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1 Present and future land surface and wet bulb temperatures in the Arabian Peninsula 

2 S. Safieddine1, C. Clerbaux1,2, L. Clarisse2, S. Whitburn2, and E.A.B. Eltahir3,

3 1LATMOS/IPSL, Sorbonne Université, UVSQ, CNRS, Paris, France
4 2Université libre de Bruxelles (ULB), Spectroscopy, Quantum Chemistry and Atmospheric 
5 Remote Sensing (SQUARES), Brussels, Belgium 
6 3Ralph M. Parsons Laboratory, Massachusetts Institute of Technology, Cambridge, MA 
7 02139, USA
8
9 Abstract

10 The Arabian Peninsula exhibits extreme hot summers and has one of the world's largest 
11 population growth. We use satellite observations and reanalysis as well as climate model 
12 projections to analyze morning and evening land surface temperatures (LST), to refer to 
13 processes at the surface, and wet bulb temperatures (WBT) to measure human heat 
14 stress. We focus on three regions: The Persian Gulf and Gulf of Oman, the inland capital 
15 of Saudi Arabia, Riyadh and the irrigated agricultural region in Al-Jouf, Saudi Arabia. This 
16 study shows that the time of the day is important when studying LST and WBT, with 
17 current and future WBT higher in the early summer evenings. It also shows that the effect 
18 of humidity brought from waterbodies or through irrigation can significantly increase heat 
19 stress. 

20 Over the coasts of the Peninsula, humidity decreases LST but increases heat stress via 
21 WBT values higher than 25°C in the evening. Riyadh, located in the heart of the Peninsula 
22 has lower WBT of 15°C to 17.5°C and LST reaching 42.5°C. Irrigation in the Al-Jouf 
23 province decreases LST by up to 10° with respect to its surroundings, while it increases 
24 WBT by up to 2.5°. Climate projections over the Arabian Peninsula suggest that global 
25 efforts will determine the survivability in this region. The projected increase in LST and 
26 WBT approaches +6° and +4°C respectively in the Persian Gulf and Riyadh by the end of 
27 the century, posing significant risk on human survivability in the Peninsula unless strict 
28 climate mitigation takes place. 

29 Key words:

30 Arabian Peninsula, land surface temperature, wet bulb temperature, extreme heat, IASI, 
31 ERA5, Climate projections, EC-Earth

32 Significance statement

33 The Arabian Peninsula is exhibiting fast economic and social development. It is 
34 surrounded by seas, bringing humidity to the coasts but also has the largest desert in 
35 Asia. This contrast is investigated using the land and wet bulb temperatures. The first is 
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2

36 linked to surface while the second is a measure of human heat stress. Results are 
37 alarming and show that unless global efforts are made to reduce climate change, 
38 survivability in this regions by mid to end of the century is threatened. Irrigation will 
39 enhance the heat stress through the increase in humidity, and the “greening” efforts need 
40 to be considered carefully. Interestingly, current and future heat stress is more prominent 
41 in the early evenings, when people go out.

42 1. Introduction

43 Most land regions are experiencing greater warming than the global average temperature 
44 increase1, and the projections of future temperatures have large regional and local 
45 uncertainties since models fail in the representation of local land processes2. This poses 
46 some important limitations on the accuracy of these projections on a local scale and as 
47 such, their societal/epidemiological impacts such as those of temperature extremes3. 
48 From here stems the need to understand the important variables for the feedback between 
49 land and atmosphere, and their effect on human survivability under extreme heat 
50 conditions. We present here two variables that can help us understand this complex 
51 relationship in a region with extreme heat in summer, the Arabian Peninsula: the land 
52 surface temperature (LST) and the wet bulb temperature (WBT).

53 LST relates to the thermal radiation emitted by the Earth’s surface, from depths as small 
54 as 10–20 micrometers4. It is usually obtained from remote sensing data. Differences 
55 between LST and atmospheric near surface temperature can be large under cloud-free, 
56 low wind speed conditions since land heats much faster than air, and smaller under cloudy 
57 conditions or when solar insolation is low5. It is an important factor for studying the Earth’s 
58 energy balance, convection at the surface, monitoring droughts, land use, and surface 
59 urban heat islands (SUHI)6,7. SUHIs exist when the temperature of the surface is warmer 
60 in urban areas than in rural surroundings8. The inverse phenomenon is the surface urban 
61 cool island (SUCI) effect and is common to dry and arid climate: the city is cooler than its 
62 surrounding. This has been detected in many cities in dry climates around the world9, and 
63 in many metropolitans of the Arabian Peninsula, such as the cities of Kuwait10, Riyadh11, 
64 or Dubai9. Sand’s temperature can be extremely high during sunny summer days: it has 
65 very low water content and a fast depletion rate of water via evaporation. Sand holds less 
66 water than other materials and has smaller thermal inertia. Over the surface, low relative 
67 humidity enhances the dryness and heat exacerbating soil aridity in the upper layers of 
68 the sand. LST has been identified as one of the most significant factors that can influence 
69 SUHI/SUCI phenomena12,13. Studies have shown that urban development incorporating 
70 vegetation could be a primary strategy to mitigate SUHI14. However, vegetation, especially 
71 in arid regions, requires irrigation, which adds humidity to the atmosphere. Humidity is 
72 also brought naturally from the sea to coastal regions, and the Arabian Peninsula is 
73 surrounded by bodies of water: The Red Sea to the west and southwest, the Persian Gulf 
74 and the Gulf of Oman to the northeast, and the Arabian Sea and the Indian Ocean to the 
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75 southeast. A good metric to assess the combined effect of humidity and temperature to 
76 the coasts of the peninsula is the wet bulb temperature, WBT. It depends both on air 
77 temperature (also called dry bulb temperature) and air humidity near the surface. It is 
78 important in the context of extreme heat, as it reflects the body’s limited ability to efficiently 
79 shed heat. Heat episodes with high WBT can be dangerous to human’s health and lower 
80 productivity of outdoor laborers15,16. Any exceedance of 35 °C for extended periods will 
81 induce hyperthermia as dissipation of body metabolic heat becomes impossible. It is 
82 therefore a measure of heat stress and current available observations show that it rarely 
83 exceeds 31 °C 17.

84 The Arabian Peninsula is a region of extreme heat in summer, and is a center of 
85 demographic, and urban development as it is the world's single largest source of 
86 petroleum. Economic expansion in countries like Saudi Arabia, United Arab Emirates 
87 (UAE), Kuwait, Oman, Qatar and Bahrain has encouraged millions of migrants to move to 
88 the Middle East for work. Under climate change stress, and the influx of population to this 
89 region, this study aims at understanding the effect of geographical location and land use 
90 and on the current and future summer (June, July August, JJA) heat stress, during day 
91 and night separately, and their implications, which should be taken into account in urban 
92 development strategies.

93 2. Methods
94 2.1. IASI Land Surface Temperature

95 The LST product used in this work is provided by the family of the Infared Atmospheric 
96 Sounding Interferometer (IASI) instruments18, on board of the Eumetsat (European 
97 Organisation for the Exploitation of Meteorological Satellites) Metop series of polar 
98 orbiting satellites: Metop-A, launched in 2006, Metop-B launched in 2012, and Metop-C 
99 launched in 2018. Each instrument has a morning and an evening orbit at around 9:30 

100 AM and PM. IASI measures calibrated radiances in the thermal infrared spectral range, at 
101 a global scale and revisiting all points on the Earth’s surface twice a day. In spectral bands 
102 where no gas absorbs, accurate information on the surface properties and temperature is 
103 derived. The latter is clear-sky product retrieved using a method based on entropy 
104 reduction/information theory and neural networks19. Validation of this product with other 
105 datasets (satellite and ground-based measurements) shows that it is suitable for trend 
106 analysis and to check for local and regional variations of temperature in different regions 
107 of the world 19. In order to achieve a higher resolution for spatial coverage, we averaged 
108 the IASI LST using an oversampling method, widely used in other studies for various trace 
109 gases concentrations using different instruments20–22 but until now, never for temperature 
110 analysis with IASI. The three instruments are cross validated for temperature and show 
111 excellent agreement23. Metop-A has been decommissioned in 2017. In this work, a 
112 combination of the three instruments’ products is used for summers of 2008 to 2020.  

113 2.2. Wet bulb temperature 
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114 The wet bulb temperature is a nonlinear function of temperature and humidity near the 
115 surface. In this work we use the formula of WBT provided by Davies-Jones24. Near surface 
116 temperature and humidity used to calculate WBT are provided by the European Center 
117 for Medium Weather Forecast (ECMWF)’s latest reanalysis ERA525. ERA5 datasets are 
118 at 0.25° × 0.25° resolution (native horizontal resolution of ERA5 is ~31km). All different 
119 retrieved variables are interpolated in time and space to match the IASI morning and 
120 evening observations. We do not use the LST from ERA5, since the super sampling 
121 method of IASI data leads to much finer resolution (of around 0.01° x 0.01°) as the figures 
122 1 to 3 show. ERA5 assimilates IASI radiances, and the two datasets agree very well as 
123 shown by Safieddine et al., 2020 and Bouillon et al., 2020.

124 2.3. EC-Earth Climate model

125 The reanalysis uses the ECMWF’s Integrated Forecasting System for the atmosphere–
126 land component (IFS). IFS is also used by the European Earth Consortium climate model 
127 (EC-Earth, http://www.ec-earth.org/). It is complemented with other model components to 
128 simulate the full range of Earth system interactions that are relevant to climate26. The 
129 model participates in CMIP627 (Climate model intercomparison project, phase 6, part of 
130 the Intergovernmental Panel on Climate Change (IPCC) report of 20211) with different 
131 model configurations. Here we use the Scenario Model Intercomparison Project 
132 (ScenarioMIP), covering the period [2015- 2100]. We note that the versions of the IFS 
133 models used in ERA5 and in EC-Earth are not identical. EC-Earth branched off to include 
134 its own additions for climate purposes. Moreover, EC-Earth is not assimilated and is not 
135 initialized with observations several times a day like ERA5. We do not attempt to validate 
136 therefore EC-Earth with ERA5. In this work, we use the simulations from two shared socio-
137 economic pathways (SSP)28: the SSP2-4.5 corresponds to “middle of the 
138 road/sustainability” socio-economic family with a nominal 4.5W/m2 radiative forcing level 
139 by 2100, and the SSP5-8.5 (8.5 W/m2) marks the upper edge of the SSP scenario 
140 spectrum with a high reference scenario in a high fossil-fuel development world throughout 
141 the 21st century.

142 3. Results
143 3.1. Local diurnal variation of land surface and wet bulb temperatures

144 The Arabia Peninsula is well-targeted since the cloud cover over this region during 
145 summer is negligible, giving IASI frequent access to the surface in order to derive clear-
146 sky LST. We focus on the summer season since it is the most relevant for human heat 
147 stress. We calculate WBT from the ERA5 temperature and humidity interpolated in time 
148 and space to the IASI morning and evening available observations (9:30 AM and PM). We 
149 focus on three distinct regions: the first is coastal, the Persian Gulf and the Gulf of Oman. 
150 The second is Riyadh, the capital of Saudi Arabia, ~500 km away from the coast, and the 
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151 third is a large agricultural region in Saudi Arabia, in al-Jouf province. The location of the 
152 three region is shown in Figure 4, panel (i). 

153 3.1.1. The Persian Gulf and the Gulf of Oman

154 Figure 1 shows the morning (labeled “Day”) and evening (“Night”) land surface and wet 
155 bulb temperature over the Persian Gulf and the Gulf of Oman. We chose this region 
156 because it has major coastal cities (such as Sharjah, Dubai, and Abu Dhabi) with high 
157 population densities, and the city of Al-Ain which is a major in-land city of the Abu Dhabi 
158 province. The LST is 40 to 45°C close to the coasts, lower than the inland values as the 
159 sea breeze transfers cooler air to the adjacent areas of the coast and enhances wind 
160 speed. LST is higher during the day, and smaller during the summer nights, since it is 
161 largely dependent on solar radiation. LST increases as the distance from the coast 
162 increases, approaching 50°C during the day and 35°C during the night. We note that other 
163 factors can play a significant role in increasing or decreasing LST, including elevation, and 
164 the presence of green areas11. 

165 The WBT for the coastal cities (23° to 26°C) is much higher than the inland WBT both 
166 during the day and the night. The city of al-Ain for example, has high LST but a WBT lower 
167 by 3° to 6° than those recorded at the coastal cities. This clearly shows the dependence 
168 of the WBT on the relative humidity (and time of the day). In the evening, the heat stress 
169 (WBT) is higher since it corresponds to around 9:30 PM, with land-sea exchanges 
170 saturating the air with humidity, affecting human’s heat comfort during population leisure 
171 time. 
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172

173 Figure 1. Upper panel: IASI day and night observations of LST during summer (June, July 
174 and August) for the cities on the Persian Gulf and the Gulf of Oman. Lower panel: ERA5 
175 Wet Bulb Temperature interpolated to the time and location of IASI’s observation. Note 
176 that the color bar limits for LST differ in each of the panels. 

177 3.1.2. Riyadh 

178 In Figure 2, we show the day and night LST and WBT over Riyadh as an example of non-
179 coastal city. Riyadh, during the day, acts as a SUCI, as the upper left panel of Figure 2 
180 shows. With high solar radiation in summer, the desert sand becomes very hot. However, 
181 the city’s landscape is cooler. This has been seen in previous studies for Riyadh, using 
182 different other instruments11,29. At night, the desert/arid regions cool faster than the urban 
183 city, and Riyadh becomes a typical SUHI. In most climates, including arid regions, SUHI 
184 are prominent at night because street canyons tend to trap heat in addition to urban 
185 materials that have slower nighttime cooling rate than natural surfaces9. The lower panel 
186 shows the WBT calculated from ERA5. In-situ measurements of wet bulb temperatures 
187 recorded a summer average of 18.8°C30. We can see that the derived WBT here is slightly 
188 lower, probably due to the grid size (31 km), and is of 17-17.5°C in the morning of summer 
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7

189 days, and between 15 and 16°C during summer nights. The resolution of ERA’s WBT, 
190 while the best available reanalysis resolution available today, does not show a 
191 hotspot/coolspot concentrated over Riyadh itself. Nevertheless, the low humidity, which is 
192 common for in-land regions such as Riyadh, makes the heat stress, reflected in the WBT, 
193 lower on average. This is even recorded at night, when Riyadh acts as a SUHI.
194

195

196 Figure 2. Same as Figures 1 but for Riyadh. The capital is located in the desert of the 
197 Arabian Peninsula and acts as an urban cool island during the day and as an urban heat 
198 island during the night. WBT values are lower than those over the Persian Gulf. Note that 
199 the limits of the temperature scales vary in each of the panels.

200

201

202
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203 3.1.3. Al-Jouf agricultural region

204 Al-Jouf is characterized by hot desert climatic conditions and is one of the largest 
205 agricultural regions in Saudi Arabia. Agriculture in this region is heavily irrigated and 
206 primarily depends on limited nonrenewable groundwater sources31. This irrigation 
207 therefore affects the surface and near-surface properties that are reflected in Figure 3 with 
208 the LST and WBT. Since the fields are irrigated, LST is lower. The soil has higher water 
209 content which cools the surface. Vegetation also increases latent heat flux to the 
210 atmosphere through increased evaporative surface area and transpiration14. This is 
211 particularly clear over the center of this cultivated parcel of land shown in Figure 3. Over 
212 the whole domain, LST is lower at night, due to the lack of solar radiation heating the 
213 surface. Analysis of LST during each of the summer months (not shown here), suggests 
214 that irrigation is broadly constant all summer long over all of the crops shown here, as the 
215 region accounts for a numerous distinct variety of crops (Sdurayhem, 2019).On the other 
216 hand, the lower panel with the WBT shows an opposite effect: the heat stress is higher 
217 with higher WBT above and near the agricultural fields. This is mainly driven by the higher 
218 relative humidity from irrigation over the fields. Higher humidity and smaller temperatures 
219 over the fields makes the WBT humidity-limited. This is particularly seen during the day, 
220 as irrigation is recommended in the early morning, when temperature and wind speed are 
221 the lowest33.  Humidity in this case plays a big role in determining the heat comfort near 
222 irrigated land. On average, the figure shows that irrigation can increase the heat stress by 
223 2-3° with respect to its surrounding.
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224

225 Figure 3. Same as Figures 1 and 2 but for the Al-Jouf agricultural region. Irrigation decreases 
226 LST but increases the heat stress through the increase in humidity near the surface.

227

228 4. Mid-  to end century projections of regional LST and WBT 

229 We focus now on the mid to end of century evolution of the summertime LST and WBT 
230 over this region under a “sustainable future” scenario (SSP 2-4.5) and a “fossil fuel 
231 development” SSP 5-8.5 scenario (section 2.3). With this, we can check the climate 
232 response of the present day observations/reanalysis of LST and WBT from IASI and ERA5 
233 to different mitigation strategies. In fact, we do not attempt to validate the “present day” 
234 EC-Earth with that from IASI or ERA5 since over each of the 3 regions studied in Section 
235 3, the local fine land processes might not be represented in the model. The urban 
236 heat/cool island effect or coast/land interaction in Riyadh and the Persian Gulf are much 
237 smaller than the model resolution (which is around 0.7° x 0.7°), and irrigation in Al-Jouf is 
238 not included in EC-Earth (as for many other climate models). Irrigation forecast remains 
239 very challenging as it depends on the evolution of soil, vegetation, water availability, 
240 expansion and shifts of agricultural practices. This clearly limits its ability to predict future 
241 WBT in al-Jouf and more generally everywhere else in the Peninsula. Moreover, the 
242 spatial resolution of the ERA5 or the EC-Earth dataset might not capture all meso- and 
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243 micro-scale variations of meteorological conditions, such as mesoscale convective 
244 systems 34, especially in areas with a complex orography, land cover, or near the coasts 
245 35,36. Even at the smallest grid cell, the simulation output is a collection of values averaged 
246 over an area. As such, it depends on grid cell size, the terrain complexity and the type of 
247 surface.

248 For all these reasons, the simulation used here, will tell us the climate response on the 
249 longer term without taking into account local land use changes. Since we calculate the 
250 difference between different climate periods, the increase can therefore be projected onto 
251 present-day values from IASI and ERA5. 

252

253 Figure 4. Panels a to p: mean change in day and night LST (upper panels) and WBT 
254 (lower panels) in mid-century [2045-2069] and end of century [2075-2099] with respect to 
255 the present day [2015-2039], under two different socio-economic pathways from the EC-
256 Earth model. The dotted areas indicate statistical significance with 95 % confidence from 
257 a Student's t test. Panels q to w: box plot of the mean change in LST and WBT in the 3 
258 regions discussed in the study (locations are shown on panel (i)). The central black line 
259 indicates the median, the circle is the mean, and the bottom and top edges of the box 
260 indicate the 25th and 75th percentiles. The whiskers extend to the most extreme data.

261 We show in Figure 4 the mean change during the day (morning 3-hr average, 
262 corresponding to 9 to 12pm local time) and during the night (3-hr average, from 9pm to 
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263 midnight local time) of LST and WBT in the 25-year average climate representing mid-
264 century [2045-2069]  and that at the end of the century [2075-2099]  with respect to 
265 present day climate [2015-2039] under 2 different SSPs. The end of century increase in 
266 SSP2-4.5 is relatively close to that reached by mid-century for SSP5-8.5. . The latter 
267 shows a grim increase in 2100 reaching +7° for LST (panels d and h) and +5° (panels l 
268 and p) for WBT respectively, in southern Saudi Arabia and northern Oman and Yemen. 
269 What can be noted is that the future increase in LST and WBT can be higher at night than 
270 during the day. By the early evening, land would have stored all the heat from sunlight 
271 (high LST) and the atmosphere in coastal areas would have been also saturated with 
272 moisture (high temperature and humidity).

273 Panels q to w show the same mean change for the regions discussed in Section 3 
274 (rectangles in panel i): The Persian Gulf, Riyadh, and Al-Jouf. The average increase in 
275 summertime LST and WBT is more or less of the same magnitude for the three regions 
276 in particular for the SSP2-4.5 scenario. This is due to the fact that the we are checking the 
277 regional climate response. Moreover, relative humidity remains mostly constant over this 
278 region under the different SSPs; a result that is expected on climatological time 
279 scales1,37,38, particularly over mid-latitude regions of the Northern Hemisphere. Therefore, 
280 the increase in WBT is temperature-limited and as such is similar in regions close in 
281 latitudes.
282 Panels q to w show that for the SSP2-4.5 scenario, and by mid-century, the increase in 
283 LST for the 3 regions is between +1 and 1.6, and lower than +1°C for WBT for all three 
284 regions (median values). By the end of the century, and for the same scenario, the 
285 increase in LST is between +2°C and +3°C  and is close to +1.5°C for WBT. The increase 
286 in LST is much more enhanced for the SSP5-8.5 scenario. By mid-century, it is between 
287 +1.8°C (day, Persian Gulf) and +3 °C (day, Riyadh). For WBT, it is between +1 and +2°C 
288 for the three regions investigated (median values). In 2100, LST reaches an increase 
289 close to or larger than +6° (Riyadh, at night), and WBT increases by more than +3° for all 
290 the regions investigated.  LST and WBT are both higher in the evening than in the morning. 
291 This increase in WBT in the Persian Gulf and the Gulf of Oman would make average WBT, 
292 as compared to Figure 1, close to or higher than 30°C. An increase of this magnitude in 
293 WBT would possibly lead to premature death of the weakest, namely children and 
294 elderly17. 

295

296 Discussion and Conclusions

297 We investigate in this study the current and future LST and WBT over the Arabian 
298 Peninsula. Using high resolution LST observations from IASI satellite measurements and 
299 WBT calculated from reanalysis data from ERA5, the hottest temperatures recorded 
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300 during the summer days are those over the desert/arid regions due to lack of soil water 
301 content, sparse vegetation cover, and very low relative humidity above the surface. For 
302 WBT, areas close to the coasts have higher values because they are more humid. 
303 Increasing urbanization, evolving urban landscapes, and growing populations are 
304 changing the land cover and the land-atmosphere energy fluxes exchanges. This paper 
305 highlights two main points to be considered in designing future land use over this region: 

306 1- LST and WBT change with the time of the day. The diurnal difference effect is 
307 highlighted in Riyadh being a SUCI during the day, and a SUHI at night. For WBT, the 
308 cities on the Persian Gulf have higher current and future WBT in early evenings of the 
309 summer (air saturated with humidity), when people tend to go out. It is important to 
310 consider these diurnal effects, to properly assess future climatic effects on LST and WBT 
311 and their effect on outdoor activities at different times of the day. 

312 2- Irrigation increases heat stress. Vegetated spaces can reduce the surface and near 
313 surface temperatures through evapotranspiration and shade and is highlighted in many 
314 studies as a strategy to reduce the intensities of SUHIs 39,40. However, vegetation in arid 
315 regions requires irrigation and we show here that irrigation enhances the heat stress with 
316 an increase in WBT reaching +2°C with respect to the surroundings (Figure 3). The 
317 planned Saudi Green Initiative aims at planting 50 billion trees in Saudi Arabia 
318 (https://www.saudigreeninitiative.org/). The choice of vegetation in populated region is 
319 therefore important. For example, it is better to choose native or drought tolerant species 
320 that requires less irrigation. Moreover, irrigation should be included in future climate 
321 projections as it plays an essential role in determining future heat stress and survivability 
322 in populated regions of the world. 

323 The alarming future increase in temperatures in the Arabian Peninsula and shown in this 
324 work would constrain major socio-economic development in cities on the Persian Gulf, 
325 Gulf of Oman and the Red Sea. Even for the sustainable scenario, the high WBT poses 
326 significant risk on outdoor activities and labor (such as constructing workers) even at night. 
327 This region would considerably benefit from strict mitigation effort to reduce the severity 
328 of the projected impact of climate change. 

329 Data access
330 IASI land surface temperature (also called Earth’s “skin temperature”) data are available 
331 on https://iasi-ft.eu/. ERA5 data (t2m, d2m, skin temperature/LST and surface pressure) 
332 used in this work to calculate WBT are available from the Climate Data Store at the 
333 following DOI: 10.24381/cds.adbb2d47.
334 EC-Earth3 model output prepared for CMIP6 ScenarioMIP are retrieved 
335 here:  https://doi.org/10.22033/ESGF/CMIP6.727

336
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