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ABSTRACT

Observed surface warming trends over the Arabian Peninsula are a factor of 1.4 — 2.1
greater than the tropical mean and a factor of 2.3 — 3.1 greater than the global mean. The primary
reason for the amplified warming is the absence of latent cooling over the dry surface, not trends
in net longwave heating or solar fluxes.

Well-validated regional model simulations with 30-km resolution are used to evaluate the
implications of the amplified warming for the regional climate through the 21 century. Projected
warming rates are similar to the observed ongoing warming, and low-level specific humidity
increases by 50% by the end of the century. Precipitation increases occur only in summer in the
southwest corner of the peninsula in association with enhanced orographic precipitation.
Concurrent evaporation increases ameliorate and can even reverse increases in surface water
availability associated with higher rainfall. A strengthening of the low-level negative meridional
geopotential height gradient between the Arabian Peninsula and the Horn of Africa strengthens the
zonal branch of the Somali jet, increasing westerly moisture transport into the Ethiopian Highlands
and enhancing summer rainfall in northern Ethiopia by 20% at mid-century and by 35% by the
end of the century. Confidence in the results is supported by the similarity of the projections with

observed modes of variability and current trends.
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1. Introduction

The Sahara Desert is warming at 3-4 times the rate of the globe — an amplified warming
that is comparable to the high-latitude amplification associated with the ice albedo/temperature
feedback (Cook and Vizy 2015, Vizy and Cook 2016). The purpose of this paper is to evaluate a
similarly strong observed warming trend over the Arabian Peninsula and explore the implications
for regional climate through the 21% century.

Background on the climate of the Arabian Peninsula and prior studies of observed and
projected changes in the region is provided in the following section. Section 3 includes a
description of the datasets used, analysis methods, and regional model simulations. Results are

presented in section 4, and section 5 contains a summary and conclusions.

2. Background

The Arabian Peninsula is the largest peninsula in the world, covering approximately 3.2
million square kilometers and home to seven countries — Oman, United Arab Emirates, Qatar,
Yemen, Bahrain, Kuwait, and Saudi Arabia. The climate is classified as arid desert and arid steppe,
and elevation generally rises from the Persian Gulf coast in the east to the Red Sea coast in the
west. The Arabian Peninsula is a major global-scale source of dust aerosols (Goudie 2014),
especially during June through September (Kumar et al 2018, 2019).

The Arabian Peninsula is one of the warmest inhabited regions on the planet. Average
boreal summer (June-July-August) temperatures exceed 32°C over much of the peninsula, and
39°C in the southeast. In June 2019, for example, Kuwait reported temperatures of 63°C in direct
sunlight and 52°C in the shade. Interannual variations in surface temperature have been associated

with various mode of natural variability, including ENSO and the North Atlantic Oscillation
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(Chakraborty et al. 2006; Donat et al. 2014; Attada et al. 2016, 2018) and variations of the Indian
monsoon (Attada et al. 2019).

Rainfall is sparse, with annual mean values below 0.5 mm/day nearly everywhere except
in a small region with 2 mm/day in southwestern Saudi Arabia and western Yemen. While boreal
summer is the dry season, about 40% of the precipitation is delivered in extreme events compared
with 80% during the wetter winter season (Almazroui 2020).

This paper is motivated by the possibility that warming of the Arabian Peninsula induced
by atmospheric greenhouse gas increases will be greater than the global mean. Recent observations
and analysis indicate that the Sahara Desert is warming at 3-4 times the rate of the globe — an
amplified warming that is comparable to the high-latitude amplification associated with the ice
albedo/temperature feedback (Cook and Vizy 2015, Vizy and Cook 2017). The primary cause of
the Saharan amplified warming is simply that the dryness of the surface prohibits the latent heat
flux which is, in the rest of the tropics and subtropics, the primary mode of surface cooling.
Changes in clouds do not play a discernible role. The warming amplification is somewhat stronger
during the warm season due to an enhanced water vapor/temperature feedback. The amplified
Saharan warming is associated with increased rainfall to the south and the recovery of Sahel
rainfall in the 21* c., and both regional climate model (RCM) and CMIP5 coupled GCM
simulations replicate the process in 21 ¢. projections (Vizy et al. 2013).

Several papers evaluate temperature trends over Saudi Arabia. Almazroui et al. (2012) find
that surface temperatures averaged over Saudi Arabia increased at a rate of 0.72 K/decade in the
dry season and 0.51 K/decade in the wet season over the 1979-2009 period. Reported trends in the

diurnal temperature range are inconsistent in the literature. Almazroui et al. (2013) find that they
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are increasing, while AlSarmi and Washington (2011) report a significant decrease in association
with strong warming at night.

Many studies that evaluate changes in extremes adopt standard measures developed by the
Expert Team on Climate Change Detection and Indices (ETCCDI) and recommended by the World
Meteorological Organization (WMO 2009). These measures have been applied to observed and
modeled changes over the Arabian Peninsula, often averaged over a study region that includes
northern Africa. In general, statistically-significant and spatially coherent changes in temperature
but not precipitation are found (Zhang 2005). Donat et al. (2014) find that the warmest temperature
of the year increased by 0.3 — 0.9 K/decade at various stations across the Arabian Peninsula over
the 1981-2000 period. Nazril Islam et al. (2015) evaluated trends in Saudi Arabian temperature
extremes for 1981-2010 at 27 stations and found that many stations exhibited statistically-
significant positive trends in daily maximum temperature in boreal spring, summer, and fall.

Climate model projections indicate that these temperature trends will continue to increase,
with stronger increases in summer. Lelieveld et al. (2016) examined output from 26 CMIP5 model
projects under both the RCP4.5 and RCP8.5 emissions scenarios over a large region of the Middle
East and Northern Africa that includes the Arabian Peninsula. The simulated multi-model mean
trends were found to be consistent with observed trends, with temperature maxima projected to
increase from 316 K (43°C) to 319 K (46°C) by mid-century and to 323 K (50°C) by the century’s
end. This warming moves the large-scale regional average temperature from a “very strong heat
stress” category into “extreme heat stress” (Abdel-Ghany et al. 2013), especially when exacerbated
by expected increases in atmospheric moisture levels (Zhu et al 2019).

Donat et al. (2014) note that the regional mean rainfall over a large area of northern Africa

and the Arabian Peninsula was anomalously high in the 1960s, so any evaluation of trends
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beginning then indicate significant drying. Trends calculated from the 1970s over the Arabian
Peninsula show decreases in precipitation totals and the number of rainy days, but they are not
statistically significant. Similarly, AlSarmi and Washington (2014) analyzed rainfall trends at 21
stations on the Arabian Peninsula and did not find a statistically-significant precipitation trend for
1980-2008. The only significant changes in rainfall measured was a decrease in the number of
rainy days (rainfall > 10mm).

Ravi Kumar et al. (2019) reported a statistically significant increase in atmospheric dust
loading over the Arabian Peninsula over the 2002-2012 decade. Rather than being associated with
precipitation trends, which were not found, the aerosol trend was primarily associated with
enhanced dust transport from the Sahara Desert, in particular through an intensification of a
westerly jet that flows through the Tokar Gap in eastern Sudan.

These previous papers have thoroughly reported on trends in extremes using the full suite
of ETCCDI indices in observations and the CMIP5 models. Here we do not focus on extreme

events, but on changes in the regional climate as atmospheric greenhouse gas levels increase.

3. Methodology

a. Datasets

Multiple datasets are analyzed for the 1979-2018 period to improve confidence through
comparison. For surface temperature, the following datasets are included:

e C(Climatic Research Unit CRUTEM4 dataset version 3.23 (CRU; Jones et al. 2012): A

gridded dataset with 0.5° resolution that uses more than 4000 land-based weather stations

to provide monthly land surface air temperature and precipitation estimates.
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e Global Historical Climate Network CPC GHCN/CAMS merged land-ocean analysis
(GHCN; Fan and van den Dool 2008): Monthly GHCN surface temperatures (version
3.2.2) are blended with Extended Reconstruction SSTs (ERSST version 3b) over the ocean
to create this dataset. Station data are interpolated onto a 2.5° grid.

e Berkeley Earth Surface Temperatures (Rohde et al. 2013): This dataset merges
approximately 37,000 land temperature records with HadSST3 ocean temperatures on a 1°
grid.

e GISS Surface Temperature Analysis version 4 (GISS; Lenssen et al. 2019): Temperature
observations from approximately 6300 land stations are combined with ocean temperatures

from ERSSTVS to produce monthly-mean values on a 2° grid globally.

Circulation and surface heat budget variables are examined in four atmospheric reanalyses,
including the 1.5°-resolution ERA-Interim Reanalysis (ERAI; Dee et al. 2011), the 1.25°-
resolution Japan Meteorological Agency’s Japanese 55-Year Reanalysis (JRA-55; Kobayashi et
al. 2015), the 0.5°x 0.625° NASA Modern-Era Retrospective Analysis for Research and
Applications (MERRA2; Gelaro et al., 2017), and the 0.25° ECMWF Re-Analysis 5 (ERAS;
Copernicus Climate Change Service 2017).

Precipitation is evaluated in comparison with the 0.05°-resolution CHIRPS2 (Funk et al.
2015), the 0.25° TRMM 3B42 V7 (Huffman et al. 2007), and the 0.25° PERSIANN-CDR

(Sorooshian et al. 2000) datasets.

b. Regional Model Simulations
The methodology used to generate climate change projections with a regional climate

model was developed over many years, beginning with paleoclimate simulations, including over
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Africa (Vizy and Cook 2005, 2007; Cook and Vizy 2006; Patricola and Cook 2007), that provide
an opportunity to validate the simulated climate change against geological proxy data. The intent
is to use regional climate modeling not as a downscaling tool, but as independently as possible
from GCMs to avoid propagating GCM-error into the domain of the regional model and to provide
arelatively independent simulation of climate change that can be compared with GCM simulations
to evaluate confidence. The choice of a large domain maximizes this independence from GCMs,
and the dependence on the lateral boundary conditions is minimal, especially in tropical
applications.

The simulations analyzed here use a nested domain (Fig. 1) in the National Center for
Atmospheric Research (NCAR) Weather Research and Forecasting model (WRF; Skamarock et
al. 2005), fully described in Vizy el al. (2013). The outer domain, with 90-km resolution, covers
all of Africa and the Arabian Peninsula, and also the Mediterranean, the Indian Ocean, and India
(60°W-100°E; 50°S-60°N). The inner domain covers the Arabian Peninsula and all of Africa
(30°W-60°E; 40°S-40°N) with 30-km resolution, chosen to provide a more accurate representation
of topography, coastlines, and smaller-scale circulation features. The model time step is 3 min for
the 90-km domain and 1 min for the 30-km domain.

In addition to providing higher resolution, regional modeling provides the ability to choose
physical parameterizations that work well in the region of interest. Based on trial simulations, the
following parameterizations are chosen for these integrations: Yonsei University planetary
boundary layer (Hong et al. 2006); Monin—Obukhov surface layer; new Kain—Fritsch cumulus
convection (Kain 2004); Purdue-Lin microphysics (Chen and Sun 2002); Rapid Radiative
Transfer Model (RRTM) longwave radiation (Mlawer et al. 1997); Dudhia shortwave radiation

(Dudhia 1989); unified Noah land surface model (Chen and Dudhia 2001).
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The control simulation (CTL) runs from 1989 to 2008 after 292 simulated days for spin up,
with the atmospheric CO> concentration set to 367 ppmv which is the 1989-2008 average observed
at the Mauna Loa Observatory. SSTs and lateral boundary conditions for the 90-km domain are
updated every 6 hours from NCEP2 (Kanamitsu et al. 2002). The inner domain is driven by the
outer domain’s solution of the model’s governing equations using one-way nesting. The 20 years
of the simulation are regarded as a 20-member ensemble of year-long integrations representing the
climatology of 1989-2008.

Two additional 20-year simulations represent the climates of the mid- and late-21*' c.
(2041-2060 and 2081-2100, respectively), with atmospheric CO> levels set according to the
IPCC’s RCP8.5 emissions scenario at 564 ppmv and 850 ppmv, respectively. These are referred
to as the M21 and L21 simulations. The 30-km simulation developed instabilities about halfway
through the L21 integration because convective events became so strong that the equilibrium
altitude for the rising parcels exceeded the 20-hPa top of the atmosphere set in the model. For this
reason, the 30-km ensemble size for the late 21 ¢. has 9 members instead of 20. Comparisons
with the 20-member ensemble at 90-km resolution provide assurance that the 9-member, high-
resolution ensemble is an accurate representation of the simulated late 21% c. climate.

Lateral and initial boundary conditions and SSTs for the M21 simulation are modifications
of the 6-hourly reanalysis values used in the CTL simulation. Anomalies derived from simulations
with five CMIPS5 coupled GCMs are used to adjust boundary conditions and SSTs. The RCPS.5-
forced GCM simulations averaged over the 2041-2060 and 1986—-2005 periods are assumed to
represent the middle of the month, and linearly interpolated to generate anomalies every 6 h. These
6-hourly anomalies are averaged for the five GCMs, interpolated to the 90-km model grid, and

added to the 6-hourly boundary conditions of the CTL simulation. The 1986-2005 period is used
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because it is the last 20 years available for the historical CMIP5 simulations. This use of
multimodel mean anomalies minimizes the dependence of the projections on individual GCMs.
The CMIP5 GCM outputs were examined individually to ensure that there are no obviously
spurious values. The GCMs used are the NCAR Community Climate System Model version 4
(CCSM4), the Centre National de Recherches Meteorologiques Coupled Global Climate Model
version 5 (CNRM-CMS5), the Geophysical Fluid Dynamics Laboratory Climate Model version 3
(GFDL CM3), the Model for Interdisciplinary Research on Climate version 5 (MIROCS), and the
Meteorological Research Institute Coupled GCM version 3 (MRI-CGCM3). A similar method is
used for the L21 simulation, but for the 2080-2100 period. Output from the M21 and L21
simulations are treated as ensembles representing the mid- and late-21% ¢. climate.

Confidence in the model projections is assessed by several methods. The climate of the
CTL simulation is compared with the observed climate as represented in multiple datasets as
discussed above — a well-functioning present day climate adds to confidence in projections,
although it does not guarantee accuracy. In addition, observed trends in surface temperature
provide an opportunity for evaluating simulated trends. Differences between the M21 and CTL,
and between the L21 and CTL, simulations are converted to trends assuming linearity to compare
with observed warming rates. Further, the ensemble simulation design provides an opportunity to
calculate the statistical significance of simulated changes. Understanding the physical processes
of observed and simulated changes, and analogies to observed modes of variability, are also used

to evaluate confidence.

c. Surface heat balance

10
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The surface heat balance is used to understand observed surface temperature trends.
Reliability in heat budget terms in reanalyses is not high because these terms are not assimilated
and direct observations are sparse, so they are compared among the four reanalyses.

The heating rate of the surface is given by

dT.
TtS:SABS"'FBACK_FUP_HS_HL_D’ (D)

where Ty is surface temperature and C is the heat capacity of the surface. The surface is warmed
by the absorption of solar radiation (S ABS) and longwave back radiation from atmospheric

greenhouse gases (F B ACK) , and cooled by the emission of longwave (thermal) radiation from the

surface, Fyp:

Fyp =0Ty | @)
where ¢ is the longwave emissivity of the surface and  is the Stefan-Boltzmann constant. Latent
and sensible heat fluxes from the surface to the atmosphere, H; and H g, respectively, also cool
the surface. D accounts for the redistribution of heat within the surface material. This term is
expected to be small over land because diffusion is the only mechanism for moving heat within
the surface. Over the oceans, D includes the roles of horizontal currents and
upwelling/downwelling in moving heat into or out of a surface volume.

Heat balance terms are calculated for annual and seasonal means. On these time scales,

dTy

C it is negligible, as shown by the following estimate. C is given by

C=cpZ 3)
where c is the specific heat capacity of the surface material, p is the density of the surface
material, and Z is the depth to which the surface heating penetrates. Over land,

11
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C~(840 J kg~ K )(2.7x10°kg /m’ }(0.02m) ~10* J /m® ~K 4)
and over an ocean surface
C~(4218 J kg =K )(10%kg /m’ ) (100m) x10° 1/ m® K (5)

where an ocean mixed layer depth of Z~103 m is assumed. Using an estimate rate of warming of

1 K over 40 years,

s (104J/m2—K)O(lO‘lOK/s)z10‘6 W I m? (6)
dt
for land and
cs _ (105 /m® ~K )0 (107K /) =107 W/ m? (7)
dt

for the ocean. Since the terms in the heat balance on the RHS of Eq. (1) are on the order of tens
of W/m? (e.g., Cook et al. 2017), the time-dependent term on the LHS is negligible. Thus, the
annual mean heat balance can be viewed as a series of equilibrium states and D can be calculated

as a residual.

1V. Results
a. Observed surface temperature trends

Table 1 displays linear trends in annual-mean surface temperatures from four observational
datasets and three reanalyses (section 3). Four averaging regions are used. The Arabian Peninsula
region contains all land points from 15°N to 25°N and 40°E to 55°E. The tropics is defined as all
points (both land and ocean) between 30°S and 30°N, while the tropical land average contains only
land points between 30°S and 30°N. Global means are shown when available. Statistically

significant values at the 90%, 95%, and 98% confidence levels are indicated.

12
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All surface temperature trends in all datasets and all regions are positive, and nearly all are
statistically significant at the 90% level or higher. Over the Arabian Peninsula, trends range from
0.28 K/decade in CRU to 0.58 K/decade in GHCN, and the reanalysis values fall within the range
of the observations. The average rate of warming over the Arabian Peninsula is 0.39 K/decade.

Trends over the tropical mean, tropical land, and global mean are smaller than trends over
the Arabian Peninsula. An amplification factor, defined as the Arabian Peninsula warming rate
divided by the tropical or global warming rate, indicates that warming rates over the Arabian
Peninsula are a factor of 1.4 — 2.1 greater than warming rates over the tropical land average, and a
factor of 2.3 — 3.1 greater than global mean warming rates. These annual-mean amplification
factors are similar to those of the Sahara Desert (Cook and Vizy 2015).

Warming trends are reported for each of the traditional seasons in Table 2. All trends are
positive and most are statistically significant. The GHCN dataset consistently produces the largest
values with lower statistical significance, similar to the annual mean values in Table 1. Over the
Arabian Peninsula, warming trends are somewhat larger (18%) in the boreal spring and summer
average (MAM and JJA) compared with the fall and winter mean (DJF and SON)).

The components of the annual mean surface heat balance (section 3) are examined to
understand the amplified warming of the Arabian Peninsula. Comparisons are made to the tropical
mean rather than the global mean because the ice albedo-temperature feedback amplifies the high-
latitude signal and this feedback does not operate over the Arabian Peninsula. Table 3 shows linear
trends (W/m? per 40 years) in surface heat budget terms in the three reanalyses; standard deviations
are shown in parentheses. Note that statistical significance is a useful guide, but a highly significant
trend is not necessarily “correct” because of the concern that the surface heat budget terms and

their variability are not accurate in reanalyses.
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All three reanalyses produce negative, or cooling, trends in the solar radiation absorbed
over both the tropical and Arabian Peninsula averaging regions, but statistical significance above
the 90% level does not emerge. In each reanalysis the solar radiation cooling trend is a few W/(m?-
40 yr) smaller over the Arabian Peninsula than in the tropical mean, so this difference could be
associated with the amplified heating over the Arabian Peninsula. The association may be
causative or responsive.

In both ERAI and JRASS, increases in the longwave back radiation are highly significant
in both the tropical and Arabian Peninsula averages; MERRA2 produces similarly large but less
significant trends. Increasing levels of atmospheric greenhouse gases have increased the longwave
back radiation by roughly 1 W/m? in the last 40 years, with uniform distribution over the globe
since CO2 is well-mixed in the atmosphere. The estimates of trends in the longwave back radiation
shown in Table 3 are greater than 1 W/m?-40 yr so they cannot be explained by increases in
atmospheric greenhouse gases alone. Also, they are larger over the Arabian Peninsula than in the
tropical mean, and this would not be expected as a direct response to anthropogenic CO3 since it
is well mixed in the atmosphere. Rather, as discussed below, these upward trends in the longwave
back radiation are related to trends in the surface emission of longwave radiation.

Upward longwave fluxes also exhibit positive trends, with larger values over the Arabian
Peninsula, reflecting the differences in the surface temperature trends in the tropical and Arabian
Peninsula means. Strong coupling between the longwave back radiation and the upward longwave
radiative flux from the surface explains the upward trends in the back radiation, including its

amplification over the Arabian Peninsula. Trends in the net upward longwave flux ( F, — Fy,« )
and in the net radiative heating of the surface (S, + Fj,x —Fyp) are small and generally

insignificant (Table 3). The longwave component of the heat budget cannot explain the trend.
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Trends in the tropical-mean sensible heat flux are small (<0.5 W/m?) and statistically
insignificant in the reanalyses, and somewhat larger (1-2 W/m2-40 yr) over the Arabian Peninsula.
The sensible heat flux is responsive to surface temperatures, so these differences are consistent
with the amplified warming of the Arabian Peninsula but not explanatory.

Large trends occur in the tropical-mean latent heat flux and the redistribution term. In the
tropical mean, which includes extensive ocean areas, surface warming trends (Tables 1 and 2) are
accompanied by large positive latent heat flux trends (5-9 W/m?-40 yr), i.e., increases in
evaporative cooling. This cooling mechanism is partially balanced by a warming mechanism; the
negative values of the redistribution term indicate that ocean currents are contributing to a warming
of the tropical ocean surface that counteracts, and even overwhelms, the evaporative cooling trend.
A more detailed discussion of these compensating mechanisms over the tropical oceans is outside
the scope of this paper. See, for example, Drenkard and Karnauskas (2014), Yang et al. (2014),
and Cook and Vizy (2019a).

The large positive trends in the latent heat flux in the tropical mean are not seen over the
Arabian Peninsula. Here, trends are small and negative. Similarly, the large negative trends in the
redistribution term that occur in the tropical mean do not occur over the Arabian Peninsula, as
expected for any land point.

We conclude that the reason for the amplified warming over the Arabian Peninsula
compared with the tropical mean is simply that an evaporative response to greenhouse gas forcing
is not possible over the dry surface. This is the same result as over the Sahara Desert (Cook and
Vizy 2015; Vizy and Cook 2017). Similar to that analysis, the roles of clouds and changes in

atmospheric water vapor are not the primary cause of the amplified surface temperature response
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to greenhouse gas forcing, and the tight coupling between the upward and downward longwave

fluxes obscures the direct effects of the added back radiation from increasing greenhouse gases.

b. Model evaluation

Before examining projected trends, we evaluate the realism of the CTL ensemble
simulation. Surface temperature seasonal averages over the Arabian Peninsula from the CTL
ensemble mean are displayed in Figures 2a-d, with comparable values from the ERAI reanalysis
in Figures 2e-h. Surface temperature climatologies are similar to ERAI in the other reanalyses.
The simulation captures the distributions, magnitudes, and seasonality of surface temperature over
the Arabian Peninsula with good accuracy, exceeding the realism of the CMIP5 multi-model mean
as presented by Almazroui et al. (2020). A surface temperature gradient is oriented from the
northwest to the southeast in DJF, MAM, and SON. The boreal fall surface temperature
distribution (Figs. 2d and h) is very similar to the spring distribution (Figs. 2b and f). Surface
temperatures are more uniform in boreal summer (Figs. 2c and g), with temperatures a few degrees
higher in the eastern part of the peninsula.

The low-level circulation, represented by 925-hPa geopotential heights (shaded) and winds
(vectors), and specific humidity (contours) in the CTL simulation for the traditional seasons is
shown in Figures 3a-d. The same fields from the ERAI reanalysis are shown in Figures 3e-h. In
DIJF, geopotential height gradients are small across the peninsula, with easterly flow across the
southern half. Patterns are similar in MAM and SON. In boreal summer, however, low
geopotential heights cover the Arabian Peninsula and the flow is northerly. The low pressures are

a westward extension of the Indian monsoon trough.
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Figure 4a shows line plots of the daily 850-hPa geopotential height (red lines) and surface
temperature (green lines) along with 500-hPa geopotential height (blue lines) averaged over the
Arabian Peninsula (15°N — 30°N; 35°E to 55°E) in the CTL ensemble mean; Fig. 4b shows the
same fields from the ERAI climatology. The 850-hPa level is chosen for the area average because
it largely clears the regional topography. The increase in 500-hPa geopotential heights from
January through May reflects the seasonal formation of the Arabian high, which is strongest in
both the model simulation and reanalysis at this level. The Arabian high forms over the southern
portion of the peninsula in May, and remains in place through September. As seen in the June,
July, August, and September (JJAS) mean shown in Figures 5a and b, the presence of the Arabian
high maintains anticyclonic circulation over the Arabian Peninsula during these warm months. The
thermal low/Arabian high structure is strengthened during years in which the Indian summer
monsoon is strong (Attada et al. 2019). Consistent with Fig. 4, geopotential height anomalies
associated with the simulated Arabian high are stronger in the model than in the ERAI reanalysis.
(This is also the case when the simulation is compared with the other reanalyses.) During the rest
of the year, the upper-level flow over the Arabian Peninsula is westerly in association with zonally-
uniform, negative geopotential height gradients (e.g., Figs. 5c and d).

The simulated precipitation climatology from the CTL ensemble mean is compared with
the CHIRPS climatology averaged over the same years (1989-2008). In Figure 6, a larger domain
is adopted to show rainfall in the regions surrounding the Arabian Peninsula. While the model
tends to over-produce rainfall over the Horn of African compared with CHIRPS, it produces
rainfall rates over the Arabian Peninsula that are lower than in the observations. The differences,

however, are relatively small, and the geographic distribution is realistic in the simulation.

c. Projected trends
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Table 4 shows seasonal and annual surface temperature differences averaged over the
Arabian Peninsula region simulated in the M21 and L21 ensemble simulations; differences are
relative to the CTL simulation. Warming rates in units of K/decade are calculated to facilitate the
comparison with observed rates in Tables 1 and 2.

In both the annual and seasonal means, all surface temperature differences in both the M21
and 121 simulations exceed the 98" percentile in statistical significance. Even monthly mean
values (not shown) are significant at the 98" percentile with the exception of February and
November. During these months the standard deviation of temperatures is greater and the
temperature differences are significant at the 95 percentile.

Rates of surface temperature change are calculated by dividing the differences between the
M21 and L20 temperatures by 5.2 decades, representing the 52-year time difference between the
midpoints of each 20-member ensemble (1998 and 2050). For the L21 simulation, the time
difference is 102 years. In both the M21 and L21 simulations, the warming rate is somewhat greater
in the boreal summer and fall than in the winter and spring. There is no suggestion that the warming
rate accelerates or decelerates in the second half of the century.

The annual mean rates of surface temperature change for the Arabian Peninsula in the
model (about 0.5 K/decade; Table 4) are a little larger than the observed average (about 0.4
K/decade; Table 1), but the modeled rates fall with the range of the observations by being less than
the GHCN value. The same is true for the DJF, JJA, and SON seasonal means. The simulated
MAM warming (0.46 K/decade; Table 4) is close to the observed mean (0.44 K/decade; Table 2).

The regionality of the projected surface warming across the Arabian Peninsula as a function
of season for the M21 simulation is presented in Figures 7a-d, and for the L21 simulation in Figs.

7d-h. In DJF and MAM, the strongest warming is in the southern half of the peninsula where the
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warmest current temperatures occur (compare with Fig. 2). Temperature differences are up to 3 K
in the mid-21% c. simulation, and 5 K in the late-21% ¢. simulation. Temperature differences are
much larger in JJA — exceeding 3 K in the M21 simulation and about double in the L21 simulation
- but still largest in the southern half of the Arabian Peninsula. Large temperature differences are
more widespread in boreal fall and exceed 3 K (6 K) over a large fraction of the peninsula in the
M21 (L21) simulation. There is not a strong diurnal cycle in the simulated temperature differences.

Changes in the low-level circulation accompany the simulated warming. Figures 8a-d show
seasonal differences in 850-hPa geopotential heights and winds for the M21 simulation; numbers
in the upper right corner of each panel indicate differences in geopotential heights (gpm) and
percent differences in specific humidity over the Arabian Peninsula averaging region (15-25N; 40-
55E). Figures 8e-h are the L21 — CTL differences. In each case, geopotential height anomalies are
positive everywhere because the global atmosphere expands vertically as it warms.

In DJF and MAM, easterly flow anomalies develop over the northern Arabian Peninsula
by the mid-21* c. (Fig. 8a and b) in association with positive geopotential height anomalies to the
northwest. Comparison with the full fields in Fig. 3 indicates that this response amounts to a
reduction in the weak westerly flow that crosses the northern Arabian Peninsula in boreal winter.
In the L21 simulation, anomalous northeasterly flow associated with a deepening of the anomalous
high over the southeast Mediterranean replaces the weak anticyclonic circulation of the late 20" c.
in DJF (Fig. 8e) but this pattern does not persist into the spring (Fig. 8f). Overall, the weak positive
geopotential height gradient that characterizes the boreal fall and spring in the 20" c. climate (Fig.
3), with small increases in geopotential height from the northwest to the southeast across the

Arabian Peninsula, becomes even weaker in the future simulations.
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The JJA climatology of the 20" c. (Figs. 3¢ and g) features a low-level geopotential height
gradient that is opposite to that of the winter and spring, with decreasing geopotential height from
the northwest to the southeast across the Arabian Peninsula. As seen in Figs. 8c and g, this gradient
is also weakened in the future simulations. The resulting flow anomalies are predominantly
southerly, weakening the northerly flow of the late 20" c. climatology (Fig. 3).

In contrast to the other seasons, there is some intensification of the late 20" c.
climatological low-level flow in boreal fall with strengthened northeasterlies (Figs. 3d and h; Figs
8d and h). The anomalies are associated with lowered geopotential heights over the southern
peninsula as the winter anomalies (Figs. 8a and e) reestablish.

Low-level specific humidity increases in each season for both the M21 and L21 simulations
over the dry Arabian Peninsula. The increases are fairly uniform, and indicated as an average in
each panel of Fig.8. The primary source of this excess moisture is not enhanced evaporation from
the dry Arabian Peninsula since there are no widespread increases in water availability at the
surface (shown below). Nonetheless, the changes in specific humidity roughly follow the Clausius-
Clapeyron relation that predicts a 6-7% increase in evaporation and atmospheric vapor pressure
with each 1 K warming, assuming constant relative humidity. The seasonal-mean specific
humidity increases shown in Fig. 8 range between 5.8 %/K and 8.7 %/K, with larger values
occurring primarily in summer and fall.

Figures 9a and b show 500-hPa geopotential heights from CTL and L21 in July, when the
Arabian high is fully formed (Fig. 4). Differences between the CTL and M21 simulations are
smaller but similar in structure, so we show only the L21 differences for brevity. Note that the
structure of the Arabian high is similar in the future simulation, but the geopotential heights in L21

are 100 hPa greater in association with an overall expansion of the warmed atmosphere. (At this
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level, geopotential heights in the M21 simulation are about 50 hPa greater than in the CTL
simulation.) Because of these large-scale changes, it is difficult to quantify changes in the Arabian
high using geopotential height. Therefore, we also examine the relative vorticity (Figs. 9c and d).
Note that, unlike the geopotential height Figs. 9a and d, the contour levels are the same in Figs.
9c and d. Quantified by the relative vorticity, the Arabian high is not changed in the future
simulations. The result is the same at adjacent vertical levels and during the other months during
which the Arabian high forms (May through September).

In general, the extremely low precipitation rates that characterize the Arabian Peninsula
remain low in the future simulations. A noteworthy exception occurs during the warm season in
the southwest corner of the Arabian Peninsula, where annually-averaged rainfall rates exceed 1
mm/day in the current (Fig. 6). In May, precipitation in this region increases by less than 0.5
mm/day by the end of the century (0.2 mm/day at mid-century). Rainfall increases become more
widespread by July and reach 0.8 mm/day in the L21 simulation (Fig. 10a). In August, as shown
in Fig. 10b for the L21-CTL difference, these differences amount to more than a doubling of
rainfall. September anomalies are small (Fig. 10c), and negligible for other months.

Evaporation increases driven by warming surface temperatures accompany the
southwestern precipitation increases, as shown in Figs. 10d-f for July through September. In July
and August, the positive evaporation anomalies are smaller than the precipitation anomalies. In
these months, water availability (measure by “precipitation minus evaporation’) at the surface is
increased in the southwest region, especially in August (Figs. 10g and h). In September,
precipitation increases are exceeded by evaporation increases. The net result is surface drying,

despite the precipitation increase (Fig. 101).
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To understand these simulated precipitation increases more fully, Figure 11a shows a close-
up of the circulation centered on the southwestern peninsula from the CTL simulation at 800 hPa
for August. Zonal geopotential height gradients are located to the west of the Arabian Peninsula,
while geopotential height gradients over the Arabian Peninsula and to the south are primarily
meridional. A well-formed geostrophic flow follows this pattern, with northerly flow over the Red
Sea and westerly flow — part of the Somali jet (Findlater 1969) — to the south of the Arabian
Peninsula over the Gulf of Aden. This large scale pattern is similar at 925 hPa (Fig. 11b), but at
this level the flow over the Red Sea is northwesterly south of 19°N.

The monsoon trough extends westward over the Arabian Peninsula between 14°N and
18°N. Rainfall in the southwest is supported when moisture transport from the northeast at 800
hPa associated with the trough impinges on the topography. At this level (Fig. 11a), moisture
transport to the west of the topography largely parallels the coastal mountains. At 925 hPa (Fig.
11b), moisture transport to the west of the coastal topography has more interaction with the
topography; associated orographic rainfall occurs south of 17°N. The influence of the Tokar Gap
(18°N and 38°E) is apparent at both the 925 hPa and 800 hPa levels.

Differences in the 800-hPa and 925-hPa geopotential heights and moisture transport
vectors between the CTL and L21 simulations are shown in Figs. 11c¢ and d, respectively. At 800
hPa, the strengthening and northwestward extension of the monsoon trough over the Arabian
Peninsula enhances northeasterly moisture transport onto the coastal topography north of 16°N.
Over the Red Sea, the anomalous geopotential height gradient is meridional so the anomalous flow
attains a westerly component that also supports the orographic precipitation anomaly. At 925 hPa,
the meridional geopotential height gradient over the Red Sea is weakened in the L21 simulation.

The anomalous moisture transport is westerly, which further enhances the orographic rainfall in
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the southwestern Arabian Peninsula (Fig. 10b). Again, anomalies for the M21-CTL difference are
similar to the L21-CTL differences, but about half the magnitude.

Figure 11 shows that the amplified warming of the Arabian Peninsula strengthens the
negative meridional geopotential height gradient between the Arabian Peninsula and the Horn of
Africa, and that these enhanced gradients are associated with a strengthening of the zonal branch
of the Somali Jet. The anomaly fields are very similar to those shown by Attada et al. (2019) for
differences between strong and weak Indian summer monsoon composites (e.g., Fig. 5b in Attada
etal. 2019); a strong Indian monsoon is also associated with a strong Somali jet. Figure 12 provides
a larger-scale perspective in showing 850 hPa geopotential heights (shaded), moisture transport
vectors, and precipitation (contours) from the 90-km resolution outer domain (Fig. 1). The direct
connection between the zonal moisture transport by the Somali jet over the Gulf of Aden and the
westerly transport of moisture onto the west coast of India is evident in the full fields (Fig. 12a),
and their enhancement in the L21 simulation is evident in the difference field (Fig. 12b).

Figure 11 also indicates that elevated greenhouse gases increase southwesterly moisture
transport over Sudan and northwestern Ethiopia. This not only increases transport through the
Tokar Gap, as noted above, but also increases interactions with the topography of the Ethiopian
highlands, especially in the 825 — 700 hPa layer (Fig. 11¢). Summer is the rainy season for northern
Ethiopia - a single wet season with strong orographic rainfall. The simulation captures this
seasonality but, as shown in Fig. 13 in a comparison with the TRMM climatology for 1998-2019
(PERSIAN and CHIRPS are similar), simulated rainfall rates are too large (see also Fig. 6).
Summer rainfall rates over northern Ethiopia (36°E-42°E; 8°N-15°N) increase by about 20% at
mid-century, and by about 35% by the end of the century in the simulations. In addition, the end

of the rainy season is delayed by approximately 2 weeks by the end of the century (Fig. 13).
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Not all of the differences shown in Fig. 12 are attributable to the amplified warming of the
Arabian Peninsula. However, we can associate the enhanced rainfall of northern Ethiopia in the
L21 simulation (Fig. 12b) with the strengthening of the zonal branch of the Somali jet and, thereby,
Arabian Peninsula warming by analogy with an observed mode of natural variability in the current
climate. This mode is characterized by a positive correlation between monsoon rainfall in India
and summer rainfall in Ethiopia through the strength of the zonal branch of the Somali Jet
(Camberlin 1995 and 1997, Vizy and Cook 2003). Note that the precipitation response over
Ethiopia in summer is not a direct response to the increases in greenhouse gases and SST
differences applied in the L21 (and M21) simulations, but a secondary response to amplified
warming of the Arabian Peninsula.

As an additional method for evaluating confidence in the projections of increased Ethiopian
rainfall in summer, we examine observed trends in the low-level circulation and compare them
with the simulated differences for the mid- and late21st c. [Because they are notoriously noisy,
examining precipitation fields directly to evaluate their change requires extensive analysis that is
beyond the scope of this paper, although we note that there are indications that summer rainfall in
northern Ethiopia is experiencing a positive trend (e.g., Fig. 4b in Cook and Vizy 2019b).] Here
we evaluate circulation trends by plotting decadal differences in the 850-hPa geopotential heights
and winds (Fig. 14). Since caution is indicated when using reanalyses for analyzing trends, we
present results from 4 reanalyses. In three of the four reanalyses, namely, ERAI (Fig. 14a), ERAS
(Fig. 14b), and MERRA?2 (Fig 14c), the thermal low over the southern Arabian Peninsula is
stronger in the more recent climatology, accompanied by increases in the meridional geopotential
height gradient over the northern Arabian Sea and a stronger zonal branch of the Somali jet. In

addition, all three reanalyses indicate an increase in the westerly flow impinging on the Ethiopian
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highlands, similar to the model projections. A strengthening of the thermal low over the Arabian
Peninsula and enhanced westerly flow west of the Ethiopian Highlands north of 10°N also occurs
in the JRA-55 reanalysis, but a strengthening of the zonal branch of the Somali jet over the northern
Arabian Sea is not clearly indicated, and the anomalous flow in some regions seems inconsistent
with the anomalous geopotential height field. This could occur because the sea surface temperature
prescription in the JRA-55 reanalysis uses only ground-based measurements with no satellite-

derived values included — a potential concern in this region with sparse in situ observations.

V. Summary and Conclusions

Motivated by the observed amplification of the greenhouse gas-induced warming of the
Sahara Desert, trends in observed surface temperatures and reanalyzed surface heat balance
components are examined over the Arabian Peninsula. High resolution (30 km) model simulations
are used to evaluate the implications for the regional climate through the 21% century.

Surface temperature trends in multiple observational and reanalysis datasets averaged over
the Arabian Peninsula are compared with global and tropical mean trends. Surface warming trends
over the Arabian Peninsula are a factor of 1.4 — 2.1 greater than over all tropical land points, and
a factor of 2.3 — 3.1 greater than global mean warming rates. Warming rates over the Arabian
Peninsula are 18% greater in the boreal spring and summer average compared with the fall and
winter. An examination of reanalyzed surface heat balance trends shows that the primary reason
for the amplified warming signal over the Arabian Peninsula is the absence of a latent cooling
anomaly over the dry surface. Trends in the net longwave heat flux at the surface are insignificant
because the upward and downward fluxes are tightly coupled, and there are no explanatory trends

in the solar radiative or sensible heating terms.
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Regional model simulations representing the 1989-2008 climatology with twenty ensemble
members at 30-km resolution are evaluated through comparison with reanalyses. The model
climatology over the Arabian Peninsula is quite accurate, and captures the seasonal evolution of
temperature, precipitation, and circulation over the Arabian Peninsula well.

Two additional ensemble simulations represent the mid- and late-21% ¢. under atmospheric
CO2 increases set according to the IPCC’s RCP8.5 emissions scenario. As a means of evaluating
the realism of these projections, Arabian Peninsula surface temperature anomalies in the future
simulations are translated into rates of change per decade for comparison with the observed
warming. For the annual mean, simulated rates of surface temperature change over the Arabian
Peninsula are about 0.5 K/decade throughout the 21% c., just a little larger than the observed
average of about 0.4 K/decade but within the range of observed values. Simulated temperature
differences exhibit higher seasonality than the observations, with warming rates about 0.1
K/decade larger in the warmer seasons of summer and fall than in winter and spring.

In boreal winter, spring, and fall, the low-level circulation weakens with increasing
greenhouse gas levels since the geopotential height anomalies act to weaken gradients. In the fall,
however, the climatological northeasterly flow is strengthened in association with lower
geopotential height anomalies over the southern peninsula.

Percentage changes in low-level specific humidity through the 21% c. are large and positive.
For example, summer 925-hPa specific humidity increases by 24% at mid-century, and by 49% at
the end of the century in the simulations, roughly consistent with the Clausius-Clapeyron scaling.
These increases have profound implications for thermal stresses on humans, livestock, and wild

animals as well as agricultural and natural vegetation (Abdel-Ghany et al. 2013) and, combined
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with temperature increases, will bring the region past a threshold level of habitability before the
end of the century (Pal and Eltahir 2016).

While the low precipitation rates of the Arabian Peninsula generally persist in the future
simulations, rainfall increases in the southwest during the warm season. A small, localized
precipitation enhancement in May expands until August, with increases of nearly 1 mm/day at the
end of the century in the simulations - a doubling of the present-day rainfall. These precipitation
increases are accompanied by increases in evaporation associated with surface warming, so
changes in surface water availability are more limited. In July and August, the positive evaporation
anomalies are smaller than the precipitation anomalies so water availability at the surface is
increased in the southwest region. In September, precipitation increases are exceeded by
evaporation increases and the net result is surface drying.

Confidence in the projections is evaluated by examining the associated physical processes
and comparing them with observed trends and known modes of variability. Precipitation increases
in the southwest are related to changes in the low-level flow and associated moisture transport. In
the simulations of the mid- and late-21% c., amplified warming of the Arabian Peninsula in the
warm season - which occurs at a rate that is similar to the observed warming — causes an extension
of the thermal low across the Arabian Peninsula between 14°N and 18°N. The associated
strengthening of the northeasterly flow in the 750-850 hPa layer transports more moisture to
interact with the coastal topography north of 16°N, in partial support of the precipitation
enhancement. West of the topography, at lower levels over the Red Sea, the northerly flow of the
present day is perturbed by a westerly anomaly. The resulting westerly moisture transport anomaly

further enhances the orographic rainfall in the southwestern Arabian Peninsula during summer.
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While the precipitation response on the Arabian Peninsula to increasing atmospheric
greenhouse gases is relatively modest, the analysis shows that summer rainfall over northern
Ethiopia is strongly influenced. The amplified warming of the Arabian Peninsula strengthens the
negative meridional geopotential height gradient between the Arabian Peninsula and the Horn of
Africa, resulting in a strengthening of the zonal branch of the Somali Jet. Consistent with a known
mode of variability that connects monsoon rainfall in India with summer rainfall in northern
Ethiopia through the strength of the zonal branch of the Somali Jet, westerly moisture transport
into the Ethiopian Highlands is associated with a 20% increase in rainfall at mid-century and a
35% increase by the end of the century in the simulations. These anomalies are not a direct
response to the anomalous CO; radiative forcing and SST differences applied in the simulations;
they are secondary response to the amplified warming of the Arabian Peninsula. Very similar
trends in the low-level circulation occur in atmospheric reanalyses since 1979.

While temperatures are increasing at virtually every location on the earth, health concerns
related to these increases may be especially imperative in the warmest inhabited regions. Many of
these warm regions are located in or near the subtropical deserts where anthropogenically-induced
temperature trends are, in general, amplified and there is concern that temperatures may reach the
limits of human habitability by the end of the twenty-first century. Changes in precipitation are
also crucial since much of Ethiopian agriculture is rainfed.In addition, water resources across the
Arabian Peninsula depend on a network of dams and irrigation that draws on fossil water stored in
aquifers during the wetter climates of the Pleistocene glacial periods that is not being replenished
in the current climate. Ongoing greenhouse gas-induced warming increases evaporation rates and

can accelerate the use of this resource.
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Next steps in advancing our capability to produce reliable projections over the Arabian Peninsula
is running convective permitting simulations with, for example, 3 km resolution to better capture small-

scale processes and storm development.
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820

821 Table 1. Linear trends (K/decade) in annual-mean surface temperatures for 1979-2018.
822  Statistically significant values at the 90%, 95%, and 98% confidence interval are italicized,
823  boldfaced, and italicized and boldfaced, respectively, after taking autocorrelation into account

824  using the method of Zwiers and von Storch (1995).

825
Linear trends (K/decade) amplification factor
with respect to
Arabian | Tropics | Tropical Global Tropical | Global
Penin. Land Land
CRU 0.28 --- 0.21 - 1.4 ---
GHCN 0.58 --- 0.30 --- 1.9 ---
Berkeley 0.41 -—- 0.22 --- 1.9 -—-
GISS 0.41 0.14 0.23 0.17 1.9 2.4
ERAI 0.32 0.10 0.16 0.14 2.0 23
JRA-55 0.44 0.08 0.21 0.14 2.1 3.1
MERRA?2 0.29 0.16 0.21 0.13 1.4 2.3
Average 0.39 0.12 0.22 0.15 1.8 2.5
826
827
828
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Table 2. Linear trends (K/decade) in surface temperature for 1979-2018 for December-January-
February (DJF), March-April-May (MAM), June-July-August (JJA) and September-October-
November (SON) averages. Statistically significant values at the 90%, 95%, and 98% confidence

levels are italicized, boldfaced, and both italicized and boldfaced, respectively, after taking

autocorrelation into account using the method of Zwiers and von Storch (1995).

DJF MAM
Dataset Arabian | Tropics | Tropical | Global | Arabian | Tropics | Tropical | Global
Penin. Land Penin. Land

CRU 0.29 0.22 0.30 0.19

GHCN 0.47 0.30 0.65 0.29

Berkeley 0.33 0.23 0.45 0.20

GISS 0.37 0.14 0.24 0.15 0.48 0.14 0.23 0.17
ERAI 0.34 0.09 0.14 0.11 0.33 0.10 0.14 0.14
JRA-55 0.37 0.08 0.20 0.13 0.53 0.08 0.20 0.14
MERRA?2 0.25 0.16 0.21 0.12 0.35 0.15 0.18 0.12
Average 0.35 0.12 0.22 0.13 0.44 0.12 0.20 0.14

JJA SON
Dataset Arabian | Tropics | Tropical | Global | Arabian | Tropics | Tropical | Global
Penin. Land Penin. Land

CRU 0.24 0.20 0.34 0.23

GHCN 0.68 0.30 0.60 0.34

Berkeley 0.50 0.22 0.43 0.25

GISS 0.47 0.15 0.23 0.16 0.36 0.15 0.25 0.20
ERAI 0.35 0.12 0.17 0.14 0.33 0.11 0.21 0.17
JRA-55 0.50 0.09 0.22 0.13 0.43 0.09 0.25 0.17
MERRA?2 0.30 0.18 0.22 0.12 0.30 0.18 0.25 0.16
Average 0.43 0.13 0.22 0.14 0.40 0.13 0.25 0.18
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Table 3. Trends (W/m>?-40 yr) and standard deviations (in parentheses) of the annual-mean surface
heat balance components averaged over the tropics (30°S—30°N) and the Arabian Peninsula
(15°N-25°N, 40°E-55°E) in the ERAI, JRASS5, and MERRAZ2 reanalyses. Statistically significant
values are calculated accounting for autocorrelation using the method of Zwiers and von Storch

(1995). Levels at the 90%, 95%, and 98% confidence interval are italicized, boldfaced, and both

italicized and boldfaced, respectively.

Tropical | Tropical | Tropical Arabian Arabian Arabian
ERAI JRAS5 | MERRA2 ERAI JRASS MERRA2

Solar -1.70 -2.83 -5.81 -0.83 -0.89 -1.42
absorbed (1.27) (1.16) (1.92) (1.56) (1.22) (2.06)
(SaBs)
Longwave 2.75 3.51 5.25 8.51 9.90 6.11
back (Feack) (1.45) (1.46) (1.89) (3.76) (3.92) (3.37)
Upward 2.54 2.80 3.80 8.06 10.86 6.94
longwave (1.08) (1.12) (1.42) (3.42) (4.30) (3.04)
(Fur)
Net upward -0.21 -0.71 -1.46 -0.45 0.96 0.83
longwave (0.57) (0.52) (0.56) (2.49) (2.97) (2.36)
(Fur-FBack)
Net radiative -1.49 -2.11 -4.35 -0.38 -1.85 -2.25
Heating (0.88) (0.78) (1.58) (1.05) (1.95) (1.22)
(SaBstFpack-
Fup)
Sensible 0.33 -0.50 0.42 1.63 1.76 0.98
heat flux (Hs) (0.27) (0.27) (0.39) (1.05) (1.03) (1.31)
Latent  heat 9.10 5.87 6.52 -0.35 -3.50 -3.08
flux (Hyp) (2.91) (2.20) (2.71) (1.70) (2.65) (1.69)
Redistribution | -10.92 -7.48 -11.29 -1.66 -0.11 -0.15
of heat (D) (3.63) (2.63) (4.07) (0.59) (0.27) (0.18)
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855  Table 4. Surface temperature differences (K) and trends [K/decade] over the Arabian Peninsula
856  averaging region (15°N-25°N, 40°E—-55°E) for the M21 and L21 simulations. All differences are

857  statistically significant at the 98% confidence interval (italicized and boldfaced).

858
Difference Warming Rate Difference Warming Rate
Month M21-CTL M21-CTL L21-CTL L21-CTL
(K) (K/decade) (K) (K/decade)
DJF 2.5 0.48 4.3 0.42
MAM 2.4 0.46 4.6 0.45
JJA 2.8 0.54 5.6 0.55
SON 3.0 0.58 5.7 0.56
Annual 2.7 0.52 5.1 0.50
859
860
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863  Figure 1. (a) Outer domain of the climate model simulation with topography as resolved at 90 km
864  grid spacing. (b) Inner domain of the simulation with topography as resolved at 30 km grid spacing.
865
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869  Figure 2. Surface temperature (K) for the ensemble-mean CTL simulation for (a) DJF, (b) MAM,
870  (c) JJA, and (d) SON. Additionally, surface temperature (K) for the 1989-2008 mean from the
871  ERAI reanalysis for (e) DJF, (f) MAM, (g) JJA, and (h) SON. Values from the JRA-55 reanalysis
872  (not shown) are similar to the ERAI values.
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Figure 3. 925-hPa geopotential heights (shaded; contour interval 20 gpm), specific humidity
(contours; contour interval 10 kg-H>O/kg-air), and winds (vectors, scale at bottom right in ms-1)
from the CTL simulation ensemble mean for (a) DJF, (b),MAM, (c) JJA, and (d) SON. 925-hPa
geopotential heights (shaded; contour interval 20 gpm), specific humidity (contours; contour
interval 10~ kg-H>O/kg-air), and winds (vectors, scale at bottom right in ms-1) from the ERAI
climatology for (e) DJF, (f),MAM, (g) JJA, and (h) SON. For the simulation, every 10® vector is
plotted and for the ERAI reanalysis every other vector is plotted. White regions indicate where

topography extends above the 925-hPa level.
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890  Figure 4. Seasonal variations of daily 500-hPa geopotential heights (blue lines; inner left axis
891 labels), 850-hPa geopotential heights (red lines; right axis label), and surface temperatures (green
892 lines; outer left axis labels) averaged over the Arabian Peninsula (15°N —30°N; 35°E to 55°E) from
893  the (a) CTL simulation and (b) ERAl reanalysis averaged from 1981-2000. Shading indicates June,
894  July, and August.
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898  Figure 5 Geopotential heights (gpm; shaded) and winds (m/s; vectors) at 500 hPa for the (a) CTL
899  simulation in JJAS, (b) ERAI reanalysis in JJAS, (c) CTL simulation in DJF, and (d) ERAI

900 reanalysis in DJF. Vector scales in m/s are below each panel.

47



901

4o La) CTL _ 4ON ;) CH:RPS
35N 35N 10
30N 30N

7
25N 25N

3
20N 20N

1
15N 15N
10N 10N 0.5
5N B 5N 0.25

40E 45E 50E 55E 6OE

EQ — . . EQ .
25 30E 35E 40E 45E 50E 55E BOE 25E 30E 35E

902

903  Figure 6. Annual mean precipitation (mm/day) over the Arabian Peninsula and vicinity for the
904 (a) CTL simulation and the (b) CHIRPS2 precipitation dataset averaged from 1989-2008.
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Figure 7. Simulated differences in surface temperature (K) between the MID21 and CTL

simulations for (a) DJF, (b) MAM, (c) JJA, and (d) SON. Simulated differences in surface

temperature (K) between the LATE21 and CTL simulations for (¢) DJF, (f) MAM, (g) JJA, and

(h) SON. Shading interval is 0.2 K.
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Figure 8. Simulated mid-21% c. differences in 850-hPa geopotential heights (shaded; contour
interval 2 gpm) and winds (vectors, scale at bottom right in ms™') for (a) DJF, (b),MAM, (c) JJA,
and (d) SON. Simulated late-21% ¢c. differences in 850-hPa geopotential heights (shaded; contour
interval 4 gpm) and winds (vectors, scale at bottom right in ms™) from the ERAI climatology for
(e) DIF, (f),MAM, (g) JJA, and (h) SON. Every 10™ vector is plotted. Numbers in the upper right
corner of each panel indicate differences in geopotential heights (gpm) and specific humidity (%

change) over the Arabian Peninsula averaging region (15-25N; 40-55E).
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928  Figure 9. July 500-hPa geopotential heights (m) for the (a) CTL and (b) L21 ensemble means.
929  Note differences in the shading levels indicated by the color bars. July 500-hPa relative vorticity
930 (107 s!) for the (c) CTL and (d) L21 ensemble means, with the same shading levels.
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936  Figure 10. Differences in monthly mean precipitation (mm/day) between the L21 and CTL
937  simulations for (a) July, (b), August, and (c) September. Differences in monthly mean evaporation
938 (mm/day) between the L21 and CTL simulations for (d) July, (e), August, and (f) September.
939  Differences in monthly mean “precipitation minus evaporation” (mm/day) between the L21 and

940 CTL simulations for (g) July, (h), August, and (i) September.
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943  Figure 11. Geopotential heights (gpm; shading) and moisture transport vectors [10°kg-H>O/kg-
944  air)(m/s)] in August from the CTL simulation at (a) 800 hPa and (b) 925 hPa. Differences in
945  geopotential heights (gpm; shading) and moisture transport vectors [10°kg-H,O/kg-air)(m/s)] in
946  August between the L21 and CTL simulations at (a) 800 hPa and (b) 925 hPa. White areas indicate
947  regions where the topography extends above the pressure level.
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Figure 12. (a) August geopotential height (gpm; shaded) and moisture transport (units; vectors) at
850 hPa with precipitation (mm/day; contours) from the 90-km resolution (outer domain) CTL
simulation ensemble mean. Precipitation contour interval is 4 mm/day, with the 2 mm/day contour
dashed. (b) Differences in the August 850-hPa geopotential height (gpm; shaded), 850-hPa

moisture transport (units; vectors), and precipitation (mm/day; contours) between the 90-km
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Figure 13. Climatological annual rainfall averaged over northern Ethiopia (36E-42E; 8N-15N)
from the CHIRPS observations (red line) and the model simulations (blue) for the CTL (solid line),

M21 (dashed line), and L21 (dotted line) ensemble-mean simulations.
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971  Figure 14. Decadal differences in June-July-August-September mean 850-hPa geopotential
972  heights (shaded; gpm) and winds (vectors; scale in m/s) from the (a) ERAIL (b) ERAS, (c)
973 MERRAZ2, and (d) JRA-55 reanalyses. The dashed blue contour in (a) marks regions where the
974  topography rises above the 850-hPa pressure level. Differences between the 2010-2019 and the
975  1979-1988 averages are shown except for MERRA2, which is the difference between the 2010-

976 2018 and 1980-1989 averages.
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