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Abstract

The global average temperature has increased significantly since the preindustrial era. Translating global warming into regional

scales is crucial to formulate effective environmental and climate policies. A realistic assessment of regional climate change

requires high-resolution datasets. We present a new high-resolution (9 km) analysis of historical and future regional warming

over the Middle East and North Africa (MENA) using observations, reanalysis products, and statistically downscaled global

climate models from the Coupled Model Intercomparison Project (CMIP) Phase 5 and 6. The observed regional temperature

change over the MENA subregions appears to be up to three times faster than the global average. Regional warming has already

surpassed the 1.5 and is at the brink of exceeding 2 . By the end of the 21st century, the Arabian Peninsula will warm from

2.66 ± 0.57 to 7.61 ± 1.53 under the low (SSP1–2.6) and high-end (SSP5–8.5) emission scenarios, respectively. We identify

spatially distinct summer and winter warming hotspots. The most prominent spots in summer are the Arabian Peninsula

Hotspot Region (APHR) and Algerian Hotspot Region. Major winter hotspots appear over Mauritania in West Arica and

the Elburz Mountains. Moreover, APHR has already exceeded 2 degC of warming and will warm by about 9 degC under the

high-end emission scenario by the end of the century. The 1.5, 2, 3, and 4 global warming levels are associated with substantial

regional warming of 2.1 +- 0.2, 2.76 +- 0.2, 4.19 +- 0.25, and 5.49 +- 0.38 , respectively, over the Arabian Peninsula.
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Key Points: 17 

• Downscaled climate models show world would surpass 1.5, 2, 3, and 4 ℃ warming by 18 
years 2028, 2041, 2062, and 2081, respectively 19 

• Global warming is associated with accelerated and spatially incoherent regional warming 20 
over the Middle East and North Africa 21 

• Coupled Model Intercomparison Project Phases 5 and 6 show consistent warming 22 
patterns over the region compared with observations  23 
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Abstract 24 

The global average temperature has increased significantly since the preindustrial era. 25 
Translating global warming into regional scales is crucial to formulate effective environmental 26 
and climate policies. A realistic assessment of regional climate change requires high-resolution 27 
datasets. We present a new high-resolution (9 km) analysis of historical and future regional 28 
warming over the Middle East and North Africa (MENA) using observations, reanalysis 29 
products, and statistically downscaled global climate models from the Coupled Model 30 
Intercomparison Project (CMIP) Phase 5 and 6. The observed regional temperature change over 31 
the MENA subregions appears to be up to three times faster than the global average. Regional 32 
warming has already surpassed the 1.5 ℃ and is at the brink of exceeding 2 ℃. By the end of the 33 
21st century, the Arabian Peninsula will warm from 2.66 ± 0.57 to 7.61 ± 1.53 ℃ under the low 34 
(SSP1–2.6) and high-end (SSP5–8.5) emission scenarios, respectively. We identify spatially 35 
distinct summer and winter warming hotspots. The most prominent spots in summer are the 36 
Arabian Peninsula Hotspot Region (APHR) and Algerian Hotspot Region. Major winter hotspots 37 
appear over Mauritania in West Arica and the Elburz Mountains. Moreover, APHR has already 38 
exceeded 2 °C of warming and will warm by about 9 °C under the high-end emission scenario by 39 
the end of the century. The 1.5, 2, 3, and 4 ℃ global warming levels are associated with 40 
substantial regional warming of 2.1 ± 0.2, 2.76 ± 0.2, 4.19 ± 0.25, and 5.49 ± 0.38 ℃, 41 
respectively, over the Arabian Peninsula. 42 

Plain Language Summary 43 
 44 
Climate studies consistently conclude that Earth is warming alarmingly in the foreseeable future. 45 
This study presents the high-resolution (9 km) analysis of surface air temperature changes over 46 
the Middle East and North Africa (MENA) from 1850 until the end of the twenty-first century. It 47 
employs the best available observational datasets and climate models, providing the basis for 48 
regional-scale studies. The results reveal that the Arabian Peninsula and the entire MENA 49 
region's historical and future warming is higher than the globe's average. The warming rate in the 50 
central Arabian Peninsula is comparable with that of the Arctic region, as both are warming two 51 
to three times faster than the global average, except the Arabian Peninsula is already one of the 52 
hottest regions on Earth. It vividly reinforces that the enhanced warming over the region will 53 
adversely impact the local to regional socioeconomic and energy consumption patterns, besides 54 
jeopardizing human livability. 55 

1 Introduction 56 

The global average temperature has increased since the preindustrial era, primarily due to 57 
anthropogenic greenhouse gas (GHG) emissions (Bindoff et al., 2013; Intergovernmental Panel 58 
on Climate Change [IPCC], 2021). The rising temperatures affect global and regional climates 59 
(Arnell et al., 2019; Olonscheck et al., 2021), causing more frequent and intense heat waves (Im 60 
et al., 2017; Power & Delage, 2019; Raymond et al., 2020; Wouters et al., 2022), extreme 61 
precipitation events (Fowler & Ali, 2022; Seneviratne et al., 2021; Tabari, 2020), droughts (Dai, 62 
2013; Naumann et al., 2018; Seneviratne et al., 2021), and sea level rise (Mengel et al., 2016; 63 
Tebaldi et al., 2021). These extremes result in significant socioeconomic challenges (Gao et al., 64 
2019; Handmer et al., 2012; Kjellstrom et al., 2010) and threats to biodiversity on terrestrial 65 
(Botkin et al., 2007; Malcolm et al., 2006) and marine ecosystems (Doney et al., 2012). Recent 66 
studies have shown that the Arctic is warming at a rate two to three times faster than the global 67 

https://www.sciencedirect.com/science/article/pii/S0048969722068413?via%3Dihub#bbb0210
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average (Cohen et al., 2020), and the Antarctic Peninsula has warmed by more than 3 °C in the 68 
last 50 years (British Antarctic Survey, 2022). Desert regions have also exhibited significantly 69 
stronger temperature trends than the global average warming rates (Zittis et al., 2022). The 70 
global warming patterns appear particularly prominent in the tropics and subtropics (Bathiany et 71 
al., 2018; Battisti & Naylor, 2009; Fischer & Knutti, 2013; Mora et al., 2017; Willett & 72 
Sherwood, 2012; Vargas Zeppetello et al., 2022) where the Middle East and North Africa 73 
(MENA) are located. 74 

In addition, MENA has a harsh climate (Fonseca et al., 2022) and is considered a global hotspot 75 
warming region (Diffenbaugh & Giorgi, 2012; Giorgi, 2006; Waha et al., 2017). This region is 76 
under severe threat of climatic changes, as various studies (Dasari et al., 2021; Freychet et al., 77 
2022; Lelieveld et al., 2012; Majdi et al., 2022; Pal & Eltahir, 2016; Safieddine et al., 2022) have 78 
predicted the influence of high GHG emissions. People in this region are already vulnerable 79 
(Majdi et al., 2022) due to very high summer temperatures (Ntoumos et al., 2022; De Pauw, 80 
2002), water scarcity (Waha et al., 2017; World Bank, 2018), persistent droughts (Baza et al., 81 
2018), warm-humid conditions near the coasts (Odnoletkova & Patzek, 2021), and the prevailing 82 
hot-dry summer climate away from the sea. Moreover, summers in these regions warm faster 83 
than winters (Lelieveld et al., 2016). 84 

Due to strong warming in the region (Almazroui et al., 2022; Ntoumos et al., 2022; Suarez-85 
Gutierrez et al., 2020; Zhao et al., 2021; Zittis et al., 2021), there are concerns about future 86 
human habitability in the MENA region, especially for areas closer to coastal zones (e.g., the 87 
Persian Gulf and Red Sea; Andrews et al., 2018; Pal & Eltahir, 2016; Raymond et al., 2020; 88 
Safieddine et al., 2022). Most of the population in the Arabian Peninsula resides in coastal zones 89 
away from the inland arid areas (except Riyadh Province) due to milder temperatures and the 90 
availability of rain (De Pauw, 2002) or desalinated water. Precise estimates of future warming 91 
over the coastal zones of the Arabian Peninsula could help policymakers better plan and address 92 
the habitability issues in the region.  93 

The global average temperature increase has surpassed 1.1 °C compared to the preindustrial 94 
climate (1850–1900) (IPCC, 2021; Tollefson, 2021). Under the 2015 Paris Agreement, several 95 
countries have agreed to reduce GHG emissions to limit the global average temperature rise to 96 
1.5 °C relative to preindustrial levels (IPCC, 2018). However, the intended nationally determined 97 
contributions for GHG emissions indicate that the current efforts are insufficient and global 98 
temperature could rise between 2.6 and 3.1 °C by 2100 (Rogelj et al., 2016). According to the 99 
Sixth Assessment Report by the IPCC, the global average temperature is expected to rise 100 
between 2.1 and 3.5 °C under an intermediate emission scenario (IPCC, 2021). Further, carbon 101 
dioxide (CO2) emissions should not exceed 110 Gt with a 66% probability of keeping warming 102 
below 1.5 °C (Lamboll et al., 2022). This study investigates regional warming over MENA and 103 
its subregions when the global temperature reaches 1.5, 2, 3, and 4 °C warming thresholds. 104 
Understanding and predicting temperature variability over the Arabian Peninsula requires high-105 
resolution reanalyses and climate model outputs. Low-resolution datasets cannot adequately 106 
resolve local and regional processes (Pal & Eltahir, 2016). Previous studies (see Almazroui et al., 107 
2022; Majdi et al., 2022; Ntoumos et al., 2022; Safieddine et al., 2022; Zittis et al., 2021) have 108 
provided relatively low-resolution climate projections for the region; which may underestimate 109 
temperature changes over the coastal zones among other problems. To avoid this drawback, we 110 
use the following multiple and high-resolution climate datasets: 111 
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 112 
i) eight state-of-the-art observational datasets (1° to 5° latitude/longitude) with 200 113 

ensemble members provided by the Met Office Hadley Center/Climatic Research Unit 114 
for uncertainty estimates; 115 

 116 
ii) three high-resolution reanalysis products (0.1° to 0.5° latitude/longitude) with 10 117 

ensemble members; and 118 
iii) 26 high-resolution statistically downscaled (0.1° to 0.25° latitude/longitude) 119 

Atmosphere-Ocean General Circulation Climate Model (AOGCM)s outputs from the 120 
Coupled Model Intercomparison Project (CMIP) Phases 5 and 6 with low (shared 121 
socioeconomic pathways [SSP] 1–2.6), intermediate (representative concentration 122 
pathways [RCP] 4.5), and high (RCP8.5 and SSP5–8.5) GHG emission scenarios. 123 

 124 
The recent CMIP6 AOGCMs have improved physics, including aerosol-climate interactions, 125 
compared to CMIP5 (IPCC, 2021). We consider models with different climate sensitivity and 126 
structural differences to provide robust and updated estimates of historical and future warming in 127 
the MENA region and quantify subregional warming in the Arabian Peninsula, addressing the 128 
following three critical questions: 129 

i) How much warming has occurred over MENA and its subregions relative to the preindustrial 130 
climate (1850–1900), and how well do the CMIP5 and CMIP6 models simulate the observed 131 
regional temperature changes? 132 

ii) What is the regional and subregional temperature response to global warming, particularly 133 
when the average global temperature surpasses 1.5, 2, 3, and 4 °C warming thresholds? 134 

iii) How consistent are CMIP5 and CMIP6 ensembles in simulating future warming patterns over 135 
the region, and what uncertainty is associated with internal climate and inter-model variability? 136 

 137 

Figure 1. Middle East and North Africa with significant warming hotspots and selected coastal 138 
zones. Coastal zones (blue) are 160 km inland from the coastal boundary, where the land-sea 139 
breeze predominates. The red polygon marks the Arabian Peninsula Hotspot Region (APHR). 140 
See Table S1 for the geographic coordinates of APHR. 141 
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Further, we estimate the current and future warming in the coastal zones (Fig. 1) of the Arabian 142 
Peninsula. The analysis reveals that the statistically downscaled CMIP5 and CMIP6 models can 143 
simulate the observed warming patterns well. The reanalyses and model outputs simulate the 144 
observed seasonal warming hotspots. We refer to these warming hotspots as the summer Arabian 145 
Peninsula Hotspot Region (APHR), summer Algerian Hotspot Region (AHR), winter North 146 
African Hotspot Region (NAHR), winter West African Hotspot Region (WAHR), and winter 147 
Elburz Mountain hotspot (Fig. 1). 148 

2. Materials and Methods 149 

2.1. Observational Data 150 

To estimate the historical warming between 1850 and 2020 over MENA and its subregions, we 151 
employed monthly means of eight observational datasets with varying latitude/longitude 152 
resolutions of 1° to 5° (Table S2). These datasets include the HadCRUT5 analysis (Morice et al., 153 
2021), Berkeley Earth (Rohde & Hausfather, 2020), GISTEMP v4 (Lenssen et al., 2019), 154 
NOAAGlobalTemp v5 (Zhang et al., 2019, 2021), CMST-Interim (Sun et al., 2021; Yun et al., 155 
2019), and Cowtan and Way v2 (Cowtan and Way, 2014) with three variants. Combining several 156 
datasets can help estimate uncertainty due to missing values and provide the best possible 157 
temperature change assessment. These datasets are briefly described in Text S1 in Supporting 158 
Information. 159 

2.2. Reanalysis Products 160 

We employed three high-resolution reanalysis products (Table S3) produced at the European 161 
Center for Medium-Range Weather Forecasts and provided by the Copernicus Climate Change 162 
Service (C3S) through the Climate Data Store. These reanalysis products are i) European 163 
reAnalysis (ERA5; 0.25°×0.25° latitude/longitude) with 10 ensemble members (0.5°×0.5° 164 
latitude/longitude; Copernicus Climate Change Service, 2023; Hersbach et al., 2019a, 2019b, 165 
2020) and ii) ERA5-Land (0.1°×0.1° latitude/longitude; Copernicus Climate Change Service, 166 
2022a; Muñoz-Sabater et al., 2021) and Watch Forcing Data Methodology (Weedon et al., 2011) 167 
applied on ERA5 (WFDE5; 0.5°×0.5° latitude/longitude; Copernicus Climate Change Service, 168 
2022b; Cucchi et al., 2020, 2021) for bias correction using CRUTSv4.06 (Harris et al., 2020). 169 
The ERA5 reanalysis products with high spatial resolution and complete spatial coverage are 170 
constrained by observational datasets from various sources using advanced data assimilation 171 
techniques (Hersbach et al., 2020). These reanalysis products share similar characteristics at 172 
different spatial resolutions and provide bias-corrected temperature estimates (e.g., WFDE5). 173 
Please refer to Text S2 in Supporting Information for more details. 174 

 2.3. Climate Model Outputs 175 

To estimate the historical and future warming over MENA and its subregions, we employed 176 
high-resolution statistically downscaled and bias-corrected CMIP5 and CMIP6 outputs provided 177 
by Noël et al. (2021, 2022). The statistical downscaling and bias correction make the model 178 
climatology comparable to the observational reference dataset (Noël et al., 2021) with high 179 
spatial resolution. However, bias-adjusted data inherit errors in the reference data used for bias 180 
removal (Coeffel et al., 2018). Further, bias correction assumes that historical bias remains 181 
constant in future simulations (Im et al., 2017; Kang, 2019). 182 



manuscript submitted to Earth’s Future 

6 
 

 2.4. Greenhouse Gas Emission and Shared Socioeconomic Pathways 183 

To assess the regional and subregional temperature change, we considered two representative 184 
concentration pathways, RCP4.5 and RCP8.5 (Moss et al., 2010; Riahi et al., 2011; Thomson et 185 
al., 2011) from CMIP5 (Taylor et al., 2012), and two shared socioeconomic pathways, SSP1–2.6 186 
and SSP5–8.5 (Riahi et al., 2017) from CMIP6 (Eyring et al., 2016). These scenarios allow 187 
calculating future warming under various emission projections. For instance, SSP1–2.6 assumes 188 
a sustainable world with the best warming estimate of 1.8 °C by the end of the century (as agreed 189 
under the Paris Climate Agreement) and a most-likely range of 1.3 to 2.4 °C (IPCC, 2021). The 190 
intermediate mitigation scenario RCP4.5 causes a warming of 2.25 °C (Im et al., 2017). The 191 
RCP8.5 and SSP5–8.5 scenarios are the worst-case or high-end emission scenarios with no 192 
mitigation policy and high fossil fuel-based development in the future with high mitigation 193 
challenges, respectively (Im et al., 2017; Kang, 2019). 194 

 2.5. C3S-CMIP5-Adjusted 2 m Air Temperature 195 

We used monthly means of the 2 m surface air temperature (T2m) from 21 CMIP5 models 196 
statistically downscaled at 0.25°x0.25° (31 km) by Noël et al. (2021) using the ERA5 reanalysis 197 
(Table S4). Downscaling was performed using the trend-preserving cumulative distribution 198 
function transform method called quantile mapping. The 1981–2010 period was taken as the 199 
calibration period from ERA5. Downscaling and bias correction were performed for the 200 
historical (1951–2005) and future (2006–2100) periods for two GHG emission scenarios 201 
(RCP4.5 and RCP8.5) over land and the ocean using only the first ensemble member (r1i1p1). 202 
The original spatial resolutions for the CMIP5 models vary between 0.75° and 3° (Noël et al., 203 
2021). We present the results using the multimodel mean (MMM) of all chosen CMIP5 models, 204 
calculating the inter-model variability at the 99% confidence interval (CI). 205 

2.6. C3S-CMIP6-Adjusted 2 m Air Temperature 206 

We also used monthly means of T2m from five CMIP6 models statistically downscaled at 207 
0.1°x0.1° (9 km) by Noël et al. (2022) with the ERA5-Land reanalysis (Table S5). Only five 208 
models were chosen because it was computationally expensive to downscale an extensive range 209 
of CMIP6 climate models to a high resolution. The five selected models represent the full range 210 
of climate sensitivity of CMIP6 models, as three models (GFDL-ESM4, MPI-ESM1-2-HR, and 211 
MRI-ESM2-0) have low climate sensitivity. The other two (IPSL-CM6A-LR and UKESM1-0-212 
LL) have high climate sensitivity (Noël et al., 2022). Further, these models' ocean and 213 
atmospheric components are structurally independent, and their process representation is fair to 214 
good (Lange, 2021). Downscaling was performed using the same method and calibration period 215 
as the C3S-CMIP5-Adjusted dataset. Downscaling and bias correction was performed for the 216 
historical (1951–2014) and future (2015–2100) periods for three GHG emission scenarios 217 
(SSP1–2.6, SSP2–4.5, and SSP5–8.5) over land only using only the first ensemble member. We 218 
analyzed only two (SSP1–2.6 and SSP5–8.5) emission scenarios. The original spatial resolutions 219 
of the CMIP6 models chosen for downscaling vary from 0.9° to 2.5° (Noël et al., 2022). For the 220 
CMIP6 models, we also present the MMM results, calculating the inter-model variability. 221 

Noël et al. (2022) provided high-resolution statistically downscaled output from five CMIP6 222 
models only over land. We require data over the land and ocean to calculate the years that will 223 
surpass the global warming threshold. Thus, we regridded (at 0.25°x0.25°) the same five CMIP6 224 
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models and scenarios using ERA5 as reference data from 1981–2010. We applied the simple 225 
bias-correction method that adjusts the model output mean bias and temporal variability to the 226 
reference data (see Hawkins et al., 2013). 227 

We also used the actual output from the same 21 (5) CMIP5 (CMIP6) models, referred to as 228 
CMIP5-unadjusted (CMIP6-unadjusted) models. We compared these unadjusted climate model 229 
outputs with their reference reanalysis datasets to determine how much better statistically 230 
downscaled data perform than the original model output. 231 

 2.7. Definition of Seasons, Coastal Zones, and Climate Anomalies 232 

Based on the synoptic conditions, the climate of the Arabian Peninsula can be divided into two 233 
predominant seasons: dry (May–October: MJJASO) and wet (November–April: NDJFMA) 234 
(Almazroui, 2006, 2011). This study classifies summer and winter as MJJASO and NDJFMA for 235 
MENA and its subregions. We defined coastal zones as regions within 160 km of the coastal 236 
boundaries. Land and sea breezes are predominant in these zones, influencing the coastal climate 237 
by reducing the temperature and increasing humidity (Yan, 2005). We considered the west, 238 
south, and east coasts of the Arabian Peninsula (Fig. 1). 239 

We calculated the global annual mean warming relative to the preindustrial climate (1850–2020) 240 
from historical to future periods (1850–2099) and compared it with that of MENA (17.5° W–241 
62.5° E and 12.5° N–37°.5 E; Fig. 1), the Arabian Peninsula, and its coastal zones. We compared 242 
warming for the year 2020 and the years when global warming surpasses thresholds of 1.5, 2, 3, 243 
and 4 °C. We analyzed the mean climatological spatial warming patterns for the historical 244 
(1987–2016), near (2021–2050), and far future (2069–2098) periods. 245 

For all datasets, we calculated the temperature anomalies with respect to the preindustrial climate 246 
(1850–1900), where the basic observational datasets are available as anomalies referencing 247 
different periods (Table S2). We adjusted these datasets to a standard preindustrial reference 248 
period (1850–1900), as done by Morice et al. (2021). To calculate the anomalies for 249 
observational datasets (GISTEMPv4, NOAAGlobalTemp, and CMST-Interim) that do not 250 
wholly cover the preindustrial reference period (1850–1900), we used the preindustrial 251 
climatological mean from the relatively high-resolution and complete spatial Berkeley Earth 252 
data. For this purpose, we first aligned these observational datasets to the anomalies of Berkeley 253 
Earth (1951–1980) data and then subtracted its climatological reference mean (1850–1900). All 254 
observational datasets have been regridded at 0.5°x0.5° (unless otherwise stated) for comparison 255 
with relatively high-resolution WFDE5 and further analyses. 256 

For datasets (model and reanalysis products) not extending far enough back to cover the 257 
preindustrial reference period (1850–1900), we first calculated the climate anomalies relative to 258 
the 20 years from 1986–2005. Then, we added an offset value for global and regional warming 259 
estimates from 1986 to 2005 (Table S6–S7). Based on the published global datasets, compared to 260 
the preindustrial climate, the world has warmed by 0.63 °C in the 20 years from 1986 to 2005 261 
(Allen et al., 2018); thus, we added this offset value to calculate global warming with respect to 262 
the preindustrial period. We found the same global (land and ocean) mean offset value based on 263 
eight observational datasets (Table S6), confirming the appropriateness of the proposed method. 264 
Based on the eight observational datasets, we found an offset of 0.94 for global land. Thus, using 265 
the same concept, we calculated the spatial and temporal offsets for MENA and its subregions 266 
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(Table S7). We refer to the observed global average temperature as the global mean average 267 
temperature (GMAT) and the simulated temperature as the global surface air temperature 268 
(GSAT).  269 

 2.8. Time Series Smoothing 270 

Internal climate variability may affect the warming rates temporarily (Allen et al., 2018), 271 
resulting in an inaccurate assessment of long-term human-induced warming. Thus, IPCC 272 
recommends smoothing the temperature time series on a multidecadal timescale to exclude or 273 
minimize the effect of natural fluctuations (Allen et al., 2018; Rogelj et al., 2017). We used an 274 
adaptive smoothing approach introduced by Mann (2008) to reduce the influence of natural and 275 
internal variability. Climate time series are often nonstationary, particularly those with trends 276 
owing to external forcing. The conventional smoothing methods have certain limitations, such as 277 
suppressing the amplitude and slope and over-smoothing the trends near the boundaries of a time 278 
series. The adaptive smoothing approach overcomes these limitations and produces the best and 279 
most realistic trend estimate (Mann, 2008). We used a low-pass filter and smoothed the 280 
temperature time series with a cutoff frequency of 0.025 (40 years), as Mann (2008) did. This 281 
method resembles the multidecadal smoothing of a time series based on moving averages (e.g., 282 
Park et al., 2022). 283 

 2.9. Observed and Model-based Uncertainty 284 

We used 200 ensemble members of the HadCRUT5 analysis to calculate the observed 285 
uncertainty from 1850 to 2020 at the 99% CI. We used the observed uncertainty in the 286 
HadCRUT5 analysis to ensure that all observational datasets employed are within the uncertainty 287 
range arising from methods for measuring sea surface temperatures, homogenization, 288 
measurement errors, and the presence of data-sparse regions and statistical data reconstruction 289 
methods for filling the gaps (Morice et al., 2021). 290 

We calculated the 30-year mean warming over 1987–2016, 2021–2050, and 2069–2098. We 291 
estimated the variability in the mean warming as a ±1 standard deviation (SD) calculated from 292 
10,000 statistical realizations of the original datasets. Using the bootstrap resampling with 293 
replacement, we generated 10,000 samples of each observational temperature time series and the 294 
corresponding years (e.g., 1850–2020). We calculated temperature anomalies for each realization 295 
relative to the preindustrial period (1850–1900). Then, for the selected period (1987–2020), we 296 
calculated the 30-year mean for each sample. The SD of the means from 10,000 realizations 297 
provides the mean warming uncertainty. We assumed this method accounts for the observational 298 
uncertainty in temperature anomalies arising from sparse data regions over the preindustrial 299 
period. We calculated temperature anomalies for all model-generated datasets relative to the 300 
preindustrial period before generating 10,000 realizations, from which we calculated the 30-year 301 
mean warming and uncertainty for a selected period (e.g., 2021–2050 and 2069–2098).  302 

We estimated the inter-model variability over the historical and future periods using 21 available 303 
climate models from the C3S-CMIP5-Adjusted and five from the C3S-CMIP6-Adjusted datasets. 304 
The years crossing the global warming threshold of 1.5, 2, 3, and 4 °C are calculated from the 305 
smoothed MMM. Using the smoothed time series for each climate model, we found the year 306 
after which the temperature anomaly never falls below a warming threshold (e.g., 1.5 °C). The 307 
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SD of all these model years crossing the temperature threshold provides the model-based 308 
uncertainty for crossing the temperature threshold. 309 

2.10. Estimates of Uncertainty Due to Internal Climate Variability 310 

The uncertainty in the year of crossing a certain global warming threshold caused by internal 311 
variability is estimated using an improved method described by Joshi et al. (2011). Instead of 312 
applying a smooth polynomial fit, we smoothed the temperature time series of each model using 313 
Mann's (2008) adaptive smoothing approach (Fig. S1). The smoothed time series represents the 314 
forced trend. Then, we generated a residual time series by subtracting the trend from the original 315 
time series. Instead of simply applying an autoregressive model for sample generation, we 316 
generated 10,000 samples of a residual time series using the corrected amplitude-adjusted 317 
Fourier transform (Kugiumtzis, 2000) algorithm. We added the calculated trend back to all 318 
10,000 samples. For all 10,000 samples with the added trend, we found the year for crossing a 319 
given global warming threshold (e.g., 1.5 °C). One SD of the years crossing a given global 320 
warming threshold was measured for each model with 10,000 samples. The mean of the SD from 321 
all models provides uncertainty in a year due to the internal variability for crossing the global 322 
warming threshold. 323 

We used the same method to calculate the uncertainty due to internal climate variability in the 324 
30-year mean warming (e.g., 1987–2016). We calculated the 30-year mean warming from all 325 
10,000 samples with the added trend. The 99% CI from these 10,000 means provides an 326 
uncertainty range due to internal climate variability.  327 

The corrected amplitude-adjusted Fourier transform algorithm preserves the autocorrelation and 328 
amplitude distribution of the original time series in the generated samples. This method fits the 329 
first-order autoregressive model on the residual time series, from which 10,000 samples are 330 
developed and transformed to match the amplitude distribution, cumulative density function, and 331 
linear correlations of the residual time series (see Kugiumtzis, 2000; Malik et al., 2018). 332 

2.11. Model Agreement in Spatial Maps 333 

The MMM is an averaged response to external forcing. However, it does not explain its 334 
robustness across the models, as if the forced signal's magnitude is greater than the unforced 335 
signal (i.e., the internal climate variability; Collins et al., 2013). We tested the statistical 336 
significance or robustness of the climate change signal using a method described in the Fifth 337 
Assessment Report by IPCC (Collins et al., 2013). However, we defined the internal variability 338 
as interannual variability over 30 years, for which we measured the robustness of the forced 339 
signal. We assumed that the MMM warming over a grid cell is statistically significant if it is 340 
greater than 2 SDs of the internal climate variability, and all models agree on the sign of the 341 
change. 342 

3 Results 343 

3.1. Climate Model Evaluation 344 

Figure 2 presents the mean bias (1987–2016) of the CMIP-Unadjusted and C3S-CMIP-Adjusted 345 
datasets with reanalyses (ERA5 and ERA5-Land). Significant local mean biases from -7 to 13 °C 346 
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exist between the unadjusted CMIP MMMs and reanalysis datasets (Fig. 2a–d). However, the 347 
mean bias spatially averaged over the entire MENA (MENA-Land) region is less prominent (i.e., 348 
-0.95 (0.18) °C for summer and -1.64 (-0.61) °C for winter). 349 

The statistical downscaling significantly reduces the mean bias on the local and regional scale 350 
(Fig. 2e–f). The mean summer and winter biases reduce to -0.03 (0.01) °C and -0.07 (-0.02) °C, 351 
respectively, when spatially averaged over the entire MENA (MENA-Land) region. Compared to 352 
the CMIP-Unadjusted dataset, the range of local scale mean bias (-1.36 to 0.77 °C) reduces nine 353 
times that of the C3S-CMIP-Adjusted dataset. 354 

 355 

 356 

Figure 2. Evaluation of climate models. Mean bias between (a) CMIP5-Unadjusted and ERA5 357 
datasets for summer and (b) for winter. Mean bias between (c) CMIP6-Unadjusted and ERA5-358 
Land datasets for summer and (d) winter. Mean bias between (e) CMIP5-Adjusted and ERA5 359 
dataset for summer and (f) winter. Mean bias between (g) CMIP6-Adjusted and ERA5-Land 360 
datasets for summer and (h) winter. The values in the braces indicate the mean bias range over 361 
the corresponding spatial domain.  362 

The historical (1987–2016) mean warming of most of the C3S-CMIP5-Adjusted (C3S-CMIP6-363 
Adjusted) models lies within the uncertainty range of ERA5 (WFDE5) calculated from its 10 364 
(10,000 bootstraps) ensemble members; however, models seem to diverge from each other in the 365 
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future (Figs. S2–S5). Two models, inmcm4 (Fig. S2a) and UKESM1-0-LL (Figs. S4–S5), 366 
significantly diverge from other models over the historical and future periods. 367 

3.2. Historical Mean Warming (1987–2016) 368 

The climate change signal is coherent and statistically robust throughout the MENA region 369 
(Fig. 3a–f). Significant summer and winter warming hotspots with varying intensities appear 370 
across the MENA region. The most prominent summer hotspot emerges over Algeria (AHR), 371 
extending toward the southeast and covering a large part of the Sahara Desert. In the Arabian 372 
Peninsula, a summer warming hotspot (APHR) dominates its central parts over the Al-Jawf, 373 
Hail, Al-Qassim, and Riyadh provinces of Saudi Arabia. In winter, two significant warming 374 
hotspots appear over West Africa (WAHR) and the Elburz Mountains, the glacier region in Iran. 375 
We identified a third winter warming hotspot of relatively less intensity over Chad and Sudan 376 
(NAHR). A strong winter warming over the Elburz Mountains (> 2 °C; Fig. 3d) may have 377 
regional effects and require further attention. Most of the eight observational datasets indicate the 378 
presence of summer and winter warming hotspots with varying magnitudes (Fig. S6).  379 

The coastal zones of the Arabian Peninsula (the west, south, and east coasts) warm less rapidly 380 
compared to the central parts in summer and winter. This less-rapid warming could be due to the 381 
proximity to the relatively slowly warming regional seas, land-sea breezes, and topographical 382 
and land cover differences between coastal and central regions. 383 

The Red Sea experiences a contrasting summer and winter warming pattern, a temperature 384 
anomaly dipole between the north and south Red Sea, with stronger (weaker) summer (winter) 385 
warming in the north than in the south. This temperature anomaly dipole requires further 386 
attention regarding its effects on the regional climate at various timescales.  387 

We further confirmed the results with high-resolution ERA5-Land and the C3S-CMIP6-Adjusted 388 
dataset (9 km grid spacing) and bias-corrected ERA5 (WFDE5; 61 km grid spacing) datasets 389 
available over land regions only (Fig. 4). We identified similar warming patterns and hotspots as 390 
in Fig. 3. However, a distinct winter warming pattern appears over the Arabian Peninsula, 391 
extending across parts of the Riyadh Province, Empty Quarter, Eastern Yemen, and Western 392 
Oman. 393 

The observations reveal a summer mean warming of 1.12 ± 0.08 °C over MENA (land and 394 
ocean; Fig. 3a and Table S8). The ERA5 (Fig. 3c) and C3S-CMIP5-Adjusted (Fig. 3e) models 395 
agree with the observations (Fig. 3a) in spatial patterns but display slightly higher summer mean 396 
warming (1.14 ± 0.07 and 1.15 ± 0.08 °C, respectively). The C3S-CMIP5-Adjusted winter mean 397 
warming (1.13 ± 0.09 °C; Fig. 3f) agrees with the observed warming (1.13 ± 0.09 °C; Fig. 3b). In 398 
addition, ERA5 indicates higher winter warming (1.19 ± 0.1 °C; Fig. 3d) than other datasets. The 399 
summer (winter) mean warming averaged across all datasets over land and ocean (Figs. 3 and S7 400 
and Table S8) is 1.13 ± 0.08 (1.15 ± 0.09 °C), whereas over just land (Figs. 4 and S7 and 401 
Table S8), it is 1.22 ± 0.08 (1.25 ± 0.1 °C), with warming ranging from 0.54 °C to 1.74 °C (0.30 402 
°C to 2.20 °C) and 0.54 °C to 1.79 °C (0.41 °C to 2.05 °C), respectively. 403 

 404 

 405 
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 406 

Figure 3. Spatial pattern of historical summer (May–October; left panel) and winter (November–407 
April; right panel) mean climatological warming (1987–2016) relative to the preindustrial 408 
climate (1850–1900) over the Middle East and North African region (land and ocean) for 409 
multiple datasets. (a, b) Mean of eight observational datasets; (c, d) ERA5 reanalysis; (e, f) 410 
multimodel model mean of 21 C3S-CMIP5-Adjusted climate model outputs 411 
(historical+RCP8.5). Stippling indicates statistical significance with 2 SDs of internal climate 412 
variability and where all corresponding data members agree for a change in sign. Numbers above 413 
each subfigure indicate the climatological mean warming with ±1 SD and temperature range 414 
(min to max). Green and magenta polygons mark the boundaries of the Arabian Peninsula and 415 
Arabian Peninsula Hotspot Region. Blue lines are coastal zones up to 160 km from the coast.  416 

Observations, reanalyses, and the C3S-CMIP-Adjusted dataset reveal consistent and spatially 417 
coherent warming patterns over the MENA region, although the intensities of the hotspots vary 418 
among them. Further, ERA5/ERA5-Land exhibits slightly higher warming for the summer 419 
(0.59 °C to 1.74 °C/0.54 °C to 1.62 °C) and winter (0.34 °C to 2.20 °C /0.41 °C to 2.05 °C) than 420 
other datasets. We conclude that the reanalyses (ERA5, ERA5-Land, and WFDE5) and C3S-421 
CMIP-Adjusted datasets agree overall with the observations. 422 

Figure 5 (Fig. S8) provides estimates of historical summer (winter) mean warming with 423 
uncertainty due to differences in the datasets, model spread, and internal climate variability over 424 
the Arabian Peninsula, APHR, and coastal zones. Mean warming of 1.23 ± 0.08 °C (averaged 425 
across all datasets; Fig. 5a and Table S8) has occurred over the Arabian Peninsula with 426 
uncertainty ranging from 1.11 °C to 1.35 °C due to internal climate variability. The APHR has 427 
already surpassed the mean warming of 1.5 °C, with uncertainty due to internal variability 428 



manuscript submitted to Earth’s Future 

13 
 

ranging from 1.35 °C to 1.68 °C. All datasets display comparable warming except ERA5, which 429 
has a slightly higher warming and uncertainty range for the Arabian Peninsula and APHR. 430 

 431 

Figure 4. Spatial pattern of historical summer (May–October; left panel) and winter (November–432 
April; right panel) mean climatological warming (1987–2016) relative to the preindustrial 433 
climate (1850–1900) over the Middle East and North African region (land only) for multiple 434 
datasets. (a, b) ERA5 bias-corrected with CRUTS4.03, employing the watch forcing data 435 
methodology (WFDE5); (c, d) ERA5-Land; and (e, f) the multimodel mean of five C3S-CMIP6-436 
adjusted climate model outputs for SSP5–8.5. The rest is the same as in Fig. 3. 437 

The east and west coasts have surpassed the mean warming threshold of 1 °C, whereas the south 438 
coast is relatively cooler and remains below 1 °C (Fig. 5b and Table S8). Warming over the east 439 
coast (1.17 ± 0.08 °C) is higher than over the west (1.09 ± 0.08 °C) and south coasts (0.9 ± 440 
0.08 °C). Warmer regions seem associated with a slightly higher mean uncertainty range due to 441 
internal climate variability. For instance, the uncertainty range of the Arabian Peninsula 442 
(0.24 °C) is smaller than that of the APHR (0.33 °C). Similarly, the west and east coasts (0.26 °C 443 
and 0.28 °C, respectively) have considerably more uncertainty than the south coast (0.22 °C). All 444 
datasets produced comparable warming and uncertainty ranges, except ERA5 and WFDE5, 445 
which differ from the other datasets.  446 

 447 
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448 

 449 

Figure 5. Historical summer (May–October; 1987–2016) mean climatological warming with 450 
internal climate variability range (99% confidence interval). (a) the Arabian Peninsula and 451 
Arabian Peninsula hotspot region, and (b) coastal zones. 452 

3.3. Current (2020) Global and Regional Warming 453 

The observations indicate that the world warmed by 1.15 °C over land and ocean overall and by 454 
1.71 °C over land only in 2020 (Fig. 6a and Table S9). The year 2020 experienced summer 455 
warming (1.68 ± 0.11 °C) over the MENA region more strongly than in winter (1.49 ± 0.11 °C; 456 
Fig. 6a–b and Table S9), and the same is the case for the Arabian Peninsula, APHR, and coastal 457 
zones (Fig. 6c–d and Table S9). The most substantial summer warming in 2020 occurred over 458 
the APHR (2.29 ± 0.09 °C), revealing that the population in this region is vulnerable to heat 459 
stress, and climate change adaptation measures should be considered. The 2020 west coast 460 
observed weaker winter warming than summer warming, although the historical summer and 461 
winter trends are roughly the same, which could be due to a substantial multidecadal natural 462 
variability over the west coast in winter compared to summer (cf. blue curves in Fig. 6c–d). All 463 
mean temperature anomalies in the observational datasets over MENA and its subregions are 464 
within the uncertainty range measured by the 200 ensemble members of the HadCRUT5 analysis 465 
(Figs. 6 and S9–S10), indicating high confidence in the current warming estimates.  466 
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  468 

Figure 6. Historical (1850–2020) summer (left panel) and winter (right panel) temperature 469 
change relative to the preindustrial climate (1850–1900). (a, b) over the Middle East and North 470 
African region, and (c, d) the Arabian Peninsula and its coastal zones. The pink shading in a and 471 
b indicates a 99% confidence interval calculated from 200 ensemble members of the HadCRUT5 472 
analysis. In c and d, temperature anomalies are the mean of eight observational datasets 473 
(presented in a and b). 474 

The magnitude of the current warming among datasets (reanalyses, RCPs, and SSPs) differs for 475 
the same region (Table S9). Generally, the C3S-CMP6-Adjusted dataset simulates relatively 476 
more substantial warming than the C3S-CMP5-Adjusted dataset. Similarly, ERA5 displays 477 
higher warming than ERA5-Land for the same area. Further, ERA5 indicates more substantial 478 
warming compared to the observations. 479 

Considering all datasets, the current GSAT (GSAT-Land) median warming is 1.27 ± 0.14 °C 480 
(1.83 ± 0.24 °C). The recent median summer warming over the MENA-Land region (1.9 ± 481 
0.25 °C), Arabian Peninsula (1.98 ± 0.31 °C), and east coast (1.92 ± 0.29 °C) are at the brink of 482 
exceeding 2 °C, whereas the APHR (2.38 ± 0.29 °C) has already surpassed 2 °C. The west (1.77 483 
± 0.28 °C) and south coasts (1.36 ± 0.24 °C) are relatively less warm, although the current 484 
summer and winter warming over the west coast is more than 1.5 °C (Table S9). The recent 485 
warming over MENA and its subregions is much stronger than that of GSAT.  486 
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The temperature increase is not spatially homogeneous across the MENA region (Figs. 3–6). For 487 
example, the recent warming in the APHR is more profound than the MENA average. Overall, 488 
summers (Fig. 6a and c) exhibit stronger current warming than winters (Fig. 6b and d) over the 489 
region (except the south coast), particularly in the last four decades. Substantial multidecadal 490 
natural variability is also evident before 1970. However, it is masked afterward, possibly due to 491 
potent external GHG forcing. 492 

3.4. Future Mean Warming (2021–2050 and 2069–2098) 493 

The warming over MENA is projected to intensify in the near (2021–2050) and far future (2069–494 
2098) under all considered emission scenarios (Figs. 7–8 and Tables S10–S11). The observed 495 
hotspots will continue to warm at an accelerating pace, causing further extreme thermal stress for 496 
the local populations and ecosystems. 497 

Under the moderate emission scenario (RCP4.5; Fig. 7a–d) in the C3S-CMIP5-Adjusted MMM 498 
in summer (winter), the MENA (land and ocean) mean warming would likely reach 2.26 ± 499 
0.07 °C (2.06 ± 0.08 °C) in the near future and up to 3.35 ± 0.09 °C (3.02 ± 0.1 °C) in the far 500 
future (relative to the preindustrial era). The high-end GHG emission pathway (RCP8.5; Fig. 7e–501 
h) displays more severe warming over the region, with a mean summer (winter) warming of 2.62 502 
± 0.05 °C (2.38 ± 0.07 °C) and 5.7 ± 0.11 °C (5.11 ± 0.12 °C) in the near and far future, 503 
respectively. In the far future (2069–2098), the mean warming over the summer hotspots would 504 
likely exceed 4 °C and 7 °C under the moderate and high-end emission scenarios, respectively. 505 

The wintertime temperature anomaly dipole over the Red Sea observed in the historical period 506 
(1987–2016) seems absent in the future. However, like in the historical period, the northern part 507 
of the Red Sea warms faster than the southern part in summer. 508 

In the C3S-CMIP6-Adjusted MMM, even under a sustainable pathway (SSP1–2.6), which 509 
assumes that the GSAT does not surpass the 2 °C warming limit defined in the Paris Agreement, 510 
the mean warming over the MENA-Land region would exceed 2.5 °C (Fig. 8a–d and 511 
Tables S10–S11). The MENA-Land region in SSP1–2.6 would warm to 2.54 ± 0.06 °C (2.82 ± 512 
0.04 °C) in summer and up to 2.4 ± 0.09 °C (2.53 ± 0.08 °C) in winter in the near (far) future. In 513 
the near (far) future, under this scenario, a maximum winter warming of ~3.5 °C (~3.6 °C) would 514 
occur over parts of the Elburz Mountains.  515 

Under the SSP5–8.5 in the C3S-CMIP6-Adjusted MMM (Fig. 8e–h), a mean summer (winter) 516 
warming of 2.85 ± 0.11 °C (2.61 ± 0.1 °C) and 6.43 ± 0.14 °C (5.74 ± 0.16 °C) is projected for 517 
the near and far future, respectively. In the far future, a maximum summer (winter) warming of 518 
~8 °C (~7 °C) is projected over parts of the Arabian Peninsula and AHR. 519 

 520 
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 522 

Figure 7. Spatial patterns of near-term (2021–2050; a–b and e–f) and long-term (2069–2098; c–523 
d and g–h) future summer (May–October; left panel) and winter (November–April; right panel) 524 
mean climatological warming relative to the preindustrial climate (1850–1900) using 21 C3S-525 
CMIP5-Adjusted climate model outputs. (a–d) RCP4.5 and (e–h) RCP8.5. The magenta polygon 526 
marks the hotspot region. Stippling indicates statistical significance with 2 SDs of internal 527 
climate variability, where all corresponding data members agree for a change in sign. Numbers 528 
above each subfigure indicate the climatological mean warming with ±1 SD and temperature 529 
range (min to max).  530 

 531 
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 532 

 533 

Figure 8. Same as in Fig. 7 but using five C3S-CMIP6-adjusted climate model outputs for the 534 
SSP1–2.6 and SSP5–8.5 scenarios. 535 

Figure 9 presents the mean summer warming spatially averaged over the Arabian Peninsula, 536 
APHR, and coastal zones under various pathways for the near (2021–2050; Fig. 9a) and far 537 
future (2069–2098; Fig. 9b) with uncertainty due to the model spread and internal climate 538 
variability. The results for winter are depicted in Fig. S11. In the near (far) future, the mean 539 
summer warming over the Arabian Peninsula would range from 2.4 ± 0.08 °C (2.84 ± 0.05 °C) to 540 
2.86 ± 0.11 °C (6.41 ± 0.15 °C), with the lowest warming occurring under RCP4.5 (SSP1–2.6) 541 
and highest under RCP8.5 (SSP5–8.5), respectively. The most strongly increased warming 542 
projected over the APHR ranges from 2.86 ± 0.1 °C (3.35 ± 0.06 °C) to 3.48 ± 0.13 °C (7.59 ± 543 
0.17 °C) in the near (far) future, with the lowest warming under RCP4.5 (SSP1–2.6) and the 544 
highest under SSP5–8.5. 545 



manuscript submitted to Earth’s Future 

19 
 

Among the coastal zones, the east (south) coast would warm faster (slower) in the future 546 
(Fig. 9a–b and Tables S10–S11), as also observed during the historical period. The warming over 547 
the west coast is projected to range from 2.18 ± 0.08 °C (2.56 ± 0.05 °C) to 2.60 ± 0.1 °C (5.73 ± 548 
0.12 °C) in the near (far) future, where the lowest warming occurs under RCP4.5 (SSP1–2.6) and 549 
the highest under the RCP8.5 scenario, respectively. In the near (far) future, the south coast 550 
would warm from 1.74 ± 0.08 °C (2.1 ± 0.05 °C) to 2.0 ± 0.1 °C (4.67 ± 0.15 °C), whereas the 551 
east coast would warm from 2.47 ± 0.07 °C (2.75 ± 0.05 °C) to 2.77 ± 0.11 °C (6.32 ± 0.15 °C) 552 
under the considered emission scenarios.  553 

554 

 555 
Figure 9. Future summer (May–October) mean climatological warming with internal climate 556 
variability range (99% confidence interval) over the Arabian Peninsula, hotspot region, and 557 
coastal zones. (a) For the near-term (2021–2050) and (b) long-term future. 558 
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3.5. Temperature Trends 559 

We compared the historical (1987–2016) and future (2021–2098) global and regional linear 560 
temperature trends in degrees Celsius per decade (Table 1). We smoothed the temperature 561 
anomaly time series over the whole available period of the dataset using Mann's (2008) adaptive 562 
smoothing approach at a cutoff frequency of 40 years. Then, we selected the historical (1987–563 
2016) and future periods (2021–2098) to fit a linear trend and calculated the warming rate in 564 
degrees Celsius per decade. We assumed that smoothing the time series before calculating the 565 
trend minimizes the influence of internal variability.  566 

The GMAT and MENA temperature seem to warm nearly at the same pace until 1980; however, 567 
both significantly diverge from each other afterward, where MENA starts to warm at a faster rate 568 
compared to the GMAT (Fig. 6a). The GMAT (GMAT-Land) is warming at 0.2 ± 569 
0.02 °C/decade (0.33 ± 0.02 °C/decade) (Table 1). In contrast, the observed summer warming 570 
trend over MENA is 0.37 ± 0.02 °C/decade (i.e., 1.85 (1.12) times faster than that of GMAT 571 
(GMAT-Land)). The observed winter warming trend over MENA (0.35 ± 0.03 °C/decade; Table 572 
S12) is 10% slower than in summer and 1.75 times faster than the GMAT trend. The MENA and 573 
GMAT-Land are warming roughly at the same pace. 574 

Over the historical period, the Arabian Peninsula, APHR, and coastal zones (except the south 575 
coast) are warming faster than the GMAT and MENA in summer and winter. The Arabian 576 
Peninsula is warming at 0.43 ± 0.03 °C/decade in summer, i.e., 2.15 (1.3) times faster than the 577 
GMAT (GMAT-Land)). The climatic conditions over the APHR deteriorate even quicker, 578 
warming at 0.55 ± 0.04 °C/decade (i.e., 2.5 times faster than the GMAT). The summer (winter) 579 
warming trend over the east (west) coast is higher than other coasts, whereas the south coast 580 
warms slower than other coasts throughout the year. The MENA region, Arabian Peninsula, 581 
APHR, and coastal zones (except the west coast) are warming faster in summer than winter. 582 
Furthermore, all observational datasets display harmonized increasing temperature trends within 583 
the uncertainty range of the HadCRUT5 analysis calculated from its 200 ensemble members 584 
(Figs. 6a–b and S9–S10). 585 

In the models under the intermediate (high-end) GHG emission scenario, RCP4.5 (RCP8.5), the 586 
historical GSAT trend equals 0.25 (0.27) ± 0.07 °C/decade (Table 1). The historical ERA5 587 
GSAT trend of 0.22 ± 0.003 °C/decade is comparable to the observations (0.2 ± 0.02 °C/decade); 588 
however, both intermediate and high-end emission scenarios reveal comparatively larger trend 589 
estimates. In the future (2021–2098), under the high-end emission scenario, the GSAT is 590 
projected to warm at 0.46 ± 0.08 °C/decade (i.e., 1.7 times faster than in the historical period). 591 

The historical summer warming trends over the MENA region under RCP4.5 (0.36 ± 0.1 °C) and 592 
RCP8.5 (0.39 ± 0.09 °C) compare well with the observed trend (0.37 ± 0.01 °C). The ERA5 593 
trend (0.41 ± 0.004 °C) is overestimated compared to the observations. Under RCP8.5, the 594 
warming over the MENA region further accelerates (0.64 ± 0.11 °C/decade) compared to the 595 
historical period (0.39 ± 0.09 °C/decade). 596 

 597 

 598 
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Table 1. Historical (1987–2016) and future (2021–2098) linear global (annual) and regional 599 
(summer) warming trends (°C/decade) 600 

1987–2016 
 Global 

(land 
and 
ocean) 

Global-
Land 

MENA 
(land 
and 
ocean) 

MENA-
Land 

Arabian 
Peninsula 

APHR West 
coast 

South 
coast 

East 
coast 

Obs8 0.2 ± 
0.02 

0.33 ± 
0.02 

0.37 ± 
0.01 

0.38 ± 
0.01 

0.43 ± 
0.05 

0.55 ± 
0.04 

0.41 ± 
0.08 

0.28 ± 
0.07 

0.45 ± 
0.07 

WFDE5 – 0.27 ± 
0.001* 

– 0.33 ± 
0.01*  

0.36 ± 
0.01 

0.49 ± 
0.02 

0.34 ± 
0.01 

0.19 ± 
0.003 

0.47 ± 
0.01 

ERA5 0.22 ± 
0.003 

0.37 ± 
0.001 

0.41 ± 
0.004 

0.43 ± 
0.004 

0.51 ± 
0.001 

0.72 ± 
0.001 

0.43 ± 
0.01 

0.22 ± 
0.01 

0.57 ± 
0.003 

ERA5-
Land 

– 0.34 ± 
0.003 

– 0.35 ± 
0.005 

0.41 ± 
0.10 

0.49 ± 
0.01 

0.34 ± 
0.01 

0.16 ± 
0.003 

0.40 ± 
0.01 

RCP4.5 0.25 ± 
0.07 

0.37 ± 
0.09 

0.36 ± 
0.1 

0.39 ± 
0.11 

0.36 ± 
0.14 

0.41 ± 
0.15 

0.34 ± 
0.14 

0.26 ± 
0.11 

0.36 ± 
0.14 

RCP8.5 0.27 ± 
0.07 

0.39 ± 
0.09 

0.39 ± 
0.09 

0.42 ± 
0.10 

0.40 ± 
0.13 

0.47 ± 
0.14 

0.37 ± 
0.14 

0.28 ± 
0.10 

0.40 ± 
0.14 

SSP1–2.6 0.26 ± 
0.06 

0.40 ± 
0.1 

– 0.43 ± 
0.09 

0.41 ± 
0.10 

0.50 ± 
0.10 

0.36 ± 
0.11 

0.24 ± 
0.08 

0.40 ± 
0.09 

SSP5–8.5 0.26 ± 
0.05 

0.39 ± 
0.1 

– 0.43 ± 
0.10 

0.42 ± 
0.10 

0.51 ± 
0.10 

0.37 ± 
0.08 

0.25 ± 
0.09 

0.42 ± 
0.08 

Mean 0.24 ± 
0.05 

0.36 ± 
0.05  

0.38 ± 
0.05 

0.40 ± 
0.05 

0.41 ± 
0.08 

0.52 ± 
0.07 

0.37 ± 
0.07 

0.24 ± 
0.06 

0.43 ± 
0.08 

Median 0.26 ± 
0.06 

0.37 ± 
0.06 

0.38 ± 
0.05 

0.41 ± 
0.05 

0.41 ± 
0.10 

0.50 ± 
0.07 

0.37 ± 
0.06 

0.25 ± 
0.08 

0.41 ± 
0.08 

2021–2050 
 Global 

(land 
and 
ocean) 

Global-
Land 

MENA 
(land 
and 
ocean) 

MENA-
Land 

Arabian 
Peninsula 

APHR West 
coast 

South 
coast 

East 
coast 

RCP4.5 0.17 ± 
0.05 

0.30 ± 
0.07 

0.22 ± 
0.06 

0.24 ± 
0.07 

0.25 ± 
0.07 

0.27 ± 
0.07 

0.24 ± 
0.06 

0.19 ± 
0.06 

0.24 ± 
0.07 

RCP8.5 0.46 ± 
0.08 

0.65 ± 
0.11 

0.64 ± 
0.11 

0.69 ± 
0.12 

0.69 ± 
0.13 

0.79 ± 
0.14 

0.65 ± 
0.12 

0.49 ± 
0.11 

0.70 ± 
0.13 

SSP1–2.6 0.06 ± 
0.04 

0.09 ± 
0.07 

– 0.06 ± 
0.06 

0.07 ± 
0.06 

0.07 ± 
0.07 

0.07 ± 
0.04 

0.07 ± 
0.04 

0.06 ± 
0.05 

SSP5–8.5 0.50 
±0.13 

0.73 ± 
0.24 

– 0.74 ± 
0.18 

0.74 ± 
0.16 

0.85 ± 
0.19 

0.64 ± 
0.16 

0.57 ± 
0.15 

0.73 ± 
0.15 

Obs8: Mean of eight observational datasets mentioned in Table S2.  601 
* With an asterisk is the standard error, and without an asterisk is ± 1 SD calculated 602 
from different datasets or corresponding ensemble members. 603 
 604 

The historical warming trend over the Arabian Peninsula is 0.36 ± 0.14 °C/decade (0.40 ± 605 
0.14 °C/decade) under RCP4.5 (RCP8.5). However, under RCP8.5, the future warming trend 606 
(0.69 ± 0.13 °C/decade) would be much faster than in the historical period. In addition, ERA5 607 
displays a stronger warming trend (0.51 ± 0.001 °C/decade) over the Arabian Peninsula than 608 
climate models and observations. 609 

Similar to the observations, the coastal zones of the Arabian Peninsula are not warming at the 610 
same pace in the reanalyses and RCP scenarios (Table 1). The east coast warms faster than the 611 
west and south coasts, and this tendency is expected to continue. The historical heating trends 612 
over the coastal zones for ERA5 and the considered RCPs are lower than in the observations. 613 
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The historical global warming trends in the C3S-CMIP6-Adjusted dataset are similar to those in 614 
the C3S-CMIP5-Adjusted dataset and are overestimated compared to the observations (Table 1). 615 
The historical warming trends over the MENA-Land region in SSP1–2.6 (0.43 ± 0.09 °C) and 616 
SSP5–8.5 (0.43 ± 0.1 °C) are comparable with RCP4.5 (0.39 ± 0.11 °C) and RCP8.5 (0.42 ± 617 
0.1 °C), respectively. However, the ERA5 (0.43 ± 0.004 °C) and ERA5-Land (0.35 ± 0.005 °C) 618 
datasets display considerable trend differences over the MENA-Land region. 619 

Over the Arabian Peninsula, SSP1–2.6 (0.41 ± 0.1 °C) and SSP5–8.5 (0.42 ± 0.1 °C) estimate the 620 
historical temperature trends close to the observations (0.43 ± 0.05 °C). In contrast to the 621 
temperature trend in ERA5 (0.51 ± 0.001 °C), the temperature trend in ERA5-Land (0.37 ± 622 
0.005 °C) is more realistic when compared with the observed trend. 623 

The historical warming trends over the APHR for ERA5-Land (0.49 ± 0.01 °C) for SSP1–2.6 624 
(0.5 ± 0.1 °C), and SSP5–8.5 (0.51 ± 0.1 °C) are reasonably close to the observed trend (0.55 ± 625 
0.04 °C). Depending on the dataset, APHR is warming two to three times faster than the global 626 
warming rate.  627 

Over the coastal zones, the C3S-CMIP5-Adjusted and C3S-CMIP6-Adjusted datasets produced 628 
similar historical warming trends and were close to the observed trends. The C3S-CMIP6 629 
warming trends under SSP1–2.6 and SSP5–8.5 are comparable with the ERA5-Land dataset for 630 
the west and the east coasts; however, they are primarily underestimated over the south coast. 631 
The C3S-CMIP6-Adjusted dataset displays a faster future warming trend over the south coast 632 
than the C3S-CMIP5-Adjusted dataset. 633 

 3.6. Comparison of Regional Warming with Global Warming Thresholds 634 

Determining when the annual GSAT will surpass certain warming thresholds (1.5, 2, 3, and 4 °C; 635 
Figs. 10–11 and Tables S13–14) and the consequences for MENA and its subregions is crucial to 636 
support policymakers in planning effective and timely climate change adaptation and mitigation 637 
measures, including energy demand and water resource management. The main text only reveals 638 
the summer warming response for MENA and its subregions; please see the Supporting 639 
Information for the winter (Figs. S12–S13 and Tables S15–S21). 640 

Figures 10–11 depict when GSAT anomalies surpass certain warming thresholds and the 641 
warming response of MENA and its subregions. Under RCP4.5 (RCP8.5), the GSAT warming 642 
would reach 1.5 °C by about 2031 ± 11 years (2027 ± 7 years) and 2 °C by 2053 ± 12 years 643 
(2041 ± 8 years), respectively. The 3 °C and 4 °C warming thresholds would likely be reached 644 
under RCP8.5 by about 2062 ± 10 years and 2082 ± 10 years, respectively. 645 

As MENA warms faster than the globe, when the GSAT anomaly reaches 1.5 (2 °C) under 646 
RCP4.5, the MENA region would be 2.18 ± 0.09 °C (2.90 ± 0.12 °C) warmer than in the 647 
preindustrial climate. Under RCP8.5, the MENA region would warm by 2.21, 2.91, 4.29, and 648 
5.62 °C at global warming thresholds of 1.5, 2, 3, and 4 °C, respectively. The MENA-Land 649 
region would warm by approximately 6 °C at the 4 °C GSAT anomaly. 650 
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 651 

 652 

 653 
Figure 10. Comparison of summer temperatures over the Middle East and North Africa (MENA) 654 
and its subregions with an annual global surface air temperature (GSAT: global land plus ocean; 655 
GSAT-land: global land only) at various global temperature thresholds (1.5, 2, 3, and 4 °C). 656 
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(a) Comparison of MENA, (b) the Arabian Peninsula and hotspot region, and (c) coastal zones. 657 
The C3S-CMIP5-Adjusted curves indicate the multimodel mean of 21 climate models for two 658 
emission scenarios (RCP4.5 and RCP8.5) with uncertainty estimates at the 99% confidence 659 
interval. The uncertainty for ERA5 is calculated from its 10 ensemble members. The text colors 660 
correspond to each dataset, and colored vertical lines mark the year surpassing a particular global 661 
temperature threshold for each emission scenario. The horizontal black lines indicate model 662 
uncertainty (±1 SD of a year crossing a certain global temperature threshold), whereas green 663 
lines indicate uncertainty in a year due to internal climate variability.  664 

Under RCP4.5 (RCP8.5), the Arabian Peninsula would warm to 2.22 ± 0.36 °C (2.31 ± 0.26 °C) 665 
and 3.03 ± 0.38 °C (3.08 ± 0.37) °C at the 1.5 and 2 °C GSAT anomalies, respectively. At the 666 
3 °C and 4 °C GSAT anomalies, it would warm to 4.61 ± 0.51 °C and 6.03 ± 0.59 °C, 667 
respectively. Under RCP4.5 (RCP8.5), the APHR is projected to warm to 2.67 ± 0.34 °C (2.75 ± 668 
0.25 °C) and 3.56 ± 0.32 °C (3.65 ± 0.35 °C) at 1.5 °C and 2 °C of GSAT warming. At the 3 °C 669 
and 4 °C GSAT warming, it would reach 5.39 ± 0.48 °C and 7.06 ± 0.54 °C, respectively. 670 

In the future, the south coast would warm the least compared to the east and west coasts, and 671 
under RCP4.5 (RCP8.5), the east coast would heat to 2.17 ± 0.36 °C (2.24 ± 0.23 °C) and 2.95 ± 672 
0.32 °C (3.02 ± 0.31 °C) at 1.5 °C and 2 °C of GSAT warming, respectively. The 3 °C and 4 °C 673 
of GSAT warming would result in 4.56 ± 0.44 °C and 6.01 ± 0.51 °C of east coast warming. 674 

Using the C3S-CMIP6-Adjusted data, we found that the GSAT warming would surpass the 675 
1.5 °C threshold in about 2028 ± 8 years under the SSP1–2.6 pathway. Under the SSP5–8.5, the 676 
GSAT warming would exceed 1.5, 2, 3, and 4 °C in 2027 ± 6 years, 2040 ± 8 years, 2062 ± 11 677 
years, and 2080 ± 14 years, respectively. 678 

The GSAT warming in the low emission pathway with sustainable development (SSP1–2.6) 679 
reaches 1.5 °C. In SSP5–8.5, the GSAT warming is expected to exceed the thresholds (1.5, 2, 3, 680 
4 °C) at more or less the same years as under the RCP8.5.  681 

There is considerably more multimodel uncertainty in reaching certain global temperature 682 
thresholds in the CMIP5 and CMIP6 (black horizontal bars in Fig. 10–11). However, the 683 
uncertainties due to internal variability (green horizontal bars in Fig. 10–11) are minor compared 684 
to the inter-model variability. 685 

The RCP4.5 (2.28 ± 0.21 °C) and SSP1–2.6 (2.35 ± 0.16 °C) simulate comparable MENA-Land 686 
regional warming at the 1.5 °C global warming threshold. Similarly, RCP8.5 (2.33, 3.11, 4.62, 687 
6.05 °C) and SSP5–8.5 (2.36, 3.08, 4.66, 6.14 °C) simulate similar warming levels at 1.5, 2, 3, 688 
and 4 °C of GSAT warming. 689 

The Arabian Peninsula would warm to 2.33 ± 0.15 °C (2.35 ± 0.2 °C) under SSP1–2.6 (SSP5–690 
8.5) at the 1.5 °C GSAT warming threshold. Under SSP5–8.5 and at 2, 3, and 4 °C global 691 
warming levels, the warming over the Arabian Peninsula would be 3.11 ± 0.17 °C, 4.71 ± 692 
0.15 °C, and 6.12 ± 0.17 °C, respectively.  693 

The APHR would warm to 2.84 ± 0.18 °C (2.87 ± 0.28) °C under SSP1–2.6 (SSP5–8.5) at 1.5 °C 694 
GSAT warming. Under SSP5–8.5 and at 2, 3, and 4 °C GSAT, the warming over the APHR 695 
would be 3.77 ± 0.26 °C, 5.66 ± 0.19 °C, and 7.26 ± 0.13 °C, respectively. 696 
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 697 

 698 

 699 

Figure 11. Same as in Fig. 10 but for the C3S-CMIP6-Adjusted dataset with two scenarios 700 
(SSP1–2.6 and SSP5–8.5). 701 
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The west (south) coast would warm ~2 (~1.5) °C at 1.5 °C of GSAT warming under SSP1–2.6 702 
and SSP5–8.5. At 2, 3, and 4 °C global warming levels under SSP5–8.5, the west (south) coast 703 
would warm up to 2.73 ± 0.17 °C (2.10 ± 0.19 °C), 4.12 ± 0.21 °C (3.29 ± 0.18 °C), and 5.37 ± 704 
0.24 °C (4.43 ± 0.26 °C), respectively. At 1.5 °C of GSAT warming, the east coast would warm 705 
to 2.25 ± 0.17 °C (2.28 ± 0.22 °C) under SSP51–2.6 (SSP5–8.5). At 2, 3, and 4 °C global 706 
warming levels, under SSP5–8.5, the east coast would warm to 3.03 ± 0.19 °C, 4.63 ± 0.16 °C, 707 
and 6.03 ± 0.17 °C. 708 

 3.7. Warming by the End of the Twenty-first Century (2099) 709 

Since MENA and its subregions are warming at different rates, incoherent warming patterns will 710 
persist over the region by the end of the century (2099). Depending upon the emission pathway, 711 
the temperature contrast would range from 1 °C to 3.5 °C in the MENA, Arabian Peninsula, 712 
APHR, and coastal zones (Table S22). 713 

For the low (SSP1–2.6) and high-end (RCP8.5 and SSP5–8.5) emission pathways, the MENA-714 
Land region would warm from 2.6 ± 0.49 °C to 7.58 ± 1.52 °C and warming over the Arabian 715 
Peninsula would be nearly the same. Extreme warming would occur over the APHR ranging 716 
from 3.16 ± 0.59 °C to 8.97 ± 1.79 °C between the low and high-end emission pathways. The 717 
east (south) coast would be the warmest (coldest) among the coastal zones, ranging from 2.54 ± 718 
0.53 °C (1.95 ± 0.54 °C) to 7.46 ± 1.39 °C (5.65 ± 1.45 °C) between the low and high-end 719 
emission pathways. By the end of the century, under the high-end emission pathways, the west 720 
coast would be more than 2 °C and about 1 °C cooler than APHR and the east coast, 721 
respectively.  722 

 3.8. Comparison of CMIP5 and CMIP6 723 

We only compared the CMIP5 and CMIP6 projections for the RCP8.5 and SSP5–8.5 pathways 724 
because both have a comparable radiative forcing of 8.5 W/m2. The historical CMIP5 and 725 
CMIP6 simulations reproduce similar spatial warming patterns over the MENA-Land region and 726 
are comparable with the observations and reanalysis products (Figs. 3–4). The CMIP5 and 727 
CMIP6 ensembles can simulate summer and winter warming hotspots with minor differences in 728 
spatial extent and magnitude (cf. Figs. 3e–f, 4e–f, and S7). The historical warming differences 729 
between RCP8.5 and SSP5–8.5 are negligible over the Arabian Peninsula, APHR, and coastal 730 
zones and compare well to the observations (Fig. 5). 731 

The radiative forcing of SSP5–8.5 is slightly higher than RCP8.5 (see Figure SM1.1 of Abram et 732 
al., 2019). Thus, some warming differences exist between RCP8.5 and SSP5–8.5, especially over 733 
the hotspot regions in future. In the near (2021–2050) and far (2069–2098) future, compared to 734 
RCP8.5, the SSP5–8.5 would substantially warm the APHR, AHR, and WAHR. In the far future 735 
(2069–2098), WAHR would shift toward the north and become more pronounced in SSP5–8.5 736 
compared to RCP8.5 (cf. Figs. 7h and 8h). The central parts of the Arabian Peninsula would also 737 
warm more in SSP5–8.5 than in RCP8.5. 738 

The difference between RCP8.5 and SSP 5–8.5 warming increases from the historical period to 739 
the future over the Arabian Peninsula and APHR. In the far future (2069–2098), the Arabian 740 
Peninsula (APHR) mean temperature is projected to be 0.29 °C (0.43 °C) warmer in SSP 5–8.5 741 
than in RCP8.5. The south and west coasts would likely be 0.31 °C and 0.22 °C warmer in 742 
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CMIP6/SSP5–8.5 than CMIP5/RCP8.5; however, the west coast would be 0.11 °C colder for the 743 
same future period. 744 

Global warming trends in CMIP5 (0.27 ± 0.07 °C/decade) and CMIP6 (0.26 ± 0.05 °C/decade) 745 
are similar in the historical period and are the same over land (Table 1). However, in the future, 746 
the world would warm 0.04 °C/decade faster in CMIP6 than in CMIP5, and the difference in 747 
warming rate doubles (0.08 °C/decade) when considered only over land. 748 

The future warming differences between CMIP5 and CMIP6 could be due to the higher climate 749 
sensitivity of some CMIP6 models and the stronger total radiative forcing of SSP5–8.5. The 750 
negative aerosol radiative forcing in CMIP6 is more robust than in CMIP5 over the historical 751 
period, compensating for the high climate sensitivity with more negative aerosol forcing (Ribes 752 
et al., 2021). Further, the CMIP6 models have improved model physics compared to the CMIP5 753 
models; thus, these models could respond differently to a change in climate forcing (Ribes et al., 754 
2021). 755 

4. Discussion and Conclusions 756 

This work provides robust estimates and a comprehensive analysis of the past, present, and 757 
future warming over MENA and its subregions using recent and updated observational datasets, 758 
high-resolution reanalyses, and statistically downscaled AOGCM outputs from the CMIP5 and 759 
CMIP6 ensembles. Here we summarize results based on average from all employed datasets.  760 

Concerning the preindustrial era, the observed warming (1987–2016) over the MENA (MENA-761 
Land) region is 1.13 ± 0.08 °C (1.22 ± 0.08 °C). With the present (2020) warming of 1.77 ± 762 
0.08 °C (1.92 ± 0.13 °C) and a warming rate of 0.38 ± 0.05 °C/decade (0.40 ± 0.05 °C/decade), it 763 
follows that the 2 °C regional warming threshold would be reached soon. In the near (2021–764 
2050) and far (2069–2098) futures, a climatological mean warming of 2.62 ± 0.05 °C (2.26 ± 765 
0.07 °C) and 5.7 ± 0.11 °C (3.35 ± 0.09 °C), respectively, is projected under the high (moderate) 766 
emission scenario, RCP8.5 (RCP4.5). The MENA-Land-only regional warming would be even 767 
stronger. In the near and far future, the MENA-Land region would climatologically warm to 2.85 768 
± 0.11 °C (2.54 ± 0.06 °C) and 6.43 ± 0.14 °C (2.82 ± 0.09 °C) under the high-end (low) 769 
emission scenario, SSP5–8.5 (SSP1–2.6). By the end of the century (2099), the MENA-Land 770 
region would warm to 2.6 ± 0.49 °C (SSP1–2.6), 3.66 ± 0.77 °C (RCP4.5), 7.13 ± 1.07 °C 771 
(RCP8.5), and 7.58 ± 1.52 °C (SSP5–8.5). 772 

The mean historical warming over the Arabian Peninsula is 1.23 ± 0.08 °C (Table S8). The 773 
warming rate (0.41 ± 0.1 °C/decade) exceeds the average for the MENA region (0.38 ± 774 
0.05 °C/decade). It warmed to 1.98 ± 0.31 °C in 2020. The current warming rate has probably 775 
surpassed 2 °C of warming. In the near (far) future, climatological mean warming of 2.55 ± 776 
0.07 °C (2.84 ± 0.05 °C), 2.4 ± 0.08 °C (3.59 ± 0.06 °C), 2.80 ± 0.1 °C (6.12 ± 0.12 °C), and 777 
2.86 ± 0.11 °C (6.41 ± 0.15 °C) would likely occur under SSP1.26, RCP4.5, RCP8.5, and 778 
SSP585 emission scenarios, respectively. By the end of the century, the Arabian Peninsula would 779 
be scorching at 2.66 ± 0.57 °C (SSP1–2.6), 3.64 ± 0.80° C (RCP4.5), 7.12 ± 1.24° C (RCP8.5), 780 
and 7.61 ± 1.53 °C (SSP5–8.5) under low, moderate, and high-end emission scenarios. 781 

The central parts of the Arabian Peninsula, referred to as APHR, have already exceeded a 2 °C 782 
mean climatological warming with a current (2020) warming of 2.38 ± 0.29 °C. The APHR is 783 
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warming at a rate of 0.50 ± 0.07 °C/decade (i.e., faster than most parts of the MENA region). 784 
The living conditions in the APHR would be significantly harsher, as the mean climatological 785 
warming in the far (near) future would reach 4.18 ± 0.08 °C (2.86 ± 0.1 °C), 3.35 ± 0.06 °C (3.06 786 
± 0.09 °C), 7.16 ± 0.15 °C (3.32 ± 0.13 °C), and 7.59 ± 0.17 °C (3.48 ± 0.13 °C) under RCP4.5, 787 
SSP1–2.6, RCP8.5, and SSP5–8.5, respectively. By the end of the century, even the low (SSP1–788 
2.6: 3.16 ± 0.59 °C) and moderate (RCP4.5: 3.64 ± 0.80 °C) emission scenarios would cause 789 
significant warming. Under high-end emission scenarios, the warming would be extreme 790 
(RCP8.5: 8.28 ± 1.36 °C; SSP58.5: 8.97 ± 1.79 °C). 791 

The densely populated coastal zones of the Arabian Peninsula would face a severe temperature 792 
rise, especially on the east and west coasts. In contrast, the south coast would warm relatively 793 
less rapidly. In 2020, at the rate of 0.41 ± 0.08 °C/decade, 0.37 ± 0.06 °C/decade, and 0.25 ± 794 
0.08 °C/decade, the east, west, and south coasts had warmed by 1.92 ± 0.29 °C, 1.77 ± 0.28 °C, 795 
and 1.36 ± 0.24 °C, respectively. The present mean climatological warming (1987–2016) over 796 
the east, west, and south coasts is 1.17 ± 0.08 °C, 1.09 ± 0.08 °C, and 0.9 ± 0.08 °C, respectively. 797 
In the near future, the east (west) coast would warm by 2.33 ± 0.08 °C (2.24 ± 0.06 °C), 2.47 ± 798 
0.07 °C (2.18 ± 0.08 °C), 2.77 ± 0.11 °C (2.6 ± 0.1 °C), and 2.73 ± 0.1 °C (2.5 ± 0.1 °C), 799 
whereas, in the far future, much more significant warming of 2.75 ± 0.05 °C (2.59 ± 0.05), 3.53 800 
± 0.06 °C (3.36 ± 0.06 °C), 6.1 ± 0.12 °C (5.73 ± 0.12 °C), and 6.32 ± 0.15 °C (5.62 ± 0.14 °C) 801 
is expected under low (SSP1–2.6), moderate (RCP4.5), and high-end (RCP8.5 and SSP5–8.5) 802 
emission scenarios, respectively. By the end of the century, the east (west) coast is projected to 803 
warm by 2.54 ± 0.53 °C (2.36 ± 0.51 °C), 3.55 ± 0.84 °C (3.44 ± 0.73 °C), 7.07 ± 1.23 °C (6.65 804 
± 1.11 °C), and 7.46 ± 1.39 °C (6.67 ± 1.40 °C) under SSP1–2.6, RCP4.5, RCP8.5, and SSP5–805 
8.5, respectively. Compared to the east and west coasts, in the near and far future, the south coast 806 
would warm slower, warming by 1.95 ± 0.54 °C, 2.66 ± 0.65 °C, 5.15 ± 1.0 °C, and 5.65 ± 1.42 807 
°C under SSP1–2.6, RCP4.5, RCP8.5, and SSP5–8.5, respectively. 808 

With the contemporary (1987–2016) warming trend of 0.26 ± 0.06 °C/decade, the world warmed 809 
by 1.27 ± 0.14 °C in 2020, indicating that the present warming rate would surpass the Paris 810 
Accord temperature limit of 1.5 °C by 2029 with uncertainty from 2023 to 2039. However, based 811 
on the multimodel and multiscenario analysis, it would cross the 1.5, 2, 3, and 4 °C critical limits 812 
by 2028 ± 8 years, 2041 ± 8 years, 2062 ± 11 years, and 2081 ± 12 years, respectively. 813 

The mentioned global warming thresholds are associated with significant regional warming over 814 
various parts of the MENA region. At the 1.5 ° C global warming threshold, warming in MENA 815 
and all its subregions, except the south coast of the Arabian Peninsula, would exceed 2 °C. At 816 
1.5 °C of global warming, the temperature over global land would rise by 2.22 ± 0.09 °C. In 817 
contrast, the APHR, MENA-Land (MENA), Arabian Peninsula, and east, west, and south coasts 818 
would warm by 2.80 ±0.27 °C, 2.34 ± 0.17 °C (2.15 ± 0.16 °C), 2.32 ± 0.23 °C, 2.25 ± 0.23 °C, 819 
2.06 ± 0.22 °C, and 1.59 ± 0.20 °C, respectively. 820 

At 2 °C of global warming, the global land would heat up by 2.91 ± 0.12 °C. The APHR, 821 
MENA-Land (MENA), Arabian Peninsula, and east, west, and south coasts would warm faster 822 
than the globe, reaching 3.65 ± 0.32 °C, 3.08 ± 0.23 °C (2.84 ± 0.22 °C), 3.08 ± 0.37 °C, 3.03 ± 823 
0.31 °C, 2.81 ± 0.41 °C, and 2.20 ± 0.29 °C, respectively. 824 
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Based on the observations, the MENA, Arabian Peninsula, APHR, and east, west, and south 825 
coasts are warming nearly 1.85, 2.2, 2.8, 2.3, 2.1, and 1.4 times faster than the GMAT. However, 826 
based on median values from all datasets, the warming is pacing 1.5, 1.6, 1.9, 1.6, 1.4, and 0.96 827 
times faster, respectively. 828 

The observational datasets indicate little difference between MENA's warming rates in summer 829 
(0.37 ± 0.01 °C/decade) and winter (0.35 ± 0.03 °C/decade). The ERA5 also displays no 830 
difference between summer and winter warming rates; however, the MENA-Land-only region is 831 
warming faster in winter than in summer. In contrast to observations, all median values in the 832 
datasets indicate a faster summer (0.38 ± 0.05 °C/decade) warming than winter (0.34 ± 833 
0.06 °C/decade) for MENA and its land-only regions (summer: 0.41 ± 0.05 °C/decade; winter: 834 
0.38 ± 0.06 °C/decade). Based on the median value from all datasets, we conclude that the 835 
MENA and its subregions, except the west and south coasts, are warming faster in summer than 836 
the winter. 837 

All the analyzed datasets in this study exhibit consistent regional warming patterns over the 838 
MENA region in the past, present, and future. Although previous studies (e.g., Lelieveld et al., 839 
2016) found more rapid warming in summer, the current results in this paper reveal that the 840 
magnitude of warming in the MENA region is comparable in summer and winter in 841 
observations, which could be due to a different definition of summer and winter seasons in this 842 
analysis. However, the locations of warming hotspots are different in summer and winter in the 843 
region. For example, in summer, the major hotspots are located over Northwest Africa in Algeria 844 
and the north-central parts of the Arabian Peninsula. In contrast, in winter, they are in Iran 845 
(Elburz Mountains), Mauritania (West Africa), and Sudan (North Africa). Similarly, although 846 
previous studies (e.g., Chaidez et al., 2017) have indicated generally higher warming in the 847 
southern Red Sea, the current results reveal that this is valid only in winter and that the higher 848 
warming is located in the northern Red Sea in summer, further identifying the seasonal features 849 
of warming. 850 

The Arabian Peninsula is warming faster than the MENA region, but the warming is not 851 
uniformly distributed. In particular, the eastern Arabian Peninsula is warming faster than the 852 
southern and western coasts, which is attributable to the proximity to regional water bodies, 853 
which is due to the shallowness of the gulf, which adjusts much more rapidly (seasonally and 854 
climatologically) to atmospheric warming than the Red Sea, particularly the Arabian Sea. The 855 
results demonstrate that warming over the Arabian Peninsula is already well above 1.5 °C and is 856 
estimated to exceed 3.8 °C and 7 °C by the end of the twenty-first century under the intermediate 857 
(RCP4.5) and extreme scenarios (RCP8.5), respectively. The climate change signal is robust, as 858 
the magnitude of warming exceeds the internal climate variability throughout the MENA region, 859 
both in observations and climate model outputs. The warming in the C3S-CMIP6-Adjusted 860 
dataset, which has a higher resolution than the C3S-CMIP5-Adjusted dataset, is consistent with 861 
that from CMIP5 data, both in historical and future periods. Compared with the global warming 862 
in the CMIP5 21 model ensemble, the entire MENA region is warming at a rate similar to that of 863 
the global land. 864 

Extreme regional warming would affect the habitability of the area, and economic activities, 865 
increasing the energy demand for cooling and limiting outdoor activities. In a warmer world, 866 
heat waves in MENA would be more frequent and intense (Zittis et al., 2021), causing 867 
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widespread heat strokes and cardiovascular disease and eventually increasing heat-related 868 
mortalities (Hajat et al., 2023). These estimates of regional warming are meant to inform policy 869 
decisions on a wide range of topics, including city planning, climate adaptation, energy use, and 870 
water resource management in the region. The high-resolution (9 km) CMIP6 datasets could be 871 
beneficial for estimating regional and local environmental conditions and calculating the 872 
spatially distributed influence of warming on the health and mortality rate of the population. The 873 
temperature change during the historic period reveals a significant contribution of the natural 874 
variability consistent between the datasets. The future climate projections, evaluated using 875 
multimodel ensembles, are consistent between the CMIP5 and CMIP6 models. 876 
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Introduction  

This document provides supplementary details about eight observational datasets, 
reanalysis products, and climate models from Coupled Model Intercomparison Project 
(CMIP) Phases 5 and 6 employed in this research work. Further, here we also show some 
additional figures and tables supporting the text in the main document. The figures 
related to winter warming are included in this document. How the temperature 
anomalies evolved from 1850 to 2020 for each observational data and related 
uncertainty are also depicted in supplementary figures. The download links for all the 
datasets are given under supplement section S5. The main document reference list 
provides all the references cited in the supplement document.  

Text S1. Details of observational datasets 
All observational datasets are detailed in the text below and summarized in Table S2.  

Text S1.1. HadCRUT5 analysis 
The recent version of the Met Office Hadley Centre/Climate Research Unit surface 
temperature data set, HadCRUT5-Analysis (Morice et al., 2021), merges CRUTEMP5 
surface air temperature and HadSST4 Sea Surface Temperature (SST) at a coarse 
resolution (5o x 5o). HadCRUT5-Analysis provides coverage in data-sparse regions with 
spatial gaps filled using a Gaussian process-based statistical method. It offers significant 
spatial coverage over the MENA region after 1880 and almost complete spatial coverage 
onward 1886. It is available with a 200-member ensemble providing uncertainties arising 
from methods for measuring SSTs, homogenization, measurement errors, presence of 
data-sparse regions, and statistical data reconstruction methods for filling the gaps. 

Text S1.2. Berkeley Earth 
The Berkeley Earth (1o x 1o) global land and ocean monthly temperature record use land 
air temperature where the sea is covered with ice; elsewhere, it uses sea surface 
temperature as a proxy for air temperature. In Berkeley Earth land temperature data is 
combined with spatially kriged HadSST3 (Rohde et al., 2020), providing complete spatial 
coverage over the MENA region after 1880. 

Text S1.3. GISTEMPv4 
The Goddard Institute for Space Studies Surface Temperature Product v4 (GISTEMPv4; 2o 
x 2o) is based on version 4 of the monthly Global Historical Climatological Network 
(GHCNv4) land surface air temperature from the NOAA NCEI (National Oceanic and 
Atmospheric Administration / National Centers for Environmental Information). 
GISTEMPv4 merges GHCNv4 and Extended Reconstructed Sea Surface Temperature v5 
(ERSSTv5) with 1200 km smoothing (Lenssen et al., 2020). It provides complete spatial 
coverage over the MENA region after 1911 and partially before 1911. 
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Text S1.4. NOAAGlobalTemp 
The NOAA global surface temperature (NOAAGlobalTemp; 5o x 5o) combines ERSSTv4 
with land surface air temperature GHCN monthly version 3.3 (GHCNm v3.3) (Zhang et al., 
2019; Zhang et al., 2021). It provides almost complete spatial coverage over the MENA 
region after 1907 and partially before.  

Text S1.5. CMST-Interim 
The China Global Merged Surface Temperature (CMST-Interim) dataset (5o x 5o) 
combines China-Land Surface Air Temperature v2 (C-LSAT2.0) and ERSSTv5. C-LSAT2.0 is 
based on high- and low-frequency components reconstruction methods combined with 
observation constraint masking (Yun et al., 2019; Sun et al., 2021). It provides complete 
spatial coverage over the MENA region after 1940 and partially before. 

Text S1.6. Cowtan & Way v2 
Cowton & Way v2 (5o x 5o) (Cowtan and Robert 2014) has three variants viz. i) HadCRUT4 
ensemble medians infilled by kriging, ii) HadCRUT4+HadSST4 infilled by kriging and iii) 
COBE2CRU based on HadCRUT4 land ensemble median and COBE-SST2. All these three 
variants provide partial spatial coverage over the MENA region.   

Text S2. Details of Reanalysis Products 
All reanalysis products are detailed in the text below and summarized in Table S3. 

Text S2.1. European ReAnalysis (ERA5) 
ERA5 is ECMWF's fifth-generation reanalysis product that combines model output with 
several observational data sets using a data assimilation technique. It is available at 31 
km spatial resolution (0.25o × 0.25o) with a 10-member ensemble at 63 km (0.5o × 0.5o) 
for uncertainty estimates (Hersbach et al., 2019a; Hersbach et al., 2019b, Hersbach et al., 
2020).  

Text S2.2. ERA5-Land 
ERA5-Land is produced using ECMWF's land surface model. The Model was forced by 
downscaled meteorological data from ERA5, with elevation correction for the 
thermodynamic near-surface state (Muñoz-Sabater et al., 2021). It has a high native 
spatial resolution of 9 km and thus can provide a relatively good estimate of temperature 
changes over coastal zones. We use 2m air temperature (T2m) from the ERA5-Land, 
available at an hourly timescale, and we calculate monthly means from the hourly data 
set.   

Text S2.3. WFDE5 
ERA5 was bias corrected by applying the Water and Global Change (WATCH) Forcing 
Data (WFD) methodology (Weedon et al., 2011), thus referred to as WFDE5 (Cucchi et al., 
2020; Cucchi et al., 2021). For producing WFDE5, ERA5 data were re-gridded at 0.5o 
spatial resolution and then adjusted using elevation and monthly-scale bias corrections 
based on Climatic Research Unit (CRU) data (Cucchi et al., 2020; Cucchi et al., 2021). We 
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use this data set to evaluate the quality of ERA5 reanalysis and other climate model 
outputs over the MENA region.  
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S3 Supplementary tables  

Table S1. Geographic coordinates of the Arabian Peninsula Hotspot Region (APHR).   
No. Latitude Longitude 

1 32.007 40.07 
2 32.006 40.075 
3 31.948 40.413 
4 31.373 41.440 
5 31.112 42.085 
6 30.516 42.925 
7 30.417 43.065 
8 29.869 43.810 
9 29.198 44.722 

10 29.200 44.720 
11 29.090 46.120 
12 22.500 49.000 
13 21.000 47.500 
14 22.500 44.000 
15 30.000 38.700 
16 32.007 40.070 

 

Table S2. Observational datasets 
Sr. 
No. 

Data Period Spatial 
Resolution 

Temporal 
Resolution 

Ensemble 
Members 

Original 
Baseline 

Remarks 

1 HadCRUT5-Analysis 1850-2020 5o x 5o Monthly 200 1961-1990 Land and ocean 
(Accessed on 
23/02/2021) 

2 Berkeley Earth 1850-2020 1o x 1o Monthly No 1951-1980 Land and ocean 
(Accessed on 
27/04/2021) 

3 GISTEMPv4 1880-2020 2o x 2o Monthly No 1951-1980 Land and ocean 
(Accessed on 
23/02/2021) 

4 NOAA-Global-Temp 1880-2020 5o x 5o Monthly No 1971-2000 Land and ocean 
(Accessed on 
23/02/2021) 

5 CMST-Interim 1854-2018 5o x 5o Monthly No 1961-1990 Land and ocean 
(Accessed on 
16/03/2021) 

 Cowtan and Way v2      Available as 
following three 
reconstructions 
(Accessed on 
24/02/2021) 

6 HadCRUT4 1850-2020 5o x 5o Monthly No 1961-1990 Land and ocean 
7 HadCRUT4+HadSST

4 
1850-2018 5o x 5o Monthly No 1961-1990 Land and ocean 

8 COBE2CRU 1850-2017 5o x 5o Monthly No 1961-1990 Land and ocean 
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Table S3. Reanalysis products 
Sr. No. Data Period Spatial 

Resolution 
Temporal 
Resolution 

Ensemble 
Members 

Used 

Remarks 

1 ERA5 1951-2020 0.25o x 0.25o 
(31 km) 

Monthly 10 Land and ocean 
(Accessed on 
04/04/2021) 

2 ERA5-Land 1951-2020 0.1o x 0.1o 
(9 km) 

Monthly No Land only 
(Accessed on 
23/11/2021) 

3 WFDE5 1979-2019 0.5o x 0.5o Hourly No Bias-corrected 
over land with 
CRUTSv4.06 
(Harris et al., 

2020) 
(Accessed on 
09/03/2022) 

Table S4. C3S-CMIP5-Adjusted 2-meter air temperature (T2m; 0.25o x 0.25o, 31 km, 
monthly, 1951-2099) 
Sr. No. Model Institute Forcing Scenario Ensemble 

Number 
1 ACCESS1–0  BoM-CSIRO, 

Australia 
RCP4.5, RCP8.5 r1i1p1 

2 ACCESS1–3  BoM-CSIRO, 
Australia 

〃 〃 

3 bcc-csm1–1  BCC, China 〃 〃 
4 bcc-csm1–1-m  BCC, China 〃 〃 
5 BNU-ESM  BNU, China 〃 〃 
6 CMCC–CM  CMCC, Italy 〃 〃 
7 CMCC–CMS  CMCC. Italy RCP8.5 〃 
8 CNRM-CM5  CNRM-CERFACS, 

France 
RCP4.5 〃 

9 GFDL-CM3  NOAA, USA RCP4.5, RCP8.5 〃 
10 GFDL-ESM2G  NOAA, USA 〃 〃 
11 GFDL-ESM2M  NOAA, USA 〃 〃 
12 HadGEM2-CC  UK Met Office, UK 〃 〃 
13 HadGEM2-ES  UK Met Office, UK 〃 〃 
14 inmcm4  INM, Russia 〃 〃 
15 IPSL-CM5A-LR  IPSL, France 〃 〃 
16 IPSL-CM5A-MR  IPSL, France 〃 〃 
17 IPSL-CM5B-LR  IPSL, France 〃 〃 
18 MIROC5  UTCCSR, Japan 〃 〃 
19 MPI-ESM-LR  MPI, Germany 〃 〃 
20 MPI-ESM-MR  MPI, Germany 〃 〃 
21 NorESM1-M  NCC, Norway 〃 〃 
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Table S5. C3S-CMIP6-Adjusted 2-meter air temperature (T2m; 0.1o x 0.1o, 9 km, monthly, 
1951-2099) 
Sr. 
No. 

Model Institute Forcing 
Scenario 

Ensemble 
Number 

Remarks 

1 GFDL-ESM4 Geophysical Fluid 
Dynamics Laboratory / 
USA 

SSP1-2.6, 
SSP5-8.5 

r1i1p1f1 Low climate sensitivity 
and good process 
representation  

2 MPI-ESM1-2-HR 
 

L’Institut Pierre–Simon 
Laplace/Franc 

〃 〃 Low climate sensitivity 
and fair process 
representation 

3 MRI-ESM2-0 Max Planck Institute for 
Meteorology/Germany 

〃 〃 Low climate sensitivity 
and good process 
representation 

4 IPSL-CM6A-LR Meteorological Research 
Institute 
/Japan 

〃 〃 High climate sensitivity 
and fair process 
representation 

5 UKESM1-0-LL Met Office Hadley 
Centre/ 

〃 r1i1p1f2 High climate sensitivity 
and good process 
representation 

 

Table S6. Annual global warming offsets (1986-2005) calculated from 8 observational 
data sets. 
Sr. No.  Data Set Offset oC (Land and 

Ocean) 
Offset oC (Land Only) 

1 HadCRUT5-Analysis 0.71 0.99 
2 Berkeley Earth 0.69 0.98 
3 GISTEMPv4 0.69 1.03 
4 NOAA-Global-Temp 0.43 0.71 
5 CMST-Interim 0.56 0.84 
6 HadCRUT4 0.66 0.97 
7 HadCRUT4+HadSST4 0.71 0.99 
8 COBE2CRU 0.62 0.97 
Mean Offset  0.63 0.94 

 

Table S7. MENA and its sub-regions warming offsets (1986-2005). Offsets shown here 
are the mean of 8 observation data sets over the corresponding region. 
Sr. No. Region Offset oC 

(Annual, Jan-
Dec) 

Offset oC 
(Summer, 
MJJASO) 

Offset oC (Winter, 
NDJFMA) 

1 MENA 0.90 0.92 0.93 
2 MENA-Land 0.98 0.99 1.02 
3 Arabian Peninsula 0.95 1.00 0.92 
4 Arabian Peninsula 

Hotspot Region 
1.08 1.23 0.96 

5 West Coast 0.84 0.89 0.79 
6 South Coast 0.81 0.75 0.89 
7 East Coast 0.88 0.93 0.90 
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Table S8. Mean climatological warming (oC; 1987—2016). 
Summer (MJJASO) 

 MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

Obs8 1.12 ± 0.08 1.21 ± 0.08 1.23 ± 0.10 1.52 ± 0.13 1.10 ± 0.10 0.92 ± 0.10 1.17 ± 0.10  
ERA5 1.14 ± 0.07 1.24 ± 0.08 1.29 ± 0.10 1.61 ± 0.14 1.11 ± 0.08 0.93 ± 0.10 1.24 ± 0.10 
ERA5-Land – 1.19 ± 0.07 1.20 ± 0.07 1.47 ± 0.11 1.06 ± 0.06  0.87 ± 0.07 1.13 ± 0.07 
WFDE5 – 1.18 ± 0.06 1.22 ± 0.07 1.50 ± 0.1 1.11 ± 0.07  0.89 ± 0.07 1.23 ± 0.07 
RCP4.5 1.12 ± 0.07 1.21 ± 0.07 1.20 ± 0.08 1.46 ± 0.1 1.07 ± 0.08 0.90 ± 0.08 1.13 ± 0.08 
RCP8.5 1.15 ± 0.08 1.24 ± 0.08 1.22 ± 0.09 1.49 ± 0.11 1.10 ± 0.09 0.90 ± 0.09 1.16 ± 0.09  
SSP1-2.6 – 1.24 ± 0.08 1.24 ± 0.08 1.52 ± 0.11 1.09 ± 0.08 0.89 ± 0.08 1.15 ± 0.08 
SSP5-8.5 – 1.26 ± 0.08 1.24 ± 0.08 1.51 ± 0.11 1.09 ± 0.08 0.89 ± 0.08 1.16 ± 0.08 
Mean 1.13 ± 0.08 1.22 ± 0.08 1.23 ± 0.08 1.51 ± 0.11 1.09 ± 0.08 0.90 ± 0.08 1.17 ± 0.08 
Median 1.13 ± 0.08 1.23 ± 0.08 1.23 ± 0.08 1.51 ± 0.11 1.10 ± 0.08 0.90 ± 0.08 1.16 ± 0.08 

 Winter (NDJFMA)  
 MENA 

(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

Obs8 1.13 ± 0.09 1.23 ± 0.12 1.09 ± 0.12 1.20 ± 0.16 1.02 ± 0.12 0.98 ± 0.12 1.05 ± 0.12 
ERA5 1.19 ± 0.1 1.32 ± 0.12 1.17 ± 0.13 1.31 ± 0.17 1.09 ± 0.12 0.94 ± 0.13 1.20 ± 0.13 
ERA5-Land – 1.28 ± 0.11 1.14 ± 0.12 1.25 ± 0.15 1.06 ± 0.12  0.98 ± 0.12 1.14 ± 0.12 
WFDE5 – 1.23 ± 0.09 1.12 ± 0.1 1.20 ± 0.13 1.08 ± 0.12 0.97 ± 0.10 1.13 ± 0.10 
RCP4.5 1.13 ± 0.08 1.23 ± 0.08 1.12 ± 0.1 1.16 ± 0.13 1.00 ± 0.09 1.07 ± 0.1 1.09 ± 0.10 
RCP8.5 1.13 ± 0.09 1.24 ± 0.09 1.11 ± 0.10 1.16 ± 0.13  0.99 ± 0.09 1.07 ± 0.1 1.09 ± 0.10 
SSP1-2.6 – 1.23 ± 0.10 1.14 ± 0.10 1.18 ± 0.13 1.00 ± 0.1 1.10 ± 0.1 1.11 ± 0.10 
SSP5-8.5 – 1.26 ± 0.10 1.17 ± 0.11 1.21 ± 0.14 1.02 ± 0.1 1.12 ± 0.11 1.14 ± 0.11 
Mean 1.15 ± 0.09 1.25 ± 0.10 1.13 ± 0.11 1.21 ± 0.14 1.03 ± 0.11 1.03 ± 0.11 1.12 ± 0.11 
Median 1.13 ± 0.09 1.24 ± 0.10 1.13 ± 0.11 1.20 ± 0.14 1.04 ± 0.10 1.03 ± 0.11 1.13 ± 0.11 

 
Note: Obs8 is the mean of eight observational datasets described in Table S2.  
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Table S9. Current global (annual) and regional warming (oC; 2020) 
Summer (MJJASO) 

 Global 
(Land and 
Ocean) 

Global-
Land 

MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

Obs8 1.15 ± 0.13 1.71 ± 0.14 1.68 ± 0.11 1.79 ± 0.10 1.9 ± 0.18 2.29 ± 0.09 1.77 ± 0.15 1.52 ± 0.24 1.96 ± 0.15 
ERA5 1.23 ± 0.01 1.83 ± 

0.004 
1.75 ± 0.01 1.88 ± 0.01 1.976 ± 

0.003 
2.615 ± 
0.003 

1.72 ± 0.01 1.08 ± 0.02 1.86 ± 0.01 

ERA5-Land – 1.79 ± 
0.004* 

– 1.74 ± 0.01* 1.70 ± 
0.003* 

2.13 ± 
0.003* 

1.55 ± 0.01* 1.14 ± 0.02* 1.69 ± 
0.01* 

RCP4.5 1.25 ± 0.18 1.82 ± 0.24 1.76 ± 0.25 1.90 ± 0.27 1.84 ± 0.35 2.20 ± 0.37 1.67 ± 0.33 1.35 ± 0.26 1.77 ± 0.38 
RCP8.5 1.31 ± 0.18 1.92 ± 0.24 1.88 ± 0.24 2.02 ± 0.26 1.99 ± 0.34 2.38 ± 0.38 1.82 ± 0.31 1.42 ± 0.23 1.92 ± 0.35 
SSP1-2.6 1.30 ± 0.14 1.94 ± 0.24 – 2.04 ± 0.25 2.01 ± 0.31 2.47 ± 0.29 1.77 ± 0.33 1.36 ± 0.25 1.92 ± 0.29 
SSP5-8.5 1.29 ± 0.14 1.91 ± 0.24 – 2.06 ± 0.28 2.04 ± 0.32 2.48 ± 0.33 1.78 ± 0.28 1.37 ± 0.26 1.96 ± 0.31 
Mean 1.26 ± 0.13 1.85 ± 0.16 1.77 ± 0.15  1.92 ± 0.17 1.92 ± 0.22 2.37 ± 0.21 1.73 ± 0.21 1.32 ± 0.18 1.87 ± 0.21 
Median 1.27 ± 0.14 1.83 ± 0.24 1.76 ± 0.18 1.90 ± 0.25 1.98 ± 0.31 2.38 ± 0.29 1.77 ± 0.28 1.36 ± 0.24 1.92 ± 0.29 

 Winter (NDJFMA) 
 Global 

(Land and 
Ocean) 

Global-
Land 

MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

Obs8 1.15 ± 0.13 1.71 ± 0.14 1.49 ± 0.11 1.61 ± 0.13 1.60 ± 0.18 1.87 ± 0.21 1.52 ± 0.12 1.28 ± 0.11 1.55 ± 0.20 
ERA5 1.23 ± 0.01 1.83 ± 

0.004 
1.61 ± 0.01 1.80 ± 0.01 1.82 ± 0.01 2.39 ± 0.01 1.63 ± 0.01 1.25 ± 0.02 1.92 ± 0.01 

ERA5-Land – 1.79 ± 
0.004* 

– 1.76 ± 0.01* 1.65 ± 0.01* 1.93 ± 0.01* 1.5 ± 0.01 1.24 ± 0.02* 1.72 ± 
0.01* 

RCP4.5 1.25 ± 0.18 1.82 ± 0.24 1.67 ± 0.21 1.80 ± 0.21 1.67 ± 0.23  1.70 ± 0.26 1.54 ± 0.20 1.59 ± 0.21 1.61 ± 0.30 
RCP8.5 1.31 ± 0.18 1.92 ± 0.24 1.73 ± 0.22 1.87 ± 0.24  1.72 ± 0.24 1.79 ± 0.27 1.58 ± 0.23 1.63 ± 0.19 1.68 ± 0.28 
SSP1-2.6 1.30 ± 0.14 1.94 ± 0.24 – 1.97 ± 0.50 1.80 ± 0.47 1.90 ± 0.65 1.69 ± 0.49 1.63 ± 0.29 1.76 ± 0.45 
SSP5-8.5 1.29 ± 0.14 1.91 ± 0.24 – 1.99 ± 0.46 1.89 ± 0.38 1.98 ± 0.46 1.71 ± 0.40 1.72 ± 0.32 1.86 ± 0.33 
Mean 1.26 ± 0.13 1.85 ± 0.16 1.63 ± 0.14 1.83 ± 0.22 1.74 ± 0.22 1.94 ± 0.27 1.60 ± 0.21 1.48 ± 0.17 1.73 ± 0.23 
Median 1.27 ± 0.14 1.83 ± 0.24 1.64 ± 0.16 1.80 ± 0.21 1.72 ± 0.23 1.90 ± 0.26 1.58 ± 0.20 1.59 ± 0.19 1.72 ± 0.28 

Table S10. Mean climatological warming (oC; 2021—2050) 
Summer (MJJASO)  

 MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 2.26 ± 0.07 2.43 ± 0.07 2.40 ± 0.08 2.86 ± 0.10 2.18 ± 0.08 1.74 ± 0.08 2.47 ± 0.07 
RCP8.5 2.62 ± 0.05 2.82 ± 0.09 2.80 ± 0.10 3.32 ± 0.13 2.60 ± 0.10 2.00 ± 0.10 2.77 ± 0.11 
SSP1-2.6 – 2.54 ± 0.06 2.55 ± 0.07 3.06 ± 0.09 2.24 ± 0.06 1.77 ± 0.07 2.33 ± 0.08 
SSP5-8.5 – 2.85 ± 0.11 2.86 ± 0.11 3.48 ± 0.13 2.51 ± 0.10 1.94 ± 0.11 2.73 ± 0.10 

 Winter (NDJFMA) 
 MENA 

(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 2.06 ± 0.08 2.21 ± 0.08 2.15 ± 0.10 2.18 ± 0.12 1.99 ± 0.09 2.04 ± 0.10 2.38 ± 0.10 
RCP8.5 2.38 ± 0.07 2.55 ± 0.10 2.49 ± 0.12 2.56 ± 0.14 2.34 ± 0.11 2.31 ± 0.12 2.58 ± 0.11 
SSP1-2.6 – 2.40 ± 0.09 2.38 ± 0.11 2.49 ± 0.12 2.14 ± 0.08 2.15 ± 0.10 2.08 ± 0.10 
SSP5-8.5 – 2.61 ± 0.10 2.59 ± 0.11 2.71 ± 0.14 2.34 ± 0.10 2.37 ± 0.11 2.42 ± 0.12 
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Table S11. Mean climatological warming (oC; 2069—2098) 
Summer (MJJASO) 

 MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 3.35 ± 0.09 3.60 ± 0.05 3.59 ± 0.06 4.18 ± 0.08 3.36 ± 0.06 2.65 ± 0.06 3.53 ± 0.06 
RCP8.5 5.70 ± 0.11 6.14 ± 0.11 6.12 ± 0.12 7.16 ± 0.15 5.73  ± 0.12  4.36 ± 0.12 6.1 ± 0.12 
SSP1-2.6 – 2.82 ± 0.04 2.84 ± 0.05 3.35 ± 0.06 2.59 ± 0.05 2.10 ± 0.05 2.75 ± 0.05 
SSP5-8.5 – 6.43 ± 0.14 6.41 ± 0.15 7.59 ± 0.17 5.62 ± 0.14 4.67 ± 0.15 6.32 ± 0.15 

 Winter (NDJFMA)  
 MENA 

(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 3.02 ± 0.1 3.22 ± 0.07 3.24 ± 0.09 3.28 ± 0.11 3.03 ± 0.08 3.06 ± 0.09 3.17 ± 0.09 
RCP8.5 5.11 ± 0.12 5.45 ± 0.12 5.55 ± 0.14 5.65 ± 0.16 5.26 ± 0.13 5.09 ± 0.14 5.49 ± 0.14 
SSP1-2.6 – 2.53 ± 0.08 2.50 ± 0.08 2.62 ± 0.11 2.33 ± 0.07 2.44 ± 0.08 2.52 ± 0.08 
SSP5-8.5 – 5.74 ± 0.16 5.89 ± 0.17 5.98 ± 0.18 5.42 ± 0.15 5.52 ± 0.17 5.72 ± 0.17 

Table S12. Global (annual) and regional (winter) warming trends (oC/Decade) 
1987-2016  

 Global 
(Land and 
Ocean) 

Global-
Land 

MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

Obs8 0.2 ± 0.02 0.33 ± 0.02 0.35 ± 0.03 0.38 ± 0.03 0.37 ± 0.06 0.49 ± 0.04 0.42 ± 0.03 0.21 ± 0.06 0.35 ± 0.07 
WFDE5 – 0.27 ± 

0.001* 
– 0.34 ± 0.02 0.30 ± 0.02 0.36 ± 0.02 0.34 ± 0.02 0.21 ± 0.01 0.33 ± 0.03 

ERA5 0.22 ± 
0.003 

0.37 ± 
0.001 

0.41 ± 
0.003 

0.51 ± 0.001 0.43 ± 0.005 0.59 ± 0.003 0.49 ± 0.002 0.12 ± 0.01 0.50 ± 0.01 

ERA5-Land – 0.34 ± 
0.003 

– 0.39 ± 0.01 0.37 ± 0.01 0.50 ± 0.01 0.39 ± 0.01 0.18 ± 0.01 0.41 ± 0.01 

RCP4.5 0.25 ± 0.07 0.37 ± 0.09 0.31 ± 0.09 0.32 ± 0.09 0.32 ± 0.11 0.31 ± 0.13 0.31 ± 0.10 0.30 ± 0.09 0.31 ± 0.14 
RCP8.5 0.27 ± 0.07 0.39 ± 0.09 0.32 ± 0.08 0.34 ± 0.09 0.34 ± 0.11 0.34 ± 0.12 0.32 ± 0.11 0.32 ± 0.07 0.33 ± 0.13 
SSP1-2.6 0.26 ± 0.06 0.40 ± 0.1 – 0.38 ± 0.20 0.35 ± 0.19 0.37 ± 0.3 0.36 ± 0.19 0.30 ± 0.12 0.34 ± 0.19 
SSP5-8.5 0.26 ± 0.05 0.39 ± 0.1 – 0.41 ± 0.19 0.40 ± 0.16 0.42 ± 0.19 0.38 ± 0.15 0.34 ± 0.13 0.40 ± 0.15 
Mean 0.24 ± 0.05 0.36 ± 0.05 

 
0.35 ± 0.05 0.38 ± 0.08 0.36 ± 0.08 0.42 ± 0.10 0.38 ± 0.08 0.25 ± 0.06 0.37 ± 0.09 

Median 0.26 ± 0.06 0.37 ± 0.06 0.34 ± 0.06 0.38 ± 0.06 0.36 ± 0.09 0.40 ± 0.08 0.37 ± 0.07 0.26 ± 0.07 0.35 ± 0.10 
 2021-2098 

 Global 
(Land and 
Ocean) 

Global-
Land 

MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 0.17 ± 0.05 0.30 ± 0.07 0.19 ± 0.06 0.20 ± 0.06 0.22 ± 0.06 0.22 ± 0.07 0.21 ± 0.06 0.21 ± 0.06 0.22 ± 0.06  
RCP8.5 0.46 ± 0.08 0.65 ± 0.11 0.56 ± 0.10 0.59 ± 0.11 0.63 ± 0.11 0.64 ± 0.12 0.60 ± 0.11 0.57 ± 0.10 0.64 ± 0.11 
SSP1-2.6 0.06 ± 0.04 0.09 ± 0.07 – 0.04 ± 0.06 0.04 ± 0.05 0.03 ± 0.06 0.04 ± 0.05 0.06 ± 0.04 0.03 ± 0.04 
SSP5-8.5 0.50 ±0.13 0.73 ± 0.24 – 0.65 ± 0.18 0.68 ± 0.20 0.68 ± 0.22 0.63 ± 0.18 0.66 ± 0.18 0.65 ± 0.18 

Obs8: Mean of eight observational datasets mentioned in Table S2.  
* With an asterisk is the standard error, and without an asterisk is ± 1 SD calculated from 
different datasets or corresponding ensemble members. 
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Table S13. Years crossing global warming thresholds 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2031 ± 11 (4) 2053 ± 12 (5) – – 
RCP8.5 2027 ± 7  (3) 2041 ± 8 (2) 2062 ± 10 (2) 2082 ± 10 (2) 
SSP1-2.6 2028 ± 8 (7)  – – 
SSP5-8.5 2027 ± 6 (2) 2040 ± 8 (2) 2062 ± 11 (2) 2080 ± 14 (2) 
Mean 2028 ± 8 (4) 2044 ± 9 (3) 2062 ± 11 2) 2081 ± 12 (2) 
Median 2028 ± 8 (4) 2041 ± 8 (2) 2062 ± 11 (2) 2081 ± 12 (2) 

Table S14. Global land warming at global warming thresholds 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.18 ± 0.09 2.90 ± 0.12   
RCP8.5 2.21 ± 0.08 2.91 ± 0.12 4.33 ± 0.16 5.68 ± 0.18 
SSP1-2.6 2.25 ± 0.09    
SSP5-8.5 2.23 ± 0.09 2.95 ± 0.09 4.45 ± 0.12 5.93 ± 0.27 
Mean 2.22 ± 0.09 2.92 ± 0.11 4.39 ± 0.18  5.81 ± 0.23 
Median 2.22 ± 0.09 2.91 ± 0.12 4.39 ± 0.18  5.81 ± 0.23 

Table S15. MENA warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.12 ± 0.18 2.80 ± 0.23    
RCP8.5 2.17 ± 0.13 2.88 ± 0.21 4.29 ± 0.29 5.62 ± 0.35 
SSP1-2.6     
SSP5-8.5     
Mean 2.15 ± 0.16 2.84 ± 0.22 4.29 ± 0.29  5.62 ± 0.35 
Median 2.15 ± 0.16 2.84 ± 0.22   

 (Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 1.95 ± 0.14 2.51 ± 0.17   
RCP8.5 1.99 ± 0.13 2.62 ± 0.15 3.84 ± 0.20 5.02 ± 0.26 
SSP1-2.6     
SSP5-8.5     
Mean 1.97 ± 0.14 2.57 ± 0.16 3.84 ± 0.20 5.02 ± 0.26 
Median 1.97 ± 0.14 2.57 ± 0.16 3.84 ± 0.20 5.02 ± 0.26 
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Table S16. MENA-Land warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.28 ± 0.21 3.01 ± 0.28   
RCP8.5 2.33 ± 0.15 3.11 ± 0.23 4.62 ± 0.33 6.05 ± 0.42 
SSP1-2.6 2.35 ± 0.16    
SSP5-8.5 2.36 ± 0.18 3.08 ± 0.16 4.66 ± 0.18 6.14 ± 0.19 
Mean 2.33 ± 0.18 3.07 ± 0.22 4.64 ± 0.26 6.10 ± 0.31 
Median 2.34 ± 0.17 3.08 ± 0.23 4.64 ± 0.26 6.10 ± 0.31 

(Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.11 ± 0.16 2.69 ± 0.21   
RCP8.5 2.14 ± 0.14  2.82 ± 0.12 4.11 ± 0.25 5.35 ± 0.32 
SSP1-2.6 2.25 ± 0.34    
SSP5-8.5 2.22 ± 0.34 2.78 ± 0.24 4.18 ± 0.19 5.41 ± 0.25 
Mean 2.18 ± 0.25 2.76 ± 0.21 4.15 ± 0.22 5.38 ± 0.29 
Median 2.18 ± 0.25 2.78 ± 0.21 4.15 ± 0.22 5.38 ± 0.29 

Table S17. Arabian Peninsula warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.22 ± 0.36 3.03 ± 0.38   
RCP8.5 2.31 ± 0.26 3.08 ± 0.37 4.61 ± 0.51 6.03 ± 0.59 
SSP1-2.6 2.33 ± 0.15    
SSP5-8.5 2.35 ± 0.20 3.11 ± 0.17 4.71 ± 0.15 6.12 ± 0.17 
Mean 2.30 ± 0.24 3.07 ± 0.31 4.66 ± 0.33 6.08 ± 0.38 
Median 2.32 ± 0.23 3.08 ± 0.37 4.66 ± 0.33 6.08 ± 0.38 

 (Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.02 ± 0.16 2.65 ± 0.22   
RCP8.5 2.04 ± 0.16 2.76 ± 0.19 4.14 ± 0.28 5.45 ± 0.3 
SSP1-2.6 2.16 ± 0.29    
SSP5-8.5 2.18 ± 0.23 2.78 ± 0.2 4.24 ± 0.22 5.53 ± 0.46 
Mean 2.1 ± 0.21 2.73 ± 0.2 4.19 ± 0.25 4.49 ± 0.38 
Median 2.1 ± 0.20 2.76 ± 0.2 4.19 ± 0.25 4.49 ± 0.38 
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Table S18. Arabian Peninsula Hotspot Region (APHR) warming at global warming 
thresholds 

(Summer; MJJASO) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.67 ± 0.34 3.56 ± 0.32   
RCP8.5 2.75 ± 0.25 3.65 ± 0.35 5.39 ± 0.48 7.06 ± 0.54 
SSP1-2.6 2.84 ± 0.18    
SSP5-8.5 2.87 ± 0.28 3.77 ± 0.26 5.66 ± 0.19 7.26 ± 0.13 
Mean 2.78 ± 0.26 3.66 ± 0.31 5.53 ± 0.34 7.16 ± 0.34 
Median 2.80 ± 0.27 3.65 ± 0.32 5.53 ± 0.34 7.16 ± 0.34 

(Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.07 ± 0.22 2.71 ± 0.31   
RCP8.5 2.12 ± 0.18 2.84 ± 0.23 4.24 ± 0.33 5.53 ± 0.4 
SSP1-2.6 2.29 ± 0.46    
SSP5-8.5 2.29 ± 0.32 2.9 ± 0.28 4.37 ± 0.31 5.6 ± 0.65 
Mean 2.19 ± 0.32 2.82 ± 0.27 4.31 ± 0.32 5.57 ± 0.53 
Median 2.21 ± 0.32 2.84 ± 0.28 4.31 ± 0.32 5.57 ± 0.53 

Table S19. West coast warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.01 ± 0.37  2.81 ± 0.41   
RCP8.5 2.12 ± 0.26  2.87 ± 0.41 4.3 ± 0.59  5.65 ± 0.61 
SSP1-2.6 2.06 ± 0.18    
SSP5-8.5 2.05 ± 0.18 2.73 ± 0.17 4.12 ± 0.21 5.37 ± 0.24 
Mean 2.06 ± 0.25 2.80 ± 0.33 4.21 ± 0.40 5.51 ± 0.43 
Median 2.06 ± 0.22 2.81 ± 0.41 4.21 ± 0.40 5.51 ± 0.43 

 (Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 1.88 ± 0.15 2.48 ± 0.17   
RCP8.5 1.9 ± 0.19 2.61 ± 0.21 3.89 ± 0.28 5.18 ± 0.28 
SSP1-2.6 1.98 ± 0.28    
SSP5-8.5 1.99 ± 0.35 2.51 ± 0.24 3.9 ± 0.17 5.1 ± 0.31 
Mean 1.94 ± 0.24 2.53 ± 0.21 3.90 ± 0.23 5.14 ± 0.30 
Median 1.94 ± 0.24 2.51 ± 0.21 3.90 ± 0.23 5.14 ± 0.30 
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Table S20. South coast warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 1.6 ± 0.28 2.21 ± 0.36   
RCP8.5 1.65 ± 0.22 2.20 ± 0.29  3.29 ± 0.44 4.27 ± 0.61 
SSP1-2.6 1.57 ± 0.17    
SSP5-8.5 1.58 ± 0.14 2.10 ± 0.19 3.29 ± 0.18 4.43 ± 0.26 
Mean 1.60 ± 0.20  2.17 ± 3.29 ± 0.31 4.35 ± 0.44 
Median 1.59 ± 0.20 2.20 ± 3.29 ± 0.31 4.35 ± 0.44 

 (Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 1.92 ± 0.13 2.51 ± 0.19   
RCP8.5 1.91 ± 0.14 2.56 ± 0.19 3.81 ± 0.3 5 ± 0.32 
SSP1-2.6 1.99 ± 0.16    
SSP5-8.5 1.94 ± 0.11 2.54 ± 0.13 3.92 ± 0.17 5.21 ± 0.25 
Mean 1.94 ± 0.14 2.54 ± 0.17 3.87 ± 0.24 5.11 ± 0.29 
Median 1.93 ± 0.14 2.54 ± 0.19 3.87 ± 0.24 5.11 ± 0.29 

Table S21. East coast warming at global warming thresholds 
(Summer; MJJASO) 

 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 2.17 ± 0.36 2.95 ± 0.32   
RCP8.5 2.24 ± 0.23 3.02 ± 0.31 4.56 ± 0.44 6.01 ± 0.51 
SSP1-2.6 2.28 ± 0.22    
SSP5-8.5 2.25 ± 0.17 3.03 ± 0.19 4.63 ± 0.16 6.03 ± 0.17 
Mean 2.24 ± 0.25 3 ± 0.22 4.60 ± 0.30 6.02 ± 0.34 
Median 2.25 ± 0.23 3.03 ± 0.31 4.60 ± 0.30 6.02 ± 0.34 

 (Winter; NDJFMA) 
 1.5 oC 2 oC 3 oC 4 oC 
RCP4.5 1.95 ± 0.21 2.59 ± 0.3   
RCP8.5 1.98 ± 0.17 2.68 ± 0.2 4.1 ± 0.29 5.39 ± 0.37 
SSP1-2.6 2.15 ± 0.2    
SSP5-8.5 2.15 ± 0.25 2.77 ± 0.16 4.18 ± 0.23 5.35 ± 0.57 
Mean 2.06 ± 0.21 2.68 ± 0.22 4.14 ± 0.26 5.37 ± 0.47 
Median 2.07 ± 0.21 2.68 ± 0.2 4.14 ± 0.26 5.37 ± 0.47 
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Table S22. Warming by the end of the 21st century (oC; 2099) 
(MJJASO) 

 MENA 
(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 3.41 ± 0.70 3.66 ± 0.77 3.64 ± 0.80 4.25 ± 0.87  3.44 ± 0.73 3.55 ± 0.84 2.66 ± 0.65 
RCP8.5 6.62 ± 0.98 7.13 ± 1.07 7.12 ± 1.24 8.28 ± 1.36 6.65 ± 1.11 7.07 ± 1.23 5.15 ± 1.0 
SSP1-2.6 – 2.60 ± 0.49 2.66 ± 0.57 3.16 ± 0.59 2.36 ± 0.51 2.54 ± 0.53 1.95 ± 0.54 
SSP5-8.5 – 7.58 ± 1.52 7.61 ± 1.53 8.97 ± 1.79 6.67 ± 1.40 7.46 ± 1.39 5.65 ± 1.45 

Winter (NDJFMA) 
 MENA 

(Land and 
Ocean) 

MENA-Land Arabian 
Peninsula 

APHR West Coast South Coast East Coast 

RCP4.5 3.05 ± 0.55 3.25 ± 0.58 3.26 ± 0.63 3.34 ± 0.67 3.04 ± 0.59 3.11 ± 0.56 3.21 ± 0.67 
RCP8.5 5.88 ± 0.90 6.26 ± 0.97 6.41 ± 1.02 6.57 ± 1.09 6.06 ± 0.94 5.86 ± 0.99 6.35 ± 0.99 
SSP1-2.6 – 2.42 ± 0.74 2.39 ± 0.68 2.49 ± 0.75 2.25 ± 0.72 2.27 ± 0.58 2.34 ± 0.51 
SSP5-8.5 – 6.84 ± 1.55 7.10 ± 1.61 7.23 ± 1.81 6.41 ± 1.65 6.59 ± 1.41 6.98 ± 1.36 
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S4 Supplementary figures 
 

   

 

Figure S1. Residual sample generation using corrected Amplitude Fourier Transform 
(CAAFT) algorithm for measuring uncertainty due to internal climate variability. The 
climate model data is ACCESS1-0 from CMIP5 (RCP8.5 merged with historical after 2005). 
Adaptive smoothing was performed using Mann's (2008) approach with a 0.25 (40-year) 
cut-off frequency. 
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Figure S2. Mean summer warming with internal climate variability range over the MENA 
region for (a) RCP4.5 and (b) RCP8.5. The solid gray horizontal line indicates mean 
warming calculated from the ERA5. The dashed gray horizontal lines indicate ±2 
standard deviation uncertainty range of the mean warming calculated from 10 ensemble 
members of ERA5. The solid black lines indicate multimodel means (MMM) for future 
periods. The blue vertical bars and text tell the uncertainty (at a 99% confidence level) 
due to internal climate variability. 
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Figure S3. Mean winter warming with internal climate variability range over the MENA 
region for (a) RCP4.5 and (b) RCP8.5. The solid gray horizontal line indicates mean 
warming calculated from the ERA5. The dashed gray horizontal lines indicate ±2 
standard deviation uncertainty range of the mean warming calculated from 10 ensemble 
members of ERA5. The solid black lines indicate multimodel means (MMM) for future 
periods. The blue vertical bars and text tell the uncertainty (at a 99% confidence level) 
due to internal climate variability. 
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Figure S4. Mean summer warming with internal climate variability range over the 
MENA-Land region for (a) SSP1-2.6 and (b) SSP5-8.5. The solid gray horizontal line 
indicates mean warming calculated from WFDE5. The dashed gray horizontal lines 
indicate ±2 standard deviation uncertainty range of the mean warming calculated from 
10,000 bootstrap samples of WFDE5. The solid black lines indicate multimodel means 
(MMM) for future periods. The blue vertical bars and text tell the uncertainty (at a 99% 
confidence level) due to internal climate variability. 
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Figure S5. Mean winter warming with internal climate variability range over the MENA-
Land region for (a) SSP1-2.6 and (b) SSP5-8.5. The solid gray horizontal line indicates 
mean warming calculated from WFDE5. The dashed gray horizontal lines indicate ±2 
standard deviation uncertainty range of the mean warming calculated from 10,000 
bootstrap samples of WFDE5. The solid black lines indicate multimodel means (MMM) 
for future periods. The blue vertical bars and text tell the uncertainty (at a 99% 
confidence level) due to internal climate variability. 
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Figure S6. Spatial pattern of observed summer (May-October; upper panel) and winter 
(November-April; lower panel) mean climatological warming (1987-2016) relative to 
preindustrial climate (1850-1900) over the MENA region for multiple observational 
datasets. 
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Figure S7. Spatial pattern of historical summer (May-October; left panel) and winter 
(November-April; right panel) mean climatological warming (1987-2016) relative to 
preindustrial climate (1850-1900). (a, b) Multimodel Model Mean (MMM) of 21 C3S-
CMIP5-Adjusted climate model outputs for RCP4.5; and (c, d) Multimodel Model Mean of 
5 C3S-CMIP6-Adjusted climate model outputs for SSP1-2.6. Stipplings indicate statistical 
significance with 2 SD of internal climate variability and where all corresponding data 
members agree for change in sign. Numbers above each sub-figure show climatological 
mean warming with ± 1 std and temperature range (min to max). Green and magenta 
polygons show the boundaries of the Arabian Peninsula (AP) and Arabian Peninsula 
Hotspot Region (APHR). Blue lines are coastal zones defined up to 160 km of the coast. 
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Figure S8. Historical winter (May-October; 1987-2016) mean climatological warming 
with internal climate variability range (99% confidence level) for (a) Arabian Peninsula 
and hotspot region, and (b) coastal zones.  
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Figure S9. Historical (1850-2020) summer (left panel) and winter (right panel) 
temperature change relative to preindustrial climate (1850-1900). (a, b) over Arabian 
Peninsula, and (c, d) APHR. The pink shading shows a 99% confidence interval calculated 
from 200 ensemble members of HadCRUT5-Analysis. 
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Figure S10. Historical (1850-2020) summer (left panel) and winter (right panel) 
temperature change relative to preindustrial climate (1850-1900). (a, b) over the west 
coast, (c, d) the east coast and (e, f) the south coast. The pink shading shows a 99% 
confidence interval calculated from 200 ensemble members of HadCRUT5-Analysis.  
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Figure S11. Future winter (May-October) mean climatological warming with internal 
climate variability range (99% confidence level) over the Arabian Peninsula, hotspot 
region, and coastal zones for (a) near-(2021-2050) and (b) long-term futures. 
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Figure S12. Comparison of winter temperatures over MENA and its subregions with 
annual Global Surface Air Temperature (GSAT: global land plus ocean; GSAT-Land: global 
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land only) at different global temperature thresholds (1.5, 2, 3, and 4 0C). (a) Comparison 
for MENA, (b) for Arabian Peninsula and hotspot region, and (c) for coastal zones. For 
C3S-CMIP5-Adjusted, the curves are shown as the multimodel mean of 21 climate 
models for two emission scenarios (RCP4.5 and RCP8.5) with uncertainty estimates at a 
99% confidence level. The uncertainty for ER5 is calculated from its ten ensemble 
members. The text colours correspond to each data set used, and coloured vertical lines 
show the year surpassing a particular global temperature threshold for each emission 
scenario. The horizontal black lines indicate model uncertainty (± 1 std of a year crossing 
a certain global temperature threshold), whereas green lines indicate uncertainty in a 
year due to internal climate variability.    
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Figure S13. Same as in Fig.S12 but for C3S-CMIP6-Adjusted with two scenarios (SSP1-
2.6 and SSP5-8.5). 
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S5 Open research data availability 
 
The datasets used in this research work can be downloaded from the following links: 
 

1) HadCRUT5 analysis (Morice et al., 2021)  
https://crudata.uea.ac.uk/cru/data/temperature/ 

 
2) Berkeley Earth (Rohde & Hausfather, 2020) 

 http://berkeleyearth.org/data/ 
 

3) CMST-Interim (Sun et al., 2021; Yun et al., 2019) 
https://doi.pangaea.de/10.1594/PANGAEA.929389 
 

4) Cowtan and Way v2 (Cowtan and Way, 2014) 
https://www-users.york.ac.uk/~kdc3/papers/coverage2013/series.html 

 
5) GISTEMP v4 (Lenssen et al., 2019) 

https://data.giss.nasa.gov/gistemp/ 
 

6) NOAAGlobalTemp v5 (Zhang et al., 2019, 2021): 
https://psl.noaa.gov/data/gridded/data.noaaglobaltemp.html 

 
7) ERA5 (Copernicus Climate Change Service, 2023; Hersbach et al., 2019a, 2019b, 

2020) 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-
monthly-means?tab=overview 
 

8) ERA5-Land (Copernicus Climate Change Service, 2022a; Muñoz-Sabater et al., 
2021) 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-
monthly-means?tab=overview 
 

9) WFDE5 (Copernicus Climate Change Service, 2022b; Cucchi et al., 2020, 2021) 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/derived-near-surface-
meteorological-variables?tab=overview 
 

10) C3S-CMIP5-Adjusted (Noël et al., 2021) 
https://esgf-node.ipsl.upmc.fr/search/c3s-cmip5-adjust/ 
 

11) C3S-CMIP6-Adjusted (Noël et al., 2022)  
https://esgf-node.ipsl.upmc.fr/search/cmip6-adjust/ 
 

12) CMIP5 (Taylor et al., 2012) 

https://crudata.uea.ac.uk/cru/data/temperature/
http://berkeleyearth.org/data/
https://doi.pangaea.de/10.1594/PANGAEA.929389
https://www-users.york.ac.uk/%7Ekdc3/papers/coverage2013/series.html
https://data.giss.nasa.gov/gistemp/
https://psl.noaa.gov/data/gridded/data.noaaglobaltemp.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/derived-near-surface-meteorological-variables?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/derived-near-surface-meteorological-variables?tab=overview
https://esgf-node.ipsl.upmc.fr/search/c3s-cmip5-adjust/
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip5-monthly-
single-levels?tab=overview 
 

13) CMIP6 (Eyring et al., 2016) 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-
cmip6?tab=overview 

 
 
 
 
 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip5-monthly-single-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip5-monthly-single-levels?tab=overview
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