb strait and, thus,
reduces biological productivity in the Red Sea. On the other hand, dust deposition into the
Red Sea provides nutrients and enhances productivity. However, while this effect has been
widely discussed, it has not yet been well-quantified.

458

1

0.30
0.25
0.20
0.15
0.10
0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30

0.07
0.10

20

416

-0.03

-0.05

5357 27 220
00.00.01.0101.0 0.0

Depth, (m)

-0.08-0.12
-0.10

-0.

0.0020
50
100
150
200
250
300

Summer type overturning circulation, P

0.02
0.05
0.07

Depth, (m)

0
-0.17
-0.15
50
100
150
200
250
300

-0.003

–15–

This article is protected by copyright. All rights reserved.

0.6

Transpor , (SV)

0.4
0.2
0.0
−0.2
−0.4
Surface

−0.6

Transpor , (SV)

0.02

2

4

Surface

GAIW

2

4

GAIW

6
8
Time, (mon h of he year)

RSOW
10

12

10

12

RSOW

0.01
0.00
−0.01
−0.02

Figure 10.

6
8
Time, (mon h of he year)

Monthly climatology of the surface, GAIW and RSOW transport through the Bab-el-Mandeb

strait. Top panel shows the climatological mean state (ROMS, P) and bottom panel shows P-C anomaly due to
dust. Vertical hatching indicates 1 σ (standard deviation) range.

surface waters. Thus, dust aerosols modulate the thermal and haline regimes of the Red
Sea. These effects are especially important for the extensive coral reef ecosystems that
have adapted to live in one of the most saline and warm seas in the world, which has also
recently experienced strong warming [Belkin, 2009; Raitsos et al., 2011].
Dust aerosols also reduce the potential temperature of the deep Red Sea (below 75
m) by about 0.2 ◦ C. We observed a faster cooling in the deep ocean during the first six
years of our analysis and trend that became minimal after 17 years. The deep ocean response to dust radiative effect is significantly slower than to other natural perturbations,
such as the Mount Pinatubo volcanic eruption.
The radiative effect from dust also inhibits the shallow overturning circulation in
the Red Sea. This impact is driven by the reduction of the surface wind speed and the
meridional temperature gradient. Due to the stronger cooling in the southern Red Sea,
dust aerosols reduce the thermohaline forcing along the basin axis and, thus, the winter
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Table A.1.

WRF model namelist settings

Parameter

Value

time_step
feedback
mp_physics
ra_lw_physics
ra_sw_physics
bl_pbl_physics
cu_physics
Table A.2.

120, 40
1
3,3
4,4
4,4
1,1
0,0

ROMS standard input parameters

Parameter

Value

DT
NDTFAST
TNU2
VISC2
GLS_Kmin
N
Vtransform
Vstretching
THETA_S
THETA_B
TCLINE

180
25
10
50
10−9
40
2
2
8
0.1
200

overturning circulation is inhibited. Reduction of the surface wind stress also reduces the
surface water and GAIW exchange at the Bab-el-Mandeb strait and is a main driver of the
summer overturning circulation anomaly.
The impact of dust on biological productivity in the Red Sea had not been studied
previously. The large optical depth, proximity to the source regions, and previous studies [Jish Prakash et al., 2015; Engelbrecht et al., 2017] of dust aerosols, suggest that large
amount of the material is deposited into the Red Sea, thus, providing additional nutrients.
However, in this study we showed that, in addition to the direct supply of nutrients from
the atmosphere by deposition, the dynamic impact of dust is an important factor in the
overall role of dust in the biological productivity in the Red Sea, since it reduces the surface water and GAIW exchange and thus the nutrients supply through the Bab-el-Mandeb
strait.

A: Model settings
This section provides some of the technical details necessary to reproduce the numerical simulations. The model code was modified and built from revision 1146 of the
COAWST source code. Tables A.1 and A.2 provide the specific settings for WRF and
ROMS, respectively.
ROMS is formulated in the general, horizontal curvilinear coordinates, ξ and η. For
computational efficiency, the oceanic grid was rotated by 30 degrees (the rotation angle is
defined as a counterclockwise angle between the ξ-axis and true east), resulting in the ξ
and η axes being across and parallel to the Red Sea axis, respectively.

–17–

This article is protected by copyright. All rights reserved.

Acknowledgments
The ERA-Interim data were obtained from the ECMWF Data Server with 0.75 by 0.75
degree horizontal and 6 hours temporal resolution. The CERES data were obtained from
the NASA Langley Research Center CERES ordering tool at http://ceres.larc.nasa.
gov/. The OISST-AVHRR and WOA data were obtained from the National Centers for
Environmental Information data center at https://www.ncdc.noaa.gov/oisst and
https://www.nodc.noaa.gov/OC5/woa13/, respectively. The research reported in
this publication was supported by funding from King Abdullah University of Science and
Technology (KAUST). We thank the KAUST Supercomputing Laboratory for providing
computer resources. The data used are listed in the references, tables, and supplements.
The model, initial and boundary conditions, dust optical properties and other data necessary to reproduce the simulations are publicly available through KAUST Repository at
http://hdl.handle.net/10754/626734.

References
Abualnaja, Y., V. P. Papadopoulos, S. A. Josey, I. Hoteit, H. Kontoyiannis, and D. E. Raitsos (2015), Impacts of climate modes on air-sea heat exchange in the red sea, Journal of
Climate, 28(7), 2665–2681, doi:10.1175/JCLI-D-14-00379.1.
Aiki, H., K. Takahashi, and T. Yamagata (2006), The red sea outflow regulated by the indian monsoon, Continental Shelf Research, 26(12), 1448 – 1468, doi:http://dx.doi.org/
10.1016/j.csr.2006.02.017, Recent Developments in Physical Oceanographic Modelling:
Part III.
Almahasheer, H., C. M. Duarte, and X. Irigoien (2016), Nutrient limitation in central red
sea mangroves, Frontiers in Marine Science, 3, 271, doi:10.3389/fmars.2016.00271.
Amante, C., and B. Eakins (2009), Etopo1 1 arc-minute global relief model: Procedures,
data sources and analysis. noaa technical memorandum nesdis ngdc-24, doi:10.7289/
V5C8276M.
Anisimov, A., W. Tao, G. Stenchikov, S. Kalenderski, P. J. Prakash, Z.-L. Yang, and
M. Shi (2017), Quantifying local-scale dust emission from the arabian red sea
coastal plain, Atmospheric Chemistry and Physics, 17(2), 993–1015, doi:10.5194/
acp-17-993-2017.
Balkanski, Y., M. Schulz, T. Claquin, S. Guibert, et al. (2007), Reevaluation of mineral
aerosol radiative forcings suggests a better agreement with satellite and aeronet data,
Atmos. Chem. Phys, 7(1), 81–95.
Bangalath, H. K., and G. Stenchikov (2015), Role of dust direct radiative effect on
the tropical rain belt over middle east and north africa: A high-resolution agcm
study, J. Geophys. Res. -Atmos., 120(10), 4564–4584, doi:10.1002/2015JD023122,
2015JD023122.
Banks, J. R., H. E. Brindley, G. Stenchikov, and K. Schepanski (2017), Satellite retrievals
of dust aerosol over the red sea and the persian gulf (2005–2015), Atmospheric Chemistry and Physics, 17(6), 3987–4003, doi:10.5194/acp-17-3987-2017.
Belkin, I. M. (2009), Rapid warming of large marine ecosystems, Progress in Oceanography, 81(1-4), 207 – 213, doi:https://doi.org/10.1016/j.pocean.2009.04.011, comparative
Marine Ecosystem Structure and Function: Descriptors and Characteristics.
Brindley, H., S. Osipov, R. Bantges, A. Smirnov, J. Banks, R. Levy, P. Jish Prakash, and
G. Stenchikov (2015), An assessment of the quality of aerosol retrievals over the red sea
and evaluation of the climatological cloud-free dust direct radiative effect in the region,
Journal of Geophysical Research: Atmospheres, 120(20), 10,862–10,878, doi:10.1002/
2015JD023282, 2015JD023282.
Cahill, B., R. Toumi, G. Stenchikov, S. Osipov, and H. Brindley (2017), Evaluation of
thermal and dynamic impacts of summer dust aerosols on the red sea, Journal of Geophysical Research: Oceans, 122(2), 1325–1346, doi:10.1002/2016JC011911.

–18–

This article is protected by copyright. All rights reserved.

Cember, R. P. (1988), On the sources, formation, and circulation of red sea deep water, Journal of Geophysical Research: Oceans, 93(C7), 8175–8191, doi:10.1029/
JC093iC07p08175.
Churchill, J. H., A. S. Bower, D. C. McCorkle, and Y. Abualnaja (2014), The transport
of nutrient-rich indian ocean water through the red sea and into coastal reef systems,
Journal of Marine Research, 72(3), 165–181.
Davis, S. R., L. J. Pratt, and H. Jiang (2015), The tokar gap jet: Regional circulation, diurnal variability, and moisture transport based on numerical simulations, Journal of Climate, 28(15), 5885–5907, doi:10.1175/JCLI-D-14-00635.1.
Di Biagio, C., P. Formenti, Y. Balkanski, L. Caponi, M. Cazaunau, E. Pangui, E. Journet,
S. Nowak, S. Caquineau, M. O. Andreae, K. Kandler, T. Saeed, S. Piketh, D. Seibert,
E. Williams, and J.-F. Doussin (2017), Global scale variability of the mineral dust longwave refractive index: a new dataset of in situ measurements for climate modeling and
remote sensing, Atmospheric Chemistry and Physics, 17(3), 1901–1929, doi:10.5194/
acp-17-1901-2017.
Dubovik, O., B. Holben, T. F. Eck, A. Smirnov, Y. J. Kaufman, M. D. King, D. Tanré,
and I. Slutsker (2002), Variability of absorption and optical properties of key aerosol
types observed in worldwide locations, Journal of the Atmospheric Sciences, 59(3), 590–
608, doi:10.1175/1520-0469(2002)059<0590:VOAAOP>2.0.CO;2.
Dubovik, O., A. Sinyuk, T. Lapyonok, B. N. Holben, M. Mishchenko, P. Yang, T. F. Eck,
H. Volten, O. MuÃśoz, B. Veihelmann, W. J. van der Zande, J.-F. Leon, M. Sorokin,
and I. Slutsker (2006), Application of spheroid models to account for aerosol particle
nonsphericity in remote sensing of desert dust, J. Geophys. Res. -Atmos., 111(D11), doi:
10.1029/2005JD006619, d11208.
Dufresne, J.-L., C. Gautier, P. Ricchiazzi, and Y. Fouquart (2002), Longwave scattering
effects of mineral aerosols, J. Atmos. Sci., 59(12), 1959–1966.
Engelbrecht, J., G. Stenchikov, P. J. Prakash, A. Anisimov, and I. Shevchenko (2017),
Physical and chemical properties of deposited airborne particulates over the arabian
red sea coastal plain, Atmospheric Chemistry and Physics Discussions, 2017, 1–44, doi:
10.5194/acp-2017-231.
Farley Nicholls, J., R. Toumi, and G. Stenchikov (2015), Effects of unsteady mountaingap winds on eddies in the red sea, Atmospheric Science Letters, 16(3), 279–284, doi:
10.1002/asl2.554.
Ginoux, P., J. M. Prospero, T. E. Gill, N. C. Hsu, and M. Zhao (2012), Global-scale attribution of anthropogenic and natural dust sources and their emission rates based
on modis deep blue aerosol products, Reviews of Geophysics, 50(3), doi:10.1029/
2012RG000388, RG3005.
Jiang, H., J. T. Farrar, R. C. Beardsley, R. Chen, and C. Chen (2009), Zonal surface wind
jets across the red sea due to mountain gap forcing along both sides of the red sea,
Geophysical Research Letters, 36(19), doi:10.1029/2009GL040008, l19605.
Jish Prakash, P., G. Stenchikov, S. Kalenderski, S. Osipov, and H. Bangalath (2015), The
impact of dust storms on the arabian peninsula and the red sea, Atmospheric Chemistry
and Physics, 15(1), 199–222, doi:10.5194/acp-15-199-2015.
Kalenderski, S., G. Stenchikov, and C. Zhao (2013), Modeling a typical winter-time dust
event over the arabian peninsula and the red sea, Atmospheric Chemistry and Physics,
13(4), 1999–2014, doi:10.5194/acp-13-1999-2013.
Khan, B., G. Stenchikov, B. Weinzierl, S. Kalenderski, and S. Osipov (2015), Dust plume
formation in the free troposphere and aerosol size distribution during the saharan mineral dust experiment in north africa, Tellus B: Chemical and Physical Meteorology,
67(1), 27,170, doi:10.3402/tellusb.v67.27170.
Kok, J. F. (2011), A scaling theory for the size distribution of emitted dust aerosols suggests climate models underestimate the size of the global dust cycle, P. Natl. Acad. Sci.
USA, 108(3), 1016–1021.

–19–

This article is protected by copyright. All rights reserved.

Kok, J. F., D. A. Ridley, Q. Zhou, R. L. Miller, C. Zhao, C. L. Heald, D. S. Ward, S. Albani, and K. Haustein (2017), Smaller desert dust cooling effect estimated from analysis
of dust size and abundance, Nature Geosci, 10(4), 274–278.
Locarnini, R. A., A. V. Mishonov, J. I. Antonov, T. P. Boyer, H. E. Garcia, O. K. Baranova, M. M. Zweng, C. R. Paver, J. R. Reagan, D. R. Johnson, M. Hamilton, and
D. Seidov (2013), World ocean atlas 2013, volume 1: Temperature, NOAA Atlas NESDIS 73, 40 pp.
Loeb, N. G., B. A. Wielicki, D. R. Doelling, G. L. Smith, D. F. Keyes, S. Kato,
N. Manalo-Smith, and T. Wong (2009), Toward optimal closure of the earth’s topof-atmosphere radiation budget, Journal of Climate, 22(3), 748–766, doi:10.1175/
2008JCLI2637.1.
Miller, R. L. (2012), Adjustment to radiative forcing in a simple coupled oceanâĂŞatmosphere model, Journal of Climate, 25(22), 7802–7821, doi:10.1175/JCLI-D-11-00119.1.
Mlawer, E., and S. Clough (1997), On the extension of rapid radiative transfer model to
the shortwave region, in Proceedings of the Sixth Atmospheric Radiation Measurement
(ARM) Science Team Meeting, March 4-7, 1996, San Antonio, Texas, Conf-9603149, U.S.
Dept. of Energy, Washington, DC, 1997, pp. 223–226.
Mlawer, E. J., S. J. Taubman, P. D. Brown, M. J. Iacono, and S. A. Clough (1997), Radiative transfer for inhomogeneous atmospheres: Rrtm, a validated correlated-k model for
the longwave, J. Geophys. Res., 102(D14), 16,663–16,682.
Murray, S. P., and W. Johns (1997), Direct observations of seasonal exchange through the
bab el mandab strait, Geophysical Research Letters, 24(21), 2557–2560, doi:10.1029/
97GL02741.
Osborne, S., A. Baran, B. Johnson, J. Haywood, E. Hesse, and S. Newman (2011), Shortwave and long-wave radiative properties of saharan dust aerosol, Quart. J. Roy. Meteor.
Soc., 137(658), 1149–1167.
Osipov, S., and G. Stenchikov (2017), Regional effects of the mount pinatubo eruption on
the middle east and the red sea, Journal of Geophysical Research: Oceans, pp. n/a–n/a,
doi:10.1002/2017JC013182.
Osipov, S., G. Stenchikov, H. Brindley, and J. Banks (2015), Diurnal cycle of the dust instantaneous direct radiative forcing over the arabian peninsula, Atmospheric Chemistry
and Physics, 15(16), 9537–9553, doi:10.5194/acp-15-9537-2015.
Otto, S., M. d. Reus, T. Trautmann, A. Thomas, M. Wendisch, and S. Borrmann (2007),
Atmospheric radiative effects of an in situ measured saharan dust plume and the role of
large particles, Atmos. Chem. Phys., 7(18), 4887–4903.
Papadopoulos, V. P., Y. Abualnaja, S. A. Josey, A. Bower, D. E. Raitsos, H. Kontoyiannis,
and I. Hoteit (2013), Atmospheric forcing of the winter airâĂŞsea heat fluxes over the
northern red sea, Journal of Climate, 26(5), 1685–1701, doi:10.1175/JCLI-D-12-00267.
1.
Papadopoulos, V. P., P. Zhan, S. S. Sofianos, D. E. Raitsos, M. Qurban, Y. Abualnaja,
A. Bower, H. Kontoyiannis, A. Pavlidou, T. T. M. Asharaf, N. Zarokanellos, and
I. Hoteit (2015), Factors governing the deep ventilation of the red sea, Journal of Geophysical Research: Oceans, 120(11), 7493–7505, doi:10.1002/2015JC010996.
Patzert, W. C. (1974), Wind-induced reversal in red sea circulation, Deep Sea Research and Oceanographic Abstracts, 21(2), 109 – 121, doi:http://dx.doi.org/10.1016/
0011-7471(74)90068-0.
Prospero, J. M., P. Ginoux, O. Torres, S. E. Nicholson, and T. E. Gill (2002), Environmental characterization of global sources of atmospheric soil dust identified with the
nimbus 7 total ozone mapping spectrometer (toms) absorbing aerosol product, Rev. Geophys., 40(1), 2–1–2–31, doi:10.1029/2000RG000095, 1002.
Raitsos, D. E., I. Hoteit, P. K. Prihartato, T. Chronis, G. Triantafyllou, and Y. Abualnaja
(2011), Abrupt warming of the red sea, Geophysical Research Letters, 38(14), doi:10.
1029/2011GL047984, l14601.

–20–

This article is protected by copyright. All rights reserved.

Raitsos, D. E., Y. Pradhan, R. J. W. Brewin, G. Stenchikov, and I. Hoteit (2013), Remote
sensing the phytoplankton seasonal succession of the red sea, PLOS ONE, 8(6), 1–9,
doi:10.1371/journal.pone.0064909.
Raitsos, D. E., X. Yi, T. Platt, M.-F. Racault, R. J. W. Brewin, Y. Pradhan, V. P. Papadopoulos, S. Sathyendranath, and I. Hoteit (2015), Monsoon oscillations regulate
fertility of the red sea, Geophysical Research Letters, 42(3), 855–862, doi:10.1002/
2014GL062882, 2014GL062882.
Reynolds, R. W., T. M. Smith, C. Liu, D. B. Chelton, K. S. Casey, and M. G. Schlax
(2007), Daily high-resolution-blended analyses for sea surface temperature, Journal of
Climate, 20(22), 5473–5496, doi:10.1175/2007JCLI1824.1.
Ryder, C. L., E. J. Highwood, P. D. Rosenberg, J. Trembath, J. K. Brooke, M. Bart,
A. Dean, J. Crosier, J. Dorsey, H. Brindley, J. Banks, J. H. Marsham, J. B. McQuaid,
H. Sodemann, and R. Washington (2013), Optical properties of saharan dust aerosol and
contribution from the coarse mode as measured during the fennec 2011 aircraft campaign, Atmos. Chem. Phys., 13(1), 303–325.
Shchepetkin, A. F., and J. C. McWilliams (2005), The regional oceanic modeling system
(roms): a split-explicit, free-surface, topography-following-coordinate oceanic model,
Ocean Modelling, 9(4), 347 – 404, doi:http://dx.doi.org/10.1016/j.ocemod.2004.08.002.
Shchepetkin, A. F., and J. C. McWilliams (2009), Correction and commentary for "ocean
forecasting in terrain-following coordinates: Formulation and skill assessment of the
regional ocean modeling system" by haidvogel et al., j. comp. phys. 227, pp. 3595-3624,
Journal of Computational Physics, 228(24), 8985 – 9000, doi:http://dx.doi.org/10.1016/j.
jcp.2009.09.002.
Sicard, M., S. Bertolín, M. Mallet, P. Dubuisson, and A. Comerón (2014), Estimation of
mineral dust long-wave radiative forcing: sensitivity study to particle properties and
application to real cases in the region of barcelona, Atmos. Chem. Phys., 14(17), 9213–
9231.
Skamarock, W., J. Klemp, J. Dudhia, D. Gill, D. Barker, M. Duda, X. Huang, W. Wang,
and J. Powers (2008), A description of the advanced research wrf version 3 (2008) ncar
technical note, Boulder, CO.
Sofianos, S., and W. E. Johns (2015), Water Mass Formation, Overturning Circulation,
and the Exchange of the Red Sea with the Adjacent Basins, pp. 343–353, Springer Berlin
Heidelberg, Berlin, Heidelberg.
Sofianos, S., W. Johns, and S. Murray (2002), Heat and freshwater budgets in the red sea
from direct observations at bab el mandeb, Deep Sea Research Part II: Topical Studies in
Oceanography, 49, 1323 – 1340, doi:http://dx.doi.org/10.1016/S0967-0645(01)00164-3,
world Ocean Circulation Experiment.
Sofianos, S. S., and W. E. Johns (2003), An oceanic general circulation model (ogcm)
investigation of the red sea circulation: 2. three-dimensional circulation in the red sea,
Journal of Geophysical Research: Oceans, 108(C3), doi:10.1029/2001JC001185, 3066.
Sofianos, S. S., and W. E. Johns (2007), Observations of the summer red sea circulation, Journal of Geophysical Research: Oceans, 112(C6), doi:10.1029/2006JC003886,
c06025.
Tanaka, T. Y., and M. Chiba (2006), A numerical study of the contributions of dust source
regions to the global dust budget, Global and Planetary Change, 52(1), 88–104.
Triantafyllou, G., F. Yao, G. Petihakis, K. P. Tsiaras, D. E. Raitsos, and I. Hoteit (2014),
Exploring the red sea seasonal ecosystem functioning using a three-dimensional biophysical model, Journal of Geophysical Research: Oceans, 119(3), 1791–1811, doi:
10.1002/2013JC009641.
Warner, J. C., B. Armstrong, R. He, and J. B. Zambon (2010), Development of a coupled
ocean-atmosphere-wave-sediment transport (coawst) modeling system, Ocean Modelling,
35(3), 230 – 244, doi:http://dx.doi.org/10.1016/j.ocemod.2010.07.010.
Weinzierl, B., A. Petzold, M. Esselborn, M. Wirth, K. Rasp, K. Kandler, L. Schütz,
P. Koepke, and M. Fiebig (2009), Airborne measurements of dust layer properties, par-

–21–

This article is protected by copyright. All rights reserved.

ticle size distribution and mixing state of saharan dust during samum 2006, Tellus B,
61(1), 96–117.
Yao, F., I. Hoteit, L. J. Pratt, A. S. Bower, A. KÃűhl, G. Gopalakrishnan, and D. Rivas
(2014a), Seasonal overturning circulation in the red sea: 2. winter circulation, Journal
of Geophysical Research: Oceans, 119(4), 2263–2289, doi:10.1002/2013JC009331.
Yao, F., I. Hoteit, L. J. Pratt, A. S. Bower, P. Zhai, A. KÃűhl, and G. Gopalakrishnan
(2014b), Seasonal overturning circulation in the red sea: 1. model validation and summer circulation, Journal of Geophysical Research: Oceans, 119(4), 2238–2262, doi:
10.1002/2013JC009004.
Zhai, P., A. S. Bower, W. M. Smethie, and L. J. Pratt (2015), Formation and spreading of
red sea outflow water in the red sea, Journal of Geophysical Research: Oceans, 120(9),
6542–6563, doi:10.1002/2015JC010751.
Zolina, O., A. Dufour, S. Gulev, and G. Stenchikov (2017), Regional hydrological cycle over the red sea in era-interim, Journal of Hydrometeorology, 18(1), 65–83, doi:
10.1175/JHM-D-16-0048.1.
Zuo, H., M. A. Balmaseda, and K. Mogensen (2015), The new eddy-permitting orap5
ocean reanalysis: description, evaluation and uncertainties in climate signals, Clim.
Dyn., doi:10.1007/s00382-015-2675-1.
Zweng, M., J. Reagan, J. Antonov, R. Locarnini, A. Mishonov, T. Boyer, H. Garcia,
O. Baranova, D. Johnson, D.Seidov, and M. Biddle (2013), World ocean atlas 2013,
volume 2: Salinity, NOAA Atlas NESDIS 74, 39 pp.

–22–

This article is protected by copyright. All rights reserved.

