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INTRODUCTION
The Red Sea is a tropical semi-enclosed 

water basin located between the Arabian 
Peninsula and Africa. It stretches south-east to 
north-west between 12°N and 30°N latitude and 
32°E and 44°E longitude (Figure 1). The Red Sea 
measures about 2,000 km in length, 280  km in 
width, and 500 m in depth (Morcos, 1970).

The Red Sea wind system is characterized 
by seasonal and regional variations. Due to  the 

topographic features surrounding the Red Sea basin, 
the wind is driven along the basin (Patzert, 1974). 
The dominant wind pattern is the north-westerly winds 
from the Mediterranean weather system. However, 
during winter (November to April), the  monsoon 
system from the Indian Ocean generates a prevailing 
south-westerly wind observed in the northern Indian 
Ocean, which blows from southwest in the southern 
part of the Red Sea (south of 20°N). In addition, 
these two dominant winds converge around 19°N. 
Moreover, there are two dominant cross-axis winds 
in the Red Sea basin, namely the Tokar Wind Jet 
and the north-westward jets from the east of the 
Red Sea (Langodan et al., 2017).

Mountain chains of various altitudes cover 
almost the entirety of both coastlines of the Red Sea. © 2023 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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The aim of this study was to investigate the main factors that influence the latent heat fluxes (LHF) in the 
Tokar Gap in the central part of the Red Sea. From 2000 to 2020, ERA5 reanalysis data on summer months of 
the Central Red Sea were used to match the time when the Tokar Wind Jet appeared. The diurnal variability 
of the Tokar Gap peaks in the early morning. The time series data of the wind speed showed that the Tokar 
Wind Jet appeared from July to August. The empirical orthogonal functions (EOF) analysis method was used 
to determine the modes of LHF variabilities. The sum of the first two modes of variability explained ~ 90.8% of 
the total variance. The first mode explained 80.8%, whereas the second mode represented approximately 9.9%. 
To examine the contribution of sea surface temperature (SST) and wind speed to the first two EOF principal 
components, the correlation coefficient and determination coefficient were applied. The results showed that SST 
had a CC of 0.90 and a DC of 81.99%, whereas wind speed showed a CC of 0.35 and a DC of 12.80%. These 
results may be explained by the strong link between SST and the specific humidity differences of saturation and 
actual vapor pressure. Partial correlation results indicate that there is an indirect relation between wind and LHF. 
In this study SST was the dominant factor, influencing LHF variability in the study area.
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These differences in height can drive winds to 
blow from high-pressure to low-pressure areas, 
which, in turn, generate wind gaps (Jiang et  al., 
2009; Langodan et al., 2017; Pratt et al., 2020). 
Wind gaps were first studied at the Strait of Juan 
de Fuca by Reed (1931) as cited in Alawad et al. 
(2020). Since then, wind gaps have been examined 
in many regions worldwide, such as the Gulfs of 
Tehuantepec, Papagayo, and Panama (Smith et al., 
2015) the Columbia River Gorge (Sharp and Mass, 

2004), and the straits and gaps in the Philippine 
Archipelago (Rypina et al., 2010). Several wind jets 
exist along the Red Sea region, covering both the 
Arabian Peninsula and the African continent. Jiang 
et al. (2009) observed a positive correlation between 
these jets and increases in air temperature. In the 
summer, from June to August, the Tokar Wind Jet 
is considered the most vital wind event compared to 
other wind jet events (Langodan et al., 2014, 2017; 
Pratt et al., 2020; Ralston et al., 2013).

Figure 1. Map of the Red Sea basin and bathymetric features in 
meters [m] from the General  Bathymetric  Chart of the  Oceans 
(GEBCO) datasets.

The Tokar Gap is one of the most significant 
gaps in the Red Sea’s western coast: it has a 
110 km width and is 50 km inland from the coast. 
Figure 2 shows the monthly mean SST over 
the Red Sea in conjunction with wind vectors 
during July and August. Wind jets from this gap 
can directly affect the surface winds above the 
Red Sea, which can reach 25 m/s-1 speeds (Pratt 
et al., 2020). In the summer, the wind jet blows from 
the Sahara Desert to the mountain gap, then into 
the Red Sea, driving dust storms into the basin, 

which are also considered one of the significant 
sources of silt in the northern hemisphere (Hickey 
and Goudie, 2007). This has an enhancement 
effect on the primary productivity in the area since 
it carries nutrients and mixes the water column. 
The strength of the wind changes the nutrient 
distribution in the basin by generating upwelled 
cold water, which is rich in nutrients (Smith et al., 
2015). On the other hand, the wind jet system 
during winter reverses from the Red Sea to the 
mountain gap (Pedgley, 1974).
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Figure 2. Monthly mean SST over the Red Sea (contour), with the 
mean wind (vectors) for July and August. The black box is the area 
of the Tokar Gap wind jet. The blue tringle is the Woods Hole 
Oceanographic Institution (WHOI) and King Abdullah University 
of Science and Technology (KAUST) buoy location.

In general, the SST is affected by several 
atmospheric factors, such as air temperature, 
evaporation, precipitation, and wind (Sultan and 
Ahmad, 1991). Moreover, ocean dynamics such 
as upwelling also play a major role in its variability. 
The area also experiences strong evaporation and 
nearly no precipitation, resulting in one of the most 
saline water basins in the world. Air temperature, 
wind, and evaporation have a direct impact on SST 
distribution in the northern part of the Red Sea, 
where it increases from north to south all year 
round (Morcos, 1970; Al-Subhi and Al-Aqsum, 
2008). In the southern part of the Red Sea, SST 
is mainly influenced by monsoon-induced wind 
(Acker et al., 2008). According to Sofianos and 
Johns (2003), the highest SSTs are located at 
the center of the Red Sea and decrease both 
northward and southward. In addition, the eastern 
side of the Red Sea contains a higher SST than the 

western side of the Red Sea, and this difference 
can reach about two degrees at the same latitude 
(Morcos, 1970; Al-Subhi and Al-Aqsum, 2008; 
Taqi and Al-Subhi, 2012). Furthermore, Kim and 
Barros (2014) found that August has the warmest 
SST, whereas February has the coolest, and the 
difference in temperatures between them can 
reach 6°C (Berman et al., 2003).

It is well known that wind jets impact net heat 
flux components. These fluxes are represented by 
two radiation fluxes: shortwave (QS) and longwave 
radiation (Qb), which mainly determine heat loss or 
gain by the sea. The shortwave radiation is the main 
energy source for the oceans and is represented 
by positive values, whereas the longwave radiation 
denotes the returned radiation to the atmosphere 
and is represented by negative values. Moreover, 
the other two turbulent fluxes are the latent heat flux 
(Qe) and the sensible heat flux (Qh). The latent heat 
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flux refers to the energy transferred from the sea to 
the atmosphere by evaporation; it is represented by 
negative values and is considered the main driving 
force for the atmosphere. The  sensible heat flux 
refers to the energy that results from differences in 
air and sea temperatures. It can have either positive 
or negative values depending on the temperature 
differences. The study of heat flux is a critical element 
for understanding the interactions between the ocean 
and atmosphere, which are used for predicting 
climate and seasonal forecasts. Several studies on 
the subject of heat fluxes around the globe have 
been conducted (Li et al., 2011; Xiang-Hui and Fei, 
2014; Hartmann, 2016; Kumar et al., 2017; Xiao et 
al., 2019; Eshghi et al., 2020). Moreover, flux studies 
have also been conducted in the Red Sea (Jiang 
et al., 2009; Papadopoulos et al., 2013; Zhai et 
al., 2015; Al Senafi et al., 2019; Nagy et al., 2021). 
Recently, there has been an increased emphasis on 
wind jets and their effects on the Red Sea. Primarily, 
a Weather Research and Forecasting (WRF) model 
with Advanced Research WRF (ARW) over a short 
period has been set up to study the cross-axis winds 
over the Red Sea (Jiang et al., 2009). In addition, Zhai 
and Bower (2013) examined sea level altimetry data 
located near the Tokar Gap and found that summer 
wind jets from the Tokar Gap form a cyclonic eddy 
in the north and an anticyclonic eddy in the south. 
This results in the generation of dipolar eddies, with 
a positive correlation between the dipolar and wind 
jet strength being found. This was also confirmed by 
Shanas et al. (2017), who also stated that, due to the 
Tokar Gap wind jets, the Red Sea can be separated 
into two parts, each with their own characteristics. 
Menezes et al. (2018) investigated the westward 
jets over the northern part of the Red Sea using ten-
year wind data to determine the spatial and temporal 
variabilities of the jets and compare them with an in 
situ wind measurement. Their findings agreed with 
those of Bower and Farrar (2015), who found that 
westward winds result in intensive heat loss and 
evaporation over the northern Red Sea. Recently, 
Pratt et al. (2020) studied the dynamics and anatomy 
of the Tokar Wind Jet and the other two secondary 
jets by using Eulerian and Lagrangian analysis 
to quantify the energy from their pathways. Their 
findings showed that the Tokar Wind Jet is more 
powerful than the other two in terms of strength. 

This wind event could be one of the reasons for the 
extreme high and low events that occur during the 
summer season, as five extreme high events have 
been noted from 1985 to 2015 (Alawad et al., 2020).

As seen above, most of the previous studies 
have focused only on the dynamics of the Tokar 
Gap and its influence on the northern part of the 
Red Sea. In this study, however, more focus is 
given to the central part of the Red Sea. The main 
objective is to investigate the main factors that 
affect LHF in the central Red Sea near the Tokar 
Gap by using two decades of reanalysis data 
(2000-2020) and by applying EOF method.

The remaining parts of this study are as follows: 
Section 2 describes the datasets and methods 
used in this study. Section 3 and 4 presents the 
results and discussion, respectively. In addition, 
Section 5 features the conclusion.

METHODS
The atmospheric and oceanic data are from the 

reanalysis data centre ERA5 (Hersbach, 2016), 
which is the fifth generation of the European Centre for 
Medium-Range Weather Forecasts (ECMWF). This 
dataset covers the period from 1950 to the present 
and represents better atmospheric, land, and ocean 
reanalysis data compared to the previous reanalysis 
climate dataset. Furthermore, it has higher spatial and 
temporal resolutions, as well as improved accuracy 
in terms of wind stress and wind direction (Tetzner 
et al., 2019). The dataset can be downloaded from:  
https://www.ecmwf.int. The spatial resolution of 
ERA5 data is 0.25° x 0.25°, and the dataset has 
an hourly temporal resolution. Moreover, OAFlux 
was considered for validation purposes. WHOI’s 
OAFlux is an  ongoing global flux product with a 
spatial resolution of one degree. OAFlux combines 
satellite data with modelling and reanalysis data 
using an integrated analysis technique and 
COARE 3.0 to estimate heat fluxes (Jin and 
Willer, 2008). The OAFlux data is available at  
https://oaflux.whoi.edu/data-access/.

In this study, data from a period of almost 21 years 
(from 2000 to 2020) were used to study the influence 
of the eastward wind jet from the Tokar Gap on LHF 
over the central part of the Red Sea region between 
the latitudes 16° to 21° and longitudes 36° to 43°.

https://oaflux.whoi.edu/data-access/
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To validate the accuracy of ERA5 in the 
Red Sea, the data were tested using a surface buoy 
in the Red Sea located at (22.17°N; 38.50°E), as it 
is the only surface buoy in the Red Sea. The buoy 
mainly measured air temperature, humidity, SST, 
atmospheric pressure, short wave radiation, 
and long wave radiation. The COARE 3.0 algorithm 
(Fairall et al., 2003) has been used to estimate LHF 
and wind stress from the buoy measurements. 
In addition, LHF from OAFlux is used to validate 
ERA5 LHF values by following Wang et al. (2012). 
To compare observed and ERA5 data, the closest 
four grid points were interpolated bilinearly to the 
WHOI/KAUST buoy placed at (22.25°N 38°E), 
which was recently applied in the Red Sea by 
Al  Senafi et al., (2019) and Zhou et al. (2018). 
Based on the occurrence time of the Tokar Wind 
Jet, which will be discussed further below, the July 
and August months from 2009 were selected for 
validation. Visualization and statistical parameters, 
such as correlation coefficient (CC), root mean 
square error (RMSE), and mean absolute 
differences (MAD) were considered to evaluate the 
ERA5 with the available observed data.

To achieve the aim of the study, the obtained 
data were cropped to solely comprise those from the 
summer period (June, July, August, and September), 
which is when the Tokar Wind Jet appears. After 
that, the data were filtered and cropped to the period 
when jet events are more pronounced. To calculate 
wind speed, the following formula was used:

�W u2 + v2 (1)
Wind stress was calculated by the following formula:

τ = ρaCDW 2 (2)

where ρa is the air density ≈ 1.2 kg/m-2; CD is the 
empirically determined drag coefficient ≈ 0.0013; 
and w is wind speed from equation (1). The hourly 
atmospheric data (wind stress, wind  speed, 
LHF,  SST) were processed to obtain the daily 
mean values by calculating the mean averaged 
hourly data. Since this study applied EOF, the LHF, 
SST, and wind speed data were converted into 
monthly averaged values from the mean averaged 
daily data. Quality control checks were applied on 
the time series of LHF, SST, wind speed, and wind 
stress to check for outliers and errors.

The empirical orthogonal functions (EOF) 
method, which was firstly applied by Lorenz 
(1956), is currently considered an effective 
applied technique for understanding temporal and 
spatial variabilities when studying atmospheric 
and oceanic science. The climate system is 
comprised of long-term statistical characteristics 
of atmospheric and oceanic conditions, resulting in 
a high degree of dimension. EOF assesses these 
variables by assembling the coherent variations 
of a collection of time series into several modes. 
Most of the differences are observed in the first 
two or three modes. EOF separates space and 
time fields into orthogonal spatial patterns referred 
to as empirical eigenvectors (EOF modes). These 
modes are coupled with eigenvalues that indicate 
the percentage of variance explained, and principal 
components (PCs) that describe how the amplitude 
of each EOF mode fluctuates over time (Björnsson, 
1997). The generated new highest modes constitute 
a distinct phenomenon that can be statistically 
investigated using a variety of approaches such 
as correlation coefficients and the determination 
coefficient for the generated eigenvalues.

This method has been widely applied in several 
regions, such as the Red Sea region (Alawad et al., 
2020; Menezes et al., 2018; Mohamed et al., 2021; 
Abdulla and Al-Subhi, 2020; Alawad et al., 2019), 
the Arabian Gulf region (Al-Subhi & Abdulla, 2021; 
Siddig et al., 2021), in the Amazon basin (Villar et al., 
2009), in northwest Mexico (Gochis et al., 2006), and 
in the Southern Great Plains (Kim and Barros, 2002). 
In this study, the monthly averaged data were used to 
enhance the EOF modes of variety by almost three 
times in comparison with the daily values (Feldstein, 
2000). Furthermore, to  investigate the effective 
spatial modes of variability, the EOF function 
applied in this study was based on the climate data 
toolbox by Greene et al. (2019). The EOF formula 
is expressed as:

Z (x, y, t) = Σ  (PC(t) x EOF (x, y)) (3)

where Z (x, y, t) is the original time series as 
it relates to time (t) and space (x, y), PC(t) is the 
principal component that is responsible for how 
the effectiveness of each EOF changes over time, 
and  EOF (x, y) represents the spatial structures 
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(x,  y) of the key factors that can influence the 
temporal variations in Z.

The coefficient of determination (R2) was also 
applied to investigate the relationship between 
the parameters. The formula is expressed as:

�R2
n Σ(xy) - (Σx)(Σy)

)2(
n(Σx2) - (Σx)2 n(Σy2) - (Σy)2 (4)

where n is the number of variables and x, y 
represent the means of the independent and 
dependent variables of the regression, respectively.

On the other hand, partial correlation is also 
applied to measure the relationship between two 
variables with the effect of a controlling variable 
removed. Partial correlation between x, y with the 
removed effect of Z is expressed as:

�
(rXY - rXZrYZ)rXY|Z

(1 - rXZ)(1 - rYZ)

RESULTS
Positive signs in LHF represent heat gain, 

and minus signs indicate that the water is evaporating. 
In this study, all LHF are represented by positive 
signs since this study does not focus on the other 
heat flux components. Figure 3 shows a time series 
for the chosen period of July and August from 2009, 
which contains air temperature, SST, LHF, and wind 
stress for the observed data from the buoy and the 
ERA5 data with the estimated LHF and wind stress 
from COARE 3.0 using ERA5 parameters.

It is clear from Figures 3a and 3b that the time 
series of air temperature and SST had similar 
patterns. For both parameters, the temperature 
ranged from 30° to 33°C for all periods. While the 
time series in Figure 3c fluctuated, the overall trend 
was the same. Figure 3d presents a comparison of 
LHF values from ERA5, observed data, and OAFlux.

Figure 3. Daily mean time series of (a) Air temperature, (b) SST, (c) wind stress and (d) HF for the 
period of July – Augustfor 2009.
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Table 1 presents the statistical results of the 
time series of ERA5 data in Figure 3. Following 
the correlation coefficients, the two data sets are 
highly correlated. The RMSE for air temperature, 
SST, LHF, and wind stress are 0.558, 0.451, 
22.770, and 0.005, respectively. Furthermore, 
the  MAD values are also acceptable for all the 
tested parameters. In terms of the OAFlux data, 

the statistical results also demonstrated similar 
values to the observed and ERA5 data.

Figure 4 illustrates the spatial monthly mean 
SST and wind speed vectors for the central part 
of the Red Sea. As can be seen, the strong cross 
wind vectors from the African coast, which are the 
Tokar Wind Jets, are located in a box near the 
Wind Jet entrance.

Table 1. Summary of the statistical analysis between ERA5 and observed data for Air temperature, SST, LHF and wind stress. 
On the right side, statistical analysis between OAFlux and observed for LHF.

ERA5 OAFlux

Parameters CC RMSE MAD CC RMSE MAD

Air temperature (℃) 0.78 0.558 0.431 - - -

SST (℃) 0.87 0.451 0.354 - - -

Wind stress (N/m2) 0.83 0.005 0.004 - - -

LHF  (𝑊/𝑚2) 0.85 22.770 19.77 0.849 27.39 23.57

Figure 4. Monthly mean SST (contour) and wind speed (vectors) in central Red Sea for summer; the black box contains 
the highest wind vectors from Tokar Gap.

In addition, to identify the occurrence time of 
such events, a three-year period from 2011 to 
2013 for the daily time series of the LHF, wind 
speed, and SST parameters during the summer 
months (June, July, August, and September) was 
considered (Figure 5).

As the data show, jet events were more 
pronounced during July and August; thus, June 
and September were discarded from the analysis. 
Figure 6 shows the daily mean time series for July 
and August from 2000 to 2020 for the LHF, wind 
speed, and SST.
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Figure 5. Daily mean time series of (a) LHF, (b) wind speed and (c) SST (d) humidity 
during summer months (June, July, August and September) from 2011-2013.

Figure 6. Daily mean time series of (a) LHF, (b) wind speed, (c) SST and (d) humidity for the entire period (2000-2020).
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Figure 7. Diurnal variability for (a) LHF and (b) wind speed.

Figure 7 illustrates the daily variations of LHF 
and wind speed near the Tokar Gap. Wind speed 
and LHF instantly increased at 00:00, peaked in 
the early morning, and then dropped to reach their 
minimum values between 14:00 and 18:00.

For further analysis, Table 2 represents the 
mean and maximum values of the daily time series. 
The maximum daily value of LHF was determined 
to be about 22.99 w/m-2 , and the maximum value 
of SST reached 32.91°C. On the other hand, 
the  maximum and mean daily values for wind 
speed were 13.84 m/s-2 and 7.32 m/s-2, respectively. 
In addition, the daily mean values for LHF and SST 
were 8.58 w/m-2 and 31.05°C, respectively.

Table 2.: Summary of the statistical analysis for the daily 
averaged time series of LHF, wind speed and SST for the 
entire period (2000-2020).

Max Mean

LHF (w/m-2) 22.99 8.58 

Wind speed (m/s-2) 13.84 7.32

SST (°C) 32.91 31.05

Table 3 shows wind speed events faster than 
12 m/s-2 from the daily mean time series. A total 
of 12 wind events with an average speed of 
12.72 m/s-2 were recorded, with the highest speed 
recorded on the 24th of July 2010, when the wind 
speed peaked at 13.84 m/s-2

Table 3. Summary of the eastward wind jets from Tokar 
Gap higher than 12 m/s from the daily averaged mean data.

Number of events Date of events Wind jet speed (m/s-2)

1 17-Aug-2000 12.20
2 26-Jul-2001 12.76
3 09-Jul-2003 12.52
4 05-Jul-2007 12.95
5 24-Jul-2010 13.84
6 24-Jul-2011 13.15
7 01-Au g-2013 13.52
8 31-Aug-2014 12.18
9 05-Aug-2019 12.80

10 10-Aug-2019 12.42
11 23-Aug-2019 12.27
12 06-Aug-2020 12.49

Figure 8 illustrates the monthly averaged time 
series of LHF versus wind stress. The two parameters 
demonstrated a strong relationship, as if the wind stress 
led to a corresponding increase in LHF. Statistically, 
the parameters showed a significant 0.83 correlation.

This study used the EOF method to define the 
LHF mode of variability. Table 4 lists the highest 
modes generated by the EOF. The leading first two 
modes represented about ~90.8% of the variability. 
The first mode contributed 80.9%, whereas the 
second mode contributed 9.9%. The  last four 
modes contributions ranged from 0.8% to 2.1%, 
which showed that they are relatively small 
compared to the first two modes.
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Figure 8. Monthly averaged time series of LHF and wind stress for the entire period (2000-2020).

Table 4. Summary of the first six modes of viability generated 
by the EOF.

Modes Modes of variability Cumulative variance

Mode 1 80.9% 80.9

Mode 2 9.9% 90.8

Mode 3 2.1% 92.9

Mode 4 1.7% 94.6

Mode 5 0.1% 94.7

Mode 6 0.8% 95.5

Figure 9 illustrates the spatial distribution of the 
first two modes. The highest variability is near The 

Tokar Gap is located between the latitudes of 18.5°N 
and 19°N and the longitudes of 38.2°E and 38.8°E 
(Figure 9a).On the other hand, the spatial distribution 
of this mode seemed to be homogeneous, except 
that there were different values located on the Red 
Sea’s eastern coast (Figure 9b).

The principal components of EOF are illustrated 
in Figure 10. The results showed a sharp fluctuation 
behavior for PC1, while PC2 did not show as much 
fluctuation. Interestingly, both principal components 
had the same pattern. In the first decade, 2000-2010, 
most variabilities amplitudes were in positive signs, 
while the opposite was in the last decade.

Figure 9. Spatial patterns of the first two EOF modes of LHF.
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Figure 10. Time series of the first two principal components corresponding to the EOF modes.

The mean value of the highest wind jets near 
the Tokar Gap entrance is presented in Figure 4. 
In  Table  5, the correlation and determination 
coefficient are applied to SST and wind speed 
for the located point with PC1 and PC2. The first 
examined factor was  SST, which showed a high 
correlation coefficient with PC1 by 0.90 and 

a determination coefficient (DC) of 81.99%. 
The  second investigation was of wind speed 
with PC1 and PC2. The result showed a positive 
correlation between wind speed and PC1 by 0.35 
and a DC of 12.80%. Partial correlation results 
between SST and wind speed with LHF variability 
showed a good correlation of 0.68.

Table 5. Summary of the correlation coefficient, P-values and determination coefficient values of the first two principal compo-
nents (PC1 and PC2) with SST and wind stress.

Variability PC1 PC2

    CC (%) P-value DC (%)   CC (%) P-value DC (%)

SST 0.90 0.00 81.99 0.20 0.02 4.09

Wind stress 0.35 0.01 12.8   0.17 0.09 2.88

DISCUSSION
The present study is designed to investigate 

the influence of atmospheric and oceanic factors 
near the Tokar Gap on LHF using the EOF method. 
Initially, validating reanalysis data with observed 
data is crucial to test the accuracy of the ERA5 
data. According to the validation analysis results 
in Figure  3 and Table  1, ERA5 is generally in 
agreement with the observed data. This confirms 
the validity of the data in the Red Sea, which is 
consistent with several studies (Al Senafi et al., 
2019; Bower and Farrar, 2015; Aboobacker et al., 
2020; Bawadekji et al., 2022).

Following the method that Zhai and Bower 
(2013) applied, the mean sum of the highest 
wind vectors in the box in Figure 4 was used 
to calculate the offshore daily winds near the 
Tokar  Gap. The  mean sum of SST, LHF, wind 
speed, and wind stress from this calculation 
method were used for further analysis.

The result of identifying the most pronounced 
events showed that July and August contain more 
and higher wind jets, as shown in Figure 5. These 
event periods are consistent with several previous 
studies (Jiang et al., 2009; Zhai & Bower, 2013; 
Nicholls et al., 2015), which used different methods 
to present wind jets.

The Tokar Gap have a diurnal influence on LHF, 
as shown in Figure 7. LHF and wind speed had 
nearly the same pattern since they start rising at 
00:00 and reach their peak between 05:00 to 06:00. 
These patterns are consistent with several previous 
studies in the Red Sea region (Jiang et al., 2009; 
Davis et al., 2015; Pratt et al., 2020). According 
to Jiang et al., (2009), the Tokar Wind Jet has a 
strong diurnal fluctuation due to the significant 
cross-shore temperature differential during the day, 
which results in westward sea winds during the 
day and eastward land breezes during the night. 
In the summer, the Tokar Wind Jet is, thus, stronger 
in the early morning than in the evening.
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In Figure 8, the LHF and wind speed seemed to 
have a strong relationship, which agrees with the 
findings of several previous studies (Jiang et al., 
2009; Davis et al., 2015; Feng et al., 2021).

The EOF spatial and temporal patterns of LHF 
in the central Red Sea are shown in Figures  9 
and 10, respectively. The highest first mode spatial 
distribution results are in line with the spatial 
pattern of Mohamed et al. (2021a), who used 
monthly averaged SST data and found that the 
central and southern parts of the Red Sea contain 
the highest variability in their first mode, standing 
at about 51.65%.

As a result of its small contribution, the second 
mode showed few differences in its spatial pattern.

In terms of the temporal patterns, PC1 and PC2, 
the first two principal components, showed a high 
difference in their variability. As shown in Figure 9, 
the PC trends indicate that the LHF rates have 
been increasing in the last ten years between 2010 
and 2020. This increase of LHF may be related 
to the increased SST, as shown by (Alawad et al., 
2020; Mohamed et al., 2021a).

Kumar et al., (2017) also found that LHF increases 
with SSTs in warm basins with temperatures higher 
than 25°C. Their findings may be a key factor for 
affected LHF rates in the Red Sea.

Previous studies have attempted to explore 
LHF sensitivity to SST and wind speed (Li et al., 
2011; Xiang-Hui and Fei, 2014; Hartmann, 2016; 
Kumar et al., 2017; Eshghi et al., 2020). These 
studies indicate that LHF is sensitive to SST 
and wind speed change. To test their sensitivity, 
the mean value from the located box in Figure 4 
is used to investigate the contributions of SST and 
wind speed to the first two principal components 
by applying the correlation and the determination 
coefficients. Based on the statistical analysis of 
SST with PC1, the results agree with the long-term 
results of Xiao et al. (2019), who found that SST 
contributed with 84.3% to the South China Sea’s 
first mode. In addition, PC2 had a smaller CC 
than PC1, whose DC was 4.09%. Furthermore, 
the  other investigation was on wind speed with 
both PC. This investigation’s results were relatively 
small compared to those recorded by previous 
studies (Eshghi et al., 2020; Xiang-Hui and 
Fei,  2014), which studied wind speed variability 

and obtained high explained variances of 95% 
and 91.50%, respectively. Therefore, our  current 
results do not show an agreement with their results. 
Furthermore, the former experiment studied the 
Pacific region for nearly three decades, while 
the latter studied the Arabian Sea for about two 
decades. As evidenced by our results, the study 
size and period might affect the EOF results.

This analysis shows that PC1 was related to 
SST while PC2 was related to wind speed, which 
might indicate that SST has a higher contribution 
to LHF than wind speed based on the EOF 
method. Therefore, SST could play a major role in 
controlling LHF rates in the study region.

The minimal contribution of wind speed to LHF 
may be due to the strong link between SST and 
the specific humidity differences of saturation and 
actual vapor pressure, as observed in Figures 5 
and 6. According to the study of Eshel and Naik 
(1997), significant fluctuations in specific humidity 
with high relative SST values might slightly improve 
LHF verbality.

Moreover, the partial correlation results 
between SST and wind speed and LHF results 
indicate that SST and wind speed with LHF have 
a partial correlation of 0.68. Based on this study, 
SST showed a direct relation to LHF variability, 
while the wind speed showed an indirect relation 
LHF. This relation can be related to the results by 
Wang et al (1998.) that showed that wind speed, 
LHF, and SST are interacted by each other by both 
direct and indirect ways.

CONCLUSION
The current study was conducted using 

atmospheric and oceanic reanalysis data from 
ERA5 covering the period between 2000 and 
2020 for the central part of the Red Sea. In this 
investigation, the aim was to determine the effects 
of wind jets from the Tokar Gap on the LHF at 
the central part of the Red Sea by applying the 
EOF method. Wind jet events were found to 
be more pronounced during July and August. 
The maximum daily values of LHF, SST, and wind 
speed were 22.99 w/m-2, 32.91°C, and 13.84 m/s-2, 
respectively. The diurnal variability on LHF in Tokar 
Gap during the summer was stronger in the early 
morning than in the evening, when maximum and 
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minimum values for LHF were 16.24 w/m-2 and 
5.57 w/m-2, respectively.

The results of this study showed that there 
was a significant correlation between wind stress 
and LHF at about 0.83%. The results of the 
EOF analysis indicated that the first two modes 
represented around 90.8%. To be more precise, 
the first mode showed a variability of 80.9%, 
and the highest explained variance was located 
near the Tokar Wind Jet entrance, while the 
second mode seemed to be homogeneous, with 
about 9.9% variability found in most study areas. 
The  correlation coefficient and determination 
coefficient were applied on the time series of PC1 
with SST and wind speed. These results indicated 
that PC1 was positively correlated with SST by 
0.90 and a DC of 81.99%. In addition, PC1 with 
wind speed showed a CC of 0.35 and a DC of 
12.80%. This analysis reveals that SST had the 
most substantial influence on LHF viability near 
the Tokar Gap.
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