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KEYWORDS Summary The current paper analyses the recent trends of Red Sea surface temperature (SST)
Red Sea; using 0.25° daily gridded Optimum Interpolation Sea Surface Temperature (OISST) data from
Sea surface 1982 to 2016. The results of 3 different GFDL (Geophysical Fluid Dynamics Laboratory) model
temperature; simulations are used to project the sea surface temperature (hereafter called Tos) under the four
Chlorophyll-a; representative concentration pathway scenarios through 2100.

Heat exchange; The current research indicates that the spatially annual mean (from 1982 to 2016) Red Sea
Climate models; surface temperature is 27.88 4+ 2.14°C, with a significant warming trend of 0.029°C yr~". The
Ensemble forecast annual SST variability during the spring/autumn seasons is two times higher than during the

winter/summer seasons. The Red Sea surface temperature is correlated with 13 different studied
parameters, the most dominant of which are mean sea level pressure, air temperature at 2 m
above sea level, cross-coast wind stress, sensible heat flux, and Indian Summer Monsoon Index.
For the Red Sea, the GFDL-CM3 simulation was found to produce the most accurate current SST
among the studied simulations and was then used to project future scenarios. Analysis of GFDL-
CM3 results showed that Tos in the Red Sea will experience significant warming trends with an
uncertainty ranging from 0.6°C century™" to 3.2°C century~" according to the scenario used and
the seasonal variation.
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1. Introduction

The Red Sea and its surrounding sea region (Gulf of Aden)
extending from 32°E to 51°E and from 10°N to 30°N (hereafter
“Red+”; Fig. 1) can be divided into several subbasins, for
example, the Gulf of Aden subbasin (hereafter “GOA sub-
basin”) south of Bab el-Mandeb Strait, Southern Red Sea
(SRed), Central Red Sea (CRed) and Northern Red Sea (NRed).
Red+, which is considered an arid climate region with neg-
ligible precipitation and runoff (Al-Horani et al., 2006),
provides a significant resource for tourism, fishing, coral
reefs, and oil and gas extraction. Moreover, the Red Sea
supports a high volume of shipping activity, which links
European harbors to China and eastern Asia. The vulnerabil-
ity of Red+ to SSTwarming trends during the current century
is highly expected (Hoegh-Guldberg et al., 2014), which may
lead to a potentially harmful impact on marine entities and
ecosystems (e.g., the decline in the average coral colony
size). The IPCC (2014) shows that the global SST will experi-
ence warming trends during the current century. The warm-
ing trends are expected to continue even if greenhouse gas
emissions remain constant or decrease (Collins et al., 2013).
During the 1950—2007 period, the Red Sea SST reached its
highest value during August and reached its lowest value
during February (Hoegh-Guldberg et al., 2014). The Red Sea'’s
seasonal summer to winter SST difference is approximately
6°C (Berman et al., 2003). In a study of the Red Sea SST during
the period 1985—2007, Raitsos et al. (2011) found that the
coldest year was 1992 and that the annual mean SST was
27.4°C from 1985 to 1993 and 28.1°C from 1994 to 2007.
Raitsos et al. (2011) also confirmed that there was intense
warming of the Red Sea surface temperature in the mid-90s.
Hoegh-Guldberg et al. (2014) found no significant trend in the
Red Sea surface temperature from 1950 to 2007. However,
there was a significant warming from 1982 to 2006, indicating
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Figure 1 Bathymetric chart of the Red Sea (data acquired from
a global 30 arc-second interval grid (GEBCO: https://www.
gebco.net/data_and_products/gridded_bathymetry_data/)).

that the absence of a significant trend in the Red Sea surface
temperature over the long period of 1950 to 2007 may be
caused by the large-scale variability prior to 1982, which may
be due to the influence of the Atlantic Multidecadal Oscillation
(AMO) and North Atlantic Oscillation (NAO). In addition, the
authors noted that the Red Sea SST exhibits a significant trend
of 0.5 and 0.3°C decade ™" for the warmest and coolest months,
respectively. The Red Sea surface temperature warming trends
are spatially distributed, most clearly in the central Red Sea for
the period 1950—1997 [0.31°C decade™"] (Cantin et al., 2010).
Recently, Chaidez et al. (2017) showed that the maximum Red
Sea temperature experienced a warming trend of 0.017°C yr™
for the 1982—2015 period. They found that the Gulfs of Suez
and Agaba exhibit lower temperatures than the open Red Sea.
Moreover, the maximum Red Sea temperature occurred during
July in the northern Red Sea and from late July to mid-August in
the southern Red Sea. Karnauskas and Jones (2018) showed that
the interannual variability of the Red Sea SST occurs in both
summer and winter, most markedly in NRed during winter.

Heat waves were observed more frequently in the north-
ern half of the Red Sea over the period 1982—2015 (Chaidez
et al., 2017). Thomas et al. (2012) and Sawall et al. (2014)
showed that the warming process in the Red Sea may lead to
thermal collapse (thermal collapse occurs when the tem-
perature exceeds the thermal capacity of organisms).

The Red Sea SST is significantly affected by the Indian
monsoon (Raitsos et al., 2011). The Atlantic Multidecadal
Oscillation Index (AMOI) and North Atlantic Oscillation Index
(NAOI) have an effect on the Red Sea SST long-term varia-
bility (Hoegh-Guldberg et al., 2014). The SST is mainly
affected by the air temperature at 2 m above sea level
(T2m), mean sea level pressure (SLP), total cloud cover
(TCC), wind stress components at 10 m above sea level
(i.e., cross-coast surface wind stress (z4) and along-coast
surface wind stress (14;)) and air-sea heat fluxes (Shaltout and
Omstedt, 2014; Skliris et al., 2012).

In general, the exchange through Bab el-Mandeb Strait has
asignificant effect on SST distribution, especially in SRed. The
water exchange through Bab el-Mandeb Strait is described as a
two-layer flow during cold months; dense intermediate Red
Sea water flows out into the Gulf of Aden and the warmer,
fresher surface water from the Gulf of Aden flows into the Red
Sea. In the summer season, this exchange represents a three-
layer structure; surface and intermediate Red Sea water flow
out to the Gulf of Aden; however, a third layer, with a density
between that of the surface layer and that of the intermedi-
ate Red Sea water, flows into the Red Sea (Smeed, 1997). The
summer exchange in the strait is remotely induced by the
monsoonal wind over the Indian Ocean (Aiki et al., 2006).
During the winter monsoon, the predominant winds over the
strait blow towards the Red Sea enhancing the surface layer
inflow and bottom layer outflow, whereas, during the summer
monsoon, the wind blows toward the Indian Ocean suppressing
the surface layer inflow (Aiki et al., 2006).

Clearly, significant warming can potentially lead to eco-
logical collapse (Richardson and Schoeman, 2004). According
to Cantin et al. (2010) and Roik et al. (2016), the decrease of
coral growth in CRed is a result of warming conditions. In
addition, the NRed SST has a significant negative correlation
with chlorophyll-a (chl-a) concentration (Eladawy et al.,
2017). Recently, Osman et al. (2018) showed that the max-
imum annual water temperatures are close to coral thermal
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limits in CRed, however, over NRed corals live well as their
thermal limits are not close to maximum annual water
temperature. Corals in the northern Red Sea have a much
higher heat tolerance than their prevailing temperature
regime would suggest. In contrast, corals from the central
Red Sea are close to their thermal limits.

Hoegh-Guldberg et al. (2014) have discussed the pro-
jected changes of the Red Sea SST up to the end of the
current century using AOGCM model simulations from the
Coupled Model Intercomparison Project Phase 5 (CMIP5,
http://cmip-pcmdi.llnl.gov/cmip5/) under four representa-
tive concentration pathway scenarios (i.e., RCP2.6, RCP4.5,
RCP6.0, and RCP8.5). They have predicted that the Red Sea
SST may experience significant warming ranging from 0.35°C
(RCP2.6) t0 0.77°C (RCP8.5) over the period from 2010—2039,
whereas from 2010—2099 the warming ranges from 0.88°C
(RCP2.6) to 3.45°C (RCP8.5).

Although many other works have been published recently
about the Red+ SST, studying its maximum values and heat
waves characteristics (Chaidez et al., 2017) or studying its
interannual variability (Karnauskas and Jones, 2018), the
comparison between the 4 Red+ subbasins together with
projection of the future Red+ SSTscenarios have not received
enough attention. Moreover, studying the effect of heat
waves on the chl-a concentration for each Red+ SST cluster
is quite new. This information is needed to extend our knowl-
edge about the seasonal/spatial variability of the Red+ SST
from 1982 through 2100. This information supports the deci-
sion makers in reducing the impacts of expected warming
trends in Red+, especially on chl-a concentrations.

The present research uses a 35-year (1982—2016) high-
resolution SST database: (1) to examine temporal and spatial
SST variability in Red+; (2) to analyze the relationship
between Red+ SST and various atmospheric parameters, such
as Tom, SLP, TCC, 4, ta;, air-sea heat fluxes, AMOI, NAOI and
Indian Summer Monsoon Index (ISMI); (3) to examine SST
characteristics in the different Red+ subbasins (Red+ is trea-
ted as 4 sub-basins); (4) to study the effect of heat wave
events on chl-a concentrations; and (5) to examine the
projected Red+ SST through the year 2100 using available
GFDL future simulations. Data and methods used are pre-
sented in Section 2, the results and the discussion are in
Section 3, and the conclusions are in Section 4.

2. Data and methods
2.1. Data used

This paper analyses the present Red+ SST characteristics and
future warming uncertainties based on various available data
sources, as follows.

i. Gridded daily 0.25° NOAA Optimum Interpolation Sea
Surface Temperature data (OISST; version 2), from
1982 to 2016, were used to study recent SST character-
istics. OISST (version 2) merges satellite ocean skin
temperatures and in situ platforms (ships and buoys)
on a regular global grid (Reynolds et al., 2007; Rey-
nolds, 2009). The in situ platform measurements were
acquired from ICOADS (International Comprehensive
Ocean-Atmosphere Data Set) (Worley et al., 2005).

ifi.

The methodology includes applying the Optimum Inter-
polation (Ol) statistical method to fill the gaps. More-
over, a bias adjustment step of satellite data to in situ
data is performed prior to interpolation. The daily
OISST is a combination of data collected over the entire
day, so this method does not capture diurnal variability
and does not represent a particular time of day (Banzon
et al., 2018). These data are freely available as gridded
netCDF Data via FTP (ftp://eclipse.ncdc.noaa.gov/
pub/Ol-daily-v2/NetCDF/). The OISST is relevant to
study local oceanic features (Nykjaer, 2009). The OISST
database is described as a scientific tool to study SST
variability in the Red Sea, especially due to the high
density of in situ measurements in the ICOADS data
bank of the Red Sea (Karnauskas and Jones, 2018).

i. Insitu SST data were downloaded from various databases:

e WOD2013 — World Ocean Database 2013 (Boyer et al.,
2013, http://www.nodc.noaa.gov/). The WOD2013
data are mostly collected from multiple datasets:
Ocean Station Data (OSD), Conductivity-Tempera-
ture-Depth (CTD) data, MBT (Mechanical Bathyther-
mograph) data, expendable bathythermograph (XBT),
and drifting buoy (DRB) data.

e GOSUD — Global Ocean Surface Underway data
(GOSUD, 2016, https://www.seanoe.org/data/
00363/47403/). The GOSUD data are mostly collect-
ed using thermosalinographs (TSG) installed on re-
search vessels, on commercial ships and, in some
cases, on sailing exploration ships. GOSUD manages
delayed-mode together with near-real-time data.
The methods contain a quality control process.

Simulated surface circulation data were extracted from
the HYbrid Coordinate Ocean Model (HYCOM) daily out-
put with 1/12° horizontal grid resolution and 32 vertical
layers. These data can be freely accessed from ftp://ftp.
hycom.org/datasets/GLBa0.08/ for the 2007—2016 peri-
od. The HYCOM is a primitive equation ocean general
circulation model that evolved from the MICOM (Miami
Isopycnic-Coordinate Ocean Model) as described in Halli-
well (2004). HYCOM is relevant to study the Red Sea
surface circulation (Eladawy et al., 2017).

iv. Atlantic Multidecadal Oscillation Index (AMOI), North

Atlantic Oscillation Index (NAOI) and Indian Summer
Monsoon Index (ISMI) data were used to study the link
between climate indices and Red+ SST.

e Monthly AMOI captured by the NOAA Earth System
Research Laboratory (https://www.esrl.noaa.gov/
psd/data/correlation/amon.us.data) over the peri-
od from 1982 to 2016 were used. The AMOI is char-
acterized by the annual mean area-average of
detrended SST anomalies over the North Atlantic
from 0°N to 60°N. Detrended SST anomalies are
derived by removing the global mean SST time series
from each grid point (Trenberth and Shea, 2006).

e Daily NAOI data from 1982 to 2016 were extracted
from the KNMI Climate Explorer (https://climexp.
knmi.nl). The NAOI is the sea level pressure (SLP)
difference between the high latitudes of the North
Atlantic and the central latitudes of the North Atlan-
tic, which are from 30°N to 40°N. The negative phase
of the NAOI reflects below-normal SLP over the cen-
tral North Atlantic and above-normal SLP across the
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high latitudes of the North Atlantic. The positive
phase describes the opposite pattern (Hurrell, 1995).

o Daily ISMI data were extracted from the Asia-Pacific
Data-Research Center (http://apdrc.soest.hawaii.
edu/projects/monsoon/daily-data.html#mon) from
1982 to 2015. The ISMI lasts only from June until
September and contributes to temperature distribu-
tion and wind circulation (Sarthia et al., 2012). The
ISMI is an 850-hPa zonal wind difference between a
southern region (40°—80°E, 5°—15°N) and a northern
region (70°—90°E, 20°—30°N) as described in Wang
et al. (2001). The strength of an Indian summer
monsoon system increases with the increase of ISMI
positive values.

v. Gridded daily data, from 1982 to 2016, on several

vi.

vii.

surface meteorological parameters (T,,, SLP, and
TCC) and air-sea heat fluxes were extracted from the
ERA-Interim full-resolution (0.125° x 0.125°) database
(http://apps.ecmwf.int/datasets/data/interim-full-
daily/levtype=sfc/). Era-Interim data were originally of a
0.75° x 0.75° grid size and recently were bilinearly in-
terpolated to a 0.125° grid to provide a finer resolution
(Owens and Hewson, 2018). This interpolation employs a
land-sea mask to decrease undesired smoothing of gra-
dients along coastlines; thus, Era-Interim fine-resolution
(0.125°) data were used in the current study to study their
relationship to the SST dynamic. Surface metrological
parameters are produced with the observation fields;
however, air-sea heat fluxes are produced with a fore-
casting model. The forecasting model uses the Monin—
Obukhov formulation (Dee et al., 2011; Zhou and Wang,
2016).

Daily surface wind speed components were extracted
from the ERA-Interim full-resolution (0.125° x 0.125°)
database from 1982 to 2000. From 2000 to 2016, re-
motely sensed daily ocean with 0.25° grid resolution
wind data were used; the Quick Scatterometer (QUICK
SCAT; Ricciardulli et al., 2011) from 2000 to 2007 and
Advanced Scatterometer (ASCAT) wind maps (Bentamy
and Croize-Fillon, 2012) from 2007 to 2016 were
used. QUICK SCAT and ASCAT data were freely accessed
via (ftp://ftp.ifremer.fr/ifremer/cersat/products/
gridded/MWF/L3/).

Gridded daily data on chlorophyll-a (chl-a) concentra-
tions were extracted from the MODIS (Moderate Reso-
lution Imaging Spectroradiometer) sensor database.
MODIS, which is a sensor operating on the NASA Aqua
satellite, was launched on May 2002 to support scien-
tists to study global change with many standard data
products. The current paper uses the Level 3 standard
mapped image (SMI, MODIS_L3_Chl-a) to study the
variability of chl-a concentration over Red+. MOD-
IS_L3_Chl-a dataset validations and documentations
are fully described in Anonymous (2014). These data
are freely available with a 4.6 km (at the equator)
spatial resolution from 2003 to 2016 via https://
oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/
Daily/4km/chlor_a/. Many authors have used MOD-
IS_L3_Chl-a to study marginal seas including Red+
(Bai et al., 2018; Eladawy et al., 2017). Moreover,
MODIS_L3_Chl-a has shown very good agreement with
in situ data in the Red Sea (Brewin et al., 2013).
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viii. Future SST (hereafter, Tos): Model output from three
different GFDL simulations for current century CMIP5
scenarios (i.e., RCP2.6, RCP4.5, RCP6.0, and RCP8.5)
were used. RCP stands for “Representative Concentra-
tion Pathways,” and the following numbers indicate the
assumed radiative forcing in 2100. These data were
used to project SSTuncertainty up to 2100. GFDL simu-
lation is based on coupled atmospheric/oceanic circu-
lation models with respect to land and iceberg
dynamics (Delworth et al., 2006; Dunne et al., 2013)
to understand future climate behavior.

2.2. Estimated quality of the OISST database used
for the study area

A direct comparison of the spatiotemporal Red+ SST variability
between the OISST data and in situ SST data were used to test
the quality of OISST database over Red+ during the overlapping
period (1982—2012). Thus, the correlation coefficients (R) and
the number of observations (n) were calculated between the
daily OISST and in situ data to compare the two datasets.
Moreover, the bias between OISST and in situ data was also
calculated to determine the error in OISST. Generally, each in
situ SST data is compared with simultaneous OISST grid that
contains in situ positions (hereafter called matched OISST data).

To extract the OISST data at the in situ positions, the OISST
grid that contains in situ positions was chosen. If the OISST
data was missing at the in situ location, then the nearest
OISST was chosen.

Finally, a direct comparison was performed between two
samples; the first sample includes in situ SST data, however,
the second sample includes simultaneous matched OISST data.

2.3. Statistical methods for studying recent Red
Sea SST characteristics

The present study employs five statistical methods steps for
studying recent Red Sea SST characteristics as follows:

I. The OISST daily dataset was used to describe the spatial
and temporal SST variability in Red+ over a 35-year
period focusing on seasonal and annual variability.

e The annual mean (from 1982 to 2016) SSTrefers to the
average of daily OISST data for the 1982—2016 period.
However, the annual mean SST refers to the average
of daily OISST for a specific year. Moreover, the mini-
mum (maximum) annual mean SST refers to the an-
nual mean SST during the coldest (warmest) year.

e The annual linear trend (from 1982 to 2016) were
calculated using the ordinary least squares estimation
of daily OISST data.

e All the previous calculations were done for each grid,
then averaged spatially for each subbasin and the
entire study area. Thus:

o The spatially annual mean (from 1982 to 2016) SST
over Red+ refers to spatially averaging of the annual
mean (from 1982 to 2016) SST for each grid over Red+.

o The spatially annual warming trend (from 1982 to
2016) over Red+ refers to spatially averaging of the
annual warming (from 1982 to 2016) for each grid
over Red+.
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o The spatially annual standard deviation (from
1982 to 2016) SST over Red+ refers to spatially
averaging of the standard deviation (from
1982 to 2016) SST for each grid over Red+.
Il. HYCOM's daily surface currents were used to calculate
seasonal and annual averaged surface current over Red+
for the 2007—2016 period. This calculated seasonal and
annual averaged surface current was used to elaborate
on the SST spatial and temporal dynamics.
Seasonality and time lag over the most significant Red+
SST cycle were studied using Fourier analysis based on
the daily OISST dataset by calculating the amplitude and
phase angle of a one-year cycle to each grid (i, j) as

follows:
27nt
fij(t )_ao,J+;an,Jcos( = )
N
. (27nt
+;bn,¢jsm(T>, (1)

where T is the one-year period, and t is the time; when
the seasonal cycle is predominant, only the terms up to
n=1 can be retained and the Fourier analysis becomes

2nt 2rt
fij(t )—aou+a1,]cos< T > + b1 ,sm( a )
2rt
= a0;j + Ajj cos( T ﬂ,J) (2)

where ao, a1l and b1 are the Fourier coefficients

ao:l/r/2 f(t)dt,

T/2

and

\/a1* + b1? and ¥ (phase lag)

1 b1
PR
IV. The monthly and interannual effects of various atmo-

spheric parameters, i.e., Tom, SLP, TCC, 74 (cross-coast

surface wind stress), t, (cross-coast surface wind

stress), air-sea heat fluxes, AMOI, NAOI and ISMI, on

SST variability were studied using the correlation coeffi-

cient (R) and the number of observations (n).
ERA-Interim surface wind data are available only

in the form of zonal and meridional wind speed at a

10-m height; thus, the 7, and 7, were calculated as

follows:

e Eastward wind stress (7,«) and northward wind stress
(tay) Were calculated from the wind components at
10 m above sea level (zonal and meridional
wind components) using a standard bulk formula
with a calculation of the air drag coefficient from
its nonlinear form (Large and Pond, 1981) and with a
modification for low wind speeds (Trenberth et al.,
1990).

A (Amplitude) =

=tan~

e 74c and 7 Were calculated from 7,4 and 7y using the
coastal orientation (9) as follows:

Tal = Tax COS(6) — 14y SIN(H), 3)

Tac = Tax SIN(0) + Tay COS(H). “4)

In general, the air-sea heat fluxes were defined by the
net heat loss from the sea (F,) and solar radiation to the
open water surface (Fsw), where

F, = sensible heat flux (Fy)
+ latent heat flux (Fe)
+ net longwave radiation (F)). (5)

V. Principal component analysis (PCA) was applied to 13 dai-
ly variables (SST, Tom, SLP, TCC, 4, Ta;, Fe, Fi, Fhy Fny
Fsw, NAOI and ISMI) from 1982 to 2016 to interpret the
linear combination between them. PCA is an unsuper-
vised mathematical method to replace original variables
by a much smaller number of uncorrelated variables
called principal components (PC). The first PC is domi-
nated by the variable with the largest variance, the
second PC is dominated by the variable with the second
largest variance, and so on. The computation of principal
components is fully described by Jolliffe (2002).

In this study, Red+ is divided into four subbasins: GOA,
SRed, CRed, and NRed. All correlation coefficients and linear
trends have been tested for significance at the 95% level.

2.4. Heat waves and chlorophyll-a

Heat waves are typically defined as three consecutive hot
days (a hot day is determined by the temperature exceeding
the summer mean plus twice the summer standard devia-
tion). Heat waves are calculated to evaluate the effect of
recent warming trends on marine biota, especially when
their thermal limits may be approached or exceeded (Chai-
dez et al., 2017). The Red Sea was divided into a number of
clusters to study heat wave characteristics in each cluster.

Clustering of daily SSTwas performed to classify Red+ into
several clusters. A cluster contains a number of grids that are
more similar between themselves than to any grids not in the
cluster. The k-means clustering algorithm depends on calcu-
lating the distance between each object in the dataset to the
center of each cluster (k) as described in MacQueen
(1967). Clearly, the distance calculation together with a
specific number of clusters play a vital role in the algorithm.
In the current paper, the correlation, mean and geographical
position were used for distance calculations in the k-means
algorithm.

The current calculation was designed to: (1) run k-means
clustering algorithm (mean is the distance measured) for
several iterations with increasing k; (2) choose the best
iteration based on each cluster that contains grids with a
range of 0.4°C; (3) calculate the correlation coefficient
between each grid and the other grids in the same cluster
and remove the grids that describe a low correlation
(R < 0.95) with the other grids from the cluster; (4) remove
from the cluster the grids that lie on abnormal geospatial
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distance from other grids in the same cluster; and (5) repeat
the steps 1 to 4 only for the removed grids (according to
correlation or geospatial distance) to classify new clusters.

To understand the effect of heat waves on the Red Sea, the
effect of heat waves on chl-a concentrations was analyzed for
each cluster.

2.5. Projected Red+ Tos for the 21st century
using the GFDL model result

GFDL model simulation databases were used to simulate
projected sea surface temperature (Tos) under three differ-
ent simulations. The GFDL-ESM2M simulation is the result of a
system of coupling different models: AM2 (Anderson et al.,
2004) for the atmospheric component, LM3 for the land
component (Anderson et al., 2004; Milly et al., 2014), and
the Modular Ocean Model, version 4p1 (MOM4p1) for sea ice
and ocean content (Griffies, 2009). The GFDL-ESM2G simula-
tion, unlike the GFDL-ESM2M simulation, employs the Gen-
eralized Ocean Layer Dynamics (GOLD; Adcroft and Hallberg,
2006) model for ocean components instead of MOM4p1. The
GFDL-CM3 simulation is intended to improve on GFDL-ESM2M
by using AM3 (Donner et al., 2011) for the atmospheric
component, LM3 (Milly et al., 2014) for the land component,
the sea ice simulator (SIS) for the ice component (Griffies
et al., 2011) and MOM 5 for the ocean components (Griffies
et al., 2011).

The Tos results from the three different GFDL model
simulations (i.e., CM3, ESM2G and ESM2M) under the four
RCP scenarios for the 2006—2010 period was tested using
OISST SST data. The GFDL model ensemble mean for these
three simulations was also calculated. Direct annual biases
(Tos minus SST) were calculated for the four simulations to
evaluate their performance in describing the current Red+
SST. Only the simulations that realistically describe the
current SST were used to project Tos through 2100.

Future Tos trends and uncertainties under the four RCP
scenarios were calculated using the 30-year running average.
In the current research, there are four sources of uncertainty,
which are associated with the scenario design, the model
simulation, and seasonal and regional variations.

3. Results and discussion
3.1. In situ SST and OISST data sets

In this section, the feasibility of using OISST datasets in
describing the Red+ sea surface temperature is investigated
by determining the direct correlation and bias between OISST
and in situ SST.

In situ data cover the period from 1982 to 2012, as shown
in Fig. 2a, most markedly collecting data during 2007; how-
ever, in situ data cover Red+ most markedly in NRed (Fig. 2b).
In situ data cover both coastal and open water areas.

The daily OISST data adequately follow the in situ data at a
99% significance level (R = 0.98, n = 53,682). The average bias
(OISST, in situ) is —0.2°C. OISST data shows a bias range from
—0.3°C to 0.3°C in 65% of the in situ data, as shown in
Fig. 3. Thus, OISST data can be used to study the local
features of Red+.

3.2. Spatial/temporal distribution of Red Sea
surface temperature

It is clear from Figs. 4 and 5 that the annual mean (from
1982 to 2016) SST in Red+ reaches its maximum value over
grids concentrated in SRed and is associated with the surface
current system. From autumn to spring, the maximum SST
occurred along the southeastern Red Sea coast from 15°N to
18°N. This finding can be explained by the fact that the SRed
surface water is significantly influenced by the surface flow
from the Gulf of Aden (which has a lower SST than SRed). Most
of the GOA surface water inflow passes through the western
part of SRed, leading to a significant moderating process
along the southwestern coast of SRed in comparison to the
southeastern coast of SRed as seen in Fig. 5. During the
summer season, the maximum SST occurred along the south-
western coast from 14°N to 16°N. The water in SRed is
influenced by the water flows from CRed (which has lower
SST than SRed) that pass along the southeastern coast and
moderate its SST. However, the southwestern coast is not
influenced by the water flows from CRed (Fig. 5d).

The annual mean (from 1982 to 2016) SST in Red+ reaches
its minimum values (22.5°C) over grids concentrated in the
Gulf of Suez as shown in Fig. 5a. The SST in the Gulf of Suez is
colder than that in the Gulf of Agaba, which is at the same
latitude, most markedly in summer. This finding is due to the
shallow water characteristics of the Gulf of Suez. Moreover, a
cyclonic gyre in NRed inducing more flow of relatively warmer
Red Sea surface water to the Gulf of Agaba results in an
increase of the Gulf of Agaba SSTcompared to the Gulf of Suez.

The Red Sea SST temporal variation from 1982 to 2016 is
described in terms of the means of the seasonal and annual
cycle, while its spatial variation treats Red+ as four subbasins
(the Gulf of Aden, SRed, CRed, and NRed). The spatially
annual mean (from 1982 to 2016) SST over Red+ is 27.88
+ 2.14°C (Fig. 4a and Table 1). In addition, the Red Sea SST
increased meridionally from south to north, partly due to the
amount of absorbed solar energy. However, GOA is colder
than SRed, due to the moderation process in GOA resulting
from the upwelling process in GOA during the Indian summer
monsoon (Bower and Furey, 2012; Wilson and Rebecca, 2000)
together with the exchange with relatively cold water from
the Arabian Sea (northern Indian Ocean). Moreover, the
maximum value of annual mean (from 1982 to 2016) SST
across Red+ shows a significant variation with latitude (data
are not shown), where this value ranges from 34.92°C at 16°
latitude to 29.06°C at 30° latitude. This result agrees with
Chaidez et al. (2017) and Karnauskas and Jones (2018).

Moreover, grid to grid correlation between the annual
mean (from 1982 to 2016) from one side and the four
different seasons from the other side is used to quantify
the similarities between their SST patterns. Autumn, winter
and spring mean (from 1982 to 2016) SST patterns are
quantitatively close to the annual (from 1982 to 2016) pat-
tern with correlation coefficients of 0.9, 0.87 and
0.86 respectively (n=1119). However, the summer mean
(from 1982 to 2016) SST pattern is the quantitatively least
close to the annual pattern (R=0.71, n=1119). This result
indicates that the mean summer SST pattern significantly
differs from the other three seasonal patterns, supporting
the previous finding of Karnauskas and Jones (2018), while
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Figure 4 Spatial distribution of the mean annual/seasonal Red+ SST over the period from 1982 to 2016.

improving the analysis from qualitative to quantitative and
including autumn/spring seasons.

The spatially annual standard deviation (from 1982 to
2016) based on daily SST ranges from 1.55°C in GOA to
2.42°C in NRed. This gradient of the variability is relatively
higher during summer than winter in GOA, SRed, and NRed,
whereas in CRed, the variability is relatively higher during
winter than summer (Table 1). Although the previous finding
of Karnauskas and Jones (2018) showed that the standard
deviation is relatively higher in winter than summer, the
current research shows that the standard deviation in the
Red Sea shows similar values (=0.62°C) during winter and
summer. This disagreement with Karnauskas and Jones (2018)
is probably because the current research uses daily SST data
in the calculation, while Karnauskas and Jones (2018) used
monthly SST. In addition, the current research provides more
details about the variations between the four Red+ subbasins.

Generally, OISST data show a significant seasonal range of
4.2°C and 5.1°C in the Red+ and the Red Sea, respectively
(Table 1). This seasonal range in the Red Sea is less than the
value previously calculated by Berman et al. (2003), due to
the longer study period in the current research.

Fig. 6 shows that the SSTin NRed is colder than in the other
three zones. The highest percentages of SST occurrences are
26°C, 30°C, 30°C and 24°C in the Gulf of Aden, SRed, CRed,
and NRed, respectively. For the highest SST (>30°C), the
percentages of occurrences are 16.3%, 42%, 30% and 7.5% in

the Gulf of Aden, SRed, CRed, and NRed, respectively.
Although GOA receives much amount of insolation in compar-
ison to SRed and CRed, GOA showed a lower occurrence of the
highest SST. This finding indicates a more intensive cooling
process resulting from the upwelling process during the
Indian summer monsoon that dominates in GOA. On the other
hand, for the lowest SST (<24°C), the percentage of occur-
rences are 0.95%, 0.09%, 2% and 25.8% in the Gulf of Aden,
SRed, CRed, and NRed, respectively.

The annual SST warming trends (from 1982 to 2016) in
Red+ (Fig. 7 and Table 1) range from 0.034°C yr—" over grids
concentrated in NRed to 0.017°Cyr~" over grids concen-
trated in the Gulf of Aden, with average values of 0.025
+0.006°C yr~'. The semi-enclosed nature of NRed is respon-
sible for its intensive warming trend (Belkin and Rapid, 2009);
however, the upwelling process and exchange with the Indian
Ocean explain the slowed warming in GOA.

The Red Sea warming trend (from 1982 to 2016) is approxi-
mately 2.6-times higher than the global ocean warming trend
from 1980 to 2005 (=0.011°C yr—", IPCC (2014)). Cantin et al.
(2010) noted that the highest warming trend occurred in
CRed, which counters the current finding due to the calcula-
tions based on different time scales and the more accurate
SST database used in the current research. Moreover, the
warming rate of the Red Sea is higher than that previously
estimated (=0.017°C yr~") by Chaidez et al. (2017), because
the current study uses the average daily temperature in trend
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Table 1

Daily sea surface temperature characteristics (mean, minimum, maximum and trend) in the studied subbasins from

1982 to 2016 (the linear trends were tested using a t-test at a 99% significance level for significance). Light gray rows indicate
summer, while dark gray rows denote the winter season. All the calculations used daily OISST daily data.

Red+ GOA Red Sea SRed CRed NRed
Spatially mean (from 1982 to 2016) + standard deviation [°C]
Annual 27.84 +1.78 27.78 + 1.55 27.88 +2.14 29.03 +£2.13 28.43 +£2.02 26.06 +2.42
Winter 25.44 +0.52 25.93 £ 0.69 25.11 £ 0.62 26.26 + 0.61 25.80 +£0.78 23.15+£0.79
Spring 28.35 + 1.12 29.21 +1.04 27.78 £1.27 29.44 +1.25 28.22 +1.21 25.52 + 1.51
Summer 29.62 +0.49 28.63 +£0.74 30.28 +0.62 31.26 £ 0.65 30.53 £+ 0.69 28.95 £+ 0.85
Autumn 27.91 +£1.31 27.35 + 1.09 28.29 + 1.51 29.13 +£1.73 29.12 + 1.41 26.55 + 1.54

Minimum of spatially mean [°C] (year)

Annual 27.27 (1984) 27.05 (1984)
Winter 24.72 (1992) 25.03 (1984)
Spring 27.64 (1982) 28.63 (1984)
Summer 28.87 (1984) 27.47 (1984)
Autumn 27.29 (1984) 26.53 (1984)

Maximum of spatially mean [°C] (year)

Annual 28.47 (2010) 28.29 (2015)
Winter 26.16 (2016) 26.78 (2016)
Spring 29.20 (2016) 30.07 (2010)
Summer 30.17 (2001) 29.55 (2015)
Autumn 28.66 (2010) 28.32 (2015)

Spatially trend (from 1982 to 2016) [°C yr— ']

Annual 0.025 0.017 0.029
Winter 0.021 0.012 0.027
Spring 0.022 0.014 0.027
Summer 0.020 0.014 0.024
Autumn 0.025 0.026 0.024

27.25 (1992)
24.00 (1992)
26.93 (1982)
29.44 (1991)
27.65 (1985)

28.59 (2010)
25.96 (2010)
28.86 (2016)
31.01 (2001)
29.25 (2010)

28.42 (1984)
25.39 (1992)
28.65 (1982)
30.38 (1984)
28.23 (1991)

27.68 (1992)
24.39 (1992)
27.21 (1982)
29.63 (1991)
28.43 (1985)

25.16 (1983)
22.08 (1992)
24.67 (1983)
27.87 (1983)
25.83 (1993)

29.64 (2016)
27.20 (2016)
30.18 (2016)
32.04 (2001)
30.05 (2015)

29.06 (2016)
26.74 (1999)
29.40 (2016)
31.39 (2001)
30.05 (2010)

27.20 (2010)
24.66 (2010)
26.86 (2016)
29.72 (2012)
28.12 (2010)

0.026 0.028 0.034
0.022 0.032 0.027
0.022 0.027 0.034
0.021 0.018 0.034
0.025 0.020 0.026

calculations, while Chaidez et al. (2017) used the maximum
daily temperature in trend calculations. The Red Sea spatially
annual warming trend is not uniform throughout the study
period, ranging from 0.056°C yr—" in the 2005—2016 period, to
0.051°C yr~" in the 1994—2005 period and to 0.040°C yr~" in
the 1982—1993 period, indicating that the warming trends
have become more intense over time in the Red Sea.

There is a significant seasonal average warming trend
(from 1982 to 2016) in Red+, ranging from 0.025°C yr—" during
autumn to 0.020°C yr~" during summer. The annual warming
trend (from 1982 to 2016) in NRed is concentrated during
spring and summer. However, the annual warming trend
dominated during winter in CRed and during autumn in
GOA/SRed. The Gulf of Aden's warming trend is less signifi-
cant than SRed's warming trend over the entire year, except
during autumn; the Gulf of Aden's warming trend is more
intensive than that in SRed. Moreover, the warming trend in
the Gulf of Agaba is more intensive than that in the Gulf of
Suez, indicating that the SST difference between the two
Gulfs may increase in the future.

3.3. Variability of Red Sea surface temperature

The Fourier analysis of 35 years of daily Red+ SST indicates that
the annual SST cycle is the most significant. There is an obvious
SST seasonality variation (Fig. 8) ranging from its maximum
amplitude (5°C) in the Gulf of Suez to its minimum amplitude
(less than 2°C) in the Gulf of Aden together with the zone that

extends from 17° latitude to 21° latitude. The SSTseasonality is
much higher in northern Bab el-Mandeb Strait in comparison to
the southern part, partly due to the moderate SSTeffect in the
Gulf of Aden. Moreover, SST seasonality is much higher in the
Gulf of Suez in comparison to the same latitude in the Gulf of
Agaba, where the Gulf of Agaba has a similar SST seasonality
(approximately 3°C) as the northern part of NRed.

The seasonality of the Red+ SST phase lag displays a mix of
zonal/meridional variation ranging from its minimum value
(nearly —110 days) in the GOA to its maximum (nearly —150
days) value off Al Lith (lies along the Saudi Arabian Red Sea
coast at approximately 20° latitude). This finding indicates
that the seasons begin earlier in GOAwhere the maximum SST
occurred around July 20%", while the seasons come later off Al
Lith where the maximum SST occurred around August 29"
(i.e., there is an obvious seasonal shift in Red+ by approxi-
mately 40 days). The current analysis supports the previous
finding of Chaidez et al. (2017), who stated that the max-
imum time delay for the maximum SST in the Red Sea
occurred off the Al Lith coast from mid-August to early
September using normal analysis of daily maximum SST.

The phase lag distribution of the annual SST signal exhibits
a zonal pattern in GOA, followed by a meridional pattern in
SRed until 18° latitude. This finding can be explained by the
surface current system (Fig. 5). From 18° to 28° latitude, the
phase lag of the annual SST signal distribution decreases
zonally from east (—150 days) to west (—140 days) following
the cyclonic gyre system in the study area.
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Figure 7 Spatial distribution of the annual/seasonal Red+ SST trends over the period from 1982 to 2016.

3.4. Correlation between the ten studied
atmospheric parameters and the Red Sea surface
temperature

Previous studies suggest that the ten studied atmospheric
parameters have relationships with SST. The features of these
relationships in Red+ were evaluated using correlation

coefficients to provide insightful information about different
atmospheric phenomena that are associated with changing
SST. For example, these relationships should be considered
for designing a simple model of Red+.

In general, the Red+ SST is negatively correlated with SLP,
F,, and NAOI. The Red+ SST, however, is positively correlated
with Ty, Fsw, AMOI, and ISMI. In addition, TCC, 7., and 14
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Figure 8 Spatial distribution of the amplitude (a) and phase
lag (b) of the annual Red+ SSTsignal over the period from 1982 to
2016.

have spatially varying correlations, either positive or nega-
tive (Fig. 9).

The monthly correlation coefficient (R) between SLP and
SST in Red+ has an average value of —0.75 (n = 420), with a
markedly low value in CRed. There is a significant seasonal
variation in the correlation between SST and SLP, ranging
from the maximum values (R = —0.89, n = 105) during autumn
to the minimum values (R =0.14, n=105) during summer.
Only during summer does the monthly correlation between
SLP and SST exhibit a significant positive correlation in 30% of
Red+, most markedly off Al Lith and to the north and south of
Bab el-Mandeb Strait (data are not shown). This significant
positive correlation indicates that the processes controlling
the relationship between SST and SLP (e.g., atmospheric
stability and circulation and thermal conditions) are quite

different in summer than in the other seasons. You et al.
(2017) stated that SST could exhibit a positive correlation
with SLP in a season under considerable conditions (e.g.,
during the winter season in the Tibetan Plateau).

Monthly correlation analysis between SST and TCC shows
three patterns in Red+; the first pattern is at 22° latitude and
has a strong negative correlation; the second pattern is from
12° to 16° latitude and has a strong positive correlation, and
the third pattern is concentrated in CRed and GOA where the
correlation is not significant. The negative correlation sug-
gests that the cloud cover affects SSTwith negative radiative
forcing; however, the positive correlation suggests that SST
has a significant effect on day-to-day cloud formation and no
significant impact on the radiation balance. The correlation
between SST and TCC reaches its maximum value during the
autumn season.

The monthly correlation coefficient between SST and 7,
generally shows a strong positive correlation in NRed, CRed
and GOA, while the correlation shows a strong negative
relationship in the southern part of the Red Sea (northern
and southern Bab el-Mandeb Strait). There is no significant
correlation between SSTand 7, in the borders between areas
of negative and positive correlation.

The monthly correlation coefficient between SST and 74
generally shows a strong positive correlation in SRed and in
GOA related to the monsoonal forcing of a long-basin wind in
SRed, while the correlation shows a moderate negative
correlation in NRed. There is no significant correlation
between SST and 4 in CRed. These positive and negative
correlations occurred when the surface current moves par-
allel to the coastline toward the north or the Indian Ocean,
respectively, as seen in Fig. 5. It can be concluded that the
wind direction drives the correlation between SSTand 7,/ 74
to be positive or negative.

Direct correlation analysis between SST and wind speed
was then carried out to show the relationship between SST
and wind speed (Fig. 10). In general, SST and wind speed are
negatively correlated (R = —0.47, n=420), which supports
the previous finding of Qu et al. (2012). This result is
explained by the fact that increasing wind speed affects
seawater stratification and raises subsurface water. More-
over, Wang et al. (1999) showed that increases in surface
wind speed are associated with more evaporation and a
surface cooling process, which leads to an additional increase
in surface wind speed and vice versa (i.e., there is a feedback
system between surface wind, evaporation, and SST). The
correlation between SST and wind speed shows a strong
seasonal variation ranging from R=—-0.6 (n=105) during
autumn, to R=-0.5 (n=105) during winter and finally to
a very low value with no significant correlation during sum-
mer and spring, indicating that the difference between SST
and T, plays a significant role in this seasonal variation
between SST and wind speed. The significant negative cor-
relation between SST and wind speed during cold seasons
supports the previous findings of Samelson et al. (2006). More-
over, Samelson et al. (2006) indicate that during warm
seasons, the correlation between SST and wind speed shows
a strong positive correlation. This result runs counter to the
current finding such that correlation between SST and wind
speed is not significant during warm seasons, due to the low
wind speed characteristics in the study area during warm
seasons.
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Figure 9 Monthly correlation coefficients between the ten studied atmospheric parameters and the Red Sea surface temperature.
Yellow indicates no significant correlation. (For interpretation of the references to color in this figure legend, the reader is referred to
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Figure 10  Average daily means of sea surface temperature (SST) and surface wind speed in Red+ over the period from 1982 to 2016.
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Table 2a

Principal component analysis for the entire study region (Red+) based on the correlation matrix before removing the

seasonal cycle. Bold numbers refer to highly significant correlations over 0.30.

Variables Principal component
1 2 3 4 5

Sea surface temperature (SST) —0.334 0.120 0.107 0.160 0.337
Mean sea level pressure (SLP) 0.379 —0.065 —0.054 0.066 0.059
Air temperature at 2 m above sea level (Ty) —0.382 0.079 0.061 0.069 0.193
Total cloud cover (TCC) —0.014 0.327 —0.511 —0.233 —0.569
Along-coast wind stress (zq) 0.168 —0.312 —0.418 0.221 0.409
Cross-coast wind stress (tqc) 0.347 —-0.117 0.057 0.031 —0.031
Latent heat flux (Fe) 0.188 0.569 0.187 0.074 0.093
Net longwave radiation (F) 0.147 —0.261 0.567 0.050 —0.210
Sensible heat flux (Fy,) 0.364 0.043 0.074 0.029 —0.013
Net heat loss from the sea (F, = F, + Fe + F) 0.266 0.439 0.288 0.079 0.034
Solar radiation to the open water surface (Fsw) 0.260 0.313 —0.290 0.179 0.366
North Atlantic Oscillation Index (NAOI) 0.106 —0.008 0.069 —0.902 0.396
Indian Summer Monsoon Index (ISMI) —0.332 0.269 0.095 0.002 0.091

Table 2b  Principal component analysis for the entire study region (Red+) based on the correlation matrix after removing the
seasonal cycle. Bold numbers refer to highly significant correlations over 0.30.

Variables Principal component
1 2 3 4 5 6 7 8

Sea surface temperature (SST) 0.16 —0.35 0.07 0.50 -0.03 —-0.43 -0.11 0.33
Mean sea level pressure (SLP) -0.14 -0.27 0.45 0.04 -0.11 0.10 0.74 0.02
Air temperature at 2 m above sea level (Ty) 0.41 —0.04 —0.23 0.33 0.03 -—0.36 0.08 —0.27
Total cloud cover (TCC) -0.10 0.43 0.26 0.22 -0.05 -0.19 —0.18 —0.02
Along-coast wind stress (z4) 0.39 0.08 0.09 0.10 -0.05 -0.07 0.36 0.08
Cross-coast wind stress (zqc) -0.12 —0.37 0.38 0.07 -0.03 —0.06 -0.22 —-0.73
Latent heat flux (Fc) —0.46 0.10 -0.29 0.23 0.01 —0.16 0.16 -0.19
Net longwave radiation (F;) -0.04 —-0.43 —-0.46 -0.07 0.03 0.10 0.14 0.12
Sensible heat flux (Fy) —0.34 -0.28 0.29 0.09 -0.04 -0.05 —0.31 0.47
Net heat loss from the sea (F,, = F, + Fe + F) —0.48 -0.05 -—0.33 0.21 0.01 —-0.13 0.14 —0.08
Solar radiation to the open water surface (Fsw) —0.19 0.44 0.13 0.23 -0.07 —0.11 0.22 0.08
North Atlantic Oscillation Index (NAOI) —0.09 —0.01 0.09 -—0.57 0.39 —-0.70 0.12 0.04
Indian Summer Monsoon Index (ISMI) 0.01 0.01 0.11 0.30 0.90 0.28 0.03 0.01

There is a strong monthly correlation between SST and
T,m in Red+ (R=0.92, n=420), and this correlation
ranges from R=0.94 (n=105) during autumn, to
R =0.91 (n=105) during spring, to R=0.67 (n=105) dur-
ing winter and to R=0.44 (n=105) during summer. Ty,
shows a higher value than SST over the entire year by
approximately 0.51°C. This difference shows a significant
seasonal variation, where T, is warmer than SST during
summer (1.40°C) and spring (0.94°C) and colder than SST
during autumn (0.88°C) and winter (0.87°C). This result
can explain the previous finding such that the correlation
between wind speed and SST has a significant seasonal
variation (during the cold seasons when SST is warmer
than T,,, wind speed is inversely proportional to SST,
while in the warm seasons when SST is cooler than T,
wind speed is not significantly proportional to SST).

The monthly net heat loss from the sea (F,) correlates
negatively with the monthly SST (R = —0.32, n=420) most

markedly in NRed and during winter. However, the monthly
solar radiation to the open water surface (Fsw) correlates
positively with SST especially between 16°N and 18°N during
autumn. Although ERA-Interim used the Monin—Obukhov
formulation, which includes SST as an input variable to
forecast air-sea heat fluxes, the current analysis used these
data set to assess the relative role of air-sea heat fluxes to
SST changes in Red+. This procedure followed the previous
analysis of He et al. (2017) who studied the correlation
between Re-Analysis (ERA-40) and SST in tropical oceans.

The influence of monthly climate indices (AMOI, NAOI, and
ISMI) on monthly SST was analyzed spatially (Fig. 9) and
temporally. ISMI shows the strongest effect on SST
(R=0.71, n=420) compared with the effects of NAOI
(R=-0.33, n=420) and AMOI (R=0.31, n=408). There is
a significant seasonal correlation between SST and NAOI/ISMI
peaks in autumn; however, there is no significant seasonal
correlation between SST and AMOI.
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Sea; NRed, Northern Red Sea; Red+, Red Sea + Gulf of Aden.

With 13 daily variables (SST, Tom, SLP, TCC, 74, Tai, Fe, Fi,
Fn, Fn, Fsw, NAOI and ISMI) from 1982 to 2016, principal
component analysis (PCA) is a meaningful tool to interpret
the linear combination between them. PCA reduces the
number of variables to a few principal components (Table 2).

PCA shows that only five principal components (PCs) account
for 90% of the studied parameter variance in Red+ before
removing the seasonal cycle. Their percentages of variance
are 48%, 16%, 12%, 8% and 6%. The first PC shows a strong
correlation with six of the studied variables. This first PC
decreases with SST, T,m, and ISMI but increases with SLP, 7,4,
and Fy,, indicating that these six variables are highly correlated.
The second PC shows a strong correlation with four of the
studied variables (increasing with TCC, F., and F,, while
decreasing with 1), which similarly indicates that TCC, F,,
F., and t, vary together. The third principal component can be
considered a measure of TCC, 74, and F,. The fourth principal
component, which is responsible for 8% of the overall change in
variance in Red+, can be considered a measure of NAOI; addi-
tionally, the fifth principal component can be considered a
measure of SST, TCC, 74, Fsw and NAOI, as described in Table 2a.

After removing the seasonal cycle, PCA shows that eight
PCs account for 90% of the variance in Red+, and this result is
shown in Table 2b. The Fourier analysis technique was used to
remove the seasonal cycle.

3.5. Sea surface temperature characteristics in
different Red+ subbasins

The spatially annual mean SST (from 1982 to 2016) in Red+
ranges from its maximum value of 29.03 £+ 2.13°C in SRed,
followed by 28.43 4+ 2.02°C in CRed, 27.78 + 1.55°C in GOA,
and 26.06 & 2.42°C in NRed (Fig. 11 and Table 1). The max-
imum of spatially annual mean SST in the Red Sea (=28.59°C)
occurred during 2010. This finding can be explained by NAOI.
In 2010, NAOI showed a dramatic decrease in its positive phase
within the studied period. NRed, which is highly correlated to
NAOI in comparison to the other studied subbasins, exhibited a
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0.72°C increase (1.9 times the Red+ increase) from 2009 to
2010; it was followed by a 1.16°C decrease (1.6 times the Red+
decrease) from 2010 to 2011. On the other hand, the minimum
of spatially annual mean SST in the Red Sea (=27.25°C)
occurred during 1992 (most notably in CRed). This result
agrees with the previous finding of Raitsos et al. (2011),
who showed that 1992 was the coldest year for the Red
Sea. A comparison between the hottest and coldest years
in the Red Sea indicates that the range of the spatially annual
mean temperature during the study period is only 1.34°C.

The SST time series analysis of the studied subbasins
displays a spatially annual positive trend with varying sig-
nificance from north to south, in detail, ranging from
0.034°Cyr~" in NRed to 0.017°Cyr~"' in GOA. There is a
significant seasonal variation in the spatially seasonal warm-
ing trend ranging from 0.027°Cyr~' during winter to
0.024°C yr~" during summer and autumn.
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Figure 12  Spatial clustering of SST data (1982—2016) for Red+.
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Table 3 Heat wave characteristics. The relationship between heat waves and chl-a concentrations is also shown (NA indicates
low-quality calculations of chl-a concentrations in the area).
Cluster  1982—2016 2003—2016
number
heat wave Most pronounced heat Minimum heat wave Average chl-a concentration [mg/m?] during
days [%] wave events temperature [°C]
the entire year heat wave events
1 0.23 7 days 31.46 0.57 0.16
(12/06/1988 to 18/06/1988)
2 0.23 5 days 31.98 0.92 0.37
(12/06/1988 to 16/06/1988)
3 0.17 5 days 31.94 0.84 0.17
(27/05/2005 to 31/05/2005)
4 0.25 5 days 33.11 NA
(24/09/1995 to 28/09/1995)
(16/09/1998 to 20/09/1998)
5 0.13 7 days 33.20 No heat wave events occurred from 2003—2016
(13/08/2001 to 19/08/2001)
6 0.31 9 days 32.79 NA
(7/10/2001 to 15/10/2001)
7 0.19 6 days 32.65 No heat wave events occurred from 2003—2016
(6/10/2002 to 11/10/2002)
8 0.31 7 days 32.51 0.64 0.18
(27/10/2002 to 02/11/2002)
9 0.22 4 days 32.36 No heat wave events occurred from 2003—2016
(14/10/2002 to 17/10/2002)
10 0.34 11 days 32.46 NA
(03/08/1998 to 13/08/1998)
11 0.39 14 days 32.14 0.21 0.11
(14/07/2001 to 27/07/2001)
12 0.38 13 days 31.82 0.16 0.13
(15/07/2001 to 27/07/2001)
13 0.31 11 days 31.31 0.16 0.09
(25/08/2003 to 04/09/2003)
14 0.40 10 days 30.43 0.17 0.12
(24/07/2007 to 02/08/2007)
(18/09/2015 to 27/09/2015)
15 0.50 18 days 29.02 0.30 0.14
(29/07/2012 to 15/08/2012)
16 0.42 9 days 28.07 0.35 0.20

(22/08/1995 to 30/08/1995)
(26/07/2007 to 03/08/2007)

Moreover, a cross-correlation among the 4 subbasins annual
time series was used to quantify the similarities between
different subbasins. The spatially annual SST variation in
GOA is relatively different than those in SRed (R =0.56,
n=35) and CRed (R=0.55, n=35). Moreover, the spatially
annual SST variation in CRed is much closer to the SRed pattern
(R=0.86, n=35) than to NRed (R=0.73, n=35). In general,
the spatially annual SST variation in the Red Sea is much closer
to the CRed spatially annual SST pattern (R =0.98, n = 35).

3.6. Heat waves and chlorophyll-a
To understand the Red+ heat waves, cluster analysis was

conducted to divide Red+ into 16 clusters (Fig. 12). Each
cluster contains a number of grids that have a correlation

over 0.95 between themselves and a range of 0.4°C together
with minimum distance (clustering was performed using daily
SST for the entire data series). The cluster regime runs
generally from east to west across the Gulf of Aden and runs
from south to north in the Red Sea.

Heat waves were considered at least three days with hot
SST. A day was considered a hot day with an SST equal to or
higher than two standard deviations plus the mean SST of the
hottest month within each cluster. This method indicates that
the heat wave minimum temperature varies from one cluster to
another (Table 3) and ranges from 33.2°C in cluster 5 to 28.07°C
in cluster 16 (the Gulf of Suez). Red+ experiences heat waves
for approximately 0.30% of the year, most pronounced in
cluster 15 (the Gulf of Agaba) and least pronounced in cluster
5. The most pronounced Red+ heat waves events occurred for
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Table4 Performance of various GFDL simulations (CM3, ESM2M and ESM2G) in the Red Sea during the control period (2006—2016).
GFDL model ensemble mean = ensemble mean of all 3 GFDL simulations. The shaded column shows the best performing simulation.

Simulation Scenario Subbasin Annual (Tos-SST) Simulation Scenario Subbasin Annual (Tos-SST)
GFDL-CM3 Red+ 0.30 Red+ -0.72
RCP2.6 Red 0.55 RCP2.6 Red —0.67
GOA -0.23 GOA -0.82
Red+ 0.25 Red+ —0.81
RCP4.5 Red 0.53 RCP4.5 Red -0.77
GOA —0.34 GOA —0.90
Red+ 0.05 GFDL-ESMZM Red+ ~0.86
RCP6.0 Red 0.31 RCP6.0 Red —0.80
GOA —0.49 GOA —0.98
Red+ 0.16 Red+ -0.93
RCP8.5 Red 0.43 RCP8.5 Red —0.90
GOA —0.40 GOA —0.99
GFDL-ESM2G Red+ -1.22 Red+ —0.53
RCP2.6 Red —1.34 RCP2.6 Red —0.49
GOA —-0.90 GOA —0.61
Red+ —-1.25 Red+ -0.59
RCP4.5 Red —1.36 RCP4.5 Red —0.54
GOA —0.94 GFDL model- GOA —0.68
Red+ —-1.21 ensemble mean Red+ —0.66
RCP6.0 Red —-1.30 RCP6.0 Red —0.61
GOA —0.94 GOA —0.75
Red+ —-1.32 Red+ —0.68
RCP8.5 Red —1.43 RCP8.5 Red —0.64
GOA —-1.00 GOA -0.75
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Figure 13  Thirty-year running annual means of projected sea surface temperatures (Tos) under the four representative concentra-
tion pathway scenarios studied (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) relative to the 2006—2035 period for the GFDL-CM3 model

simulation in Red+.

18 days (29/07/2012 to 15/08/2012) in the Gulf of Agaba and
for 14 days (14/07/2001 to 27/07/2001) in cluster 11.
Heatwave events have a negative effect on chlorophyll-a
concentrations (as an indicator of bleaching) as described by
Caputi et al. (2014). It is clear from Table 3 that the chl-a
concentrations reached a minimum during heat wave events,

indicating that the heat wave events have a negative effect
on marine biota and may lead to thermal collapse, especially
because the Red Sea is a semi-enclosed basin (marine biota
cannot migrate north). This result is in accordance with the
previous findings of Maor-Landaw et al. (2014) and Chaidez
et al. (2017).
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3.7. Projected sea surface temperature (Tos)
scenario calculations

3.7.1. Model performance under the control period,
2006—2016

GFDL exhibits relatively good skills in modeling Tos in some
regions including the eastern Bering Sea, Gulf of Alaska and
Insular Pacific Islands—Hawaii (Hervieux et al., 2017; Stock
etal., 2011). However, this model has shown relatively lower
abilities in other regions (e.g., California Current System;
Jacox et al., 2017). Thus, the current analysis assessed three
GFDL simulations (GFDL-ESM2M, GFDL-ESM2G, and GFDL-
CM3) against OISST prior to use in the analysis of the pro-
jected warming scenario in Red+.

Table 4 shows the performance of three GFDL simulations
under the RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios for
three studied subbasins (the Red Sea, Red+ and GOA). The
GFDL model ensemble mean of simulation was calculated for
each scenario. To determine whether the simulation results
overestimate or underestimate SST, the result was subjected
to a t-test with 95% significance.

GFDL-CM3 simulations overestimate SST by approximately
0.30, 0.25, 0.05 and 0.16°C in Red+ under the RCP2.6,
RCP4.5, RCP6.0 and RCP8.5 scenarios, respectively (Table 4).
The GFDL-ESM2M, GFDL-ESM2G and GFDL model ensemble
mean simulations show underestimations of SST in Red+ by
approximately 1.22, 0.72 and 0.53°C, respectively, under the
RCP2.6 scenario.

In general, the GFDL-CM3 simulation results best describe
SST during the control period in comparison to the other
studied simulations. This finding indicates that the upgrade
from the old GFDL simulations to the most recent simulation
(GFDL-CM3) improves the result significantly.

3.7.2. Future sea surface temperature, 2006—2100

The GFDL-CM3 simulation of projected SST scenarios in the
current century indicates significant warming during the
2006—2100 period in the study area, especially for the
RCP8.5 scenario (Fig. 13). The expected warming up to
2100 (hereafter ATos = ToS;100 — T0S2006) ranges from 2.8—
3.2°C under the RCP8.5 scenario, 1.75—2.1°C under the
RCP6.0 scenario, 1.5—1.7°C under the RCP4.5 scenario and
0.6—0.85°C under the RCP2.6 scenario.

There is no significant regional variation in projected
warming trends under the GFDL-CM3 simulation (data are
not shown). However, there is a significant seasonal variation
in projected warming trends, reaching the minimum values
during the winter seasons under the RCP2.6, RCP6.0 and
RCP8.5 scenarios and during summer during RCP4.5. The
maximum values of the seasonal warming trend occurred
during the spring season for RCP2.6 and during the autumn
season for the RCP4.5, RCP6.0 and RCP8.5 scenarios.

The current research related the uncertainty in projected
Tos to only two sources: the seasonal variations and the
scenario used. The uncertainty associated with the region
was not significant, while the uncertainty related to the
simulation used was negligible as the research used only
the best simulation that described the current SST. Uncer-
tainties in projected ATos were estimated to be 2.6°C, where
the scenario used and the seasonal variations account for
2.45°C and 0.25°C, respectively. Hoegh-Guldberg et al.

(2014) showed that the uncertainties in projected ATos
according to the scenario used is 2.57°C. Both of current
and previous findings confirm that the emission assumptions
dominating the uncertainties of different sources.

4. Conclusions

Based on the daily OISST time series, the current research
studied the current SST changes in Red+ from 1982 to
2016. Moreover, GFDL model simulations were used to ana-
lyze the uncertainty of Red+ warming trends.

The results showed that the gridded OISST data is a
relevant tool to study the SST in Red+ due to excellent OISST
agreement with in situ data. Moreover, the finer OISST
resolution (0.25°) seemed fine enough to analyze local-scale
features of Red+. Thus, the current findings constitute a basis
for future research seeking to study coastal phenomena such
as coastal upwelling occurrence and its influence on SST
variability, which is explicitly an updated topic.

The annual mean (from 1982 to 2016) of gridded OISST in
Red+ confirms the presence of a 7°C spatial variation ranging
from 22.5°C over grids concentrated in the northern part of
the Gulf of Suez to 29.5°C over grids concentrated in the
eastern part of SRed. The gridded OISST data confirms that
the daily Red+ SST seldom falls outside the range of 20°C to
33°C. Moreover, the coldest years were 1984 and 1992 in Red+
and the Red Sea, respectively; however, the hottest year was
2010 in both Red+ and the Red Sea, and that was due to the
dramatic drop of NAOI during 2010. In addition, the Red Sea
and Red+ confirm a significant spatially warming trend (from
1982 to 2016) of 0.029°C yr~" and 0.025°C yr~', respectively,
peaking over NRed. However, NRed exhibits a more intensive
warming trend than GOA and SRed; the SST in NRed remains
cooler than in GOA and SRed. Generally, the intensive Red+
warming trend compared to the average global warming
trend (0.011°Cyr~") leads to an accelerated increase in
the Red+ temperature together with associated increases
in seawater acidification and decreases in oxygen level. This
combination will duplicate risks to marine ecosystems, bio-
diversity and fisheries.

The Red+ SST describes a complex SST pattern with
significant regional dependence and seasonal fluctuation of
Red+ SST and warming trends, which should be considered in
the future analysis of Red+. For example, simple modeling of
Red+ based on dividing the study area into several subbasins
should consider the uniform SST distribution in Red+.

The current research shows that the studied atmospheric
parameters (Tom, SLP, TCC, tq4c, Ta;, Fn, FsW, AMOI, NAOI, and
ISMI) and SST, in general, are significantly correlated in most
of the studied area. There is seasonal variation in the corre-
lation coefficient between nine of the ten studied para-
meters and SST; however, ISMI shows no significant
seasonal variation in the correlation coefficient with SST.
Moreover, the influences of the thirteen studied atmospheric
parameters on SST suggests that 98% of the daily Red+ SST
variation can be explained by only T, ISMI, SLP, 7,4, and F},
before removing the annual cycle, while 77% can be
explained after removal. In addition, the PCA results showed
that the first five principal components can explain 90% of the
overall variance before removing the annual cycle, while the
first eight principal components can explain 90% of the
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overall variance after removing the annual cycle, highlight-
ing the importance of the annual cycle in the correlation
between the studied parameters.

As expected, the chl-a concentration during the heat
wave events decreased by approximately 33% from its annual
average values. In the warm environment of the Red Sea, the
temperature is expected to increase in the future (according
to the GFDL-CM3 projection results), which would lead to
more frequently occurring future heat events. Thus, Red Sea
marine organisms are clearly extremely vulnerable to heat
wave events, especially because the Red Sea is a semi-
enclosed basin, and marine organisms cannot migrate north.
This finding highlights the need to develop reasonable miti-
gation/adaptation tools to cope with the future warming
issues during the current century, including the issue of chl-a
growth vulnerability.

To support future management in Red+, Tos up to
2100 were described by GFDL-CM3 that best describe the
recent Red+ SST. The GFDL-CM3 simulations showed that ATos
ranges from 3.2°C during autumn under the RCP8.5 scenario
to 0.6°C during summer under the RCP2.6 scenario, where
the emissions used and seasonal variations account for 90%
and 10%, respectively, of the studied uncertainty. This finding
indicates that more global management efforts are needed to
reduce green gas emissions.

The current results provide a context for descriptive and
statistical analyses describing recent and future SST over Red+
in terms of annual and seasonal cycles. In comparison to the
previous scientific studies in the region, the current study
improves our understanding of SST and the associated phe-
nomena for the period 1982—2100. The current paper gives the
first scientific comparison between different studied subbasins
to understand spatial SST variations. Moreover, the current
paper classifies the Red+ into 16 clusters to match heat wave
occurrence with chl-a concentration for each cluster to qualify
the thermal effect on marine biota. Moreover, the current
research analyses the SST projection over Red+ up to 2100 to
understand future warming uncertainty. This result provides a
powerful scientific tool to coop with climate change.
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