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Abstract

The increase of the temperature in the Red Sea basin due to global warming could have a

large negative effect on its marine ecosystem. Consequently, there is a growing interest,

from the scientific community and public organizations, in obtaining reliable projections of

the Red Sea temperatures throughout the 21st century. However, the main tool used to do

climate projections, the global climate models (GCM), may not be well suited for that rela-

tively small region. In this work we assess the skills of the CMIP5 ensemble of GCMs in

reproducing different aspects of the Red Sea 3D temperature variability. The results suggest

that some of the GCMs are able to reproduce the present variability at large spatial scales

with accuracy comparable to medium and high-resolution hindcasts. In general, the skills of

the GCMs are better inside the Red Sea than outside, in the Gulf of Aden. Based on their

performance, 8 of the original ensemble of 43 GCMs have been selected to project the tem-

perature evolution of the basin. Bearing in mind the GCM limitations, this can be an useful

benchmark once the high resolution projections are available. Those models project an

averaged warming at the end of the century (2080–2100) of 3.3 ±> 0.6˚C and 1.6 ±> 0.4˚C

at the surface under the scenarios RCP8.5 and RCP4.5, respectively. In the deeper layers

the warming is projected to be smaller, reaching 2.2 ±> 0.5˚C and 1.5 ±> 0.3˚C at 300 m.

The projected warming will largely overcome the natural multidecadal variability, which

could induce temporary and moderate decrease of the temperatures but not enough to fully

counteract it. We have also estimated how the rise of the mean temperature could modify

the characteristics of the marine heatwaves in the region. The results show that the average

length of the heatwaves would increase ~15 times and the intensity of the heatwaves ~4

times with respect to the present conditions under the scenario RCP8.5 (10 time and 3.6

times, respectively, under scenario RCP4.5).

Introduction

The Red Sea holds one of the most diverse marine ecosystems in the world, but fragile and vul-

nerable to oceanic warming [1], as reflected in massive coral bleaching across the southern

Red Sea during the 2015 global bleaching event [2–4]. Water temperature plays a key role in
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the performance of marine organisms and the regulation of ecosystems processes, which are

usually acclimated to the local thermal range. Hence, changes in the temperature field (e.g.

warming) affect marine organisms, typically by shifting their distribution poleward and

advancing their phenology [5,6]. Besides the long-term changes, extreme events like marine

heatwaves (MHWs), defined as prolonged periods of anomalously high temperatures, can

have severe impacts on marine ecosystems. For instance, coral bleaching in tropical ecosystems

[2], reduced surface chlorophyll levels due to increased surface layer stratification, mass mor-

tality of marine invertebrates due to heat stress, and fishery collapse [7,8]. Semi-enclosed seas

are particularly vulnerable to ocean warming, which is often amplified in these seas [9], and

where the scope for organisms to adapt by migrating poleward is restricted by the presence of

land masses [10]. This is the case of the Red Sea, which is considered to be almost closed in its

northern boundary in terms of water exchanges, although the Suez Canal has offered a limited

escape route into the Mediterranean, where many Red Sea species are becoming established

[11]. Consequently, there is an urgency to develop reliable thermal projections throughout the

21st century for marine ecosystems, particularly so for semi-enclosed seas. Although being one

of the global hot spots for climate-vulnerable coral reefs, the assessment of these projections is

limited to few works. One of them use CMIP3 GCMs without doing any model assessment or

selection before providing future temperatures [12]. The other one projects the future temper-

ature in the Red Sea using an unique GCM after a rather simple selection procedure [13].

Long-term temperature projections are usually based on global climate models (GCMs)

run under different scenarios of greenhouse gas (GHG) emissions. The most used ensemble of

GCMs is the one produced by the fifth phase of the Climate Model Intercomparison Project

(CMIP5, [14]), which has been used for a large number of studies of climate change of both

the atmosphere and ocean. However, these global models have weaknesses when applied to

regional seas [15]. Their coarse spatial resolution (typically from 0.2˚ to 2˚ in the ocean) pre-

cludes them from solving key processes that may have a leading role in the local response to

global warming [16]. But for some processes characterized by simpler dynamics, GCMs may

be enough to reproduce the local response to global warming. In the case of the Red Sea, a

recent study by [17] has shown that interannual variations of the heat content in the 0–100 m

layer are mostly driven by changes in the atmospheric temperature. Thus, GCMs (at least

some of them), may be able to represent the heat uptake variability in the region. Therefore,

whether GCMs are well suited for a particular region or process must be analysed case by case

[18]. In any case it is clear that regional high-resolution simulations partially overcome the

shortcomings of global models and are, therefore, expected to be more reliable for regional

seas (e.g MedCORDEX in the Mediterranean Sea; [19]). Unfortunately, regional projections

for the Red Sea are not available at present, so the only source of projections for the evolution

of sea temperature throughout the 21st century is the global simulations.

Here we focus on conducting a skill assessment of the CMIP5 models in the characteriza-

tion of the Red Sea temperature. Namely, in a first step, different comparisons with an observa-

tional dataset are performed aiming at assessing the quality of the models in simulating

different aspects of the ocean heat uptake. Additionally, we compare the CMIP5 simulations

with two state-of-the-art simulations, a medium resolution global reanalysis [20] and a high

resolution regional model [21]. That comparison provides a benchmark for the expected qual-

ity of model results in the Red Sea. These analyses allow to discard models showing low skills

in reproducing the ocean heat uptake in the region. The models that are kept are then used to

analyse the projected 3D temperature evolution under different emissions scenarios. It is clear

that GCMs are not the best option for that purpose, but until an ensemble of high resolution

ocean models is available, the projections from the selected GCMs can provide a first approxi-

mation to it. Lastly, we focus on marine heatwaves (MHWs). The reason is they have a strong
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influence on marine ecosystem structure and function [22–24]. They lead to discrete climatic

events that can drive step-wise changes in species distributions and ecosystem structure and

functioning [25]. Thus, MHWs have profound ecological impacts that included widespread

mortality of benthic invertebrates [26] and loss of seagrass meadows [27]. The future evolution

of MHWs depends on changes in the mean temperature and on changes in the intra-seasonal

variability. The first factor is usually the dominant one, accounting for a large part of the pro-

jected changes in MHWs [18,22,23]. Unfortunately, high frequency outputs from the selected

GCMs were not available, so here we analyse how changes in the mean temperature would

affect the characteristics of MHWs in the Red Sea.

The paper is structured as follows. The observational datasets, the numerical simulations

and the indicators used to assess model skills are presented in Section 2. The model skill assess-

ment and model selection are presented in Section 3 while the results for temperature projec-

tions are described in Section 4. Then the results are discussed in Section 5 and the main

conclusions are drawn in Section 6.

Data and methods

Observational datasets

In-situ data. We used the TEMPERSEA gridded product [17] as the reference observa-

tional dataset for model performance assessment. TEMPERSEA is based on a large dataset of

in-situ temperature observations which are homogenized and mapped into a 3D field using

optimal interpolation. The database covers the Red Sea and the Outer Region with a spatial

resolution of 0.25˚x 0.25˚ and 23 vertical levels, (Fig 1 for the limits of both regions), providing

Fig 1. Domain and bathymetry of the region of interest. The two zones used in the presentation of the results (Red

Sea and the Outer Region) are identified by blue and red dashed contours, respectively. Eastern boundary limit of the

KAUST model (vertical grey line). Northern and Southern zones, as considered for the computations, are separated at

latitude 20˚ (horizontal green line).

https://doi.org/10.1371/journal.pone.0255505.g001
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monthly 3D temperature fields for the period 1958–2017. More details on the TEMPERSEA

product can be found in https://doi.pangaea.de/10.1594/PANGAEA.909472.

Satellite data. The monthly time resolution of TEMPERSEA makes it unsuitable for the

characterization of extreme events such as heatwaves. For that purpose, we used daily satellite

SST observations which have already been used in the Red Sea [28]. The remote dataset was

obtained from the National Ocean and Atmosphere Agency (NOAA), based on AVHRR

(Advanced Very High-Resolution Radiometer) imagery over the period 1981–2017. These

data have a spatial resolution of 0.25˚x0.25˚ and can be obtained at daily temporal resolution

from the National Center for Environmental Information (NCDC-NOAA, https://www.ncdc.

noaa.gov/isd/data-access). These data are used to characterize the high-frequency temperature

variability in the Red Sea (section 4.3). It must be noted that the agreement between the first

layer of the TEMPERSEA product and the satellite SST is very high at monthly time scales

[17]. Thus, for clarity, the comparison of GCMs with monthly satellite SST fields has not been

included as the results are very similar to those obtained with TEMPERSEA.

Atmospheric reanalysis. JRA55 atmospheric reanalysis is used to assess the role of the

atmosphere in the sea temperature variations. It has a global coverage with a spatial resolution

of 1.25˚ and covers the period 1958–2014, coinciding with the establishment of the global

radiosonde observing system [29]. The 3D air temperature fields have been freely downloaded

from https://rda.ucar.edu/datasets/ds628.1/?hash=access#!access.

Numerical simulations

The CMIP5 ensemble of global climate models. The ensemble of GCMs from the fifth

phase of the Coupled Model Intercomparison Project (CMIP5) was used in this work. The

goal of CMIP5 is to produce a set of coordinated climate model experiments that focus on

major gaps in understanding past and future changes in climate [14]. The GCMs in the

CMIP5 ensemble have a different degree of complexity but all of them include at least an

ocean and an atmosphere component interactively coupled. The spatial resolution of CMIP5

models ranges from 0.2˚ to 2˚ in the ocean. From the 49 models initially considered, 6 of them

were automatically discarded as their land-sea mask did not include the Red Sea (see S1

Table).

Three different sets of simulations were analyzed. First, the historical simulations that cover

the industrial period (mid-nineteenth century to 2005) only forced by observed GHG and

aerosol concentrations. As no data assimilation is involved, one cannot expect that the chro-

nology of events matches the observed ones, so we analysed those simulations in terms of sta-

tistical moments (i.e., mean and standard deviation). The other two sets of simulations

correspond to future projections in which the models are forced with specified atmospheric

greenhouse gas concentrations, known as RCPs (Representative Concentration Pathways [14]

throughout the 21st century (2005–2100). In particular, we analysed a high emissions scenario

(RCP8.5), also known as business-as-usual scenario, and a midrange emissions scenario

(RCP4.5), which represents a scenario with moderate mitigation policies [30]. The data were

obtained from (https://pcmdi.llnl.gov/mips/cmip5/). In particular, we analyzed ensembles of

43 historical simulations, 26 RCP8.5 simulations and 39 RCP4.5 simulations (see S1 Table).

Reference state-of-the-art simulations. In order to have a benchmark of the state-of-the-

art quality in Red Sea modelling, two high quality simulations of present climate are used. One

is a regional high resolution hindcast (KAUST) and the other is a global reanalysis with

medium resolution (GLORYS). The King Abdullah University of Science and Technology

(KAUST) Red Sea hindcast is based on the MIT ocean general circulation model [31] tuned to

the regional processes of the Red Sea as in [21]. The model domain covers the entire Red Sea
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(including the Gulf of Suez and the Gulf of Aqaba) and part of the Gulf of Aden (area enclosed

by 10–30˚N and 30–50˚E) but does not cover the Outer Region. The model is forced by

ECMWF (European Centre for Medium-Range Weather Forecasts) atmospheric fields [32]. It

provides monthly mean temperatures with a spatial resolution of 0.1˚ and 50 vertical z-levels

for the period (2001–2017). This model is developed as an updated version of the one imple-

mented by [21] to investigate the general and overturning circulation in the Red Sea. The

model outputs were validated against different observational datasets including temperature

and have been used in various Red Sea studies. To name but a few, it has been used to analyse

the eddy field [33], the phytoplankton phenology in the South of the Red Sea [34] and in the

North [35] or the general connectivity [36].

In order to complement the KAUST model and to also cover the Gulf of Aden, the

GLORYS.S2V4 global reanalysis was also analyzed [17,20]. This product was generated by

NEMOv3.1 ocean model with a horizontal resolution of 0.25˚ and 75 vertical z-levels. It is

forced by ERA-Interim atmospheric fields [32], for the period 1993 to 2015. GLORYS assimi-

lates along-track satellite observations of sea level anomaly, sea ice concentration and SST, and

in situ profiles of temperature and salinity from the CORA data base [37]. The data is available

at (http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_

csw&view=details&product_id=GLOBAL_REANALYSIS_PHY_001_025).

Indicators for model skills

A set of diagnostics to rank the performance of the models were computed from the model

outputs and the observational datasets for the period 1985–2005 for the Red Sea and the Gulf

of Aden (Outer Region) separately (Fig 1, S1 and S2 Tables). Those diagnostics have been cho-

sen to assess the skills of the models in reproducing different aspects of the heat content vari-

ability, which is what will determine the evolution of Red Sea temperatures under the

projected global warming. The detailed formulation of each diagnostic is included in the Sup-

plementary Information. All the diagnostics have been performed into the native model grid.

However, for ensemble averaging or mapping all model fields have been bilinearly reinterpo-

lated into a common grid. For a clearer visualization, we have chosen the KAUST model grid

as the reference grid, as it is the finest one. In order to fill the coastline gaps in GCMs (i.e. due

to their coarse resolution), we have extrapolated the values from the closest GCM grid point.

Area and volume. The spatial resolution of GCMs ranges from 0.2˚ to 2˚, so their repre-

sentation of the Red Sea bathymetry may not be satisfactory. To quantify that we computed

the area and volume of the Red Sea as represented by each model grid, and compare to those

derived from the GEBCO database (General Bathymetric Chart of the Oceans), available at a

high spatial resolution of 1/60˚ (https://www.gebco.net/data_and_products/gridded_

bathymetry_data). Models showing a difference in the area or volume larger than +25%

respect to the observed values, area (volume) for the Red Sea (i.e., ~4.57 10^5 km2 (2.18 ^5

km3)) and for the Outer Region (i.e., ~1.18 ^6 km2 (3.23 ^6 km2)), were discarded (see Sec-

tion 3).

Seasonal cycle of the averaged vertical profile. A key element for a robust modelling of

future Red Sea thermal regimes is the characterization of heat uptake at the sea surface and the

heat transfer to deeper layers. In order to characterize the skills of the models on reproducing

this, we computed the averaged vertical profile of seasonal temperature anomalies with respect

to the annual average for the upper 400 meters and compared modelled and observed profiles.

Seasonal comparisons of the averaged vertical profiles were based in terms of correlation coef-

ficient and the root mean square error (henceforth RMSE), thus assessing the shape of the pro-

file and the magnitude of the anomalies, respectively. The four values obtained (i.e., one for
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each season) were then averaged to obtain the averaged seasonal correlation coefficient and

RMSE.

Seasonal cycle of the sea surface temperature. The ability of the models to capture

regional differences was assessed through their capacity to reproduce the spatial pattern of the

seasonal anomalies. The focus is on sea surface temperature, where the largest regional differ-

ences are expected. In particular we compared modelled and observed seasonal anomalies in

terms of spatial correlation and RMSE. The four values obtained (i.e., one for each season)

were then averaged to obtain the averaged seasonal correlation coefficient and RMSE.

Interannual variability. In order to assess the model skills in reproducing interannual

variability, we computed the annual mean of the basin-average temperature field at each verti-

cal level. We then calculated the standard deviation (std) to obtain a vertical profile of interan-

nual std, which quantifies the amplitude of interannual signals at different depths. The shape

and the values of the profiles were compared with observed ones in terms of correlation and

RMSE. We further assessed the accuracy of the spatial patterns of sea surface temperature

interannual std, again comparing them with the observed patterns in terms of spatial correla-

tion and RMSE.

Trends. An additional diagnostic that helps to identify potential problems with heat

uptake in the models is the evaluation of trends in the recent decades. We cannot expect that

GCM free runs reproduce realized decadal trends, so the goal of this diagnostic is to identify

models that are drifting, so reproducing unrealistic trends (i.e. trends exceeding what could be

expected by natural variability or climate change). In this case, we did not include the GLORYS

and KAUST models in the assessment because they cover a different time window, and the

trend computation is very sensitive to the length of the record used for trend estimates. The

slope of the linear trend of the basin averaged SST (τ) (i.e. the slope of a line fitted to the annual

mean sea surface temperature), and its associated standard error (ε) were computed for each

model and compared with those of TEMPERSEA. The difference in the trends between obser-

vations and model outputs (θ = |τmod−τobs|) was compared with the square root of the qua-

dratic sum of the standard errors of the fitting ðε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2
mod þ ε2

obsÞ
p

. This has then be used to

select suitable models (see section 3).

Model skill assessment

Area and volume

In the Red Sea, 32 of 43 models were in the range of ±>25% with respect to the actual area,

and 24 of 43 with respect to the actual volume (Fig 2). In the Outer Region, 41 of 43 and 39 of

43 meet that condition, for area and volume, respectively. As a reference, the global model

GLORYS reaches a 91% (90.2%) of the actual area (volume), while the regional high-resolution

KAUST model represents a 100.7% (99.7%) of the actual area (volume). Three of the CMIP5

GCMs did not include any representation of the Red Sea, and 9 of those including the Red Sea

represent it as a much smaller basin. Other 9 models show a reasonable surface area but were

biased toward either a much shallower or deeper Red Sea, and were, accordingly, discarded.

Conversely, in the Outer Region only 5 of those discarded models did not fulfil the require-

ments (see S1 Table).

Seasonally averaged vertical temperature profile

In the Red Sea, the observed basin averaged temperature profile shows an anomaly with

respect to the 3D basin average of ~2˚C at the surface during winter and spring (Fig 3, black

line). In summer and autumn, the temperature anomaly exceeds 5˚C. Below 100 m the
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anomalies are constant throughout the year (~-2.5˚C). The shape of the profile also showed a

seasonal evolution in the upper 100 m, being more homogeneous in winter and strongly strati-

fied in summer and autumn. The reference simulations GLORYS and KAUST showed small

RMSE (0.30˚C and 0.34˚C, respectively) and a good representation of the seasonal changes of

the profile shape (averaged correlation of 0.99 for both hindcasts). Regarding the GCMs, two

models deviated greatly from the rest: “ACCES 1–0” and “ACCES 1–3” (S1 Table). For the rest

of models, the range of RMSE was 0.5˚C -3.5˚C, and the correlations fluctuated between 0.65

and 0.99 (Fig 3, S1 Table).

In the Outer Region the surface anomalies were larger in spring (up to +8˚C) and the small-

est in winter (~+6.2˚C), when the mixed layer reached up to 80 m compared to the stronger

stratification found in summer (S1 Fig). GLORYS showed good skills in reproducing the

shape and the seasonal evolution of the anomaly profiles, with an averaged RMSE of 0.32˚C

and a correlation of 0.99. Most GCMs models had a temperature anomaly between 1 and 5˚C

lower than observations, from surface up to 100 meters of depth. Almost all the models exhib-

ited between 1 and 5˚C higher temperature values than observed between 100 and 300 meters

depth. Hence, most GCMs were unable to properly reproduce the heat uptake in the upper lay-

ers in winter and spring. In autumn and summer, the GCMs performed better but most mod-

els showed a reduced vertical gradient of temperature (S1 Fig).

Fig 2. Scatter that represents area (x-axis) against volume (y-axis) for each GCM (grey dots) and the reference

simulations (GLORYS in red and KAUST in green). The observed values are indicated by the black dots and the

acceptble threshold (±25% with respect to the observed value) is represented by the dashed red line. The results are

shown for the Red Sea basin (left panel) and the Gulf of Aden (right panel). Note that KAUST simulation does not

cover completely the Gulf of Aden and is therefore not included in the right panel.

https://doi.org/10.1371/journal.pone.0255505.g002
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SST seasonality

The seasonal anomaly patterns are shown in Fig 4. In winter, the largest negative anomalies

(up to -4˚C) in the Red Sea basin, relative to the basin-average annual mean, were found in the

northern Red Sea, while the smallest anomalies (around -1˚C) were located around 18˚N (Fig

4). In summer the seasonal pattern is rather similar, with the lowest anomalies in the northern

Red Sea (approximately 0˚C) and the highest in the southern part (around +4˚C). The refer-

ence runs show a very similar behaviour, with an averaged RMSE of 0.23˚C and 0.29˚C for

GLORYS and KAUST, respectively and an averaged spatial correlation of 0.98 and 0.99 respec-

tively. The GCMs show RMSE values ranging from 0.5˚C to 2.8˚C (see S1 Table), and spatial

correlations ranging from -0.60 to 0.95. No significant differences in the model skills have

been found for different seasons.

For illustrative purposes we focus on the results of two models (Fig 4). The MPI-ESM-LR

model showed good skills in the Red Sea (RMSE 0.70˚C and correlation 0.88): the seasonal

evolution is very well captured, the local winter maximum is in the right place around 18˚N,

and the range of values also match well the observations in both seasons. On the other hand,

GFDL-ESM2G showed one of the poorest skills across all models tested for this diagnostic

in the Red Sea (RMSE 1.10˚C and correlation 0.69). This is mainly because of the spatial

structure of the anomalies which show the local maximum was placed northwards. Also, the

winter values were about 1˚C cooler than observed, while the summer values were about

1˚C warmer. However, the seasonal transition was well captured even in this case (see

S1 Table).

Fig 3. Seasonally averaged vertical profile of temperature anomalies in the Red Sea for the observations (black line),

CMIP5 models (grey lines), GLORYS (blue line), KAUST (red line), and the average of the selected GCMs (see “Model

Selection” section, green line).

https://doi.org/10.1371/journal.pone.0255505.g003
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Amplitude of interannual variability at different depths

The observed vertical profile of the interannual std in the Red Sea ranges from 0.25˚C at 50 m

to 0.05˚C below 300 m (S2 Fig, left panel). Interannual std was larger in the Gulf of Aden

(0.30˚C at 75 m to 0.10˚C below 300 m), probably due to lateral advection of oceanic waters

[17]. In the Red Sea, KAUST shows similar values, even if the shape of the profile is somehow

different, with an RMSE and correlation of 0.045˚C and 0.89, respectively. Conversely, the

other reference model, GLORYS, shows a very different behaviour, with a maximum reaching

0.6˚C at 75 m and values close to 0.2˚C at 300 m. This leads to a RMSE of 0.2˚C and a correla-

tion of 0.69 in the Red Sea. In the Gulf of Aden, GLORYS also shows a wrong profile with a

maximum of 0.55˚C at 125 m and minimum of 0.15˚C below 300 m, which is larger than the

observed values (S2 Fig, right panel). Most GCM outputs represented the interannual variabil-

ity reasonably well, both in the Red Sea and in the Gulf of Aden. The shape of the profile fol-

lowed the observed one and maximum std values were below 0.3˚C in most cases, with almost

all GCMs showing better skills than the reference GLORYS simulation (see S1 Table).

Interannual variability of SST

The observed interannual variability of SST is higher than 0.4˚C in the north of the Red Sea

while reaches minimum values of 0.2˚C in the southern part (Fig 5). The reference simula-

tions, KAUST and GLORYS also show a northward gradient, although smoother and with val-

ues ranging from 0.25˚C to 0.35˚C. Their RMSE is 0.05˚C and their spatial correlation is 0.59

and 0.53, respectively. In the Red Sea, the GCMs show a wide spread of skills, with RMSE val-

ues ranging from 0.05˚C to 0.25˚C and spatial correlations ranging from -0.6 to 0.6. In the

Gulf of Aden, the RMSE ranges from 0.08˚C and 0.22˚C and between -0.5 and 0.6 for the spa-

tial correlation (see S1 Table). An example of a GCM showing good skills (IPSL-CM5a-LR) is

presented in Fig 5 (RMSE of 0.07˚C and correlation 0.32). Its behaviour is close to the

GLORYS pattern. It represents the northward gradient correctly, although smoother than the

Fig 4. Sea surface temperature anomalies with respect to the annual average (in ˚C) in winter (Top) and summer

(Bottom), for the observations (first column), average of the selected GCMs (see “Model Selection” section; second

column), an example of GCM with good skills (MPI-ESM-LR; third column) and an example GCM with low skills

(GFDL-ESM2G; last column).

https://doi.org/10.1371/journal.pone.0255505.g004
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observations. The range of values is between 0.25˚C to 0.4˚C, larger than GLORYS and closer

to the observed range. Conversely, the CMCC-CMS model shows poor skills (RMSE of 0.09˚C

and correlation -0.63).

Trends

The interannual variations and the long term evolution of the basin averaged SST anomalies

showed by the two reference simulations were in good agreement with the observations both

in the Red Sea and the Gulf of Aden (Fig 6). The observed linear trends (±> the standard

error) for the period (1985–2005) were 0.021 ±>0.007˚C year-1 in the Red Sea and 0.002

±>0.007˚C year-1 in the Gulf of Aden. As KAUST and GLORYS do not cover the same period,

trends were not computed for these datasets. The GCMs showed trends ranging from 0˚-

C�year-1 to 0.050˚C�year-1 in both regions, with an average value of 0.021˚C (S1 and S2 Tables).

GCMs showing trends outside the range defined by the observed trend plus ± the uncertainty

(square root of the i.e. quadratic sum, l264), were flagged as suspicious.

Model selection

The different diagnostics presented above had aimed at characterizing different aspects of the

heat uptake, which is what determines the response of the Red Sea to the projected global

warming. However, the quality of the GCMs was very heterogeneous, with some of them

showing low skills in most of the diagnostics considered before. Therefore, prior to analyse

their results for the climate projections, we have to select a subset of GCM models displaying

reasonable skills in a selection of diagnostics. Unfortunately, there is no objective method that

ensures the “right” choice of diagnostics, as some models perform well in some of them while

performing poorly in others. Therefore, we defined 4 different performance criteria based on a

Fig 5. Interannual std of sea surface temperature from (a) observations, (b) the GLORYS reanalysis, (c) a GCM with

good skills (IPSL-CM5a-LR;), (d) a GCM with low skills (CMCC-CMS;) and (e) the average of selected GCMs (see

“Model selection” section).

https://doi.org/10.1371/journal.pone.0255505.g005
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selection of the diagnostics presented above (Table 1). In all cases, those models showing a bad

representation of the basin topography in terms of surface and/or volume are rejected and not

further discussed here. Then, for each criterion (i.e. subset of diagnostics), we discard those

models that show a RMSE three times larger than the RMSE of the reference simulation in any

of the selected diagnostics. Additionally, for some of the criteria those models showing trends

outside the range defined by the observed trend plus ± minus the uncertainty were discarded.

Namely the different criteria are the following (Table 1):

Criterion 1: Models that fulfill all diagnostics.

Criterion 2: Models with a reasonable representation of the vertical structure and variability

of the temperature field at seasonal and interannual time scales and showing a present climate

trend compatible with observations are kept. I.e. in this criterion more weight is given to the

vertical transfer of heat.

Fig 6. Annual Mean SST anomalies (˚C) in the Red Sea (Top) and in the Gulf of Aden (bottom) for the observations

(black line), KAUST (red line), GLORYS (blue line), GCMs (grey lines) and the average of the selected GCMs (see

“Model Selection” section; green line). Anomalies are computed with respect to the 1985–2005 average.

https://doi.org/10.1371/journal.pone.0255505.g006

Table 1. Definition of the diagnostics considered in each selection criterion: Area/Volume; Seasonal Average Vertical Profile Temperature (SAVPT); Seasonal

Cycle of the Sea Surface Temperature (SCSST); Vertical profile of interannual std (STDVPT); Interannual std of the Sea Surface Temperature (STDSST) and long

term Trends in the present climate.

Area/Vol SAVPT SCSST STDVPT STDSST Trends

Cr 1 ✔ ✔ ✔ ✔ ✔ ✔
Cr 2 ✔ ✔ ✘ ✔ ✘ ✔
Cr 3 ✔ ✘ ✔ ✘ ✔ ✔
Cr 4 ✔ ✔ ✔ ✔ ✔ ✘

https://doi.org/10.1371/journal.pone.0255505.t001
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Criterion 3: Models with a reasonable representation of the spatial structure of the surface

variability at seasonal and interannual scales and showing a present climate trend compatible

with observations are kept. I.e. in this criterion more weight is given to the spatial structure of

the heat distribution.

Criterion 4: Models fulfilling all the criteria except the one on trends are kept. This will be a

version of Criterion 1 without the constrain in the trends.

The models included following each criterion are listed in Table 2.

In this work, we are mainly interested in the evolution of the heat content of the basin (i.e.

the averaged 3D temperature) and the vertical structure of the temperature field. So, we have

followed Criterion 2 to do the GCM selection, as a compromise between model reliability and

keeping enough models to do the projections. In other words, following Criterion 2 we sacri-

fice the quality in the description of the horizontal structure of the surface temperature field in

order to keep enough models for robust ensemble averaging. There are 10 models fulfilling cri-

terion 2, and 8 of them are available for the two RCP scenarios (Table 2, S3 Fig). As mentioned

above, there is an unavoidable degree of subjectivity when selecting the criterion, so the impli-

cations of this choice on the final results are addressed in the Discussion section.

Temperature projections

Sea surface temperature

The ensemble of selected models projects Red Sea annual mean sea surface warming ranging

between 2˚C and 4˚C by the end of the century (2080–2100) under the RCP8.5 scenario (Fig 7,

Tables 3 and S3). The highest warming is projected by CMCC simulations (CMCC-CM,

CMCC-CMS and CMCC-CESM) and IPSL-CM5A-MR, with projected values above 3.5˚C. In

contrast, GISS-E2-RCC projects the smallest warming (around +2˚C) followed by NOR-

ESM1-M (+2.5–3˚C). In most cases warming is predicted to be quite homogeneous across the

Red Sea basin, except for the MPI simulations (MPI-ESM-LR and specially MPI-ESM-MR),

which show a clear north to south gradient, with warming in the southern Red Sea being

approximately 0.6˚C greater than in the northern part.

In order to obtain the absolute value of projected temperatures we added the projected

anomalies to the observed mean annual temperatures averaged over the period 1985–2005.

The ensemble average of SST under scenario RCP8.5 (Fig 8) shows a temperature gradient

Table 2. List of GCMs that meet at least one of the criterion. The last two columns indicate whether the model has been run under scenario RCP8.5 and RCP4.5. In

bold, the models that have been selected for the analysis of temperature projections (Criterion 2 and results for the two scenarios).

Model Cr 1 Cr 2 Cr 3 Cr 4 RCP 8.5 RCP 4.5

GISS-E2-R-CC ✔ ✔ ✔ ✔ ✔ ✔
IPSL-CM5A-MR ✔ ✔ ✔ ✔ ✔ ✔
MIROC4H ✔ ✔ ✔ ✔ ✘ ✔
MPI-ESM-LR ✘ ✔ ✘ ✘ ✔ ✔
MPI-ESM-MR ✘ ✔ ✘ ✘ ✔ ✔
CMCC-CESM ✘ ✔ ✘ ✘ ✔ ✔
CMCC-CM ✘ ✔ ✘ ✘ ✔ ✔
CMCC-CMS ✘ ✔ ✘ ✘ ✔ ✔
MPI-ESM-P ✘ ✔ ✘ ✘ ✘ ✔
NORESM1-M ✘ ✔ ✘ ✘ ✔ ✔
CNRM-CM5-2 ✘ ✘ ✘ ✔ ✘ ✔
IPSL-CM5A-LR ✘ ✘ ✘ ✔ ✔ ✔

https://doi.org/10.1371/journal.pone.0255505.t002
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ranging from 29˚C in the northern part to 33˚C in the southern part. Under scenario RCP4.5

the spatial pattern is very similar, but the warming is lower, with values ranging from 26˚C in

the north to 31˚C in the south. Additionally, we assess the uncertainty by looking at the ensem-

ble spread. Due to the limited size of the ensemble (8 models), we evaluated the minimum and

maximum values and the std from the ensemble (Fig 7, Table 3). Under scenario RCP8.5 the

minimum projected values are 27˚C in the northern part while the maximum ones can be

found in the southern part (34˚C). Under scenario RCP4.5, the minimum values would be

25˚C in the northern part and the maximum projected values are 31.5˚C in the southern part.

In order to analyse the rate of change throughout the century, linear trends have been fitted

to the average surface temperature for two periods (Fig 9): 2006–2050 (period 1) and 2051–

2100 (period 2). For the RCP 4.5 scenario, the trends are 0.23˚C/decade and 0.11˚C/decade,

respectively. For RCP 8.5, the trends are 0.31˚C/decade and 0.47˚C/decade, respectively.

Therefore, under scenario RCP4.5 there is a deceleration of the warming in the upper layers

after 2050, while under scenario RCP8.5 is the opposite, with warming increasing after 2050.

Fig 7. SST increase at the end of the century (2080–2100) with respect to the present climate (1985–2005) under

the RCP8.5 scenario for the selected GCMs (RCP 8.5).

https://doi.org/10.1371/journal.pone.0255505.g007

Table 3. Ensemble results for the basin averaged SST anomalies in the Red Sea (in ˚C) at the end of the century (2080–2100). The ensemble mean and spread (STD)

along with the ensemble minimum and maximum values are presented for scenario RCP4.5 and RCP8.5.

RCP4.5 (2080–2100) RCP8.5(2080–2100)

Ens. Mean Ens. STD Ens. Min Ens. Max Ens. Mean Ens. STD Ens. Min Ens. Max

Del_SST (˚C) 1.57 0.37 0.83 1.96 3.32 0.65 2.17 4.20

Del_T(0-225m) (˚C) 1.38 0.33 0.95 1.71 2.84 0.54 1.91 3.62

https://doi.org/10.1371/journal.pone.0255505.t003
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By the end of the century (2080–2100), the averaged surface temperature would increase with

respect to present conditions 1.6˚C±0.4˚C˚C and 3.3˚C±0.7˚C (ensemble mean ±> spread)

under scenarios RCP4.5 and RCP8.5, respectively (Fig 9).

Temperature vertical profiles

All GCMs that have been evaluated project a rather uniform warming across the basin at dif-

ferent depths. Under scenario RCP8.5 they project more intense warming in the upper layers,

with anomalies in the period 2080–2100 above 3˚C with respect to present values, while

decreasing to 2.2˚C at 300 m (S4 Fig). This difference in the rate of warming between the two

Fig 8. Projected SST (in ˚C) for the period 2080–2100 under RCP 8.5 scenario (top), and RCP 4.5 scenario (bottom).

(Left column) Ensemble average, (middle column) ensemble minimum and (right column) ensemble maximum.

https://doi.org/10.1371/journal.pone.0255505.g008
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depths will contribute to enhance the vertical stratification. The absolute value of the stratifica-

tion is not available as the density fields were not available for all the models used in this study.

However, the reported differential warming would contribute to increase the density differ-

ence between surface and 300m in 0.38 kg/m3. Scenario RCP4.5 projects more vertically

homogeneous warming, with projected anomalies of approximately 1.5˚C at all levels of the

upper 300 m for the period (2080–2100). Under RCP4.5, thus, it is not expected that warming

would induce changes in the stratification. The spread of model projections is almost constant

through the water column, with an ensemble STD of 0.9˚C and 0.4˚C under RCP8.5 and

RCP4.5, respectively. All models project the same behaviour in terms of the shape of the anom-

aly profiles under both scenarios, which provides an estimate of the robustness of the results,

with enhanced stratification under scenario RCP8.5 and homogeneous warming under sce-

nario RCP4.5 (S4 Fig).

Impact of mean temperature rise on marine heat waves

The future evolution of marine heat waves depends on two factors. On the one hand it depends

on changes in the mean temperature, and on the other hand on changes in the intra-seasonal

variability. In terms of the probability density function (pdf), the first would imply a shift in

the pdf location, while the second would imply a change in the shape of the pdf. The first factor

is usually the dominant one, accounting for a large part of the projected changes in MHWs

(e.g. in the Mediterranean the changes in the mean temperature account for more than 80% of

the projected changes in the maximum temperature), [18,22]. Unfortunately, high frequency

Fig 9. Historical (grey) and future projection of the Red Sea SST basin average (in ˚C) under scenario RCP 8.5 (red)

and scenario RCP4.5 (blue). The solid lines indicate the ensemble average while the patch represents the range of

values from the ensemble. Yellow lines indicates a linear trend fitted for both scenarios for the period 2006–2050 (solid

lines) and 2051–2100 (dashed lines). The vertical boxes indicate the time period when the global temperature would be

1.5˚C above preindustrial levels in both scenarios.

https://doi.org/10.1371/journal.pone.0255505.g009
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outputs from all the selected GCMs were not available at the time this study was launched, so

whether the mechanisms behind the extreme events will change could not be assessed. Never-

theless, recent studies have confirmed the results of [18] showing that the driver for MHW

changes in most regions of the world is the change in the mean state, rather than changes in

the intra-seasonal variability [7,38]. Therefore, here we focus on assessing how the changes in

the mean state would modify the statistics of MHWs in the Red Sea and the Gulf of Aden.

To analyse how the increase of the mean temperature would affect the MHW characteristics

in the Red Sea, we generate a high frequency projection of Red Sea SST for the period 2065–

2100 by combining the observed present day intra-seasonal variability with the lower frequency

components from the GCM outputs for the end of the century. Namely, we first compute daily

maps of satellite SST anomalies for the present climate (1982–2017) removing the monthly aver-

age from the satellite data. Then, we add to these anomalies the monthly SST maps from each

one of the selected GCMs (2065–2100). In other words, we keep the observed intra-seasonal

variability while imposing the low frequency variability projected by the GCMs (see S5 and S6

Figs). Then, we compare the statistics of MHWs for that period (ensemble average) with the sta-

tistics of present day MHWs. It is worth noting that the intra-seasonal variability of the SST has

a STD of 0.85˚C (see Skill Assessment Formulation in the SI), which is lower than the projected

increase in the mean temperature. This, although not conclusive, reinforces the idea that

changes in the MHWs will probably be dominated by the changes in the mean temperature.

In order to characterize MHWs at a particular location we follow the approach of [24],

which is an adaptation for the marine environment of what is typically done to characterize

atmospheric heat waves. Namely, a MHW is defined as a period of at least 5 consecutive days

with temperatures above a certain percentile, computed from, at least, a 30-year period in the

present climate. [24] proposes the use of the 90th percentile, while other studies use the 99th

percentile [18,22,23]. Then, for the evaluation of future MHWs, the projected heat waves are

defined following the same criterion, but using the threshold computed for the present climate.

It must be noticed that the choice of any of those thresholds is somehow subjective and the

MHWs characteristics could change depending on it. Therefore, we have tested the MWHs

characteristics using different thresholds (90th,95th,98th and 99th), to assess the differences of

the MHWs in the future with respect to present conditions. The results are qualitatively very

similar (S7 Fig), so they will not be discussed here in detail. The results shown here are based

on the definition of [28], which is an adaptation of the previous studies tuned to better repre-

sent the conditions that induce coral bleaching in the Red Sea. In particular, we consider a

MHW as a period of at least 7 consecutive days with temperatures above the 95th percentile of

the satellite SST computed for the period 1982–2017 at a particular location. This definition

has been used to characterize the major events of coral bleaching in 1998, 2007, 2010, 2012 and

2015 [28].

The 95th percentile of present SST shows significant regional differences. In the Outer

Region, the values are minimum (30˚C), while it increases to 31.5˚C in the western part, in the

Gulf of Aden, less affected by the open sea dynamics and lateral mixing. The 95th percentile

increases to 33˚C in the Southern Red Sea (18˚N) and decreases to 30˚C in the northern Red

Sea (S8A Fig). With this threshold, the number of MHWs per year ranges between 0.6 and 1

events/year, with higher values in the northern part of the Red Sea and the Outer Region (S8B

Fig). The mean intensity of the MHWs, defined as the average excess over the chosen threshold

during the heat wave duration [24], tends to have larger values in the Outer Region and the

Gulf of Aden, where intensities exceed 0.7˚C. In the rest of the domain, MHWs intensities are

around 0.5˚C (S8C Fig).

Our results project a mean increase of the summer SST of approximately 3.3 + 0.6˚C (1.6

±> 0.3˚C) at the end of the 21st century under the RCP8.5 (RCP4.5) scenario. This increase
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directly impacts on the MHW statistics. We analyse the future MHWs characteristics from the

average of the 8 selected GCMs (Fig 10, mid column) and we use the ensemble standard devia-

tion (STD) as a measure of the uncertainty (Fig 10, third column and S4 Table). The projec-

tions show that MHWs will happen every year, while the average duration of MHW, currently

at 8–12 days per year (Fig 10A), will dramatically increase to around 120 ± 35 days per year in

the south of the Red Sea and the Gulf of Aden, and around 50 ± 15 days per year in the rest of

the region under the RCP4.5 scenario (S9B and S9C Fig). Under the RCP 8.5 scenario, MHW

duration is expected to reach more than 200 ± 40 days per year in the South of the Red Sea and

around 150 ± 20 days per year in the North, with values larger than 200 ± 60 days per year in

the open ocean (Fig 10B and 10C).

The mean intensity of the MHWs will consequently increase. At present, the annual mean

intensity (AMI) of MHWs ranges from 0.4 to 0.7˚C (Fig 10D), while it would increase to

around 1–2 ± 0.20˚C under scenario RCP4.5 (S9E and S9F Fig) and to 2–3 ± 0.4˚C under sce-

nario RCP 8.5 (Fig 10E and 10F). Under both scenarios, the spatial pattern of AMI is the same,

with the largest values in the Red Sea and the lowest values in the outer region. Finally, we

compute the annual accumulative mean Intensity (AAMI), defined as the accumulative excess

of temperatures over the threshold. At present it is lower than 4˚C�day in the Red Sea and the

Gulf of Aden, increases to 7˚C�day in the northern Red Sea and reaches a maximum of

10˚C�day in the open Indian Ocean (Fig 10G). This spatial distribution is mainly determined

by the length of the MHWs (see Fig 10A). For the end of the century, the models project a

large increase in the AAMI with a spatial pattern very similar under both scenarios, with the

Fig 10. Statistics of MHWs for present conditions (left column), scenario RCP8.5 (ensemble average, middle column)

and associated uncertainties (ensemble STD, right column). (a-c) Average length of MHWs in days per year. (d-f)

Annual mean Intensity (˚C). (g-i) Annual Accumulative mean Intensity (˚C � day). Note the colorbars for the future

scenarios are different than for the present conditions.

https://doi.org/10.1371/journal.pone.0255505.g010
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largest values in the southern Red Sea and the lower values in the Outer Region. In particular

AAMI would reach about 150 ± 35˚C�day under scenario RCP4.5, with maximum values in

the southern Red Sea (180 ± 55˚C�day), decreasing to 50 ± 30˚C�day approximately in the

Outer Region (S9H and S9I Fig). Under scenario RCP8.5 the projected AAMI is 300–

400 ± 100˚C�day in the northern Red Sea and around 250 ± 120˚C�day in the Outer Region

(Fig 10H and 10I).

Discussion

GCMs are not designed to simulate regional processes, mainly because of their coarse resolu-

tion and the lack of specific tuning of model parameters, which is the main reason why GCMs

are often discarded for regional analyses in semi enclosed seas [39]. Previous studies compar-

ing regional and global models with observations suggest that regional simulations are

required to properly simulate key processes in semi enclosed seas [16,40]. That would be the

case for those analyses focused on the circulation and the 3D heat and salt distribution, which

require a minimum spatial resolution to be properly solved. However, [18] showed that a rela-

tively simple process like the air-sea interaction, can be reasonably reproduced by GCMs.

Therefore, ocean variability which would only depend on the air-sea interaction could poten-

tially be faithfully represented by GCMs. In this sense, [18] reported that projected changes of

surface temperature in the Mediterranean for the 21st century were similar using an ensemble

of GCMs or regional climate models. In conclusion, the suitability of GCMs for a particular

study is case dependent. In order to further investigate the driving mechanism for the Red Sea

heat content variability we compare observed heat content in the upper 100 m in the Red Sea

from the TEMPERSEA product [17] with air temperatures at 1000 mbars obtained from the

JRA55 reanalysis [16], (https://rda.ucar.edu/datasets/ds628.1/?hash=access). The comparison

of the yearly values for the period 1958–2013 (Fig 11) shows that interannual variations in the

Red Sea heat content are highly correlated to variations in the air temperature (r = 0.68). It has

to be noted that both datasets are totally independent as one is constructed from ocean obser-

vations and the other using atmospheric data. This result reinforces the idea that heat content

variations could be reproduced, at least as a first approximation, by models correctly reproduc-

ing air-sea interactions.

In order to assess if GCMs are able to reproduce the heat content variability in the Red Sea,

here we have assessed the skills of 43 GCMs in terms of different diagnostics related to heat

uptake. Our results are very heterogeneous with some of the models that did not even repre-

sent the Red Sea in their ocean mask, and others that showed very poor results in all the diag-

nostics. However, we have also found that some GCMs were able to reproduce the present

variability with an accuracy comparable to the reference regional simulations (KAUST and

GLORYS), especially inside the Red Sea. Those models are able to approximate reasonably

well the seasonal and interannual variability of the temperature profile in the upper 300 m,

suggesting that ocean heat uptake is properly modelled. Also, they are able to represent the

spatial variability with the north to south gradients in the Red Sea and the distinctive behav-

iour of the Outer Region.

We found the skill of GCMs to be typically better inside the Red Sea than in the Outer zone.

This is consistent with a previous study [17], that has shown that the heat content evolution in

the Red Sea basin is mainly driven by the air-sea interactions, while the Outer Region is also

affected by the advection of waters from the open Indian ocean. This suggests that the mecha-

nisms underpinning the basin temperature evolution of the Red Sea are relatively simpler, and

thereby easier to be captured by GCMs. In the Outer Region, GCMs should be able to properly

model not only the air-sea interactions but also the temperature evolution and the circulation
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patterns in the Indian Ocean. Thus, in our case, the isolation of the Red Sea from open ocean

dynamics makes easier for the GCM to represent the heat content variability.

The temperature projections have been done based on the ensemble of 8 models that have

met acceptable levels in selected diagnostics. Those diagnostics have been selected to reach a

balance between the number of requirements and the number of models that are needed for

the computations. However, as we have mentioned above, there is an unavoidable degree of

subjectivity in any model selection procedure. Therefore, for completeness we have computed

also the projected SST anomaly for different subensembles created following different criteria

(Table 1). The results show that depending on the criterion chosen the projected SST increase

under scenario RCP8.5 would range between 3.15˚C and 3.45˚C (S10 Fig). The former is

obtained using criterion 1, the most restrictive, in which only 2 models complied (see Table 2).

The latter was obtained using criterion 4, but in this case, there were no requirements on the

GCM trends (Table 2). Namely, models with present climate trends larger than the observed

range (including uncertainties) are kept and drive the ensemble towards larger projected

anomalies. Therefore, the selected criterion (number 2), seems to provide a good compromise,

between realistic representation of key processes and the number of models kept in the ensem-

ble. Nevertheless, the final results would not have changed significantly if other criterion

would have been selected (difference lower than 10%; see S10 Fig).

A note of caution is needed here. Although we think the selected GCMs provide a reason-

ably quality in reproducing Red Sea temperature variablity, the projections reported here have

Fig 11. Air temperature at 1000 mbars (x-axis) and 0-100m sea temperature (y-axis) in the Red Sea. A high-pass filter

has been applied to remove multidecadal variations.

https://doi.org/10.1371/journal.pone.0255505.g011
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to be considered as a first approximation. Higher resolution models would be able to repro-

duce more mechanisms and to provide more accurate projections. However, until an ensemble

of high resolution ocean models is available the projections done by the selected CMIP5

GCMs can be considered as a benchmark result.

A recent study by [41], identified a multidecadal variability of Red Sea SST with a period of

70 years and an amplitude of approximately 0.3˚C. Those authors suggested the Red Sea could

enter into a cooling phase in the next years. However, that conclusion was derived from a

rough extrapolation of the observations and can be reviewed in the light of the outcome of the

more sophisticated approach presented here (S11 Fig). First, the observed multidecadal oscilla-

tion is overimposed to a long-term trend, so both components should be examined jointly.

Depending on the long-term evolution during the next years, the absolute change will have a

sign or another. Second, the concept of cooling requires the definition of a reference period.

Overimposing the 70 years oscillation identified by [41] to the 20th century trend, the Red Sea

SST would reach a relative minimum of 27.6˚C in 2035–2040, 0.2˚C lower than the value

recorded during the 2000s but still higher than the mean value of the 20th century (27.5˚C).

However, this ignores global warming. If the 70 years oscillation is superimposed on the trend

observed during the satellite period (1985–2019), the absolute temperatures would remain

roughly constant till year 2035–2040 and then rise at an even higher rate due to the entering

into the positive phase of the multidecadal oscillation. Finally, considering warming under

“business as usual” RCP8.5 projected trends, the Red Sea SST will warm continuously even in

the presence of a 70 years oscillation (S11 Fig).

The characterization of marine heatwaves is also of great importance for the Red Sea, where

several episodes of coral bleaching have been reported in the past [29]. Due to the limited avail-

ability of high-frequency data for the selected GCMs, we have focused on the analysis of how

the mean temperature change would affect the MHW characteristics. To do that we have pro-

jected the daily SST assuming that intraseasonal variability remains constant during the next

decades (i.e. adding the projected monthly temperature anomaly to observed daily values).

This has proven to be a reasonable assumption for the Mediterranean Sea, where only a 10–

20% of the changes in MHW characteristics can be attributed to changes in the day-to-day var-

iability [18,22]. Moreover, at global scale, [23] analysed the high frequency outputs from an

ensemble of GCMs and reached the conclusion that the changes in the occurrence of MHWs

are mainly driven by the global-scale shift in mean SSTs. This extent has also been confirmed

by the observational study of [7,8].

Our study predicts a higher intensity of MHWs in the southern part of the Red Sea (Fig 10F

and 10I), even if the warming pattern is similar throughout the region and the intraseasonal

variability remains unchanged (see Supplementary Information). The reason for the sensitivity

of the southern Red Sea to MHWs is found in the shape of the seasonal cycle, which is flatter

in that region, resulting in an extended summer season. Therefore, once the mean summer

temperature exceeds the local threshold, there would be many days per year exceeding that

threshold. In the Northern Region or even more in the Outer Region, the summer is much

shorter, so the increase in the mean value would have a more moderate impact on the MHW

characteristics (Fig 12).

Finally, our results highlight the benefits of mitigation. The averaged warming in the sea

surface would go from 3.3±0.6˚C under a business as usual scenario to 1.6±0.4˚C under a sce-

nario of moderate mitigation (RCP4.5), with respect to period 1990–2010. Additionally, we

can do a first assessment of what would be the situation in the Red Sea if the goals of the Paris

agreement were reached and the global temperature increase with respect to preindustrial

period remained below 1.5˚C. That situation would happen under scenario RCP8.5 between

years 2025–2040 (most likely 2038) and under scenario RCP4.5 between years 2040–2075
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(most likely 2045). In those periods and scenarios the SST increase in the Red Sea would be of

only 0.7 ± 0.6˚C, which also matches the results obtained with 3 GCMs under scenario RCP2.6

by [13]. Therefore, it is clear that the expected impacts in the Red Sea in terms of mean warm-

ing but also in terms of MHWs would be much reduced under a scenario of strong mitigation.

Conclusions

In this work we have assessed the skills of coarse resolution GCMs in reproducing the heat

content variablity of the Red Sea. Namely we used different diagnostics on the seasonal, inter-

annual and long-term variability of the temperature field. The results have shown very diverse

results for the different GCMs, with almost half of them being unacceptable under the pro-

posed criteria. However, we have also found a limited subensemble of 8 GCM models that

show acceptable skills in most of the diagnostics, at a level comparable to two reference high

resolution simulations. The selected subensemble was then used to project the temperature

evolution in the Red Sea and the Gulf of Aden under a business-as-usual scenario (RCP8.5)

and a moderate scenario (RCP4.5). The models project a larger warming under the former

(3.3 ±0.6˚C at the surface for the period 2080–2100) than under the latter (1.6 ±0.4˚C at the

surface for the period 2080–2100). Also, the models consistently showed that under scenario

RCP8.5 the water column would become more stratified, while under scenario RCP4.5 the

warming is expected to be quite homogenous in depth. This rise of the mean temperature

would also affect the characteristics of marine heat waves. At present, the number of days with

Fig 12. Daily SST averaged in the north (Top panel), south (middle panel) and Outer Region (bottom panel) for

present conditions (grey), under scenario RCP 4.5 (light blue) and under scenario RCP8.5 (orange). The dots indicate

the occurrence of MHWs in present conditions (black), under scenario RCP 4.5 (blue) and under scenario RCP 8.5

(red). For clarity only a limited period is plotted (1998–2003 for the present conditions, bottom axis and 2090–2096 for

the future conditions, top axis).

https://doi.org/10.1371/journal.pone.0255505.g012
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MHW conditions ranges among 8 and 12 days per year in all the region. At the end of the cen-

tury, under the RCP4.5 scenario, the number of days would increase to 125 days per year in

the southern Red Sea and the Gulf of Aden, and around 100 days per year in the rest of the

region. Under the RCP 8.5 scenario the situation would be even worse, reaching more than

200 days per year in the southern Red Sea and around 150 days in the northern part and the

Gulf of Aden. Consequently, the annual mean intensity (0.6˚C) of the MHWs would increase

in the Red Sea, being around 4 (3.6) times larger under the scenario RCP8.5 (RCP4.5). These

projections based on GCMs have to be considered as a first approximation and a benchmark

result until an ensemble of high resolution ocean models is available. Nevertheless, they clearly

point towards the danger of a business-as-usual scenario of emissions and the great potential

benefits that mitigation would bring to the Red Sea.

Supporting information

S1 Fig. Same as Fig 3 but for the outer region. KAUST simulation does not cover this area

and is therefore not included in the plots.

(TIF)

S2 Fig. Vertical profile of the interannual STD (in ˚C) in the Red Sea (left) and in the Gulf of

Aden (right) for observations (black line), KAUST (red line), GLORYS (blue line), CMIP5

models (grey lines) and the average of selected GCMs (see “Model Selection” section, green

line).

(TIF)

S3 Fig. Maps of averaged SST anomaly for the period 1985–2005 (in ˚C) with respect to the

basin average for each selected GCMs.

(TIF)

S4 Fig. Left panel: Vertical profile of averaged temperatures in the Red Sea (in ˚C) for the

observations (black), RCP4.5 (blue dashed lines, all models selected) and RCP8.5 (red dashed

lines, all models selected) and the ensemble average is represented with a thick line. Right

panel: Vertical profile of projected anomalies in the Red Sea for all the selected models under

scenario RCP4.5 (blue) and RCP8.5(red). The ensemble average is represented with a thick

line.

(TIF)

S5 Fig. (Top) Anomaly of the observed Sea Surface temperature (blue) and fitted seasonal

cycle (red). (Bottom) Intra-seasonal variability of the observed sea surface temperature (grey).

(TIF)

S6 Fig. Seasonal climatology of the selected CMIP5 models for Present (grey lines) and

Future climate (red lines). The values of each model are represented with thin lines, while the

ensemble average is represented with thick lines.

(TIF)

S7 Fig. Simulated changes in different MHWs descriptors presented as the ratio of pro-

jected values over the present climate values. (a) annual mean duration, (b) annual mean

intensity and (c) annual cumulative mean intensity (d). The colours represent different thresh-

olds that have been used to define a MHW (90th, 95th, 98th and 99th percentiles).

(TIF)

S8 Fig. Marine Heat Wave (MHW) characteristics in the present climate. 95th -Percentile

(left panel) in ˚C, number of MHWs per year (middle panel), and the annual mean intensity
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(AMI) in ˚C (right panel).

(TIF)

S9 Fig. Statistics of MHWs for present conditions (left column), scenario RCP4.5 (ensemble

average, middle column) and associated uncertainties (ensemble STD, right column). (a-c)

Average length of MHWs in days per year. (d-f) Annual mean Intensity (˚C). (g-i) Annual

Accumulative mean Intensity (˚C � day). Note the colorbars for the future scenarios are differ-

ent than for the present conditions.

(TIF)

S10 Fig. Projected SST anomaly for different subensembles according to different criteria

(see Table 1).

(TIF)

S11 Fig. Simplified projections for the evolution of basin averaged SST. Assuming the mul-

tidecadal oscillation identified by Krokos et al., (2019) continues along the 21st century, we

test how the temperatures would change imposing different long term trends: The observed

20st century trend (in black), the trend observed during the satellite period (yellow) or the

trend projected by models under scenario RCP8.5 (red).

(TIF)

S1 Table. Set of diagnostics to rank the performance of the models from the model outputs

and the observational datasets for the period 1985–2005, for the Red Sea and the Gulf of

Aden (Outer Region) separately.

(XLSX)

S2 Table. Set of diagnostics to rank the performance of the models from the model outputs

and the observational datasets for the period 1985–2005, for the Gulf of Aden (Outer

Region).

(XLSX)

S3 Table. Change of the basin averaged sea surface temperature by the end of the century

(2080–2100) respect to the present (1985–2005) of those GCM that fulfil at least one of the

criterion (see Table 1).

(XLSX)

S4 Table. Statistics of MHWs for each selected GCM. Average length of MHWs (DMHW,

in days/year), Annual Mean Intensity (AMI, in ˚C/year) and Annual Acumulative Mean

Intensity (AAMI, in ˚C x day/year). Results are presented for the present climate (1985–2015)

and for projected future conditions under scenarios RCP4.5 and RCP8.5 for the period 2080–

2100.

(XLSX)
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