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Evaporative Implications of Dry-Air Outbreaks Over the
Northern Red Sea

Viviane V. Menezes!' "', J. Thomas Farrar!'>, and Amy S. Bower!

IDepartment of Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

Abstract We investigate the impacts of westward wind events on the Red Sea evaporation using the
35-year second Modern-Era Retrospective analysis for Research and Applications reanalysis and a
2-year-long record of in situ observations from a heavily instrumented air-sea interaction mooring. These
events are common during boreal winter, and their effects are similar to cold-air outbreaks that occur in
midpolar and subpolar latitudes. They cause extreme heat loss from the sea, which is dominated by latent
heat fluxes. Different from cold-air outbreaks, the intensified heat loss is due to the low relative humidity
as we show through latent heat flux decomposition. Rainfall is negligible during these events, and we refer
to them as dry-air outbreaks. We also investigate the general atmospheric circulation pattern that favors
their occurrence, which is associated with an intensified Arabian High at the north-central portion of the
Arabian Peninsula—a feature that seems to be an extension of the Siberian High. The analyses reveal that
the westward winds over the northern Red Sea and the winter Shamal winds in the Persian Gulf are

very likely to be part of the same subsynoptic-scale feature. The second Modern-Era Retrospective analysis
for Research and Applications reanalysis indicates that the occurrence of westward wind events over the
northern Red Sea has grown from 1980 to 2015, especially the frequency of large-scale events, the cause

of which is to be investigated. We hypothesize that dry-air outbreaks may induce surface water mass
transformation in the surface Red Sea Eastern Boundary Current and could represent a significant process
for the oceanic thermohaline-driven overturning circulation.

1. Introduction

The Red Sea, a semienclosed marginal sea of the Indian Ocean located between 12°N and 30°N, is one of
the saltiest and warmest water bodies on Earth and a primary source of high salinity waters for the oceanic
intermediate layer (e.g., Beal et al., 2000; Han & McCreary, 2001). Intense air-sea interactions characterize
the Red Sea, which has one of the highest evaporation rates of the global oceans, with an annual mean of
2.06 + 0.22 m/year (Bower & Farrar, 2015; Eshel & Heavens, 2007; Sofianos et al., 2002; Tragou et al., 1999).

The intense evaporation drives the basin-scale vertical overturning circulation and contributes to the for-
mation of the Red Sea Overflow Water (RSOW; Bower & Farrar, 2015; Eshel & Naik, 1997; Papadopoulos
et al., 2015; Sofianos & Johns, 2003, 2015; Yao, Hoteit, Pratt, Bower, Kohl, et al., 2014; Yao, Hoteit, Pratt,
Bower, Zhai, et al., 2014; Zhai, Bower, et al., 2015). This salty water mass escapes to the Indian Ocean, where
it can be traced at intermediate depths as far as the Agulhas Current and the Agulhas Return Current at
about 40°S (Beal et al., 2000; Roman & Lutjeharms, 2007, 2009; You, 1998). The intense evaporation is also
an important source of moisture for the arid Middle-East, influencing the regional hydrological cycle and
the precipitation over the adjacent countries (Zolina et al., 2017). Hence, local air-sea interaction processes
in the interior of the northern Red Sea can have large-scale impacts in both the atmosphere and ocean.

Evaporation rates increase northward in the Red Sea and are stronger in winter (boreal seasons, hereafter;
e.g., Eshel & Heavens, 2007; Papadopoulos et al., 2013; Sofianos et al., 2002; Tragou et al., 1999; Zolina et al.,
2017). Based on a unique 2-year-long record of latent surface heat flux derived from in situ observations,
Bower and Farrar (2015) describe local evaporation rates at 22°N (central Red Sea) varying from 1 m/year
in summer to 3 m/year in winter with peaks exceeding 5 m/year. They found these evaporation peaks asso-
ciated with surface westward winds that bring dry and relatively cold air and dust from the Arabian Desert
over the Red Sea (see also Bower & Farrar, 2015; Jiang et al., 2009; Menezes et al., 2018). Hereafter, we follow
the oceanographic convention, that is, to where the winds blow.
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The westward wind events have effects similar to cold-air outbreaks that occur in midpolar and subpolar lati-
tudes across the globe (e.g., Dorman et al., 2006; Lee et al., 2005; Marshall et al., 2009; Poulain et al., 2001) and
are very distinct from the typical along-axis surface wind regime of the Red Sea (Bower & Farrar, 2015; Jiang
et al., 2009; Menezes et al., 2018). As we show in the present work, the intensified heat losses (>600 W/m?)
during westward wind events are due to the low relative humidity of these winds, and because of that, we
also refer to these events as dry-air outbreaks. Because these outbreaks can sharply increase surface heat loss
and evaporation over the northern Red Sea, they may trigger surface water mass transformation that leads
to the RSOW (Bower & Farrar, 2015; Jiang et al., 2009; Kalenderski et al., 2013; Papadopoulos et al., 2013).

Menezes et al. (2018) analyzed the occurrence of the westward wind events in QuikSCAT satellite data
and showed that these events are relatively common over the northern Red Sea. They occur in the winter
monsoon (October-March), especially in December and January, typically one to three large-scale events
(more than 400-km meridional extension) each winter (see, e.g., Figures 5 and 22 in Menezes et al., 2018).
In general, the events last from 3 to 8 days, reach speeds up to 13 m/s in QuikSCAT, and have substan-
tial interannual variability (Menezes et al., 2018). They are unmistakably different from other localized
orographic-influenced land wind events such as the Mecca-wind event in September 2015 (Dasari et al.,
2017).

In a typical event, all the winds over the northern Red Sea are to the west, but there are two regions where
the westward winds are more prominent: 22-24°N and 25-26°N (Menezes et al., 2018). These regions are in
latitudes correspondent to the broadest mountain gaps on land; gaps in the Red Sea coastal mountains vary
from a few kilometers to 50-70 km according to the ETOPO2 global relief data (NGDC, 2006). As shown
by Menezes et al. (2018), this is not a coincidence since the desert-origin westward winds pass through the
many gaps in the coastal mountains that border the Arabian Peninsula western margin. One of the most
significant gaps is in the vicinity of the historical city of Mecca (21°25 N, 39°49 25’ E). South of Mecca, there
are the taller and more compact Asir mountains; north of it, there are the Hijaz mountains, and a separation
exists between the two coastal mountain ranges. There are also gaps due to valleys and canyons linked to dry
rivers (called wadis), for example, around 26°N; there are gaps related to faults and fractures of the coastal
escarpment (e.g., Brown et al., 1989).

It is still under debate why these large-scale westward wind events and associated dry-air outbreaks develop
in the northern Red Sea. Jiang et al. (2009) suggest that their occurrence may be due to a local intensification
of the Saudi Arabian High by radiative cooling in the Arabian Desert or by the intrusion of cold, continental
air flowing out of the Siberian High. Papadopoulos et al. (2013) studied the extreme heat loss over the north-
ern Red Sea and found that the anticyclone over Turkey creates the sea level pressure (SLP) gradients that
allow continental, cold and dry air masses to reach the northern Red Sea. This pattern seems to favor the
large-scale westward wind events as noted by Bower and Farrar (2015). However, not all extreme sea heat
loss days described by Papadopoulos et al. (2013) are due to desert-origin westward winds (see, e.g., their
Figure 9).

In the present work, we investigate the general atmospheric circulation pattern (described by SLP) that
favors the large-scale surface winds to flow westward over the northern Red Sea in winter and the impacts of
these events on the spatial-temporal distribution of the evaporation. We also determine the factors contribut-
ing to the sharp latent heat loss (evaporation) observed in dry-air outbreaks by applying a latent heat flux
decomposition. The objective is to disentangle the role of variations in sea surface temperature, air-sea tem-
perature difference, relative humidity, and wind speed. Additionally, the relationship between the dry-air
outbreaks and the severe heat loss days described by Papadopoulos et al. (2013) is also investigated. This
work is part of a research effort aiming to understand the air-sea interaction processes involved in the
surface water mass transformation in the northern Red Sea, an essential part of the Red Sea vertical over-
turning circulation. The investigation is based on the new second Modern-Era Retrospective analysis for
Research and Applications (MERRA-2) reanalysis developed by National Aeronautics and Space Adminis-
tration (Bosilovich et al., 2017) and in situ observations from an air-sea interaction mooring. The mooring
was deployed by Woods Hole Oceanographic Institution (WHOI) in collaboration with King Abdullah Uni-
versity of Science and Technology (KAUST) and worked from October 2008 to December 2010 (Bower &
Farrar, 2015; Farrar et al., 2009). We start the analyses by comparing MERRA-2 with the in situ observa-
tions to show that MERRA-2 captures the westward wind events over the northern Red Sea and their effects
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on the evaporation despite its relatively coarse spatial resolution (about 50 km) compared with the Red Sea
maximum width (355 km according to, e.g., Bower & Farrar, 2015; Jiang et al., 2009).

The paper is organized as follows: Sections 2 and 3 describe the data sets and the methods, respectively;
section 4.1 presents an evaluation of MERRA-2 winds and evaporation rates against in situ observation from
the WHOI/KAUST mooring. Section 4.2 describes the northern Red Sea westward wind events in MERRA-2.
Section 4.3 focuses on the large-scale SLP patterns associated with these events, section 4.4 on the impacts
of these events on the evaporation rates, section 4.5 on the latent heat flux decomposition, and section 4.6
on the relationship between dry-air outbreaks and the severe sea heat losses in winter. Section 4.7 briefly
describes the differences between the dry-air outbreaks in the northern Red Sea and the Red Sea Trough
(RST) systems, which also occur in the cool season. Section 5 provides a summary and discussion.

2. Data

2.1. MERRA-2

The MERRA-2 atmospheric reanalysis spans from 1980 to the present, but here we focus on a 35-year period
between 1980 and 2015. This improved product replaces the original MERRA reanalysis (Bosilovich et al.,
2017; Rienecker et al., 2011). MERRA-2 uses the Goddard Earth Observing System Model (GEOS-5), version
5.12.4, configured with a cubed-sphere grid with 72 vertical levels and horizontal resolution of about 50 km
(Bosilovich et al., 2016). MERRA-2 assimilates several data types, which include in situ observations of wind
and mass fields and measurements from spaceborne observing systems. The satellite-derived winds assim-
ilated in MERRA-2 are atmospheric motion vectors obtained by tracking features in temporally successive
satellite images, wind speeds retrieved by Special Sensor Microwave Imager and Special Sensor Microwave
Imager Sounder, and ocean surface wind vectors from satellite scatterometers (ERS-1, ERS-2, QuikSCAT,
and ASCAT) and derived from the WINDSAT/Coriolis microwave radiometer. McCarty et al. (2016) give a
complete description of all data assimilated in MERRA-2.

The MERRA-2 outputs are spatially interpolated to a longitude-latitude grid of 0.625° x 0.5°. We use
daily-average fields computed from hourly average outputs to smooth the strong diurnal cycle associated
with the Red Sea land-sea breezes (Churchill et al., 2014; Davis et al., 2015; Zolina et al., 2017). The following
MERRA-2 surface fields are analyzed: evaporation and precipitation rates, latent and sensible heat fluxes,
10-m vector winds, SLP, and air surface temperature. Hereafter, heat fluxes comply with the oceanographic
convention: Positive values represent oceanic heat gain.

The primary fields that will be analyzed are evaporation (latent heat flux) and SLP since we aim to under-
stand the impact of dry-air outbreaks on the spatial-temporal distribution of the evaporation and the
large-scale atmospheric pattern that favors these events. MERRA-2 has higher spatial and temporal resolu-
tions than the satellite-based OAFlux surface heat fluxes (1° x 1°) used in several studies in the Red Sea (e.g.,
Abualnaja et al., 2015; Bower & Farrar, 2015; Papadopoulos et al., 2013; Zhai, Bower, et al., 2015) and has
a slightly better spatial resolution than the ERA-Interim reanalysis analyzed by, for example, Zolina et al.
(2017), who investigated the Red Sea regional hydrological cycle.

In the present work, the MERRA-2 wind fields are used to identify westward wind/dry-air outbreak events
in the northern Red Sea. Although the reanalysis wind fields have lower spatial resolution than the wind
fields used by Jiang et al. (2009) and Menezes et al. (2018), MERRA-2 captures the overall spatial struc-
ture of large-scale westward winds and can be used to identify its occurrence (Figures 1 and S1 in the
supporting information). For instance, Figure 1 shows two events in MERRA-2 and the 3-day moving aver-
age QuikSCAT wind fields (25-km spatial resolution) produced by Remote Sensing System and analyzed
by Menezes et al. (2018). The MERRA-2 winds are slightly weaker when compared with the QuikSCAT
winds, but the spatial patterns are similar. For readers interested in the accuracy of QuikSCAT scatterome-
ter winds in the northern Red Sea, we refer to Menezes et al. (2018), who performed a very detailed analysis
of QuikSCAT and in situ winds. The latter authors describe correlations between satellite and in situ winds
as high as 0.96 (speed) and 0.85 (direction) and a root-mean-square difference (rmsd) of 0.72 m/s for winds
above 3 m/s. We have also compared MERRA-2 with the downscale 10-km WRF short-period simulation
from Jiang et al. (2009) and find that the MERRA-2 wind fields capture the overall pattern including the
winds over land, although the wind strength is generally weaker in MERRA-2 (e.g., Figure S1). Moreovet,
MERRA-2 reproduces relatively well the statistical distribution of coastal QuikSCAT Level 2B winds version
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Figure 1. Two examples of wintertime westward wind events over the northern Red Sea in MERRA-2 and QuikSCAT:
(a, b) 14-15 January 2009 and (c, d) 27-28 December 2004. Colors indicate the wind speed and vectors the wind
direction. Black dot shows the Woods Hole Oceanographic Institution/King Abdullah University of Science and
Technology mooring position and J1/J2 labels point to the regions of intensified winds over water. For display
purposes, QuikSCAT vectors are shown with a coarsened resolution (approximately 0.5°). Notice QuikSCAT winds are
not defined over land. MERRA-2 = second Modern-Era Retrospective analysis for Research and Applications.

4.0 (spatial resolution of 12.5 km; Stiles et al., 2017) between 22°N and 26°N as we show in Figure S2—the
region where the westward wind events are most recurrent (Menezes et al., 2018). Hence, MERRA-2 spatial
resolution is sufficient to identify westward wind events over the northern Red Sea.

Since MERRA-2 is not entirely independent of QuikSCAT or Weather Research and Forecasting model
(WRF), in section 4.1, we compare MERRA-2 winds and evaporation rates to the (nonassimilated)
WHOI/KAUST in situ observations at the northern Red Sea. The aim is to verify the accuracy of MERRA-2
winds and evaporation over water. For the comparison, MERRA-2 data between October 2008 and Decem-
ber 2010 from the closest grid point to the mooring location are used (22°N; 38.75°E, 31.99 km of distance
between the grid point center and the mooring). In addition, we also compare the MERRA-2 winds with
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daily-average in situ winds from coastal-land areas; these coastal-land winds are from a meteorological tower
at 22.297°N, 39.0928°E (18 October 2008 to 9 November 2009; WHOI/KAUST partnership) and two long
Global Surface Summary of the Day time series available at the National Climatic Data Center/National
Oceanic and Atmospheric Administration. These long time series span the MERRA-2 period (1980-2015)
and are from the Yenbo (24.144°N; 38.063°E; 7.9 m above mean sea level) and Wejh (26.199°N; 36.476°E;
20.1 m) stations.

2.2. WHOI/KAUST In Situ Mooring Data

Hourly average in situ atmospheric observations from the northern Red Sea at 22.17°N; 38.5°E between 12
October 2008 and 16 December 2010 (796 days) are analyzed (see Figure 1 for the mooring position). These
in situ observations are from the WHOI/KAUST mooring, anchored at 693 m depth (Farrar et al., 2009). The
mooring was positioned about 55 km (34.1 mi) offshore of Thuwal and northwest of the gap near Mecca,
where the Hijaz and Asir Mountains separate (see, e.g., Figures 2a and 2b from Menezes et al., 2018 and
Figures 1c and 1d from Jiang et al., 2009). As described by Bower and Farrar (2015) and Menezes et al.
(2018), the mooring was in a good location for observing the desert-origin westward winds and thus dry-air
outbreaks (Jiang et al., 2009; Menezes et al., 2018). The following variables were measured: surface wind
velocity and direction, surface relative humidity and air temperature, barometric pressure, incoming short-
wave (incident sunlight) and longwave (infrared) radiations, precipitation, and surface waves. Temperature,
salinity, and ocean currents were also measured at depths spanning the full water column (Farrar et al.,
2009).

Air-sea fluxes of heat, momentum, and freshwater are calculated using the Coupled Ocean-Atmosphere
Response Experiment version 3.0 (COARE-3) bulk algorithm (Fairall et al., 2003). For wind speeds between
5 and 15 m/s, which are typical in the Red Sea (Menezes et al., 2018), there is no significant difference
between the COARE-3 and the refined COARE 3.5 algorithms (Edson et al., 2013). Evaporation rates (E) are
estimated from the latent heat flux (Q)) as E = Q,/(L, * p,,), where L, is the latent heat of vaporization of
liquid water and p,, is the density of seawater. We assume L, = 2.44 x 10° J/kg and p,, = 1,022.4 kg/m?,
the same values used in the Indian Ocean RAMA array program (McPhaden et al., 2009). In situ winds were
converted to winds at 10-m height under neutral stratification condition through the COARE-3 algorithm.
Hereafter, in situ winds refer to 10-m winds. The hourly time series have only 0.3% of missing data, which are
due to the replacement of the buoy after the first year of operation. We filled the gaps by linear interpolation
and computed daily-average observations to smooth the diurnal cycle.

3. Methods

3.1. Identifying Westward Wind Events Over the Northern Red Sea

We use a definition similar to Menezes et al. (2018) to identify the westward wind events over the north-
ern Red Sea in MERRA-2. The events are defined as the occurrence of persistent winds toward 215-280°
(oceanographic convention) over the northern Red Sea eastern boundary. Here the two grid points adjacent
to the Arabian Peninsula coastline (about 140-km width) delimit the eastern boundary. Only events that
occur during the winter are analyzed since the majority of events are found in this season (Menezes et al.,
2018). Hereafter, winter refers to the winter monsoon period (October to March). Sea/land areas are defined
based on the ETOPO-2 version 2.2 global relief data set (NGDC, 2006; Smith & Sandwell, 1997), bilinearly
interpolated to the MERRA-2 grid. ETOPO-2 contains both ocean bathymetry and land topography data
with a horizontal grid resolution of 2 min and is distributed by the National Geophysical Data Center.

One limitation faced by Menezes et al. (2018) to identify the winds coming from the Arabian Desert in
QuikSCAT was the ambiguity regarding the wind direction between these desert-origin winds and the west-
ward winds associated with the Red Sea Convergence Zone (RSCZ). The RSCZ is the region of weaker winds
where the two opposite-blowing along-axis air streams meet and bend to the west in the middle of the
Red Sea (about 18-19°N; e.g., Langodan et al., 2015; Menezes et al., 2018; Pedgley, 1966; Viswanadhapalli
et al., 2017; Vojtesak et al., 1991; Zolina et al., 2017). Usually, the RSCZ develops in winter, but the
RSCZ-associated westward winds do not come from the desert. The southward winds north of the RSCZ are
weak and drier, but south of it, the northward winds are stronger and moister, and light rain showers can be
present either side (within 90 km) of the RSCZ (Vojtesak et al., 1991). Thus, the RSCZ-associated westward
winds are not as dry as the desert-origin westward winds that cause the dry-air outbreaks. Because satellite
scatterometer winds are only defined over water, Menezes et al. (2018) could not separate these two kinds
of westward winds near the RSCZ (when this zone existed) based on QuikSCAT data alone. We do not have
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this limitation in the present study because MERRA-2 wind fields are also defined over land. To exclude the
RSCZ-westward winds, we adopted the following condition: A desert-origin westward wind event occurs
at a latitude j if both the median winds over the Red Sea eastern boundary and land are in the range 215°
to 280°. The median winds over land are computed from the two land grid points adjacent to the Arabian
Peninsula coastline. Similar to Menezes et al. (2018), we use zonal velocity u = —1 m/s as the threshold to
define the start/end of a dry-air outbreak event at each latitude j.

3.2. Westward Wind Event and Winter Composites

We use composite analyses of SLP and evaporation rates to evaluate the general atmospheric circulation pat-
tern associated with the westward wind/dry-air outbreak events over the northern Red Sea and the effect
of these events on the spatial-temporal distribution of evaporation. We form the respective composites by
averaging the SLP and evaporation fields associated with westward winds. Because the events have differ-
ent duration, from one to several days (Menezes et al., 2018), for each identified event (see the previous
section), we select the field (SLP/evaporation) from the day in which the westward winds have their maxi-
mum meridional extension. We do that to avoid sampling bias caused by long-duration events. Our analyses
focus on the composites formed by large-scale events, that is, the ones with westward winds extending for
at least half of the northern Red Sea meridional extension (4° of latitude). As a reference, we also form win-
ter composites (October—-March) by excluding all fields associated with westward wind events larger than
20% of the northern Red Sea meridional extension (1.6° of latitude). Thus, the westward winds related to
the narrow RSCZ (100-180-km meridional extension or less) in the central Red Sea will contribute to the
winter composite but not for the westward wind event ones. See Menezes et al. (2018) for a more detailed
description of the RSCZ. Surface wind, precipitation, and air temperature composites (westward wind and
winter) are also formed using the same technique as above to assist the interpretation.

3.3. Latent Heat Flux Decomposition

Westward wind events are characterized by an abrupt increase in latent heat loss (evaporation; Bower &
Farrar, 2015). The sharp increase is caused by a combination of intensified zonal winds carrying dry and
relatively cold air. To disentangle the contribution of surface relative humidity, near-surface stability, sea
surface temperature, and wind speed, we use a diagnostic latent heat flux decomposition approach similar
to Bosilovich et al. (2017), Richter and Xie (2008), and Vimont et al. (2009). We apply it to the in situ obser-
vations measured at the WHOI/KAUST mooring. The diagnostic decomposition is based on the standard
aerodynamic bulk formula for the latent heat flux (Q,):

Ql = chepaW [qs - qa] ’ (1)

where L, is the latent heat of vaporization of liquid water, C, is the turbulent exchange coefficient for latent
heat flux, p, is the is the near-surface air density, W is the scalar wind speed at near-surface (here 10-m height
above the sea surface), g, is the saturation specific humidity at the air-sea interface, which is a function of
sea surface temperature (SST), and g, is the near-surface saturation specific humidity that depends on the
air temperature (7,) and relative humidity (RH; Katsaros, 2001). Equation (1) can be rewritten in function
of the components we are interested in disentangling (i.e., SST and RH):

Q,=L,C.p,W [qy(SST) — RH - q((SST + S)| , )

where S = T, — SST represents stability of the near-surface air. Assuming an analytical expression for the
saturation specific humidity (Emanuel, 1994; Richter & Xie, 2008):

q5(t) = gy exp (A1), 3)
B(t) = exp (y/x — cln(t)), 4

where f is a function of temperature (t), y = a — b, and q,, a, b, and c are constants.

The latent heat flux is then expressed as

Q = L,C.p,Wq, [exp(B(SST)) — RH - exp(f(SST + S))| . ©)
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Each partial derivative in equation (6) is obtained analytically by differen-
tiating equation (5) with respect to each of its variables as done by Richter
. . . . and Xie (2008; see Appendix A). To evaluate the relative contribution of
Figure 2. Observed latent heat flux anomalies (blue line; relative to th 1 d i 1 ts of wind further d
1-month running average) at the Woods Hole Oceanographic ¢ zoha (u) and mert 10r.1a ©) C(?rnponen S0 w1n. » We .ur er .ecom-
Institution/King Abdullah University of Science and Technology mooring pose the wind speed term in equation (6) by expressing W in equation (5)

(12 October 2008 to 16 December 2010) and the linearized latent heat flux as W = \u? +12 (Vimont et al., 2009).

anomalies estimated as in equation (6) (red line). . .
In our decomposition, Q' refers to monthly mean anomaly perturbations.

Figure 2 shows the time series of latent heat flux anomalies (Q; ) estimated

using equation (6) (and the terms in Appendix A) in relation to the Q;
obtained directly as Ql’ = Q;— Q;, where Q, is the latent heat flux at day k and Q, is the monthly average. The
variability of latent heat flux perturbations estimated as the sum of the contributions of the different terms
represents well the Q/, even though we assumed a simple analytical expression for the saturation specific
humidity. The linear correlation coefficient between the two time series is 0.93, with a mean difference
(Q; - Q;) of 7.9 W/m? and a rmsd of 32.9 W/m?2. If we consider only the winter period (October to March),
the mean difference is larger (15.4 W/m?), but the rmsd is lower (21.3 W/m?), and the correlation coefficient
is higher (0.95).

3.4. Westward Wind Events and Severe Sea Heat Losses

Bower and Farrar (2015) suggested that the SLP composite (and some daily fields) associated with the largest
sea heat losses from Papadopoulos et al. (2013) seems connected with westward winds over the northern
Red Sea. To investigate this conjecture, we reproduce the work of Papadopoulos et al. (2013) and compare
the occurrence of westward wind/dry-air outbreak events with the severe heat loss days. However, instead of
using OAFlux fields (Yu et al., 2008), as did Papadopoulos et al. (2013), we use heat fluxes from the MERRA-2
reanalysis, which are self-consistent with the wind fields we are analyzing and have higher spatial resolution
than OAFlux.

Table 1

Evaluation of the Daily-Average MERRA-2 Winds and Evaporation Rates Against In Situ Observations at the Woods
Hole Oceanographic Institution/King Abdullah University of Science and Technology Mooring (22.17°N; 38.5°E) for the
period 12 October 2008 to 16 December 2010

W (m/s) u (m/s) v (m/s) E (m/year)
MERRA-2 3.86 [0.20, 10.14] 1.63 [—7.94, 5.38] —2.53[~8.63,9.60] 1.64 [0.24, 5.00]
Mooring 4.85[0.19,11.81] 2.17 [-9.00, 7.34] —3.36 [-9.21, 11.33] 2.00 [0.31, 7.10]

oW (m/s) ou (m/s) ov (m/s) E (m/year)
MERRA-2 2.10 1.75 2.69 0.89
Mooring 2.51 2.40 2.84 1.20

u(4) rmsd r

ws —-0.99 1.13 0.89
u —-0.54 1.11 0.90
v 0.83 1.11 0.92
E -0.39 0.59 0.89

Note. The upper block shows the mean [minimum, maximum] for wind speed (W), zonal velocity (u), meridional
velocity (v), and evaporation rates (E) for each data set. The middle block shows the respective sample standard
deviation (o). The lower block shows the mean difference (1(4)) between the second Modern-Era Retrospective
analysis for Research and Applications (MERRA-2) and in situ observations, the root-mean-square of the difference
(rmsd), and the linear correlation coefficients (r), which are significantly different from zero at 95% confidence.
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Figure 3. Histograms from daily-average in situ winds collected at the Woods Hole Oceanographic Institution/King
Abdullah University of Science and Technology mooring (gray bars) and the MERRA-2 reanalysis (red curves) at the
closest grid point (22.0°N-38.75°E) to the mooring position: (a) zonal velocity u; (b) meridional velocity v; (c) wind
speed; and (d) wind direction. Histograms were computed using bins of 1 m/s for wind speed, u, v and 5° for wind
direction. Vertical axes are the percentage of 796 daily data (12 October 2008 to 16 December 2010) that fall in the
respective bins. Notice the different vertical axis scales used in the subplots. MERRA-2 = second Modern-Era
Retrospective analysis for Research and Applications.

The 5% lowest daily turbulent heat flux (latent plus sensible heat flux) values define the severe heat loss days
in Papadopoulos et al. (2013). They used only the turbulent terms instead of a complete heat balance because
these terms have much higher variability than the radiative terms in the northern Red Sea as discussed in
their section 3. The fifth percentile is determined from a composite time series of daily turbulent fluxes
between December and February (DJF, hereafter). This time series is formed by averaging the turbulent heat
flux values from the most northern part of the basin (25-28°N). For the OAFlux data used by Papadopoulos
et al. (2013), the composite time series included 11 grid points, but for MERRA-2, it includes 24 grid points
since MERRA-2 has higher horizontal grid resolution than the OAFlux. Papadopoulos et al. (2013) found
no difference if their area was 23-28°N or 27-28°N.

4. Results

4.1. Evaluation of MERRA-2 Winds and Evaporation Rates

The comparison between MERRA-2 and in situ observations from the WHOI/KAUST mooring for the period
between October 2008 and December 2010 indicates that MERRA-2 reproduces the basic characteristics of
the wind regime and the evaporation at the mooring location (Table 1). The linear correlation coefficients
are high, about 0.9, for all variables evaluated here (wind speed, zonal and meridional velocities, and evap-
oration), and rmsd is relatively low (1.1 m/s for winds and 0.59 m/year for evaporation). No apparent biases
exist in MERRA-2, but the reanalysis tends to underestimate the wind strength as shown in Table 1 (upper
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Figure 4. Comparison between daily-average evaporation rates calculated from in situ measurements at the Woods
Hole Oceanographic Institution/King Abdullah University of Science and Technology mooring and the MERRA-2
reanalysis for the period between 12 October 2008 and 16 December 2010. (a) Time series of evaporation rates. (b)
Histogram of the evaporation rate differences between the MERRA-2 and the Woods Hole Oceanographic
Institution/King Abdullah University of Science and Technology mooring data (AE = MERRA-2 — Mooring). Blue/red
are used to positive/negative differences. (c) Seasonal distribution of the mean differences in evaporation.

MERRA-2 = second Modern-Era Retrospective analysis for Research and Applications.

block). Despite that, the statistical distribution of all wind variables of MERRA-2 is similar to the ones
obtained from in situ observations (Figure 3), which provide an assurance that MERRA-2 reanalysis cap-
tures the essential features of the wind regime including the westward winds of interest here. Moreover, the
correlation coefficient is also high between MERRA-2 and the land-based daily-average tower observations
(0.78/0.76 [speed/zonal winds]), with rmsd of the same order as the mooring observations (1.19/1.17 m/s).
With the 35-year-long time series of Wejh (26.199°N) and Yenbo (24.144°N), correlations for wind speed are
0.74 and 0.62, respectively, and rmsd is 1.26 and 1.23 m/s.

Water cycle variables such as evaporation typically present significant uncertainties in atmospheric reanal-
ysis products (Bosilovich et al., 2017; Roberts et al., 2012; Yu et al., 2017). These uncertainties have several
causes from model physics and parametrizations to the effects of an evolving observing system. In the north-
ern Red Sea, the MERRA-2 reproduces well the variability of the evaporation at the WHOI/KAUST mooring
location as can be seen in Figure 4a.

On the global scale, MERRA-2 has global mean evaporation larger than precipitation (Bosilovich et al., 2017;
Yu et al., 2017). However, in the northern Red Sea, the reanalysis tends to underestimate the evaporation
rates with a mean difference of —0.4 m/year (Figure 4b), which is consistent with the weaker winds over the
Red Sea shown in the reanalysis. MERRA-2 also underestimates the mean, the standard deviation, and the
maximum and minimum evaporation rates at the WHOI/KAUST mooring location (Table 1). Regarding the
seasonal distribution, the most substantial underestimation occurs in winter (0.4-0.8 m/year), especially in
December (Figure 4c), which is the period when the winds tend to be less stable (Menezes et al., 2018).
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Figure 5. Statistics of the Red Sea westward wind events between 1980 and 2015 in winter in the second Modern-Era
Retrospective analysis for Research and Applications: (a) frequency of events by latitude (total number of events at
each latitude j/36 years); (b) histogram of the meridional extension of westward wind events. The histogram was
computed using bins of 10%, which is equivalent to 0.8° of latitude. Bottom axis gives the percentage of the northern
Red Sea meridional extension (20-28°N, which exclude the two gulfs in the extreme north). Top axis gives the
meridional extension in degrees of latitude. (c) The number of events in winter between 1980 and 2015 in function of
their meridional extension. For example, events in 2010 refer to the period October 2010 to March 2011. (d) The
number of events in winter that extend to more than 50% (>4°) and 70% (>5.6°) of the northern Red Sea latitudes
(curves) and the total number of events (gray bars). Blue/red curves use the left axis and gray bars on the right axis.

4.2. Westward Wind Events in MERRA-2

Similar to the QuikSCAT data analyzed by Menezes et al. (2018), MERRA-2 also shows two regions in the
northern Red Sea with pronounced westward wind events: 23-24°N (three to four events per year) and
25.5-26.5°N (six events per year; Figure 5a). Different from QuikSCAT, there are fewer westward wind events
south of 21°N, which suggest that the interpretation by Menezes et al. (2018) is correct, that is, most of the
westward winds south of 21°N are associated with the RSCZ presence. Our statistics only include westward
winds over the northern Red Sea that come from land. As in QuikSCAT, small-scale westward wind events
are more common than large-scale events (>50% of the northern Red Sea latitudes; Figure 5b).

From the 14 westward wind events detected at the WHOI/KAUST mooring by Menezes et al. (2018), nine
events are winds from land according to MERRA-2. The events in MERRA-2 have similar duration as the
in situ data (Table 2). Three events are associated with the RSCZ, and for one event, there are westward
winds in MERRA-2, but they are not over the mooring position. In comparison with the in situ observa-
tions, MERRA-2 does not capture westward winds only for a single event (9 March 2010). In this case,
MERRA-2 shows northward winds over the entire Red Sea. Nevertheless, MERRA-2 is a good indicator of
the occurrence and timing of the westward wind events.

Besides the year-to-year changes in the frequency of westward wind events, already reported by Menezes
et al. (2018), MERRA-2 shows decadal modulations (e.g., between 1995 and 2005) and a long-term positive
trend in the occurrence of westward wind events (Figures 5¢ and 5d). The total number of events, which

MENEZES ET AL.

10



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD028853

Table 2
Westward Wind Events Recorded at the Woods Hole Oceanographic Institution/King Abdullah University of Science
and Technology Mooring and MERRA-2 Between October 2008 and December 2010

Mooring MERRA-2
Start Duration (days) From land Characteristic

01 2008-12-03 5 Yes Duration = 6 days

02 2008-12-17 6 Yes Duration = 6 days

03 2009-01-14 4 Yes Duration = 4 days

04 2009-10-23 4 RSCZ

05 2009-12-02 2 RSCZ

06 2009-12-24 2 Yes Duration = 2 days

07 2010-01-02 2 Yes Duration = 1 day

08 2010-01-07 11 Yes Duration = 8 days

09 2010-01-29 5 RSCZ

10 2010-03-09 8 Northward winds over the entire Red Sea

11 2010-04-03 3 Westward winds are found northward of the
mooring, at 24°N

12 2010-10-19 3 Yes Duration = 3 days

13 2010-11-11 3 Yes Duration = 2 days

14 2010-11-23 14 Yes Duration = 12 days

Note. Westward winds at the mooring are from Menezes et al. (2018, their Table 2). The first column is the event
number (temporal order). The second and third columns show the start date and the event duration as recorded
at the Woods Hole Oceanographic Institution/King Abdullah University of Science and Technology mooring,
respectively. The fourth column indicates if the westward winds are from land as determined from the second
Modern-Era Retrospective analysis for Research and Applications (MERRA-2). The fifth column shows the dura-
tion of the westward events in MERRA-2 and indicates if the westward winds are associated with the Red Sea
Convergence Zone (RSCZ) or with other wind patterns.

includes narrow and large-scale ones, grow from less than eight events per winter in the 1980s to more than
16 in recent years (Figure 5d, gray bars). Not only did the overall number of events increased but also the
occurrence of large-scale events. For example, events broader than 4° of latitude (>50% of the northern Red
Sea meridional extension) doubled from 1-3 per winter (1980-1990) to 3-7 events (2005-2015; Figure 5d,
blue curve). Until 2005, events covering almost the entire northern Red Sea (>70%; >5.6° of latitude) were
unusual, but in the last decade, these events become more prominent with four events in 2007 and three
events in 2010 and 2013 (Figure 5d, red curve).

4.3. Large-Scale SLP Pattern During Westward Wind Events

This section describes the large-scale atmospheric circulation pattern through SLP that favors the surface
winds to blow westward over the northern Red Sea in winter. We are particularly interested in westward
wind events that cover a large meridional extension of the northern Red Sea (>50%) as their frequency is
increasing over time (see the previous section), and they can strongly impact the evaporation; the primary
driver of the basin-scale Red Sea overturning circulation.

Figure 6a shows the SLP and wind composites for the 79 westward wind events between 1980 and 2015 with
meridional extension greater than 4° of latitude (large-scale westward wind events). Most of these events
occurred in January (31.6%) and December (30.4%). Events in November accounted for 15.2%, February for
6.3%, and October for only 1.3% of the large-scale events. As a reference, Figure 6b shows similar composites
for winter (same period) but excluding all the westward wind events that are wider than 1.6° of latitude (20%
of the northern Red Sea). Thus, the winter composites reflect the conditions associated with the typical Red
Sea along-axis wind regime.

In the winter monsoon, three semipermanent pressure systems control the Middle East climate and weather
(Vojtesak et al., 1991; Vorhees, 2006; Walters & Sjoberg, 1988):

a. the Siberian High (also known as the Siberian Anticyclone, Asiatic High, or Central Asia High);
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Figure 6. The second Modern-Era Retrospective analysis for Research and Applications sea level pressure (left) and
surface wind (right) composites for (a) 79 westward wind events between 1980 and 2015 that extend for more than 4°
of latitude in the northern Red Sea. (b) Winter, same period. The winter composites exclude all fields that have
westward wind events extending for more than 1.6° of latitude (20% of the northern Red Sea meridional extension). In
35 years, there are 5,760 winter days with no westward wind event >1.6° (87.8%). Right panels are a detailed view of
the winds in the box shown in the sea level pressure maps. Only vectors stronger than 0.5 m/s are plotted. Az stands for
the Azores High, Sah for the Saharan High (the eastward extension of the Azores High), Sau for the Saudi Arabian
High, Sb for the Siberian High, and Af for the African/Sudanese Low.

b. the Azores High (also known as the North Atlantic/Subtropical High/Anticyclone, or Bermuda-Azores
High) and its eastward extension (the Saharan High); and
c. the African/Sudanese Low.

Besides the above large-scale semipermanent features, the subsynoptic-scale Saudi Arabian High (or Ara-
bian High) is also an essential player in the Middle East in the winter monsoon (Hasanean et al., 2013;
Vojtesak et al., 1991; Vorhees, 2006; Walters & Sjoberg, 1988). Radiative cooling over the desert initiates and
maintains this pressure feature (Vojtesak et al., 1991). The Saudi Arabian High tends to disappear during
frontal passages, reforming after them. Another synoptic atmospheric feature at lower tropospheric levels
that affect the weather in the Middle East is the RST (e.g., Awad & Almazroui, 2016; de Vries et al., 2016,
2013; Krichak et al., 1997a, 1997b; Krichak et al., 2012; Tsvieli & Zangvil, 2005; 2007, and references therein).
The RST is a temporary extension of the African/Sudanese Low, characterized by a low-pressure tongue
extending northward over the Red Sea toward the Eastern Mediterranean and its surroundings. Typically,
the RST develops in autumn but can also occur in spring and winter (Awad & Almazroui, 2016; de Vries
et al., 2016, 2013). The RST systems are classified as nonactive, associated with hot and dry weather con-
ditions, and active, associated with heavy precipitation and flash flooding in the Middle East (e.g., de Vries
et al., 2013; Krichak et al., 2012; Shentsis et al., 2012; Tsvieli & Zangvil, 2005, 2007). The active RST (ARST)
is linked to an intensified Arabian Anticyclone in the southeastern margin of the Arabian Peninsula, which
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Figure 7. Zoom over the Arabian Peninsula of the second Modern-Era Retrospective analysis for Research and
Applications sea level pressure (SLP) composite maps for (a) 79 westward wind events between 1980 and 2015 that
extend for more than 4° of latitude in the northern Red Sea. (b) Winter, same period. Dashed gray contours are SLP
every 1 hPa. Black dot shows the Woods Hole Oceanographic Institution/King Abdullah University of Science and
Technology mooring position.

enhances moisture transport from the Arabian Sea and the Gulf of Aden toward the Red Sea (e.g., Dasari
et al., 2018; de Vries et al., 2016, 2018).

Three significant differences in the SLP pattern exist when the winds are predominantly westward over
the northern Red Sea in relation to the winter composite (Figure 6). First, the semipermanent Azores
High centered at about 30°W-35°N is intensified (1,022-1,026 hPa). Second, the Siberian High is stronger
(>1,026 hPa) and extends much more westward (until about 40°E). Together with the Azores High, it forms
a band of relatively high pressures between 30°N and 50°N from the Atlantic to the Pacific Ocean. Third,
during the westward wind events, there is an elongated feature with relatively high SLP (1,020-1,026 hPa)
over the Arabian Peninsula that seems to be part of the Siberian High. Because the SLP over northeast Africa
is relatively low (1,008-1,014 hPa) south of 30°N—both Saharan High and Sudanese Low have much lower
SLP than the Arabian High—there are substantial pressure gradients over the Red Sea, especially in the
northern part (Figure 7a). In the northern Red Sea, the isobars are straight across the central Red Sea axis,
indicating that geostrophic winds flow from the Arabian Peninsula to Africa (Figures 6a, right, and 7a).

In the winter composite (which excludes desert-origin westward winds), the SLP over the Arabian Peninsula
is lower (1,010-1,018 hPa)—the Sudanese Low prolongs over the Peninsula—and the pressure gradients
over the Red Sea are weaker than in the westward wind event composite (Figures 6 and 7b). Moreover, the
Saharan High (the Azores High eastward extension) has higher pressures than the Saudi Arabian High,
which is much weaker and located in the southeast of the Peninsula when compared with the westward
wind event composite (Figures 6, right). In the winter composite, the winds have the expected along-axis
pattern: southward in the northern Red Sea, northward in the southern Red Sea, and the RSCZ in the middle
at about 18-19°N (Figure 6b, right).

In westward wind events, the core of the Saudi Arabian High (maximum SLP) is, on average, located at the
northern part of the Arabian Peninsula (around 33-35°N), lying between the Eastern Mediterranean and
the Zagros Mountains and extending southward along the central axis of the Peninsula (Figure 7a). This
high-pressure tongue projects to the Arabian Desert, with pressure steadily decreasing. In westward wind
events, the isobars over the northern Red Sea do not have a pronounced inverted V shape that characterizes
the ARST (e.g., de Vries et al., 2013; Krichak et al., 1997b). We will return to the differences between the
westward wind/dry-air outbreak events and the ARST in section 4.7.
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Figure 8. The second Modern-Era Retrospective analysis for Research and Applications precipitation composites for
(a) 79 westward wind events between 1980 and 2015 that extend for more than 4° of latitude in the northern Red Sea;
(b) winter, same period. The winter composites exclude all fields that have westward wind events extending for more
than 1.6° of latitude (20% of the northern Red Sea meridional extension). Black dot shows the Woods Hole
Oceanographic Institution/King Abdullah University of Science and Technology mooring position.

4.3.1. Precipitation and Surface Air Temperature During Westward Wind Events

Rainfall in westward wind events is negligible. Figure 8 shows the precipitation composite for the 79 west-
ward events between 1980 and 2015 and the winter composite excluding all westward wind events. The mean
precipitation in MERRA-2 is below 0.1 mm/day in the northern Red Sea during the events, which is lower
than the winter mean rainfall in the region. Precipitation over land and ocean is also small for each event
individually (Figure S3). In agreement with MERRA-2, the rain gauge at the WHOI/KAUST mooring also
did not record heavy precipitation coincident with westward wind events (Table 3). For the nine westward
wind events coming from land recorded at the mooring, the maximum daily accumulated precipitation was
only 0.29 mm (11 November 2010), and in four events, there was no rain at all.

Besides precipitation being low, the Arabian Peninsula is cooler during westward wind events
(Figure 9)—another characteristic that contrasts with both ARST and nonactive RST systems (e.g., Krichak
et al., 2012; Tsvieli & Zangvil, 2005, 2007). In westward wind events, most of the Peninsula has air surface
temperatures around 8-12 °C (greenish in Figure 9), with temperatures also lower over the Sahara Desert
and the Siberian High area (see also Figure S4 showing a close look over the Arabian Peninsula). The incur-
sion of colder winds over the Arabian Peninsula seems to originate in the Zagros, Elburz, and Caucasus
Mountains, between the Black and the Caspian Seas (Figure 10a), which is consistent with a more northward
location of the Arabian High. Near the Red Sea, the westward wind event composite resembles the air sur-
face temperature map from Jiang et al. (2009) for the event on 14 January 2009, although in their snapshot,
as expected, the surface temperatures are much lower (below 6 °C). According to Jiang et al. (2009), adia-
batic compression causes the Arabian Desert-originated cold air to heat as it flows downhill from the central
plateau to the Red Sea coastal plain. Figure 10a pattern agrees with this description, with the streamlines
transitioning from greenish (colder) to reddish (warmer) in the coastal plain.

In contrast with the westward wind events, the temperatures in the winter composite vary from 15 °C in
the northern part up to 28 °C in the southern part of the Peninsula. In the southern region, the warm winds
are coming from the Arabian Sea and the Persian Gulf (Figure 10b). Not surprisingly, the winter air surface
temperature fields used to form the composite present higher standard deviations (Figure S5).

4.3.2. Westward Wind and Winter Shamal Events

During westward wind events, the enhanced Arabian High extending along the central axis of the Arabian
Peninsula causes an anticyclonic (clockwise) circulation over most of the Peninsula with intensified and
colder southward winds (8 m/s) over the Persian Gulf (Figures 6a and 10a). These winds are a signature of

MENEZES ET AL.

14



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD028853

ADVANCING EARTH
AND SPACE SCIENCE

Table 3

Westward Wind Events at the Woods Hole Oceanographic Institution/King Abdullah University of Science and Technology Mooring: Maximum Daily-Average
Evaporation (E), Wind Speed (W), Relative Humidity (RH), Zonal Velocity (u), Air-Sea Temperature Difference (S = T, — SST), Air Surface Temperature at 10 m
(T,), Air-Sea Saturation Specific Humidity Difference (Aq = q, — q,), Precipitation (P), the Day When the Maximum Evaporation Occurred, and the Event Number

E (m/year) W (m/s) RH (%) u (m/s) S(°C) T, (°C) Aq (g/kg) P (mm) Day (max) Event
7.09 9.27 31.78 -9.00 0.94 29.51 15.62 0.24 (0.06) 2010-11-29 14
6.64 8.60 32.99 —6.97 —-1.01 27.16 15.88 0.00 (0.00) 2008-12-06 01
5.73 10.00 43.71 —7.03 —1.48 24.69 12.22 0.00 (0.00) 2009-01-14 03
5.63 8.49 39.91 —7.46 0.13 27.02 12.64 0.13(0.10) 2010-01-09 08
5.57 7.35 40.43 —-4.10 —-1.67 26.49 14.55 0.00 (0.00) 2008-12-18 02
5.01 5.53 42.51 —-4.19 0.45 31.62 15.42 0.29 (0.07) 2010-11-11 13
3.56 5.29 50.64 -1.07 —2.45 25.47 12.67 0.00 (0.00) 2009-12-24 06
3.52 5.16 45.16 -3.25 -0.11 27.29 12.04 0.03 (0.03) 2010-01-02 07
2.28 2.27 60.03 -1.77 0.95 32.09 9.91 0.12 (0.06) 2010-10-20 12
1.52 1.64 61.98 -1.63 —0.87 29.73 10.69 0.00 (0.00) 2009-10-24 04*
1.38 1.71 74.82 —0.48 -1.96 27.12 7.86 16.96 (13.49) 2009-12-03 05*
0.95 2.93 72.82 —-2.93 1.20 28.14 4.37 0.00 (0.00) 2010-04-04 11*
0.92 4.67 75.85 -1.91 0.55 27.42 4.35 0.16 (0.07) 2010-03-14 10*
0.83 2.61 72.69 -2.15 -0.17 26.56 5.69 0.00 (0.00) 2010-01-30 09*
I~ 0.91 -0.97 —0.86 -0.122 —0.092 0.90

Fevent 0.73 -0.80 -0.76 0.132 -0.012 0.75

Fsinter 0.84 -0.75 0.58 —0.65 —0.43 0.73

Note. All data are from the day of maximum evaporation. P shows the total precipitation (accumulated rain) from the hourly time series. Values between
parentheses are the maximum precipitation over 1 hr. Events marked with asterisk (*) are not from the Arabian Desert according to the second Modern-Era
Retrospective analysis for Research and Applications (see Table 2) and indeed have weak evaporation (E < 1.5m/year). Lower block shows the linear correlation
coefficients (r) between evaporation and the other variables. ry,,, refers to the maximum evaporation rates, oy for all observations during desert-origin
westward wind events, and 1y, for winter excluding these events. The correlations are significantly different from zero at 95% of confidence, except the
coefficients marked with superscripted “a” (?).

Shamal (“north” in Arabic) events. Winter Shamal winds are strong southward winds (>8.5 m/s) over the
Gulf that occur once or twice a year, notably from December to February, and are associated with adverse
weather conditions such as dust storms (Al Senafi & Anis, 2015; Perrone, 1979; Rao et al., 2001; Shi et al.,
2004). These Shamal events can have a duration of 24-36 hr or last for 3-5 days (Perrone, 1979). The Shamal
events bring cold, dry air over the Gulf, leading to excessive evaporation and severe heat loss from the sea
(about 1,000 W/m?) that may trigger the formation of the salty Persian Gulf Water (Swift & Bower, 2003;
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Figure 9. The second Modern-Era Retrospective analysis for Research and Applications air surface temperature
composites for (a) 79 westward wind events between 1980 and 2015 that extend for more than 4° of latitude in the
northern Red Sea; (b) winter, same period. The winter composite excludes all fields that have westward wind events
extending for more than 1.6° of latitude. Sah stands for the Saharan High, MS for the Mediterranean Sea, BS for the
Black Sea, CS for the Caspian Sea, Sau for the Saudi Arabian High, and Sb for the Siberian High (see Figure 6 for the
pressure systems).
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Figure 10. The second Modern-Era Retrospective analysis for Research and Applications wind composite streamline
maps colored by their surface temperatures: (a) large-scale westward event composite (1980-2015); (b) winter, same
period. The winter composite excludes all fields that have westward wind events extending for more than 1.6° of
latitude. Brown/green shadings are land elevations above 1,000 m from ETOPO2 data set. Seas/oceans are depicted
in gray.

Thoppil & Hogan, 2010). Pressure gradients between the Arabian High and lower pressures in the Gulf
of Oman sustain the winter Shamal winds (Perrone, 1979; Rao et al., 2001). Hence, the westward wind
composite suggests that the winter Shamal winds in the Persian Gulf and the westward wind events over
the northern Red Sea may be part of the same feature (the enhanced Arabian anticyclonic circulation).

Compared with the winter composite, the winds are stronger in the Gulf of Aden and the northwest Arabian
Sea during the westward wind events, but no notable differences in direction and strength are observed in the
southern Red Sea between these two wind regimes (Figure 6). In the westward event composite, the winds
flow from Saudi Arabia to Egypt in the northern Red Sea. Reaching Egypt, part of the flow heads southward
and part northward into the eastern Mediterranean Sea. In the westward wind composite, there is no flow
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Figure 11. The second Modern-Era Retrospective analysis for Research and Applications sea level pressure (SLP; left) and surface wind (right) composites for
westward wind events occurring between (a) 1980 and 1990 (13 events), (b) 2010 and 2015 (21 events), and (c) 2004 (3 events). The events used to construct the
composites extend for more than 4° of latitude in the northern Red Sea. Right panels are a detailed view of the winds in the box shown in the SLP maps. Only
vectors stronger than 0.5 m/s are plotted. Az stands for the Azores High, Sah for the Saharan High (the eastward extension of the Azores High), Sau for the
Saudi Arabian High, Sb for the Siberian High, and Af for the African/Sudanese Low.

from the Mediterranean into the northern Red Sea. Contrarily, in the winter composite, the northern Red
Sea winds originate in the Mediterranean Sea (Figure 10b).

We obtain similar patterns as described above (high SLP over the Arabian Peninsula, a stronger and more
westward Siberian High, and an intensified Azores High) if the westward wind composites are calculated
over different periods and averaging a different number of large-scale events (Figure 11). In all cases, con-
comitant with westward winds in the northern Red Sea, there is intensified southward winds over the
Persian Gulf. Stronger winds also blow over the Gulf of Aden and the western Arabian Sea. The overall pat-
tern is robust. It appears even if we average just a few events such as in Figure 11c, where the composite
refers to three events in 2004 (one in February and two in December). In the region including the Red Sea,
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