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Abstract: Using historic data, variations in the sea surface temperature (SST), sea surface air tem-
perature, and air-sea heat flux of the Red Sea and its adjacent seas over 140 years (1876-2019) as
well as correlations of these variations were statistically analyzed. The results show that the SST
of the Red Sea increased at a mean rate of 0.043 °C/decade in these years with an accelerated rate
in recent decades, and the SST anomalies of the sea had significant positive correlations and high
synchronisms with those of adjacent seas as well as air temperature anomalies. In this period, the
Red Sea lost more heat to the air via evaporation due to water warming and gained more heat from
the Gulf of Aden. The analysis revealed that the temperature rise in the Red Sea surface water was
directly caused by the horizontal heat input from the upper warming water of the Gulf of Aden under
the circumstance of global ocean warming, rather than by the rise in local air temperature. However,
in recent decades, the accelerated rise in air temperature over the sea has decreased the sensible heat
flux, which might contribute to the Red Sea warming.

Keywords: Red Sea; long-term temperature variation; ocean warming; heat flux

1. Introduction

Global warming and its impacts on marine environments and ecology are a current hot
research topic. The surface air temperature of the earth has increased ~0.6 °C on average in
the past 100 years [1], resulting in a rise in the worldwide ocean temperature, and the sea
surface temperature (SST) across much of the tropics has increased by 0.4-1 °C since the
mid-1970s [2]. The increase in ocean temperature caused changes in ecosystems [3]. For
instance, Silverman et al. [4] proposed that the warming of the global ocean has slowed
coral growth and eventually led to dissolution of coral reefs. It is generally believed that the
emissions of greenhouse gas have surged since the internal combustion engine era, which
induced global warming, thus leading to ocean warming [2,5]. Since previous studies
mostly focused on changes on the global scale, the ocean temperature variation and its
impact on local seas still need more research.

Studying the relationship between the long-term variation in the Red Sea temperature
and climate change is representative. The Red Sea is a semi-enclosed and narrow inland sea
located in a high-temperature zone with strong solar radiation, and is also one of the seas
with the highest temperature in the world. Documenting the teleconnections between the
Red Sea and other oceans by the coral record, Felis et al. [6] evidenced that the global change
influenced the sea. Using satellite-derived data, Raitsos et al. [7] reported that the SST of
the Red Sea increased significantly in the past, and, in particular, it had an abrupt increase
after 1994, and that the annual SST mean increased by 0.7 °C during 1994-2007 compared
to 1985-1993. Cantin et al. [2] proposed the average summer SST during 1998-2008 was
1.46 °C higher than that during 1950-1997 in the central Red Sea, resulting in a decrease of
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30% in the coral growth rate, and predicted that should the warming trend continue, the
coral could cease growing altogether by 2070.

The rise in the Red Sea SST might be directly caused by an increase in the heat input
from the atmosphere or adjacent seas. By analyzing the correlation between the air and
water temperature changes, Raitsos et al. [7] found that the change in air temperature
above the Red Sea occurred one month earlier than the rise in SST and suggested that the
increasing air temperature resulted in the warming of the Red Sea. However, studies [8-10]
showed that the total annual heat flux over the Red Sea was negative, meaning that it lost
heat to the atmosphere as a whole system [11]. If the heat loss did not decrease, the water
warming might not have been caused by the rise in air temperature. So far, there have
been few studies on long-term variations in the air-sea heat flux for the Red Sea, and no
substantial evidence supports that the warming of the sea was directly caused by the local
atmospheric warming.

Based on observations at the Bab-el-Mandab Strait, Murray and Johns [12] esti-
mated that annual upper inflow and lower outflow transports were 0.40 Sv and 0.37 Sv
(1Sv = 10° m3/s), respectively. Because of the variations in monsoon and thermal forcing,
water exchange between two seas in different months varies significantly. Sofianos et al. [9]
and Matt and Johns [13] concluded that the water exchange rate in winter is two times that
of the annual average. Bower et al. [14,15] observed that the water exchanges of different
layers varied significantly in different seasons. In summer, the upper and bottom water
flowed out of the Red Sea and the middle-layer water flowed into the sea, whereas the
upper water flowed into the sea and the bottom water flowed out in winter. Smeed [16]
and Xie et al. [17] verified such seasonal variations and the three-layer structure in summer.
According to the study by Jean-Baptiste et al. [18], the overall exchange is an inflow of warm
water through the upper layer and an outflow of cold water from the Red Sea through the
bottom layer. Moreover, studies, e.g., [11,14,15,19-21], revealed that warm water flows into
and cool water flows out of the Red Sea at the Bab-el-Mandab Strait. Tragou et al. [22],
Siddall et al. [23], Sofianos et al. [9], and Abualanajia et al. [10] estimated the annual mean
net heat transported to the Red Sea from the Gulf of Aden to be 8 +2,11 4+ 10,11 £ 5, and
17 W/m?, respectively. However, the long-term trend of the horizontal heat flux has not
been reported, and so the previous studies did not indicate if the warming of the Red Sea
was related to the heat flux through the water exchange. Nevertheless, this relationship was
confirmed in the Mediterranean Sea, a nearby semi-enclosed sea, where the long-term SST
variability is associated with horizontal heat advection variations and increasing warming
of the Atlantic inflow [24].

In short, the external heat exchange process causing the warming of the Red Sea
surface water (RSSW) needs further study. In this study, to confirm or rule out that
atmospheric warming is the direct reason for the warming of RSSW, long-term variations
in SSTs of the Red Sea and its adjacent seas, surface air temperatures, and the surface
heat-flux were analyzed using open datasets from observations, remote sensing products,
and reanalysis. The correlations between the Red Sea SST and these external thermal
elements were explored. To find out whether the horizontal heat flux caused the warming
of RSSW, we analyzed the long-term variation in heat flux between the Red Sea and Gulf of
Aden. Finally, the thermal causes for the warming of RSSW are synthetically discussed.

2. Materials and Method

Figure 1 shows the locations of the Red Sea and its adjacent seas. The Arabian Sea,
located in the northwest Indian Ocean, is connected to the Gulf of Aden, which is connected
to the Red Sea through the Bab-el-Mandab Strait. The average depth in the Red Sea is 558 m,
and the maximum depth of the trench along the axis is 2922 m. The topography data are
from the General Bathymetric Chart of the Oceans (GEBCO_2014) with a resolution of 30 arc-
second interval grid (https://www.gebco.net/data_and_products/gridded_bathymetry_
data, accessed on 11 June 2022).


https://www.gebco.net/data_and_products/gridded_bathymetry_data
https://www.gebco.net/data_and_products/gridded_bathymetry_data
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Figure 1. Map and topography (using GEBCO_2014 data) of the study area and the connection of Red
Sea with Gulf of Aden through Bab-el-Mandab Strait. Dashed line at the strait was used to calculate
the horizontal heat flux across it.

To analyze historical SSTs, we utilized the widely used HadISST1 (Hadley Centre
Sea-ice and Sea-surface Temperature Dataset Version 1, https:/ /www.metoffice.gov.uk/
hadobs/hadisst/data/download.html, accessed on 11 June 2022). HadISST1 is a global
monthly dataset with a 1° grid, which was reconstructed based on in situ data from ships
and buoys taken from Met Office of Marine Data Bank (MDB) and bias-adjusted inversion
data from the AVHRR (Advanced Very High Resolution Radiometer) using RSOI (Reduced
Space Optimal Interpolation) and variance-correction hybrid technology [25]. It provides
data from 1870 to the present with proven reliability and plays an important role in ocean
and climate research [25,26]. The dataset has been utilized previously for the Red Sea,
e.g., in [27]. The dataset samples 40 points in the Red Sea, and the resolution is enough to
reconstruct SST time series. To examine the data availability in earlier years, the number of
raw SST measurement stations within the Red Sea was plotted as a function of monthly time
(Figure 2) from January 1870 to December 2019 using ICOADS (International Comprehen-
sive Ocean-Atmosphere Data Set, https:/ /icoads.noaa.gov, accessed on 11 June 2022) and
was used when there were no MDB data to enhance data coverage [25]. The measurement
number was quite low prior to 1876 and significantly increased from then on with the
opening of the Suez Canal. In 1876, the number increased from 48 to 158 with an average
of 95, which is enough to produce robust regional time series. In the period of 1940-1943,
although observations were sparse or absent in some months, the average station number
was 78, and the reconstructed dataset could not distort long time series of the average SST.
Therefore, 1876 was chosen as the starting date for the analysis using HadISST1.

NOAA-CIRES-DOE Twentieth Century Reanalysis V3 (20CRv3) monthly dataset
(ftp:/ /ftp.cdc.noaa.gov/Datasets /20thC_ReanV3/Monthlies, accessed on 11 June 2022)
was used to analyze long-term trends of air temperature and air—sea heat flux. 20CRv3 is
available for the years 18362015, covering 1° x 1° global grids and showing similar trends
to the ERA-20C (ECMWF Atmospheric Reanalysis of the 20th Century) dataset, which only
spans from 1900 to 2010 [28]. Given the high quality and long temporal coverage, 20CRv3
data were adopted from January 1876 to December 2015, involving air temperature at 2 m,
downward /upward longwave/shortwave radiation fluxes, and latent/sensible heat fluxes
at the surface.


https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://icoads.noaa.gov
ftp://ftp.cdc.noaa.gov/Datasets/20thC_ReanV3/Monthlies
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Figure 2. Monthly series of the numbers of raw SST measurements (ICOADS) within Red Sea. The
dots are valued by the right coordinate axis, standing for the enlarged figure of partial line segments.

The SST variations during 18762019 were analyzed, including annual and monthly
mean values and their anomalies (derived by removing their averages during the period)
for the Red Sea, Gulf of Aden, Arabian Sea, and the Northern Hemisphere. The correlation
coefficients of SST anomalies between the Red Sea and adjacent seas, as well as time lag rela-
tions, were examined using the Pearson correlation, auto-correlation, and cross-correlation
analyses. The correlations between anomalies of SST and those of air temperature and the
air-sea heat flux were also analyzed using the same methods.

The abrupt change in annual mean SST was analyzed using the MK (Mann—Kendall)
test [29]. In MK statistics, « = 0.05 is the significance level, UF is the MK statistics of anomaly
time series, and UB is that of time-reversed anomaly series. If UF > 0, it represents an
increasing trend, and vice versa. When UF exceeds two critical lines of 15 = £ 1.96, it
represents a significant upward or downward trend. If the intersection point of UF and UB
is between the lines, it corresponds to the starting time for the abrupt change.

3. Results
3.1. The Long-Term Variation in the Red Sea SST

Figure 3a,b present the variations in monthly and annual SST anomalies in the Red
Sea during 1876-2019. It is evident that the long-time trend is a rising temperature (also
indicated by Figure 4). Figure 3a shows that the warming trends are apparent in all
12 months, implying that the long-time change was not driven by seasonality. This agrees
with the results of Raitsos et al. [7] using the AVHRR Pathfinder data from 1985 to 2007. By
linear regression (Figure 3b), the average rising rate of the annual SST (listed in Table 1)
was estimated as 0.0043 °C/year (i.e., 0.043 °C/decade, the 95% confidence interval was
0.033-0.052 °C/decade, and the correlation coefficient R = 0.6). Over 144 years, the temper-
ature of the Red Sea increased by 0.62 °C (95% confidence interval 0.48-0.75 °C, R = 0.6). In
recent decades, the rise has been accelerating. During 1985-2019, the decadal increase was
0.187 °C (95% confidence interval 0.126-0.248 °C, R = 0.74).

Figure 3a,b indicate that the significant warming of the Red Sea began in approximately
1922 and 1995 (time points for abrupt changes are also given in Figure 3c), so we divided
the whole study time into three periods: 1876-1921, 1922-1994, and 1995-2019. Figure 3b
shows that the average temperature anomalies in the three periods were —0.25, 0.03, and
0.38 °C, respectively. The average of the third period increased by 0.63 °C compared with
that of the first period.
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Figure 3. Long-term variations in SST, surface air temperature, and air-sea heat flux. (a) Monthly time
series of anomalies of SST in Red Sea since 1876; (b) annual SST anomalies in Red Sea (two diagonal
lines show the variation trends through linear fitting for 1876-2019 and 1985-2019; in two fitting
formulas, “a” represents the year; three horizontal lines show the averages for 1876-1921, 1922-1994,
and 1995-2019, respectively); (c) the variation trend of Red Sea SST, where UF and UB are MK statistics
of time and time-reversed series, respectively, and 15 = £1.96 are two critical lines. Two phases

before/after 1955 were individually analyzed.
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Figure 4. Anomalies of Red Sea SST versus SST anomalies of Gulf of Aden, Arabian Sea, and Northern
Hemisphere (NHT) (a) and anomalies of surface air temperature and the net air—sea heat flux (b). A
positive heat flux corresponds to a downward flux.

Considering that the temperature did not surge in the few years around 1955 (the
middle of the second period aforementioned), and that the temperature of 1955 was close to
the average temperature in the period, we selected this year as the cut-off point in time and
conducted MK analysis for the phases before and after it, respectively. Figure 3¢ presents
the MK statistic of the annual SST anomalies. For the greater part of 144 years, although
there appeared certain periods (nearly half of the period) of temperature decreasing in
both phases (UF < 0); in general, the Red Sea showed a warming trend (UF > 0), because
UF reached larger positive values (peaking at 4.97, above the critical line for significant
increasing over a long time) than negative (minimum at —1.98, hardly below the critical
line for significant decreasing).

The distribution of auto-correlations of Red Sea SST anomalies (the time difference < 50 years,
the significance level p < 0.01) is shown in Figure 5a. If the time difference was zero, the
auto-correlation coefficient was 1. It decreased gradually with the increasing in the lag.
Beyond a lag of ~23 years, the coefficient oscillated around 0 with increasing lag. This
further proves that the temperature rise of the Red Sea was periodic and there was a certain
cooling period. This pattern was reported by the previous study.
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Table 1. The variation trends of SST and air temperature anomalies in Red Sea and adjacent seas and
their correlation coefficients over the 140 years analyzed. Heat flux variations are also listed.

Air temperature variation over Red Sea

Variation in net air-sea heat flux to Red Sea

Description Value of Trend or Correlation
T 0.043 °C/decade
SST variation in Red Sea (0.187 °C/decade since 1985)
SST variation in Gulf of Aden 0.046 °C/decade
SST variation in Arabian Sea 0.06 °C/decade
SST variation in Northern Hemisphere 0.045 °C/decade
0.037 °C/decade

(0.26 °C/decade since 1985)

Air temperature variation over Gulf of Aden 0.061 °C/decade

Air temperature variation over Arabian Sea 0.061 °C/decade

Air temperature variation over Northern Hemisphere 0.063 °C/decade
—0.191 W/m?/decade

(1.93 W/m? / decade since 1985)

Variation in net heat transport to Red Sea 0.15 W/m?2/decade
Correlation coefficient of SST anomalies between Red Sea and Gulf of Aden 0.72
Correlation coefficient of SST anomalies between Red Sea and Arabian Sea 0.7
Correlation coefficient of SST anomalies between Red Sea and Northern Hemisphere 0.71
Correlation coefficient of SST anomalies between Gulf of Aden and Arabian Sea 0.85
Correlation coefficient of SST anomalies between Gulf of Aden and Northern Hemisphere 0.77
Correlation coefficient of SST anomalies between Arabian Sea and Northern Hemisphere 0.89
Correlation coefficient between SST and air temperature anomalies of Red Sea 0.84
NHT RS _SST-AT
e 1 r - RS-AD_SST
§ @) —— Arabian : ] (b) _ © = — = RS _SSTA-ATA
% 08 1 —Red Sea 08
8 0.6 F ——Aden 0.6 }
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Figure 5. Correlation analysis for Red Sea SST. Cross-correlation coefficients between annual SST
anomalies of Red Sea and those of adjacent seas and NHT (a) and Red Sea air temperature anoma-
lies (b); (c) cross-correlation coefficients between Red Sea SST and air temperature (RS_SST-AT), Red
Sea SST anomalies and air temperature anomalies (RS_SSTA-ATA), as well as Red Sea SST and Gulf
of Aden SST (RS_AD-SST). A positive lag represents SST/SSTA series lagging behind other variables.

3.2. Correlations of SST Variations in the Red Sea and Adjacent Seas

In general, the adjacent seas and the Northern Hemisphere exhibited a similar trend
of SST to the Red Sea, increasing in the long run but decreasing during certain periods
(demonstrated by Figure 4a). The decadal SST rise was 0.046 °C (0.038-0.055 °C for the
95% confidence interval, R = 0.66), 0.06 °C (0.052-0.068 °C for the 95% interval, R = 0.78),
and 0.045 °C (0.04-0.051 °C for the 95% interval, R=0.8) for the Gulf of Aden, the Arabian
Sea, and the Northern Hemisphere, respectively (listed in Table 1). Over 144 years, SST
increased by 0.67, 0.86, and 0.65 °C, respectively. The Arabian Sea had the largest increase,
and the rise rate in the Red Sea (0.043 °C/decade) was close to those in the Gulf of Aden
and the Northern Hemisphere.

Pearson correlation coefficients of annual SST anomalies between the Red Sea and
the Gulf of Aden, the Arabian Sea, and the Northern Hemisphere were 0.72, 0.7, and 0.71
(p < 0.01), respectively (listed in Table 1). The correlation of the Gulf of Aden with the
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Arabian Sea and the Northern Hemisphere was 0.85 and 0.77, respectively, and that of
the Arabian Sea with the Northern Hemisphere was 0.89. SST anomalies of the Northern
Hemisphere had the highest correlation with the Arabian Sea, which is an open sea, whereas
the Red Sea had the highest with the connected Gulf of Aden.

Figure 5a shows the distributions of cross-correlations between annual SST anomalies
of the Red Sea and those of adjacent seas (the time lag among £50 years). In these statistics,
a positive lag means that a time series of Red Sea SST lagged behind those of other seas.
When the lag was zero, the coefficients were the largest (equal to Pearson correlations).
This means that there was no time lag in annual SST changes between the Red Sea and the
other seas in the long run. Hence, the SST rise in the Red Sea was not a local phenomenon,
and it happened synchronously with the global ocean in the long run. The Red Sea SST rise
was due to global ocean warming.

3.3. Relations of the Red Sea Warming with the Surface Heat Elements

Figure 4b indicates that the variation trends of air temperature over the Red Sea and
adjacent seas were basically the same as those of SST. According to the statistical results, the
increase rate of air temperature at 2 m over the Red Sea was 0.037 °C/decade (95% confi-
dence interval 0.024-0.049 °C/decade, R = 0.44) during 1876-2015, which is lower than the
SST increase rate (listed in Table 1). After 1985, air temperature increased by 0.26 °C/decade
(95% confidence interval 0.15-0.37 °C/decade, R = 0.68), showing an accelerated rise trend
similar to SST. Over these 140 years, air temperature increased by 0.061 °C/decade (95%
confidence interval 0.051-0.072 °C/decade, R = 0.71), 0.061 °C/decade (95% confidence
interval 0.052-0.07 °C/decade, R = 0.76), and 0.063 °C/decade (95% confidence interval
0.055-0.071 °C/decade, R = 0.8) for the Gulf of Aden, the Arabian Sea, and the Northern
Hemisphere, respectively (listed in Table 1).

The correlation coefficient between annual SST anomalies and air temperature anoma-
lies of the Red Sea was 0.84 (p < 0.01), which is a strong positive correlation (listed in
Table 1). Their variations had a high similarity and synchronism (Figure 4b).

To determine if there is a dominant relationship between SST and air temperature of
the Red Sea, we conducted cross-correlation analysis on their annual and monthly series
individually. In Figure 5b, the maximum cross-correlation coefficient of annual anomalies
was 0.84 when the time difference was 0. This further proves that annual variations in air
temperature and SST were synchronized in the long run. In a monthly difference curve
(RS_SSTA-ATA, Figure 5c), the maximum coefficient was 0.68 (p < 0.01) when the time
difference was 0; thus, air temperature and SST monthly anomalies had the greatest cross-
correlation in the same month. This suggests that the monthly variations in air temperature
and SST anomalies were synchronized in general, and there was no significant time lag.
Therefore, from the perspective of long-term warming, the rise in air temperature did
not occur earlier than that of SST. Raitsos et al. [7] reported that air temperature shifted
1 month earlier than SST, and accordingly proposed that air temperature influenced water
temperature in the Red Sea. However, their analysis (for the period of 1985-2007) was
based on temperatures rather than anomalies, and is not enough to prove that the air
temperature rise induced the Red Sea warming from the perspective of long-term change,
even though seasonal variations in air temperature usually happen earlier than those of
water temperature. Our analysis (RS_SST-AT, Figure 5c) for air and water temperatures
(not anomalies) also indicated this phenomenon. The cross-correlation coefficient was 0.975
(p < 0.01) when the lag was 1 month for SST, larger than that (0.924, p < 0.01) of the zero lag.
In addition, the cross-correlation for SSTs of the Red Sea and Gulf of Aden was also the
strongest when the lag was 1 month for the Red Sea (RS_AD-SST, Figure 5c).

Next, we analyzed the relationship between the Red Sea SST variations and air—
sea heat fluxes. The results show that the net flux over the sea tended to decrease over
the 140 years. The average annual change rate was linear-fitted to be —0.0191 W /m?
(95% confidence interval —0.0449-0.0067 W /m?; —0.191 W/m?/decade, Table 1), with a
larger decrease (—0.0776 W/ mZ2, 95% confidence interval —0.1139——0.0413 W/ m2) during
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1876-1985 and a positive rate after 1985 (shown later). The trend of SST increasing with
the decrease in the heat flux (Figure 4b) indicates that the Red Sea warming was not due
to absorbing more heat from the air. In the Mediterranean Sea, a previous study [24]
also indicated a negative correlation between SST and net air—sea heat flux variations.
According to the rate, the total net heat flux decreased by 2.67 W /m? over the 140 years
studied. Meanwhile, the solar radiation increased by 3.25 W/m?, the loss of heat through
long-wave radiation increased by 0.36 W/m?, and the sensible heat flux decreased by
0.15 W/m?2, but the latent heat flux via evaporation increased by 5.71 W/ m2. Therefore,
the decrease in net air—sea heat flux was mostly due to the transfer of more heat to the air
through evaporation. This phenomenon and mechanism was evidenced in the Equatorial
Indian Ocean [30] and the Mediterranean Sea [24]. According to the calculation method for
the air-sea flux [31], the latent heat flux is:

Qin = pLeCell(gs — ga) e))

where p, Le, Ce, U, gs, and ga are the air density, evaporation latent heat, exchange coefficient,
wind speed, sea surface saturation specific humidity, and sea surface air specific humidity,
respectively. Among parameters, gs is a function that increases with SST. Therefore, the
SST rise contributes to the increase in the latent heat flux, thus reducing the net air-sea
heat flux.

In addition, during 1985-2015, the average annual net air-sea heat flux increased by
0.193 W/m? (95% confidence interval —0.0145-0.4004 W/m?; 1.93 W/m? /decade, Table 1),
a significantly larger value than that found for the 140 years analyzed (—0.019 W/m?).
Before 1985, the sensible heat flux increased because SST increased more rapidly than air
temperature, referring to the formula for the sensible heat flux [32]:

Qs = pCaCsU(Ts — Ta) )

where Ca, Cs, T, and Ta are the specific heat of air, exchange coefficient of sensible heat, sea
surface temperature, and air temperature, respectively. In recent decades, air temperature
has increased more rapidly (Figure 4b), resulting in a significant decrease in the sensible
heat flux, hence the increase in the net flux. Therefore, the decrease in heat loss of water
might have contributed to the SST rise in the Red Sea in recent decades.

In short, statistical analysis showed that the Red Sea SST rise had positive correlations
with air temperature, and global SST rises were due to global warming. However, our
results do not indicate that the warming of the Red Sea was caused by the rise in local air
temperature in the 140 years studied. In recent decades, accelerated warming of air might
have contributed to the SST rise.

3.4. The Relationship of the Red Sea Warming with Horizontal Heat Flux

In light of the flow pattern (warm water flows into the Red Sea in the upper layer at
the Bab-el-Mandab Strait [18]) and the SST rise in the Gulf of Aden over 144 years, the heat
transported to the Red Sea likely increased, which is a likely cause that contributed to the
warming of RSSW.

In order to verify the suggestion, we calculated the annual heat input during 18762010
using the SODA (Simple Ocean Data Assimilation Version 2.2.4, http://apdrc.soest.hawaii.
edu/datadoc/soda_pop.php, accessed on 11 June 2022) including temperature and veloc-
ities of each layer at the Bab-el-Mandab Strait. SODA is an extensively used long-term
assimilation dataset for the global ocean with 0.5° x 0.5° resolution (mapped monthly from
the POP results at 0.25° x 0.4°) and 40 vertical levels with 10 m spacing near the sea surface.
The total horizontal heat transported to the Red Sea can be estimated by [33,34]:

n
Qui = Y_ pCpT,AD;W,V; )
i=1


http://apdrc.soest.hawaii.edu/datadoc/soda_pop.php
http://apdrc.soest.hawaii.edu/datadoc/soda_pop.php

J. Mar. Sci. Eng. 2022, 10, 846

10 of 14

where p, Cp, T;, AD;, W;, and V; stand for density, specific heat of sea water, water tempera-
ture, depth thickness, section width, and inflow /outflow velocity at the i layer of n layers
at the strait.

Figure 6a presents the vertical profile for monthly average zonal velocities (the
negative means inflow) at the Bab-el-Mandab Strait during 2001-2010, displaying the
aforementioned pattern [14-16,18]. Figure 6b presents the variation in estimated an-
nual net heat transport to the Red Sea during 1876-2010. The net flux was always
positive with an average of 7.13 x 102 W over the years. Distributed over an area of
4.38 x 10° km?, the gain for the Red Sea was ~16.3 W/m?. Correspondingly, the heat loss
for the Gulf of Aden (2.2 x 10° km?) was ~32.4 W/m?2, which is close to an observed value
of 35 W/m? [10]. Figure 6c demonstrates the vertical distribution of the average annual
heat transported to the Red Sea at each layer of the strait during the period. The heat
was transported into the Red Sea through the upper water and out of the sea through
the deeper water, tallying with the aforementioned pattern in the Introduction [18]. To
further verify the rationality of using SODA, we contrasted the variation trends of the
annual heat transports in the surface layer (upper 10 m in depths) from the Gulf of Aden
and SST anomalies of the gulf (Figure 6d). During the period, the average rise rates of
the former and the latter were 0.056 TW and 0.045 °C per decade, respectively. On the
whole, they increased synchronously and their Pearson correlation coefficient was 0.42
(p < 0.01), showing a moderate positive correlation. Given that the two series were obtained
from different datasets, this correlation reflects the long-term variations in heat transport
between the two seas objectively. Therefore, the above results demonstrate the rationality
of using the SODA to analyze the long-term variations in the heat flux and estimate the
heat gain.
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Figure 6. Advective transport between Red Sea and Gulf of Aden. (a) Monthly average zonal
velocities at Bab-el-Mandab Strait for 2001-2010, with negative values corresponding to the inflow
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to Red Sea (across the dashed line, Figure 1); (b) variations in annual net heat transports to Red Sea
(heat gains) during 1876-2010 (1 TW = 1012 W), with the diagonal line showing the linear-fitted trend;
(c) annual heat transports to Red Sea at each layer (between two adjacent dashed lines); (d) contrast
of variation trends for annual SST anomalies (red curve) of Gulf of Aden and heat transports (black
curve) via strait’s surface layer from the gulf.

Figure 6b shows that the annual net heat transport to the Red Sea had an increasing
trend during 1876-2010, with an average rise of ~6.53 x 10° W/year (95% confidence
interval 4.19 x 10°-8.88 x 10° W/ year, R = 0.43). At this rate, the heat input increased
by 9.15 x 10" W or 12.8% during the140 years studied (1876-2015). If evenly distributed
across the whole Red Sea, the gross gain over these 140 years would have increased by
~2.1 W/m? (95% confidence interval 1.34-2.83 W/m?) (i.e., decadal 0.15 W/m?2, Table 1).
Therefore, it gained more and more horizontal heat from the external sea, indicating that the
Red Sea SST rise was mainly caused by the horizontal heat inflow in the long term (similar
to Mediterranean Sea [24]) via the Arabian Sea and Gulf of Aden against the background
of global ocean warming.

4. Discussion

Our results suggest that the increases in the heat loss at the surface and the heat gain
from the adjacent sea for the Red Sea were 2.67 and 2.1 W/m?, respectively, in the 140 years
analyzed. The loss was approximately balanced by the external gain.

In addition, the Red Sea is characterized by the presence of 25 brine pools, which are
large bodies of bottom water of the sea [35]. In the pools, volcanic intrusions generate
upwelling of hot brine constantly, evidently resulting in high-temperature deep water in
the sea [36]. In the largest brine pool, Atlantis II, the temperature significantly increased
over 44 years [37], suggesting that the heat input from the seafloor has been increasing.
Nevertheless, the long-term variation in the bottom heat input has not yet been reported.
No study indicated that the brines affect the temperature of upper-layer water, and that the
Red Sea SST rise is related to the geothermal heating.

Based on the historical dataset (1973-2006), Alraddadi [38] revealed a trend of decreas-
ing monthly anomalies of the net air-sea heat flux, trends of increasing evaporation and
SST, and cooling and freshening trends of the Red Sea Deep Water (RSDW). The increase
in the evaporation (buoyancy loss [11]) leads to convection that reaches the bottom of
the Gulf of Suez and the northern Red Sea [39]. The deep convectional cold-water flows
southward [39], resulting in the cooling of RSDW [38,40].

As determined by comprehensive analysis of our results and aforementioned previous
studies, the cause for the warming of RSSW is summarized as follows and represented with
a schematic (Figure 7, referring to previous circulation pattern [38]). The upper fresh warm
water from the Gulf of Aden flows into the Red Sea due to the wind and thermohaline
forcing. The overall wind direction is in fact northward annually at the strait [41]. Against
the background of global warming, RSSW became warmer with the long-term increase in
the temperature of external water. This strengthened the evaporation and made RSSW lose
more heat to the air. When moving northward, the water is cooled and becomes more saline
and denser, then sinks, and finally partially flows out of the sea over the strait sill [38,42,43].
Together with the sinking water of the Gulf of Suez and Gulf of Aqaba due to evaporation
and convection [44,45], RSDW's past trend of cooling might play a role in balancing the
difference between RSSW warming and external net heat flux.
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Figure 7. Schematic of the heat transport and circulation patterns in upper layers, upper deep
layers, and deep layers in Red Sea. Dotted topography represents Gulf of Aqaba. SW: surface water;
RSOW: Red Sea outflow water.

5. Conclusions

Using the historic data, long-term variations in SSTs of the Red Sea and its adjacent
seas, surface air temperatures, air—sea heat flux, and horizontal heat flux were statistically
analyzed. The findings are summarized as follows.

The SST of the Red Sea increased at an average rate of 0.043 x 10 °C/decade over the
144 years studied (1875-2019), and the increase rate has been 0.187 °C/decade since 1985.
The abrupt warming of the Red Sea began in approximately 1922 and 1995. The long-term
variations in SSTs in the sea have significant positive correlations and synchronicities with
those in adjacent seas and the global ocean. The warming of the Red Sea is due to the global
ocean warming.

The increase rate of air temperature at 2 m over the Red Sea was 0.0037 °C/year during
the 140 years studied, and has accelerated in recent decades. The correlation between
annual SST anomalies and air temperature anomalies was highly positive. In the long term,
their variations were synchronous. In general, the monthly variations in air temperature
anomalies and SST anomalies were also synchronous. From the perspective of long-term
warming, the increase in air temperature did not occur earlier than the SST rise. The rise
in air temperature over the Red Sea was not a direct external cause of water warming.
During the 140 years studied, the net air—sea heat flux tended to decrease, indicating that
the warming led to the loss of more heat to the air via evaporation. Nevertheless, since
1985, the accelerated rise in air temperature has decreased the sensible heat flux, which
might contribute to the Red Sea warming.

The Red Sea obtained more and more heat with an annual average of ~7.1 x 1012 W
from the Gulf of Aden. At a rough estimate, the gain of the Red Sea increased by ~2.1 W/m?
in the 140 years analyzed. Due to the wind and thermohaline forcing, the upper warmer
water flows into the sea from the Gulf of Aden. Against the background of global warming,
the water warming of adjacent seas caused the long-term Red Sea SST rise.
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