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Abstract: The Kingdom of Saudi Arabia (KSA) is a water-scarce region with a dry, desert climate,
yet flood-producing precipitation events and heat extremes lead to loss of life and damages to
local infrastructure, property and economy. Due to its distinctive natural and man-made spatial
features (e.g., coastal features, wadis, agricultural areas) studying changes in the mean climate and
extreme events requires higher-resolution climate projections than those available from the current
generation of Earth System Models. Here, a high-resolution convection-permitting regional climate
model is used to downscale the middle of the 21st century (2041–2050) climate projections of the
Community Earth System Model (CESM) under representative concentration pathway (RCP) 8.5 and
for a historical time period (2008–2017) focusing on two months (August and November) within KSA’s
dry-hot and wet seasons, where extreme events have historically been observed more frequently.
Downscaling of climate reanalysis is also performed for the historical time period (2008–2017) to
evaluate the downscaling methodology. An increase in the intensity and frequency of precipitation
events is found in August by mid-century, particularly along the mountainous western coast of KSA,
suggesting potential for water harvesting. Conversely, the northern flank of the Empty Quarter
experiences a noticeable reduction in mean and extreme precipitation rates during the wet season.
Increasing August heat index is found to particularly make regional habitability difficult in Jeddah
by mid-century.

Keywords: convection-permitting regional climate modeling; climate projections; Arabian Peninsula;
climate extremes; water harvesting

1. Introduction

The Kingdom of Saudi Arabia (KSA) has a dry, hot climate with infrequent rainfall (e.g., [1]).
Several studies show increasing trends in temperatures in station observations across KSA (e.g., [2–5]) as
well as in gridded observational products (e.g., [6]). For example, Almazroui et al. (2014) investigated
the trends of extreme temperatures in Saudi Arabia using observations from 27 ground-based stations
for 30 years (1981–2010) and found that temperature extremes were higher in magnitude and more
frequent for both cold and warm extremes during the most recent decade (1996–2010) of their
analysis [4]. They also reported a greater than 90% increase in the annual number of warm days and
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nights, along with similar reductions in cool days/nights between the two time periods (1996–2010
and 1981–1995). Furthermore, the region’s already hot climate is projected to get warmer under
climate change (e.g., [7–9]). Increasing temperatures and evapotranspiration rates are expected to have
significant effects on the Kingdom’s already scarce water resources and make it difficult to source
agricultural, industrial and domestic water demands [1]. Combined effects of increasing temperatures
and humidity also pose threats to the continuation of life and daily activities of humans (e.g., [10]).
Using regional climate modeling at coarse, 25 km horizontal resolution, Pal and Eltahir (2016) found
that the majority of the Arabian Peninsula (AP) is likely to become uninhabitable by the end of the 21st
century under a high-impact emissions scenario (Representative Concentration Pathway (RCP) 8.5)
due to a combination of increasing temperatures and humidity [11].

Precipitation is scarce in the AP. Based on an analysis of 28 ground-based meteorological stations
in KSA for a ~30-year time period (~1970s to 2003), Mashat and Bassett (2011) found that the highest
annual rainfall amounts are observed in the boreal spring in the southwest, west and east of the
Kingdom, while the second-highest rainfall amounts occur over the boreal winter in the east and
northeast [12]. Using station observations and gridded observational datasets, Almazroui et al. (2012)
showed decreasing rainfall trends in KSA and most of the AP over the historical time period between
1978 and 2009, while southern part of the peninsula along the coast of Red Sea showed an increase [3].
Despite its desert climate, short-duration (3–5 h) intense bursts are known to comprise much of the
total annual rainfall of a subregion (e.g., [3]), and several major cities in KSA experience extreme
precipitation events that lead to flooding [1,13,14]. Recent frequent extreme precipitation events in
Riyadh, the capital city, and Jeddah claimed several hundred lives, hundreds of residents went missing
and these events led to significant damage to infrastructure and regional economy (e.g., USD 1 billion
in monetary losses and USD 1.5 billion in damages and compensation for Jeddah floods in 2009) [15,16].
In Jeddah, the highest number of these extreme precipitation events occurred in November over the
1978–2012 time period [1]. Between 1970 and 2014, the largest amount of average monthly rainfall per
year was experienced in November [16].

In addition to building resilience to future flooding events, studying potential future changes in
precipitation rates is also important for the replenishment of water resources such as groundwater
aquifers, which are the main source of water in KSA [1]. Previous studies suggested rainwater and
runoff harvesting as a means to increase sources of water supplies in arid regions under climate
change (e.g., [17]). To explore the feasibility of such adaptation techniques, it is essential to study
the sub-regional, local and seasonal changes in precipitation rates with climate change. Furthermore,
incidences of infectious diseases such as malaria are known to increase in the region after heavy rainfall
and flooding events [1,18]. Studies of future changes in mean and extreme precipitation rates in the
region, however, reveal differences across subregions with increasing model resolution and conclude
that high-resolution simulations are needed for better representation of extreme precipitation events
(e.g., [8]).

Several studies were performed to assess future climate change in the region using Earth System
Model (ESM) projections as well as dynamical downscaling of ESMs using regional climate models
(e.g., [6,8,9,11,19]). While these studies were useful to understand and reveal potential changes in
climate and the complexities associated with representing the unique spatial features of KSA, the
horizontal resolutions of these studies were too coarse to study changes in climate in local scales and
to be used in local-scale adaptation studies. Furthermore, none used convection-permitting regional
climate modeling (≤4 km horizontal resolution). High-resolution, convection-permitting simulations
of synoptic events in the region were, on the other hand, shown to add value in simulating extreme
rainfall and the convective features of flash-flood-producing storm events in Jeddah [20]. Climate
change information at high spatial resolution can provide valuable insights towards the assessment
of potential risks due to climate change and changing extremes and further inform actions that
support increased local resiliency. Studying the range of potential changes in the mean and extreme
temperatures and precipitation rates at local, city scales are, therefore, of significant importance for
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the sustainability of regional communities and economies as well as regional habitability in KSA.
In this study, we aim to (1) study regional and local changes in the climate of KSA by the middle of
the 21st century under a high-impact emission scenario and (2) provide insights to regional scientists,
engineers, decision-makers and stakeholders with high-resolution climate change information that can
inform local and regional adaptation and resilience studies. To assess changes in regional and local
climate in KSA, we use a very-high-resolution (4 km horizontal resolution), convection-permitting
climate modeling approach for dynamical downscaling of ESM projections. In a study similar to ours,
using 4 km horizontal resolution simulations, Alsarraf and Brooke (2015) investigated mid-century
changes in summertime wind speeds [21]. Their simulations, however, cover only a portion of the
AP at 4 km resolution, are of short (5-year) duration, focus on future changes in winds only (not
temperatures or precipitation rates) and are not convection-permitting [21]. Removing convection
parameterization is a distinctive feature of our simulations that, to our knowledge, none of the regional
climate modeling studies focusing on climate change in KSA and the AP have previously taken
advantage of. A discussion of advantages of removing convection parameterization in regional climate
models is provided in [22]. Due to the substantial computational resources required to perform regional
climate simulations at convection-permitting scales (e.g., [22]), we are only able to downscale a single
ESM under a high-impact emission scenario and simulate two months that fall within the dry-hot and
wet seasons across KSA [23]: August and November, respectively. These months have also historically
been shown to contain the most frequent and intense heat and precipitation events in the region,
respectively (e.g., [1]). While 10 years is too short to make climatologically robust statements, and
downscaling of more ESMs under different scenarios is needed to provide a comprehensive picture of
changes in climate, our aim with this study is to highlight the potential usage of this computationally
expensive modeling to not only produce high-resolution projections that are able to capture the effects
of unique local spatial features but also the use of such projections in creating local solutions for climate
adaptation in the region.

In Section 2, we describe our modeling methodology and briefly describe the datasets used in
our study. We evaluate our methodology and present the projected changes in the climate of KSA by
mid-century using our high-resolution modeling in Section 3. We discuss our results in Section 4.

2. Methodology and Experiments

2.1. Regional Climate Model Configuration

The dynamical downscaling is based on the methodology used in Komurcu et al. (2018) [22]: We
use bias-corrected Community Earth System Model (CESM) v1.0 projections under RCP 8.5 [24,25] as
initial and boundary conditions in the Weather Research and Forecasting Model (WRF) v3.6.1 [26] with
three nested domains of 36, 12 and 4 km horizontal resolution (Figure 1) with 40 vertical atmospheric
levels. WRF has been extensively used for weather forecasting and atmospheric research as well as
for dynamical downscaling of climate reanalyses and climate projections to study historical climate
and future climate change (e.g., [22,27–29]). Similar to Komurcu et al. (2018) [22], we perform
convection-permitting simulations, meaning that we use convection parameterization (Kain–Fritsch
(K–F) [30]) only in domains 1 and 2 and no convection parametrization is used in domain 3. Use of K–F
in WRF has been evaluated and shown to yield reasonable spatial distributions as well as temperature
and precipitation patterns similar to observed climatology in the AP [29]. While our highest resolution
domain (see Figure 1) includes parts of several countries in the AP, our simulations and analysis are
focused on the Kingdom of Saudi Arabia. The parameterization setup of our simulations is the same as
that of Komurcu et al. (2018) [22], with one exception. For the microphysics parameterization, we enable
a single moment parametrization, the WRF Single Moment 6-Class Microphysics Scheme (WSM6) [31],
after benchmarking tests indicated a considerable improvement in computational efficiency with no
loss to model performance when simulating observed precipitation for this region. We use Community
Land Surface Model (CLM) v4 [32] for the land surface scheme, Yonsei University scheme [33] for the
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planetary boundary layer scheme and Rapid Radiative Transfer Model (RRTMG) [34] for short- and
longwave radiation parameterizations. Similar to Komurcu et al. (2018) [22], in our simulations, we use
two-way feedback between the nested domains, and, consistent with the driving ESM, greenhouse gas
concentrations increase with time following RCP 8.5 emissions. Similar to Komurcu et al. (2018) [22],
we perform monthly simulations with a 15-day re-initialization time period, which we discard, and we
generate hourly output.

Figure 1. Three nested domains of 36, 12 and 4 km horizontal resolution and topography [m] used
in our Weather Research and Forecasting Model (WRF) simulations. Markers represent locations
of five local sites used in the analysis. Red: Riyadh, Black: Tabuk, Navy: Madinah, Cyan: Jeddah,
Magenta: Makkah.

During our analysis, we performed local assessments of climate change at five strategic locations in
the region; these locations are marked on Figure 1. The locations are selected based on discussions with
our local co-authors and comprise populated, economically important sites as well as future touristic
and historically significant destinations, all of which have been and are expected to be susceptible
to effects of climate change and changing extreme climate events. The five local sites are Riyadh,
the capital city (where intense heat waves and floods have been observed); Makkah and Madinah,
destinations of religious tourism (i.e., Hajj, Umrah and Ziyarah); Jeddah, a historically preserved,
populous coastal city (where frequent and deadly floods have occurred); and Tabuk, a designated
future touristic site with relaxed laws to attract global tourism, which is part of a push by the leadership
to reduce the Kingdom’s economic dependency on oil.

2.2. Numerical Experiments and Supporting Data

Downscaling of CESM output using WRF has been performed for both middle of the 21st
century climate under RCP 8.5 (2041 to 2050) (WRF-MC) and a historical time period (2008 to
2017) representative of present-day (PD) climate (WRF-PD). These two simulation sets are used to
assess the potential changes in mean climate and extreme events by mid-century. We use six-hourly
bias-corrected [24,25] CESM fields at a ~1◦ horizontal resolution. The input CESM data are available at
NCAR’s Computational Information Systems Laboratory (CISL) Research Data Archive (RDA) [35].

We also performed downscaling of the European Centre for Medium Range Weather Forecasting
(ECMWF) Interim (ERA-Interim) Reanalysis using the same model setup for the historical time period
(2008–2017) (WRF-ERA) to evaluate the ability of the model setup to replicate observed historical
climate. We use six-hourly ERA-Interim data [36] not only to drive our historical WRF simulations, but
also to assess the impact of the downscaling and the enhanced resolution of the WRF sub-domains.
The ERA-Interim dataset is available at NCAR CISL’s RDA [37]. We choose ERA-Interim as our driver
field because ERA-Interim was, at the time of simulations, one of the best available reanalysis products
(e.g., [22,38]). Furthermore, both ERA-Interim and its predecessor ERA-40 have been extensively used
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in similar downscaling studies focusing on analysis of regional climate change across different regions
around the world and as proxy for observations (e.g., [20,26,37–40]); most importantly, they have been
used in this context over the AP (e.g., [6,11,41]).

The names and descriptions of the numerical experiments performed in this study are listed in
Table 1.

Table 1. Numerical experiments undertaken in this study.

Experiment Experiment Description Experiment Duration

WRF-ERA ERA-Interim driven WRF simulations 2008–2017

WRF-PD
CESM RCP8.5 driven WRF

Historical simulations 2008–2017

WRF-MC CESM RCP8.5 driven
Mid-Century simulations 2041–2050

High-resolution climate products, particularly precipitation fields, are difficult to evaluate due to
a lack of comparable-resolution observational and reanalysis products and also due to observational
uncertainties (e.g., [22,42–44]). Hence, quantitative differences in precipitation rates between our
high-resolution WRF simulations (at 4 km) and observed/retrieved/reanalyzed products are expected
due to distinct features of the latter products—such as smoothing of precipitation rates due to coarser
resolution, spatially non-homogeneous measurements, uncertainties in retrieval algorithms and
interpolation methods, which are explained in depth in previous literature (e.g., [22,42–44]). To address
this issue, we use a variety of observations-based/retrieved/reanalyzed gridded products with different
horizontal resolution to evaluate our WRF downscaled fields: precipitation rates from the Global
Precipitation Measurement (GPM) [45] and Climate Research Unit (CRU) [46] and temperatures from
ERA5 [47]. Precipitation rates from GPM have 0.1◦ horizontal resolution and provide precipitation
retrievals based on a constellation of satellites [31]. We use the daily Integrated Multi-Satellite Retrievals
for GPM (IMERG) final precipitation L3 product (3B-DAY.MS.MRG.3IMERG v06) [48] which is available
online from NASA at https://giovanni.gsfc.nasa.gov/giovanni/. We also use precipitation rates from the
Climatic Research Unit gridded time series (CRU TS) version 4 [46], which includes interpolation of
monthly climate variables from global station observations. CRU version 4 has 0.5◦ spatial resolution
and is available for download at https://crudata.uea.ac.uk/cru/data/hrg/. ERA5 [47] is the latest version
of climate reanalysis product replacing ERA-Interim and has a horizontal resolution of 31 km, which is
a significant improvement over the 80 km resolution of its predecessor. Due to its higher resolution
and its advancement over ERA-Interim, we use daily temperatures from ERA5 to assess the biases in
our downscaled fields. The ERA5 dataset is also available at NCAR CISL’s RDA [49].

Due to the heavy computational cost associated with our convection-permitting regional climate
modeling, we perform simulations for two months (November and August) representative of wet
(November–April) and dry-hot (May–October) seasons, respectively (e.g., [23]). We pick these two
months based on the results of previous published work on historical climate analysis of KSA
(e.g., [1,16]) (particularly around our five chosen sites) and based on discussions with our local
co-authors, taking into account their experience with heat (temperatures + humidity) and precipitation
events. To further confirm our choice of November and August, we also performed an analysis of
annual cycle of monthly historical temperatures from climate reanalysis, ERA5 [47], and precipitation
rates from GPM [33] during PD (2008–2017) averaged over KSA and verified that November is
the wettest month and July and August are the hottest months, while daytime relative humidity is
slightly higher in August based on daytime AIRS [50] retrievals (not shown). AIRS is an infrared
sounder aboard Aqua Satellite, and it provides data at 1◦ horizontal resolution. The monthly
daytime relative humidity product from AIRS is available from NASA, and we used AIRS3STM
v6 (https://disc.gsfc.nasa.gov/datasets/AIRS3STM_006/summary) [51]. Hence, while both are viable
options, we chose to simulate August rather than July.

https://giovanni.gsfc.nasa.gov/giovanni/
https://crudata.uea.ac.uk/cru/data/hrg/
https://disc.gsfc.nasa.gov/datasets/AIRS3STM_006/summary
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3. Results

3.1. Evaluation of the Downscaling Methodology

To evaluate our downscaling methodology, we focus on historical temperatures at 2 m and
precipitation rates and compare our simulated climate fields from our WRF-ERA and WRF-PD
simulations with the driving reanalysis product of WRF-ERA simulations and ERA5 for temperatures
and with precipitation estimates from GPM and CRU for precipitation rates. WRF-ERA simulations
show similar spatial structure and magnitude for mean temperatures at 2 m as ERA-Interim and ERA5
for both August and November (Figure 2). As expected, with the higher spatial resolution and shorter
timesteps, effects of local spatial influences such as topography on temperatures are more pronounced
in WRF-ERA compared to the driver reanalysis product. It is also evident that spatial distribution
of temperatures in our WRF-ERA simulations shows closer resemblance to higher-resolution climate
reanalysis ERA-5. Given the high spatial resolution (4 km) of the inner-most domain of the WRF-PD and
WRF-ERA simulations, no gridded datasets at this granularity exist that can provide a commensurate
landscape of the “observed” historical conditions; therefore, we cannot perform an unequivocal,
quantitative assessment. However, the information provided by the more recent and high-resolution
climate reanalysis product, ERA5, within our WRF model domain over the KSA region serves as a
proxy for observed temperature variations. Hence, to further evaluate our downscaling setup, we
calculated biases in temperatures between ERA5 and our downscaling simulations (WRF-PD and
WRF-ERA) (Figure 3a–d). Statistically significant differences, tested using Student’s t-test at 5% level,
are indicated via stippling in Figure 3. While the spatial distribution of temperatures in both WRF-PD
and WRF-ERA are simulated well compared to ERA5 for both months, there are statistically significant
negative biases over the western side of KSA and positive biases over the eastern and northern parts
of KSA in August. The cooler temperatures in WRF-ERA simulations along the Asir Mountains and
the surrounding higher topography of the western part of KSA are clearly evident in August. Hence,
these biases are likely due to the more detailed representation of the spatial features, and therefore,
temperatures in WRF-ERA could indeed be an improvement over the ERA5 product. However, due to
a lack of homogeneous, high-resolution gridded observational products in the region, we are unable to
assess this further. In November, the negative biases are smaller in magnitude and extent along the
western KSA in WRF-ERA simulations compared to August and even exhibit a narrow band of positive
bias along the western coastline. Biases between WRF-ERA and ERA5 are more enhanced over the
Empty Quarter in November. Furthermore, while the biases in WRF-ERA and WRF-PD simulations
have similar signs and spatial structure over KSA, WRF-PD simulations have stronger positive biases
compared to ERA5 in November. Nevertheless, both our CESM-driven WRF simulations (WRF-PD)
and ERA-Interim-driven simulations (WRF-ERA) are able to capture the main features of the spatial
distribution and magnitudes of mean historical temperatures at 2 m with stronger biases in November
in WRF-PD.

As previously noted, August and November monthly precipitation rates from the WRF-ERA
and WRF-PD simulations are assessed against interpolated measurements from CRU as well as GPM
retrievals (Figure 4). Overall, the most significant spatial features of monthly precipitation rates over
land in WRF-ERA and WRF-PD simulations are also seen in the CRU and GPM products (Figure 4).
In particular, the precipitation maxima in November across central KSA, which extends coast-to-coast
from the Red Sea to the Arabian Gulf, is prominent in both WRF simulations and GPM retrievals.
In addition, the elevated precipitation rates in the southernmost regions of the AP are also clearly
distinguishable in August. During both months, the enhanced precipitation rates as a result of the
orographic effects of the Asir mountains are also prevalent. Furthermore, the persistent absence
of precipitation or the lowest precipitation rates across the Empty Quarter (i.e., Rub’ al Khali) are
evident in both the WRF simulations and gridded observations/retrieval-based estimates. To further
assess our downscaling, we calculated biases in daily precipitation rates between GPM and our
downscaling simulations (WRF-PD and WRF-ERA) (Figure 3e–h). Both WRF-ERA and WRF-PD
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yield statistically significantly enhanced precipitation rates over the Asir mountains in August, and
this enhancement is more pronounced in the latter. WRF-PD is drier over the Empty Quarter in
August. During the wet season, represented here as November, both WRF-ERA and WRF-PD produce
similar positive biases with enhancements over higher topography along the western part of KSA.
Quantitative differences in precipitation rates between our high-resolution WRF simulations (at 4 km)
and observed/retrieved/reanalyzed products are expected due differences in horizontal resolution
and uncertainties in observational products (see Section 2). Furthermore, the driver of our WRF-PD
simulations is a CESM simulation that is not assimilated with observations after 1950, while the CESM
fields that are input to our WRF simulations have been bias-corrected at NCAR [24,25]. As a result,
some differences between WRF-PD and historical observational products are expected.

Figure 2. August (left) and November (right) daily mean temperatures at 2 m [◦C] as simulated in
WRF-ERA (a,b), WRF-PD (c,d) and from climate reanalysis ERA-Interim (e,f) and ERA5 (g,h).
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Figure 3. August (left) and November (right) biases in daily mean temperatures [◦C] at 2 m between
WRF-ERA and climate reanalysis ERA5 (a,b) and WRF-PD and ERA5 (c,d) and in precipitation rates
[mm/day] between WRF-ERA and GPM (e,f) and WRF-PD and GPM (g,h). Statistically significant
differences, tested using Student’s t-test at 5% level, are indicated via stippling.

Due to the unique, sporadic nature of precipitation events in KSA, we also evaluated our
model’s ability to simulate day-to-day variability. In Figure 5, we compare day-to-day variations in
precipitation rates at five local sites (see Section 2) averaged over 2008–2017 as simulated in WRF-PD
and WRF-ERA with precipitation estimates from GPM. It is important to note that while our simulations
are fed with climate reanalysis (ERA-Interim) or CESM at six-hourly intervals, our simulations have
15-day initialization time periods. Hence, due to the long nature of climate simulations and applied
initialization time periods, we do not expect our downscaled fields to closely replicate historical
day-to-day variations or an observed precipitation event to occur at the exact date in the simulations,
but we do expect and intend to capture the sporadic nature of precipitation events and produce
climatologically similar precipitation amounts within a given month/season. It is evident in Figure 5
that while for most sites our downscaling produces somewhat larger magnitudes of precipitation rates
compared to GPM, our downscaling is able to capture the sporadic nature of precipitation and produce
daily variability similar to that in GPM for both August and November.

All biases in the simulated historical climate variables, however small, should be taken into
consideration when applying these projected changes of high-resolution climate fields in further
applications (e.g., resilience and adaptation studies).
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Figure 4. August (left) and November (right) monthly precipitation rates [mm/month] from WRF-ERA
(a,b) and WRF-PD (c,d) simulations, CRU (e,f) and GPM (g,h).
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Figure 5. Day-to-day variation in precipitation rates (mm/day) in August (left) and November at five
local sites, Jeddah (a,b), Riyadh (c,d), Makkah (e,f), Madinah (g,h), Tabuk (i,j), as simulated from
WRF-ERA and WRF-PD and in retrievals from GPM averaged over 2008–2017.

3.2. Projected Future Changes

In this section, we present projected changes in the mean and extreme climate by mid-century
focusing on 2-m temperatures and precipitation rates. Furthermore, we provide results from our local,
city-level analysis of these changes.

3.2.1. Changes in the Mean Climate

We find that mean temperatures at 2 m increase in KSA by as much as 2 ◦C by mid-century in
November and August compared to the historical time period (Figure 6a,b). Statistically significant
differences in mean, maximum and minimum temperatures, tested using Student’s t-test at 5% level, are
indicated via stippling in Figure 6. Furthermore, we also find a marked skewness in the diurnal features
of warming. The largest increases in daily maximum temperatures are seen across southwestern and
central KSA in November (Figure 6d), while decreases in daily maximum temperatures are seen across
the Asir mountains in August (Figure 6c). Conversely, August displays the largest increases in daily
minimum temperatures, and these are seen across the northern and eastern regions of KSA. Unlike
maximum temperatures, there are no decreases in minimum temperatures across KSA (Figure 6e,f).

Both precipitation rates and the number of rainy days increase in November across the northeastern
regions of KSA by the middle of the 21st century (Figure 7b,d). Substantial decreases in November
precipitation are seen across much of the southern portions of KSA, with significant decreases in the
southwestern-most regions. Statistically significant differences, tested using Student’s t-test at 5% level,
are indicated via stippling in Figure 7. In contrast, there are strong increases in precipitation rates and
the number of rainy days in August over the west coast of KSA (Figure 7a,c), and decreases across the
northeast KSA and southeast AP.
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Figure 6. August (left column) and November (right column) changes in the mean (a,b), maximum
(c,d) and minimum 2-m temperatures [◦C] (e,f) between mid-century and present-day in high-resolution
WRF simulations (WRF-MC–WRF-PD). Statistically significant differences, tested using Student’s t-test
at 5% level, are indicated via stippling.

Figure 7. August (left) and November (right) changes in daily precipitation rates (a,b) and number
of rainy days (c,d) between mid-century and present-day in high-resolution WRF simulations
(WRF-MC–WRF-PD). Statistically significant differences, tested using Student’s t-test at 5% level,
are indicated via stippling.
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3.2.2. Changes in the Extremes

Aside from the changes in mean fields, we also analyzed changes in the extreme temperatures and
precipitation rates by the middle of the 21st century (Figure 8). We find that the 99th percentiles of 2-m
daily maximum temperatures increase in November and August by as much as 3 ◦C by mid-century in
our highest resolution domain (Figure 8a,b). In November, this increase is quite pronounced over the
northern and northwestern parts of KSA, while in August, the increase in extreme temperatures is
more uniform and slightly higher in the southern parts of KSA.

Figure 8. August (left) and November (right) changes in the 99th percentile (P99) of daily maximum
temperatures [◦C] (a,b) and precipitation rates [mm/day] (c,d) between mid-century and present-day
in high-resolution WRF simulations (WRF-MC–WRF-PD).

For daily precipitation, we find that extreme rates increase over the western parts of KSA in
August (Figure 8c), particularly along the coast of the Red Sea and surrounding the Asir Mountains,
while a reduction is simulated over approximately the same area in November (Figure 8d). There is an
increase in extreme precipitation rates by mid-century over some areas in the central and northeastern
parts of KSA in November, while extreme precipitation rates over the same areas remain unchanged
in August. Furthermore, across the northern flank of the Empty Quarter, there is a large region that
experiences a reduction in extreme precipitation rates in November and along with the corresponding
decreases in mean precipitation (Figure 7), this indicates a potential northward expansion of this
extremely dry environment (toward Riyadh).

3.2.3. Projected Changes in Climate at Local, City Levels

To assess local, city-scale changes in climate, we focus on five strategic locations as described in
Section 2. In Table 2 (3), we list daily means, 99th percentiles and number of days of exceedance of 99th
percentile values (P99) for temperatures (accumulated precipitation rates) obtained in WRF-PD and
WRF-MC simulations in November and August for the five cities. When analyzing local changes in
these specific sites, we use mean values of the corresponding grid location as well as four grid points
that surround it in the north–south and east–west directions.
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Table 2. Daily means and 99th percentiles (p99) of 2-m temperatures (T2) from WRF-PD and WRF-MC,
along with the number of days where daily temperatures exceed the 99th percentile of present-day
(PD) value.

November Daily Mean T2 (◦C) 99th Percentile of T2 (◦C) # of Days Where T2 ≥ p99 of PD

Local Site PD MC PD MC PD MC
Riyadh 23.6 ± 0.8 25.1 ± 1.3 29.3 30.1 0.3 ± 0.7 1.2 ± 1.6
Jeddah 29.1 ± 0.3 30.3 ± 0.4 31.8 33 0.3 ± 0.5 2.6 ± 1.6

Makkah 27.4 ± 0.6 28.6 ± 0.6 30.5 32.5 0.3 ± 0.5 3.6 ± 2.1
Madinah 24.5 ± 0.6 25.8 ± 1 28.4 30.9 0.3 ± 0.8 3.9 ± 2.4

Tabuk 20 ± 0.9 21.3 ± 0.6 25.7 28.7 0.3 ± 0.5 2.5 ± 2.3

August Daily Mean T2 (◦C) 99th Percentile of T2 (◦C) # of Days Where T2 ≥ p99 of PD

Local Site PD MC PD MC PD MC
Riyadh 37.4 ± 0.5 38.7 ± 0.6 40.4 41.3 0.3 ± 0.5 4.4 ± 2.9
Jeddah 32.8 ± 0.4 33.6 ± 0.3 34.7 35.7 0.3 ± 0.5 3 ± 2.3

Makkah 32 ± 1.0 32.6 ± 0.7 35.8 37 0.3 ± 0.3 1.8 ± 1.7
Madinah 34.6 ± 0.8 35.2 ± 0.5 39.5 39.7 0.3 ± 0.7 0.4 ± 0.6

Tabuk 32.8 ± 0.8 34.1 ± 0.6 37.7 38.9 0.3 ± 0.5 1.9 ± 1.4

Both mean and extreme temperatures at 2 m increase for all sites in August and November by as
much as 1.5 ◦C (Table 2). The change in mean 2-m temperatures by mid-century nearly doubles in
November compared to the change in August (except for the case of Riyadh, where change remains
high and the same). The change in extreme temperatures at 2 m reaches as much as 3 ◦C in November
in Tabuk and is generally less pronounced in August compared to November. The number of days
where temperatures are greater than or equal to the 99th percentile of its present-day value (PD)
increases substantially for all locations and by more than 10-fold its PD value for some locations (except
for a modest increase in Madinah in August). Overall, we find that temperature extremes become
more intense and more frequent for all locations.

Changes in mean precipitation rates by mid-century are more subtle while confidence intervals
are larger when compared to changes in temperatures as expected in an arid climate (Table 3). Larger
confidence intervals are partially due to the limited number of years simulated. By mid-century,
precipitation rates increase for all locations in August. Precipitation rates decrease in November for
Jeddah, Makkah and Tabuk. Makkah and Tabuk experience less intense and less frequent extremes in
November by mid-century. The intensity and frequency of precipitation extremes increase for all sites
in August, and changes are more pronounced compared to November.

August is one of the months where prolonged heat extremes are observed (e.g., [1]). Hence,
under a warmer climate, continuing daily work/life activities while preserving health and well-being
of residents and visitors could be challenging in the region. To understand how heat extremes will
affect daily activities, health and well-being of the residents by mid-century, we calculated heat index
following U.S. National Weather Service (NWS) [52–54]. Heat index represents combined influences
of temperature and humidity under calm winds in shade and is a measure of apparent (“feels-like”)
temperature (e.g., [53]). The inclusion of humidity and human physiological factors in the heat index
calculation makes it a more relevant measure of human discomfort than the effects of temperatures
alone (e.g., [52]).

We present August maximum Heat Index (AHI) values averaged over mid-century (MC) and
present-day (PD) time periods in Table 4. AHI is greater than 41 ◦C (105 ◦F) for all sites (except for
Tabuk), which indicates that in the present-day climate, heatstroke and heat exhaustion are “likely”
(when HI ≥ 41 ◦C). We find that heat index increases for all sites by mid-century by 2 to 3 ◦C in August.
Despite this increase, AHI stays below the dangerously high levels (≥54 ◦C or 130 ◦F) at mid-century
for all locations except for Jeddah, where it is found that these dangerous health conditions may occur
on average at least a day every August as opposed to one day every ten years in the present climate.
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Table 3. Daily accumulated precipitation rates and 99th percentiles (p99) of precipitation rates from
WRF-PD and WRF-MC, along with the number of days where daily precipitation rates exceed the 99th
percentile of present-day (PD) value.

November Daily Precipitation Rate
[mm/day]

99th Percentile of Daily
Precipitation [mm/day]

# of Days Where Precipitation
Rate ≥ p99 of PD

Local Site PD MC PD MC PD MC
Riyadh 0.9 ± 0.8 1.1 ± 1.2 20.1 29.6 0.3 ± 0.3 0.6 ± 0.7
Jeddah 1.5 ± 1.2 0.9 ± 1.0 24.6 25.4 0.3 ± 0.4 0.3 ± 0.5

Makkah 1.2 ± 0.7 1.0 ± 0.5 22.9 14.5 0.3 ± 0.3 0 ± 0
Madinah 0.4 ± 0.2 0.5 ± 0.4 8.9 12.4 0.3 ± 0.5 0.5 ± 0.7

Tabuk 0.5 ± 0.5 0.2 ± 0.3 16.2 6.2 0.3 ± 0.3 0.1 ± 0.2

August Daily Precipitation Rate
[mm/day]

99th Percentile of Daily
Precipitation [mm/day]

# of Days Where Precipitation
Rates ≥ p99 of PD

Local Site PD MC PD MC PD MC
Riyadh 0.02 ± 0.03 0.3 ± 0.4 0.42 8.72 0.3 ± 0.5 1 ± 1.1
Jeddah 0.2 ± 0.3 0.8 ± 0.6 9.1 21.1 0.3 ± 0.7 1 ± 0.7

Makkah 1.0 ± 1.4 1.8 ± 0.9 22.32 33.35 0.3 ± 0.5 0.8 ± 0.6
Madinah 0.2 ± 0.3 0.6 ± 0.4 6.9 13.7 0.3 ± 0.5 1.1 ± 0.5

Tabuk 0.02 ± 0.03 0.1 ± 0.1 0.9 4.64 0.3 ± 0.5 0.6 ± 0.6

Table 4. Daily maximum heat index for August from WRF-PD and WRF-MC, along with the number
of days where daily maximum heat index exceeds 54 ◦C.

August Mean of Daily Maximum August NWSHeat Index (AHI) [◦C] Frequency of Days Daily Max AHI > 54 ◦C

Local Site PD MC PD MC
Riyadh 43.5 ± 0.8 45.6 ± 0.8 0 0
Jeddah 46.6 ± 1.1 44.1 ± 1.1 0.1 ± 0.2 1.5 ± 1.9

Makkah 42 ± 1.2 44.3 ± 0.7 0 0
Madinah 42.4 ± 1.2 44 ± 0.8 0 0

Tabuk 38.9 ± 1.2 40.6 ± 1 0 0

4. Discussion and Conclusions

Higher-resolution convection-permitting modeling and climate projections like the ones we
present in this paper, while quite informative, come at great computational expense and are currently
beyond reach for the majority of research institutions across the world. Hence, we were only able
to simulate selected decadal periods and downscale projections from only one ESM under a single
scenario. Nevertheless, they provide a higher-resolution glimpse into the potential changes in climate
that might occur in the region and help regional decision-makers, engineers and urban designers in
local adaptation efforts.

Our results reveal that our downscaling setup is able to capture the spatial structure of historical
temperatures and precipitation rates. The biases with respect to gridded observations-based products
we find between our downscaled products and ERA5 for the historical time period (2008–2017) in
August are similar to the biases obtained in the downscaling simulations of Syed et al. 2019 [9] for the
dry season for CORDEX MENA and CORDEX SA simulations (between 1975 and 2005). However, it is
difficult to make a direct comparison with our results due to the differences in the horizontal resolution
(i.e., 4 km in ours vs. 50 km in theirs) and model setup of WRF simulations, lengths of historical time
periods and months studied (i.e., one month in our simulations vs. dry season (May–October) in their
study) and blends of observational products used in the two studies. Furthermore, their downscaling is
from ERA40, which is the predecessor of the driving field (ERA-Interim) of our WRF-ERA simulations.

Our results reveal significant differences in the mean and extreme temperatures and precipitation
rates by mid-century in KSA between dry-hot August and wet November months. We studied changes
across the peninsula and around five sites of local significance across the Kingdom. We find increasing
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temperatures by mid-century across KSA and the AP as well as for all five local sites in both August
and November. Downscaling three ESMs using a regional climate model, Almazroui et al. (2019) [6]
found 0.6 ◦C per decade change in Makkah, 0.57 ◦C per decade change in Madinah and 0.7 ◦C per
decade change in Riyadh when comparing their mid-century simulations (2021–2050) to their historical
simulations (1961–2000) [6]. Here, we find 1.3, 1.2 and 1.5 ◦C per decade change in temperatures
(Table 2) in our mid-century simulations (2041–2050) compared to our simulations for the historical
period (2008–2017) for Madinah, Makkah and Riyadh, respectively. However, these results are not
comparable due to the different definitions of mid-century and historical time periods. They also used
a coarser, 50 km, horizontal resolution regional climate modeling approach, which differed from ours,
and they used a different regional climate model and downscaled different ESMs [6].

While mean precipitation rates increase along the western coastal region of KSA in August, the
same region experiences reduction in precipitation rates in November. Furthermore, mean precipitation
rates increase in August by mid-century for all five sites, while some sites experience reduction in
precipitation rates by mid-century in November. Additionally, we find a strong consistency in the
patterns of change in mean precipitation rates and the number of rainy days, which indicates that
mean changes are more strongly influenced by the occurrence (and absence) of precipitation on any
given day as opposed to changes in the intensity of precipitation events. The increases we find in the
projected precipitation rates along the coastal western AP are consistent with the observed historical
trends in precipitation rates between 1978 and 2009 in Almazroui et al. (2012) [3].

In addition to increasing mean precipitation rates, we also find increasing extreme precipitation
rates in August by mid-century along the coast of Red Sea as well as increased frequency of extreme
precipitation events at all five local sites. Conversely, the northern flank of the Empty Quarter
experiences a noticeable reduction in extreme and mean precipitation rates during November (typically
the wettest part of the year), which would support a potential northward expansion (toward the
higher-populated areas near Riyadh) of this extremely dry environment. However, in the context of a
proactive adaptation strategy at scale (i.e., commensurate to the transport of desalinized water across
KSA), the increases in mid-century August precipitation rates along the western mountainous coast of
the AP indicate that water could be harvested, used to recharge local aquifers and transported from
this region to areas of KSA that will likely require increased supply to meet increased water demands
across the domestic, agricultural and industrial sectors. Our high-resolution climate simulations are
able to more explicitly resolve the impacts of the Asir Mountains to increase precipitation, hence, our
results signify that water harvesting from this locality should be considered as a viable consideration
of adapting to water scarcity under climate change to increase the habitability, livability and economic
resiliency of the region.

Health, quality of life and continuation of daily activities and businesses are also of concern
under a warmer world in a region that already is classified as a desert climate. We found that the
August maximum heat index is already high in the region, and prolonged exposure to heat is likely to
cause heatstroke. While heat index is found to increase by mid-century in our simulations, it does
not reach levels where heatstroke is imminent, except for Jeddah. Here, we find increasing frequency
of occurrence of dangerous heat index conditions in our simulations, suggesting that changes and
improvements to local design of houses and workplaces will be necessary to protect human health and
increase local habitability and resilience.

We hope the results of our study will inspire researchers to continue working on the simulations to
extend the simulation period and include more climate scenarios as well as more ESMs for downscaling.
These extensions would provide a more comprehensive picture of potential changes in the mean and
extreme climate in the region, hence enable more complete insights on improving local and regional
resilience under climate change and changing extremes.
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