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Abstract The combined impacts of projected/simulated climate change and variability on temperature
extremes over a complex topographical terrain along the eastern Mediterranean are assessed in this study.
High-resolution dynamical temperature downscaling is conducted for the past (2008) and the near future
(until 2050) during eight extreme hot and dry years under two Representative Concentration Pathways (RCP
4.5 and RCP 8.5). The Weather Research and Forecasting (WRF) model is used for the downscaling process
with two nested resolutions of 9 and 3 km, forced by the global High-Resolution Atmospheric Model (HiRAM)
at a resolution of 25 km. Climate indices resultant from daily simulated temperature illustrate considerable
changes in daily maximum summer and minimum winter temperature extremes during the future simulated
years in comparison with the historic 2008 selected as reference and control period. While average yearly
temperatures increase in both scenarios and most regions as expected, the seasonal variability is forecasted
to intensify even more significantly resulting in colder winter and warmer summer conditions. Moreover, the
interseasonal variability was most pronounced in the years with the highest averaged temperatures. A
notable increase in the annual incidence of hot nights and heat wave events relative to 2008 conditions is
also expected. The orographic complexity resulted in significant regional differences, with the most affected
regions experiencing more than a doubling of extreme indices during the hottest and driest years of
near-future decades. This strong spatial variability highlights the need for high-resolution downscaling.

1. Introduction

Since the last century, the concentration of the major greenhouse gas (GHG), carbon dioxide (CO2), has
increased from its preindustrial concentration of about 278 parts per million (ppm) (Intergovernmental
Panel on Climate Change (IPCC), 2013) to nearly 400 ppm in 2015 (Blunden & Arndt, 2016), with a growth rate
currently at about 1.9 ppm per year (Intergovernmental Panel on Climate Change (IPCC), 2013). At the same
time, the global average surface air temperature has increased by 0.85°C and the average rate of warming has
reached the level of 0.01°C annually since 1950 (Intergovernmental Panel on Climate Change (IPCC), 2013).
The higher temperatures resulted in modifications in the weather and climate worldwide, and consequently
have affected society, ecology, and various economic sectors (Bergengren et al., 2011; Jacob et al., 2018; van
Loon et al., 2014; Yu et al., 2009). In addition to the changes in average climate indices, the alteration of cli-
mate extremes, such as heat waves, heavy rain or snow events, and droughts (Intergovernmental Panel on
Climate Change (IPCC), 2013), poses an exacerbating hazard. A soaring number of extreme heat waves
occurred during the last decade around the world, with considerable adverse impacts (Christidis et al.,
2011; Rahmstorf & Coumou, 2011). For instance, between 25,000 and 70,000 deaths were attributed to the
2003 heat wave in Europe (D’Ippoliti et al., 2010), in addition to effects on glaciers and ecosystems leading
to strong increases in wildland fires (Alexander & Tebaldi, 2012). The Russian event of 2010 is another exam-
ple of a recent extreme heat wave with substantial adverse consequences including about 55,000 deaths,
25% decrease in yearly crop yields, around 1 million hectares of burned regions, and an estimated US$15 bil-
lion in monetary losses (World Bank, 2012).

Intergovernmental Panel on Climate Change (IPCC) (2013) defines an extreme climatic event as one that is
rare (i.e., falling on the extremes of a probability density function) at a particular place and time of year. In
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the absence of climate change, the rate of occurrence of such extreme events in the past was manageable as
humans have adapted to it. However, with the projected increases in global temperatures and changes in cli-
mate patterns (Intergovernmental Panel on Climate Change (IPCC), 2013), these occurrences are predicted to
happen at a more accelerated pace. Indeed, “confidence has grown that some extremes will become more
frequent, more widespread and/or more intense during the 21st century” (Intergovernmental Panel on
Climate Change (IPCC), 2013). These extremes have a greater impact on people and environment in general
than the increase in mean values (Easterling et al., 2000; Meehl et al., 2000; Intergovernmental Panel on
Climate Change (IPCC), 2013). Consequently, the need for reliable information on weather and climate
extremes is increasing. Observations alone are limited to detecting historical trends. Hence, numerical mod-
eling has become the main approach for examining the projection of future extreme events with the general
circulation models (GCM) being the principal tool. One limitation of this approach is the coarse resolution of
the GCMs. A typical horizontal resolution of GCMs today is about 1° (≈110 km at midlatitudes), which is not
suitable for fully capturing the mesoscale systems and topographic effects needed to evaluate the progres-
sion of extreme events (Rummukaine, 2010). Dynamical downscaling procedures can refine GCM projections
(Giorgi & Mearns, 1991) using high-resolution regional climate models (RCMs) or numerical weather predic-
tion (NWP) models, driven by GCM results, to better resolvemesoscale effects including those associated with
topography (e.g., coastlines, land cover, topography, and water surfaces), the local climate, and the concomi-
tant influence on temperature and precipitation systems (Heikkila et al., 2011). Two practices can be adopted
for dynamical downscaling over a topographically complex terrain: either using a whole GCM ensemble at a
high computational cost with low to medium downscaling resolution or opting for higher resolution down-
scaling (much-needed over complex terrain) of a single GCM at the same computational cost thus allowing
the downscaling of additional future years (Argüeso et al., 2014; Bao et al., 2015; Chotamonsak et al., 2011;
Gao et al., 2012; Gonçalves et al., 2014; Guo & Wang, 2016; Huang et al., 2016; Lin et al., 2015; Oh et al.,
2014; Tsunematsu et al., 2013; Vigaud et al., 2011; Wang & Kotamarthi, 2015; Wi et al., 2012; Zou & Zhou, 2013).

One limitation of the latter approach is the uncertainty associated with discrepancies between different
GCMs over regional climate change (Jenkins & Lowe, 2003). There are multiple sources for this uncertainty:
GHG emission/concentration scenario adopted, model configuration and bias, internal unforced variability
due to the nonlinearity of the climate system, errors inherited from the initial and boundary conditions,
and downscaling uncertainty (Giorgi, 2010; PaiMazumder & Done, 2014). Therefore, prior to the use of a
downscaling model for climate-change studies, it is essential to evaluate the ability of that model to capture
regional climate characteristics in order to analyze whether the downscaling model provides an improve-
ment over the driving data (Chotamonsak et al., 2011; García-Valdecasas Ojeda et al., 2017; Oh et al., 2014).
In this context, El-Samra et al. (2017b, 2018) demonstrated the ability of the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2008), used as the NWP model for downscaling in this study to
capture the frequency and the main spatial patterns of temperature and rainfall in the study area (which
are the most important variable related to heat waves and drought events), as well as to improve on the pro-
jections from coarser climate models.

In this study, we downscale regional future simulated temperature extremes over a topographically complex
terrain, with a particular focus on the influence of orography and seasonality on future changes in the ampli-
tude, frequency, and persistence of these extremes, analyses that cannot be reliably done using GCM output.
For this reason, the high-resolution WRF model is used with the global High-Resolution Atmospheric Model
(HiRAM) as the driving GCM (Jiang et al., 2012; Zhao et al., 2009). Two Representative Concentration Pathways
(RCPs), RCP 4.5 and 8.5 (Intergovernmental Panel on Climate Change (IPCC), 2013), were selected to avoid
relying on a single realization. While ideally a large ensemble would be produced, the computational cost
of such an endeavor is very significant when high-resolution downscaling is performed. The two selected sce-
narios allow us to gage member-to-member differences and infer which outcomes are robust in the sense
that they appear in both simulations. Furthermore, they allow us to assess the differences between these
two pathways, which are usually found to diverge mostly after 2050, and confirm whether they indeed are
similar for the first half of the century over the eastern Mediterranean. We also compare how the probability
distributions of these extremes will evolve in various regions with contrasting topographies. Since the study
horizon in up to 2050, we also examine whether changes in temperature extremes will be distinct in the near
future or if interscenario differences in the first half of the 21st century will be limited as suggested by pre-
vious studies (Hawkins & Sutton, 2009; Knutti & Sedláček, 2013). This study builds on previous work
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(El-Samra et al., 2017a) by examining how temperature extremes will evolve in the future during the same
critical hot and dry years selected in El-Samra et al. (2017a), and assessing 11 indicators of climatic
temperature extremes. These indices of extremes (derived from daily temperature and precipitation) have
been chosen because they are statistically robust, cover a wide range of climates, and have a high signal-
to noise ratio for use in detection and attribution of extremes studies (Stott et al., 2010).

2. Materials and Methods
2.1. Regional Setting

The study area (Lebanon) is located in a temperate zone along the eastern Mediterranean basin
(Figures 1b and 1c) where projections in temperature increases and precipitation decreases (Beniston
et al., 2007; Giorgi & Lionello, 2008) might result in an amplification in extreme events according to global
and regional models (Barrera-Escoda et al., 2014). The country also represents a compelling example of
the need for high-resolution climatology due to its geomorphological complexity, as well as its large cli-
mate gradients. The local population is predominantly vulnerable to alterations in the frequency and
intensity of extreme heat wave events (El-Fadel & Ghanimeh, 2013; El-Zein et al., 2004), and hence, indi-
cators of the degree of upcoming hazard and exposure to climatic extremes in this region are of critical
importance to guide adaptation and mitigation measures. For example, heat waves and extreme tempera-
tures, particularly when combined with dry conditions, can be highly detrimental for agriculture and
water resources. Potential increases in average winter temperatures would reduce snowfall and change
its timing, both of which will alter the natural systems governing water storage and release. The occur-
rence of unusual subfreezing temperature in such temperate climates can damage plant growth and
reproduction (Inouye, 2000), especially after dormancy during blooming of local fruit trees (Rodrigo,
2000). The rising evaporative demand resulting from increasing temperatures and extended growing sea-
sons will also affect irrigation requirements; the latter are estimated to increase globally in excess of 5 to
20% by the end of the 21st century compared to the present conditions (Döll, 2002; Fischer et al., 2007).
However, in the water-scare Middle East, increases in evaporative demand from the agricultural sector
would be particularly damaging (Bou-Zeid & El-Fadel, 2002).

2.2. Downscaling Periods

High-resolution dynamic downscaling using small time steps for multiple decades is challenging and com-
putationally demanding. In this study, we focus only on the eight most critical future hot years from RCP 4.5
and 8.5 scenarios in comparison with a past extreme hot year used as a reference. The detailed

Figure 1. (a) WRF’s domains (9:3 km) configuration with a pseudocolor plot of topography ASL (m), (b) WRF’s inner domain (3 km) showing the study area with a
pseudocolor plot of topography ASL (m), and (c) the focus area divided into its five geo-climatic regions.
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methodology for selecting the downscaling periods is elaborated on in El-Samra et al. (2017a), along with
an evaluation of HiRAM-driven WRF’s skill in simulating observed temperature and precipitation for the
2000–2010 period. In El-Samra et al. (2017a), we intercompared the output of multiple GCMs (at their coarse
resolutions) and showed that HiRAM provided the most realistic historic climate for the region, justifying its
selection as the driving GCM. The subject of linking past performance of a GCM to its future skills is still
debatable, and a clear relation between present-day simulation skill and future projection skill is still not
guaranteed (Knutti et al., 2010). Although Reifen and Toumi (2009) found no evidence of future prediction
skill delivered by past performance-based model selection, they concluded that “comparisons against
observations are important in model validation and good agreement with past climate builds confidence
in the reliability of a model’s future projections”. That is, past performance remains the best potential indi-
cator we have of future performance.

El-Samra et al. (2017a) were able to show good agreement between the downscaled WRF simulations of
the historic and present climate and the observational data, indicating that the model is capable of cap-
turing local climate change studies over this topographically complex region. The evaluation results also
underlined the benefit of resolving the details in the spatial and temporal patterns for both temperature
(average, maximum, and minimum) and precipitation. El-Samra et al. (2017a) presented the disparities in
the total annual precipitation between HiRAM and WRF during the same extreme years that are simulated
in this current study. The results obtained indicated that these dry future extreme years will be aggra-
vated and that the study area might be affected by a major decrease in yearly precipitation (rain and
snow), reaching up to 30% relative to past extreme conditions of 2008 used as baseline reference.
Consistent with reported trends for the eastern Mediterranean basin (Kostopoulou & Jones, 2005;
Lelieveld et al., 2012; Oikonomou et al., 2008), our findings also suggest that wet extremes will not be
frequent in the study area.

The identification of the downscaled extreme dry and hot years was completed in two steps (El-Samra et al.,
2017a) and the adopted methodology is summarized hereafter. First, we quantified the median tempera-
tures and the cumulative yearly precipitation for each year based on HiRAM temperature and precipitation
output time series for the “past” (2000–2010) and for the “future” (2011–2050 for both RCPs 4.5 and 8.5)
over the study area. These two RCPs are distinguished by their respective top-of-the-atmosphere, globally
averaged, radiative imbalance at year 2100 (Moore et al., 2013). Then, we selected one hot and dry extreme
year per decade for the past (2001–2010) and future (2011–2050), from each scenario based on an anomaly
score (equation (1)):

Anomaly Score ¼ 1
2

Pi � Pi

max Pi � Pið Þ þ
� Ti � Tið Þ
max Ti � Tið Þ

� �
; (1)

where Pi is the accumulated precipitation for year i (averaged over the study area), 〈Pi〉 is the decadal average
(e.g., from 2031 to 2040) of the annual precipitations Pi, Ti is the annual median temperature (over the study
area), and 〈Ti〉 is the decadal average of the median temperatures Ti.

The resulting minimum negative score corresponds to 2008 as the critical hottest and driest year from 2000
to 2010, while 2020, 2029, 2040, and 2050 were categorized as future dry and hot years from RCP 4.5 and
2017, 2023, 2035, and 2050 were characterized as future dry and hot years from RCP 8.5. The score was devel-
oped to capture extreme years from a water resources and agricultural perspective, but the approach can be
easily modified to select extreme years for other applications or impacts (e.g., hottest and most humid year
for extreme heat health impacts). The advantage of this approach is that it allows the combined impacts of
climate change and variability on the worst-case-scenario extremes, as well as how these worst-case scenar-
ios are evolving in time, to be assessed. Investigating multiple years per decade from a single GCMwould not
result in significant benefits in this case, while mixing extreme years from different scenarios would not be
correct. A better approach that would come at a significant computational cost would be to usemultiple driv-
ing GCMs to construct an ensemble of extreme years per decade for each scenario. It is worthwhile to men-
tion that the anomaly score gave years 2011 in RCP4.5 and 2015 in RCP8.5 as the extreme years for the
decade 2011–2020, but we opted not to simulate any additional actual past or current years other than
2003 and 2008 (although 2011 and 2015 are future years in the HIRAM simulation). Hence, we selected the
second worst extreme years (2020 in RCP4.5 and 2017 in RCP8.5).
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2.3. Model Description
2.3.1. Global Model
The High-Resolution Atmospheric General Circulation Model (HiRAM) developed by the Geophysical Fluid
Dynamics Laboratory (GFDL) is adopted to generate climate projections. HiRAM has been developed based
on the Atmospheric Model (AM2; Zhao et al., 2009). It allows the use of fine horizontal grid spacing of just a
few kilometers and has 32 levels in the vertical direction (Bangalath & Stenchikov, 2015). It employs a cubed-
sphere finite-volume dynamical core (Lin, 2004) and is used here at C360 (about 25 km) resolution, coupled
with the new GFDL land model, LM3, as the land component (Bangalath & Stenchikov, 2015). The HiRAM
simulations were conducted for historic (1975–2004) and future (2007–2050) periods using both RCPs 4.5
and 8.5 scenarios. RCP 4.5 is a mitigation scenario of continuing, global emissions of GHGs, ephemeral spe-
cies, and land-use-land-cover change where the CO2 equivalent will stabilize at a radiative forcing level of
4.5 W/m2 in the year 2100 (Clarke et al., 2007; Thomson et al., 2011). As for RCP 8.5, it corresponds to a high
GHG emission scenario compared to the baseline emissions (Moss et al., 2010; Intergovernmental Panel on
Climate Change (IPCC), 2013) that does not account for any particular climate mitigation objective. The
GHG emissions in this RCP increase ultimately resulting in a radiative forcing of 8.5 W/m2 at the end of the
century (Intergovernmental Panel on Climate Change (IPCC), 2013). The sea surface temperatures (SSTs) from
the GFDL Earth System Model runs, completed for the Fifth IPCC Assessment Report (AR5), were used as the
bottom boundary conditions above sea level. The suggested time-varying GHG and
stratospheric/tropospheric aerosol distribution data sets were used to duplicate the observed radiative for-
cing in the model (Bangalath & Stenchikov, 2015).
2.3.2. Regional Model
The WRF Model Preprocessing System (WPS) was used to dynamically downscale HiRAM outputs to a finer
resolution and create the initial and boundary conditions for WRF. The advanced research WRF (ARW) model
version 3.4.1 (Skamarock et al., 2008) was adopted for all dynamic downscaling simulations. It is a compres-
sible, hydrodynamic model that uses topography following coordinates and solves the major equations to
conserve mass and dry entropy. Fifth- and third-order advection schemes were used for the horizontal and
vertical directions, respectively, and the Runge-Kutta third-order time advancement scheme was adopted.

The simulation domains are shown in Figure 1a. The WRF model is built over a parent domain (d01;
1,350 km × 1,700 km) with 9 km of spatial resolution, covering the eastern part of the Mediterranean Sea.
The inner nested domain (d02; 462 km × 579 km) has a spatial resolution of 3 km and is focused on the study
area (Figures 1b and 1c). The highest resolution of 3 kmwas shown to be sufficient in previous tests comparing
historic WRF simulations over the study area to a wide array of ground observations; no significant improve-
ment was noted when the resolution was further increased to 1 km (El-Samra et al., 2018). Moderate
Resolution Imaging Spectroradiometer (MODIS; Friedl et al., 2001) land use data were adopted with 21 land
categories and Lambert Conformal projection (most suitable for midlatitude locations since it results in nearly
uniform grid spacing). The time step used was 30 s for the largest domain, and all domains had 28 vertical
levels (with a vertically stretched grid) set according to terrain-following hydrostatic pressure coordinates.
The number of vertical levels is also based on the tests for historic periods conducted in El-Samra et al. (2018).

The time interval of the boundary data input from HiRAM is 6 hr, and the SST is also updated every 6 hr. The
same SST data used by HiRAM, from the GFDL Earth System Model runs for the IPCC Assessment Report AR5,
are used. One past hot year (2008) forced by HiRAM was simulated and used as a baseline scenario to allow
for comparison and quantification of changes. Then, eight future yearlong simulations were performed to
generate extreme climate projections over the study area, four from RCP 4.5 (2020, 2029, 2040, and 2050)
and four from RCP 8.5 (2017, 2023, 2035, and 2050). It should be emphasized that given the anomaly score
construction, these years will not necessarily be the driest or the hottest of the decade. Given the focus on
temperature in this paper, for example, it is worth noting that 2035 and 2050 were the second hottest years
of the decades in RCP 8.5 as reflected by themedian temperature of HiRAM (2017 and 2023 were the hottest),
while in RCP 4.5, 2029 and 2050 were also the second hottest of the decade (2020 and 2040 were the hottest).
Each simulation covered a 13-month physical period, initialized on the first of December of the year preced-
ing the year of interest to allow a one-month spin-up period (which was discarded) before the analyzed mod-
eling periods (January to December of the year of interest), as recommended in other studies (Gao et al.,
2012; Soares et al., 2012; Zhang et al., 2009). Snowfall before early December is limited in the study area,
and thus, no snow cover initialization was needed.
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The parameterization schemes adopted are WRF Single-Moment 6-Class Microphysics Scheme (WSM6; Hong
& Lim, 2006), Monin Obukhov and Mellor Yamada Janjic (Eta) for surface layer and planetary boundary layer
physics (Janjic, 2001; Mellor & Yamada, 1974), Rapid Radiative Transfer Model (RRTM; Mlawer et al., 1997)
longwave and Dudhia’s shortwave (Dudhia, 1989) schemes for radiative processes, and Noah Land Surface
Model (LSM; Chen & Dudhia, 2001) for surface processes. The subject of including a convective scheme for
domains between 4 and 10 km is still debatable and an area of active research, with studies indicating that
the utilization of a cumulus convective parameterization scheme at such a high resolution may overestimate
the processes of cumulus convections (Marsham et al., 2013). For this reason, we opted not to adopt a con-
vective parameterization for the largest domain (9 km) based on that body of literature and our own previous
studies in Talbot et al. (2012) and Li et al. (2013). The same WRF configuration used here also performed well
in historic simulations over the study area forced by the National Centers for Environment Prediction Final
Analysis (FNL) data (1° resolution; El-Samra et al., 2017b, 2018). We changed the atmospheric equivalent
CO2 concentration in each simulated year of WRF to match the respective scenarios RCP4.5 and RCP8.5
and to be consistent with HIRAM. This alters the radiative balance of the simulations slightly but has a minor
impact on the relatively short-term regional simulations conducted with WRF; this was verified by comparing
to simulations with current CO2 concentration.

2.4. Analysis and Data Handling

Several climate indicators are calculated from the 2-hr interval WRF model outputs to capture extreme
events. The study area was divided into three regions with different climatic trends: coastal, mountainous,
and inland, each of which can be further subdivided into subregions based on long-term trends of weather
parameters including temperature, relative humidity, rainfall, and wind (Atlas Climatique du Liban, 1977).
However, given the difference in annual precipitation, we only found it significant to consider these further
subdivisions in the inland zone, which we partition into north, central, and south subregions (Figure 1c). The
subdivision in the other regions is not critical for the present analysis. The adopted core indices (Table 1) are
developed by the World Meteorological Organization working group, the Expert Team on Climate Change
Detection and Indices (Persson et al., 2007). These indices were mainly selected for assessment of aspects
related to a changing regional climate, which include changes in intensity, frequency, and duration of
extreme temperature events. The indices can be divided into four categories:

1. Absolute indices representing maximum or minimum values statistics over a season or year. They include
maximum daily temperature (Tmax) and minimum daily temperature (Tmin).

2. Percentile-based indices including occurrence of warm nights (TN90p), occurrence of warm days (TX90p),
heat wave duration index (HWDI), and warm spell day index (heat wave frequency index).

3. Threshold-based indices such as annual occurrence of summer days (SU).
4. Duration-based indices including the number of consecutive summer days (CSU), consecutive frost days

(CFD), and heating degree days (HD).

In addition, the analysis covered the seasonal changes in average temperature (Tavg) throughout the simu-
lated years for both RCPs in comparison to the reference year 2008. Finally, in the case of presence of biases
in temperatures from WRF runs, they are expected to cancel out partially (Zittis et al., 2016). These biases can
be due to both HiRAM and WRF simulation or SST errors and have a relatively minor influence on the differ-
ence fields since they would presumably be comparable for the past reference and future HIRAM/WRF runs.
The indices of Table 1 were calculated using the Climate Data Operators (CDO) software package
(Schulzweida et al., 2009). It is worth mentioning that the calculation of maximum and minimum tempera-
tures is based on the maximum and minimum values occurring locally at a given grid point, before being
averaged over the region of interest. What we report are thus the averages of the maximum or
minimum temperatures.

3. Results and Analysis
3.1. Mean Temperatures (Tavg)

The mean seasonal and annual temperatures for the simulated extreme years over the various regions of the
study area inside the fine nest for RCP 4.5 and RCP 8.5 are presented in Figure 2. An annual mean warming
trend can be noticed (Figure 2a), but seasonal temperature changes are much more significant and
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consequential. Under RCP 4.5, there are practically no changes in the annual mean warming during the
simulated years, with a tendency of the coast to warm less than the mountain and interior regions, in
parallel with a stronger seasonal difference observed in all regions. The unexpected decreases in the
winter (December-January-February; Figure 2b) and spring (March-April-May; Figure 2c) temperatures
almost offset the increases in summer (June-July-August; Figure 2d) and autumn (September-October-
November) temperatures resulting in an annual mean temperature increase by about 0.3°C under RCP4.5.
The winter and early spring cooling might be linked to the role of teleconnections such as the North
Atlantic Oscillation (NAO) index; the increase in this index till the 1990s explained the cooler and drier
winters over the eastern Mediterranean region (Ben-Gai et al., 1999; Krichak et al., 2007).

The same pattern of decrease (or increase) in winter and spring (or summer and autumn) average tem-
perature is noticeable under RCP 8.5, where the rise in summer and autumn temperature is on the order
of +2.5°C. The coastal warming is also weaker than other regions in RCP 8.5 possibly due to sea breeze
effects. However, extreme years under RCP 8.5 result in warmer yearly averaged temperatures over all
regions compared to RCP 4.5, as expected. More intense interseasonal temperature swings are found in
all regions for both scenarios. Furthermore, under RCP 8.5, the winter and spring cooling trend seems
to reverse by 2050. This might be in line with the expectations of Hawkins and Sutton (2009) and
Knutti and Sedláček (2013) that the difference triggered by the different RCPs will be more noticeable
after the second half of the 21th century.

While definitive attribution requires new simulations and more in-depth analysis, the temperature decrease
during the winter months could be linked to a reduction in cloud cover and rainfall (El-Samra et al., 2017a),
which increases radiative surface cooling (especially at night) and reduces the release of latent heat during
precipitation. Alternatively, the blanket of fresh snow falling in winter reflects up to 80% of the Sun’s energy,
which reduces to 50–60% as the snow ages (Betts et al., 2014). The regions and years that are most affected
by the decrease in the average winter temperature are also the ones that had the most significant increase in
winter snowfall as reported in El-Samra et al. (2017a). This decrease is also taking place in the spring season of
2029 for RCP 4.5, where it affects the central inland region as well.

Table 1
Climate Indicators Calculated From Daily Downscaled Future Projections

Variable Description

Average temperature (Tavg) Yearly average value of average daily temperature
Maximum temperature (Tmax) Yearly maximum value of maximum daily temperature
Minimum temperature (Tmin) Yearly minimum value of minimum daily temperature
Percent occurrence of warm nights (TN90P) Using a time series of daily minimum temperatures Tmin for the year being analyzed, and the 90th percentile of the

daily minimum temperature series during the year used as a reference TNn90, TN90P is calculated as the
percentage of days where Tmin > TNn90 (a value of 10 indicates that year is similar to reference year).

Percent occurrence of warm days (TX90P) Using the time series of daily maximum temperatures Tmax for the year being analyzed, and the 90th percentile of
the daily maximum temperature series during the year used as a reference TXn90, TX90P is calculated as the
percentage of days where Tmax > TXn90 (a value of 10 indicates that year is similar to reference year).

Heat wave duration index (HWDI) Using the time series of daily maximum temperatures Tmax for the year being analyzed, and the mean TXnorm of
the daily maximum temperature series of a five-day window centered on each calendar day from the year used
as a reference, HWDI is the number of days where in intervals of at least six consecutive days,
Tmax > TXnorm + 5°C. A further output is the number of heat wave periods longer than or equal to six days.

Heat wave frequency index (HWFI) Using the time series of mean daily temperatures Tavg for the year being analyzed, and the 90th percentile TGn90
of the mean daily temperature of a five-day window centered on each calendar day from the year used as a
reference, HWFI is the number of days where, in intervals of at least six consecutive days, Tavg > TGn90. A
further output is the number of warm-spell periods longer than or equal to six days.

Summer days (SU) Using the time series of daily maximum temperatures Tmax, SU is the number of days where Tmax > 25°C.
Consecutive summer days (CSU) Using the time series of daily maximum temperatures (Tmax), CSU is the largest number of consecutive days where

Tmax > 25°C.
Consecutive frost days (CFD) Using the time series of daily minimum temperatures (Tmin), CFD is the largest number of consecutive days where

Tmin < 0°C.
Heating degree days (HD) Using the time series of daily mean temperatures Tavg, the heating degree days are defined as the sum of

(17–Tavg)°C over the whole year, where only values Tavg > 17°C are considered.

Note. Year 2008 is used as reference year for all indicators.
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Figure 2. Regional, seasonal, and annual average 2 m temperature (°C) for the study area during the simulated years under RCP 4.5 and 8.5.
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Strong warming on the other hand will affect the mountains and inland regions during the summer and
autumn seasons in both scenarios, with the strongest signal occurring during the autumn where the increase
in the average temperature can reach nearly 4°C in the central inland region (2029 and 2040 compared to
2008). The increase in temperatures at such midlatitude locations beyond the mean climate signal could
be driven by the Arctic amplification of warming-influenced dynamics of atmospheric north-south Rossby
waves (Francis & Vavrus, 2012).

A major incentive for using downscaling in climate impact research is their capability to characterize extreme
events. Normally, extreme weather happens swiftly and over a small geographical area; hence, RCMs or NWPs
are most appropriate for examining these events. The particular event of the annual occurrence of warm spell
days, reflected by the heat wave frequency index, is illustrated in Figure 3. The frequency of heat waves is
commonly associated with large-scale general circulation patterns and particular atmospheric flow anoma-
lies (Zittis et al., 2016). Warmer air advection, adiabatic heating, and positive radiation anomalies can occur
as a consequence of diminishing cloudiness (Black et al., 2004). Other factors that may amplify extreme heat
events can also include soil moisture-atmosphere interactions related to dry conditions (Fischer et al., 2007).
Under RCP 4.5, this index increases predominately over the mountains and inland regions, with a peak in
2029 (66 days on average and four episodes), while the warming along the coast remains minimal during
the extreme future years considered (only two episodes). The picture is somewhat the same along the coast
in the simulated years under RCP 8.5 except during 2050 when the warm spells are projected to intensify over
the entire territory. Regardless of which RCP is considered, an increase in this index occurs in the mountai-
nous areas during all simulated years (four episodes on average over this region), which influence the vulner-
ability of the whole region due to the effect on snowmelt that is vital for groundwater recharge directly
affecting water supply, agriculture, and the economy.

A pattern to note in the figure is the strong increase in the index over the Mediterranean by 2050. This is prob-
ably related to the thermal inertia of water bodies or other mechanisms that control the different rates of
warming of oceans and the atmosphere such as increased GHGs forcing, increased downward longwave
radiation, reduced plant stomatal resistance restricting evaporation, and rapid reductions in cloud amount
(Dong et al., 2009; Joshi et al., 2008), which implies that the warming of the water lags behind that of the
atmosphere and becomes significant by 2050. This lag is confirmed by averaging the monthly and yearly

Figure 3. Heat wave frequency index (days) for the simulated years under RCP 4.5 and 8.5, with reference to the year 2008.
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SST across a 100 km stretch from the study area shorelines into the Mediterranean Sea (Table 2); indeed, one
can see that in both scenarios SST is over 1°C warmer in 2050 compared to 2008. This also implies that the
warming of this sea is an important factor in the climatic changes that will affect its eastern shore.

Under current conditions, a significant fraction of the total energy consumption in the study area is allocated
to heating during cold weather (United Nations Development Programme/Global Environmental Finance
and Ministry of Public Works and Transport/General Directorate of Urban Planning, 2005). Since winters are
projected to cool in our analysis, this would result in an increase in energy demand for heating. This
hypothesis was examined under both RCP 4.5 and 8.5, again with reference to the baseline year 2008 (refer
to Table 3), using the HD index. This number increased in all regions during all simulated years under RCP 4.5
and for two years under RCP 8.5. During the other two years of RCP 8.5, the HD remained practically the same
in 2023 and decreased modestly in 2050. The most affected area under both RCPs is the coastal zone where
the increase in HD reaches 11% on average under RCP 4.5 and 7% under RCP 8.5, compared to an increase of
5% under RCP 4.5 and 3% under RCP 8.5 averaged over the whole study area. This is consistent with the
reduced winter-time temperatures presented in Figure 2, and with the reduction in the minimum tempera-
tures discussed below. However, over longer periods of time, temperatures in the Middle East are projected
to continue to increase (Barrera-Escoda et al., 2014; Bou-Zeid & El-Fadel, 2002; Intergovernmental Panel on
Climate Change (IPCC), 2013). Hence, as projected by Hawkins and Sutton (2009) and Knutti and Sedláček
(2013), the trend of decreasing numbers of HD in the future is likely to set in later this century.

3.2. Hot Indices

Figures 4a and 4b show the yearly maximum temperature (Tmax) for the reference hot year 2008 and the
simulated extreme hot years under RCP 4.5 and RCP 8.5. This represents the maximum near-surface air tem-
perature occurring at any location in the region (no spatial averaging); its increase is mostly pronounced in
the central inland region where in 2029 under RCP 4.5 it exceeds the 2008 reference by 5.9°C, whereas the

Table 2
Projected Sea Surface Temperature (SST) (°C) for the Simulated Years Under RCP 4.5 and 8.5 as Used by WRF and HiRAM Based
on the GFDL Earth System Model Runs for the IPCC Assessment Report AR5

Ref.
RCP4.5 RCP8.5

Region 2008 2020 2029 2040 2050 2017 2023 2035 2050

January 15.90 16.63 16.58 15.94 16.00 15.23 16.17 17.29 16.63
February 15.23 15.92 15.51 14.92 15.51 14.62 15.34 16.03 15.89
March 15.27 15.65 15.58 15.01 15.87 14.94 15.69 15.87 15.86
April 16.16 16.70 16.86 16.29 18.08 16.46 16.87 17.30 17.73
May 19.43 19.73 20.69 18.96 20.70 20.11 20.00 20.57 21.16
June 22.76 23.05 23.65 22.88 23.85 23.07 24.13 22.89 24.77
July 25.52 25.77 25.94 24.84 26.22 25.73 26.62 25.37 28.41
September 26.54 26.16 26.22 26.31 27.52 27.06 27.41 27.17 29.18
October 24.96 24.93 25.77 25.63 26.12 25.83 26.57 26.60 27.97
November 22.88 22.98 24.53 22.93 23.08 23.34 24.16 23.18 24.62
December 19.97 20.85 21.90 20.18 20.54 20.39 21.02 19.86 21.76
Average year 17.23 18.42 19.15 17.81 18.34 17.99 18.26 17.55 18.90

Table 3
Projected Heating Degree Days (HD) for the Simulated Years Under RCP 4.5 and 8.5

Ref.
RCP4.5 RCP8.5

Region 2008 2020 2029 2040 2050 2017 2023 2035 2050

Coast 804 848 912 901 912 1016 785 859 769
Mountains 2,270 2,316 2,369 2,333 2,392 2,575 2,222 2,288 2,141
Inland_north 2,022 2,069 2,160 2,088 2,161 2,294 2,031 2,038 1,915
Inland_central 1,913 1,939 2,067 1,987 2,033 2,193 1,909 1,931 1,812
Inland_south 1,820 1,858 1,984 1,924 1,961 2,113 1,814 1,868 1,726
Study area 1,766 1,806 1,898 1,847 1,892 2,038 1,752 1,797 1,672
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change along the coast remains minimal under the same scenario. During 2035 in RCP 8.5, the warming is
drastic inland with the largest increases in the northern areas (6.9°C), while the central part exhibits a similarly
high increase reaching 6.2°C. Over the whole study area, Tmax are projected to increase between 1% (coast)
and 13% (central inland) for the simulated years under RCP 4.5, and between 5% (coast) and 15% (central
inland) under RCP 8.5 with respect to the reference year 2008, with the central inland region experiencing
the strongest warming on average. These results are consistent with previous findings for the
Mediterranean area (Barrera-Escoda et al., 2014; Giorgi & Lionello, 2008; Gonçalves et al., 2014) but are parti-
cularly alarming in the context of heat wave events considered below.

The CSU are also expected to increase during the extreme simulated years (Table 4). This increase could dou-
ble this index in the central inland region and triple it for the mountainous region in 2029 and 2040 under
RCP 4.5, in comparison with 2008. The conditions under RCP 8.5 aggravate in 2050 where this value is pro-
jected to double along the coast, home of the economic and business centers, as well as central inland,
hub of the agricultural sector. These results suggest the potential for a dramatic increase in drought occur-
rence (El-Samra et al., 2017a) and irrigation demand due to intensified evapotranspiration, with potentially
severe adverse consequences on the agricultural sector. The increase in the index is strongest in the moun-
tainous zone, with an increase of more than threefolds in the number of CSU; however, in absolute terms, the
coast is projected to experience the highest number of CSU, exceeding 100 under RCP 8.5 by 2050.

Summer days (SU) are defined as the total number of days in a year that exceed the fixed threshold of 25°C for
the daily maximum temperature. The spatial variability of the number of SU within the model domain is pre-
sented in Figure 5, on the basis of absolute simulated number of SU per year for both (a) past (2008), (b) simu-
lated extreme future year under RCP4.5 with the highest SU (2029), and (c) simulated extreme future year
under RCP8.5 with the highest SU (2050). It is worth reiterating that the worst year in an RCP was identified
based on the highest negative anomaly score taking into consideration both median temperature and
annual precipitation from HiRAM yearly time series (2007–2050; El-Samra et al., 2017a). As such, even warmer

Figure 4. Simulated extreme years regional maximum 2 m temperature (°C): (a) RCP 4.5 and (b) RCP 8.5.

Table 4
Projected Consecutive Summer Days CSU (Days) During the Simulated Years Under RCP 4.5 and 8.5

Ref.
RCP4.5 RCP8.5

Region 2008 2020 2029 2040 2050 2017 2023 2035 2050

Coast 51 63 71 71 77 57 74 68 105
Mountains 6 13 19 20 12 14 10 20 21
Inland_north 50 64 78 78 64 62 70 71 79
Inland_central 40 59 83 84 66 57 58 72 78
Inland_south 25 43 54 59 40 33 39 56 59
Study area 34 48 61 62 52 45 50 57 69
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years exist in the HiRAM simulation. The dark orange and reddish colors in Figure 5 delineate regions where
the number of SU exceeds 80. Concerning future changes in SU during 2029 under RCP 4.5 (Figure 5b), a
slightly different pattern (compared to 2008) is observed. SU exceeding 80 cover a large area, especially in
the West Mountains that show the most widespread and acute increases (98%), while this increase remains
minimal along the coast (11%). In absolute terms, however, the coast has the highest SU values. As for the
inland areas, the increase varies between 23% in the central zone and 25% to the north, reaching 31% in
the south. A similar pattern of increase in the number of SU is observed during 2050 under RCP8.5
(Figure 5c), reaching 14% along the coast, 82% on the mountains, 21% in the central inland, and 26% for
the northern and southern inland zones, indicating that the mountains are most vulnerable to the increase
in the number of SU during both scenarios. This increase in SU frequency by the mid of the 21st century is
consistent with RCM projections for Mediterranean regions (Alpert et al., 2008; Diffenbaugh et al., 2007;
Meehl & Tebaldi, 2004). Again, in this figure, one can notice the increase in the SU index over the
Mediterranean Sea itself, exhibiting the warming it will sustain.

Figure 6 illustrates the HWDI for the simulated extreme years under RCP 4.5 and RCP 8.5, with respect to
the reference year 2008. This index is of paramount importance since heat waves are a major cause of

Figure 5. Summer days (days) during: (a) reference year 2008, (b) RCP 4.5 year 2029, and (c) RCP 8.5 year 2050.

Figure 6. Heat wave duration index (days) for the simulated extreme years under RCP 4.5 and 8.5, with reference to year 2008.
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weather-related mortality. This is further exacerbated by urbanization trends in the region and the potential
synergistic interactions between heat waves and urban heat islands (Li & Bou-Zeid, 2013). Our projections of
increase in this index are very severe for the region. Here again, the mountainous and the inland regions see
the most increase, but the impact will intensify in the future simulated dry years from RCP 8.5 to reach the
coast. The results of the simulated future years from the last two decades under both RCPs are somewhat
similar, except along the coast, with 2050 presenting milder results. As for the number of heat wave episodes,
projections vary from three events in 2017 and 2023 to four events in 2050, and reaching five events in 2035
under RCP8.5. Under RCP 4.5, two events occur during years 2020 and 2050, increasing to four events in 2040
and five events in 2029. However, this small number is linked to a strong increase in duration (in the extreme
one can think of a single event lasting the whole summer). An increase in heat wave durations in the region
was also reported in several other studies (Della-Marta et al., 2007; Diffenbaugh et al., 2007; Founda et al.,
2004; Giorgi, 2006; Kostopoulou & Jones, 2005; Kuglitsch et al., 2010; Türkeş et al., 2002).

Another index computed relative to the local climate is the percent of very warm days (TX90P), during which
the daily Tmax value exceeds the reference period’s (2008) 90th percentile Tmax (the references were com-
puted as coast: 29°C, mountains: 23°C, inland north and central: 28°C, and inland south: 27°C; Figure 7).
Note that a value of 10% would mean that the studied year is similar to the reference. Figure 7 depicts the
spatial distribution of TX90P. On average and under both RCPs, the region with the largest increase in expo-
sure is the central inland zone where this index increases to 25% in 2029 (RCP 4.5) and 21% in 2050 (RCP 8.5),
with potential adverse impacts on agriculture, human health, energy demand, and ecosystem resilience.
While our results in earlier year near the coast are ≈10% implying no difference relative to the reference year,
we see a drastic increase in TX90P along the coast during 2050 under RCP8.5, consistent with the results
obtained for the HWDI presented above.

Figure 8 depicts the warm night index (TN90P), where a value of 10% would indicate no change from the
reference year 2008. The reference values of 2008 were computed as coast: 23°C; mountains, inland north,
and central: 21°C; and inland south: 22°C. A highminimum temperature is particularly harmful to human well-
being and high nighttime temperatures combined with high levels of relative humidity in August 2003 con-
tributed significantly to the detrimental effect of the 2003 heat wave in Europe (D’Ippoliti et al., 2010; Souch &
Grimmond, 2004). In general, TN90P follows the same trend as TX90P across all regions during the years

Figure 7. Percent occurrence of very warm days TX90P (°C) for the simulated extreme years under RCP 4.5 and 8.5, with reference to year 2008.
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simulated under RCP 4.5 when comparisons are made with Figure 7. On average, the nighttime warm spells
might be significant along the coast, while the remaining regions exhibit a similar level of warming under RCP
4.5 with a decrease in TN90P in 2050. The situation is reversed for the years simulated under RCP 8.5, with the
highest percentage of warming happening in 2050 and affecting the coastal zone more than the other
regions in all other simulated years. Unlike maximum daytime temperatures that can be moderated by
stronger sea breeze in a warming climate (Lebassi et al., 2009), maximum nighttime temperatures cannot
be moderated by this mechanism (since the wind reverses to form a land breeze), and thus, coastal
warming is more prominent during the night. This warming again seems to be closely linked to the
warming of the Mediterranean Sea. This is in agreement with the results presented in Figure 9 (next
section), where the Tmin along the coast in 2050 (under RCP 8.5) is the highest among all values, and with
the lower number in CFD (Table 4). Since the coastal zone also has higher humidity, the combined effect
on thermal comfort would be more pronounced.

Figure 8. Percent occurrence of warm night TN90P (°C) for the simulated years under RCP 4.5 and 8.5, with reference to year 2008.

Figure 9. Simulated extreme year regional minimum 2 m temperature (°C) for (a) RCP 4.5 and (b) RCP 8.5.
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3.3. Cold Indices

Figure 9 illustrates the regional yearly minimum temperature for the reference hot year 2008, and the
simulated extreme future hot years under RCP 4.5 and 8.5. Winter minima are projected to decrease
across all regions, and freezing temperatures are projected for the coastal zone especially under RCP
4.5 despite the fact that the analysis considered warmer than average years. The extreme minimum tem-
peratures are more pronounced under RCP 4.5 than RCP 8.5: the values decrease on average by 1.7°C
under RCP 4.5 and by around 0.3°C under RCP 8.5. Under RCP 4.5, the minimum temperatures are

Figure 10. Probability density frequency plots of regional 2 m minimum temperature (°C) for RCP4.5 and 8.5, only one
inland region is shown, the other inland regions exhibited similar trends.
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projected to decrease by 4.8°C in the northern inland, by 1.6°C along the coast, and by 3.9°C in the
mountainous areas. As for RCP 8.5, the minimum temperature decreases in the simulated extreme
years in the first three decades, and then it increases in 2050 with respect to the baseline scenario of
2008 when the mean warming seems to overtake the stronger seasonal differences. The cold-spell
events occurring in the study area are strongly affected by, and related to, the synoptic conditions
prevailing during their manifestation. Such conditions are mainly influenced by the Siberian
anticyclone causing the flow of polar continental air to flow from eastern Europe and the low pressure
systems in the central Mediterranean. These findings are consistent with Pappas et al. (2004), who
reported similar increase in cold spells in western and northern Greece in the Mediterranean basin.
Another cause of these low winter temperatures might be the passage of the Mediterranean jet along
the northern rim of Africa, causing an increase in its meridional distance from the Scandinavian jet
and resulting in the cyclonic vorticity over the Mediterranean bringing relatively cool weather (Baldi
et al., 2006). The decrease in winter temperatures might also be a direct impact of the eastern
Mediterranean teleconnection pattern, which has also been suggested to cause such decrease in winter
temperature during its positive phase (Hatzaki et al., 2009).

Figure 10 illustrates the probability density frequencies (PDFs) of the regional daily minimum temperature
for the baseline year 2008, as well as for the future simulated extreme years under both RCPs. These were
obtained by taking the daily minimum temperature time series of the reference year 2008 and the eight
future years, and then dividing them into 5°C bins from �15 to 30°C. For all regions under RCP 4.5, the
years that are the warmest on average (2029 and 2040) display the strongest decrease in minimum tem-
peratures, showing that seasonal swings will intensify during those years. A general shift of the mean as
well as the tails to lower temperature can be detected in most PDFs relative to 2008. What is common in
all regions is that the PDFs are shifting to lower temperatures under RCP 4.5, with the same trend fol-
lowed under RCP 8.5 for the first and second decades, then switching to a tendency toward warmer tem-
peratures during the extreme years simulated in the third and fourth decade, which is consistent with the
findings in Figure 9 above.

Frost occurs when the surface minimum temperature drops below 0°C due to radiation cooling or cold
air advection (Meehl et al., 2007), and frost arriving during dormancy and after blooming of plants will
adversely affect crops by freezing cellular tissue and damaging foliage (Ahn et al., 2016). It can have
significant impacts on the emergence or maturation of plants especially if they occur early or late dur-
ing transition seasons (Alexander & Tebaldi, 2012). In 2029 and 2040, the number of CFD under RCP
4.5 would increase markedly in all regions by over twofolds relative to its value in the control year
2008 (Table 5). Even the coastal zone will suffer from a couple of days of frost during those extreme
years, a result consistent with the projected extreme minimum temperatures discussed above (Figure 9).
The doubling in the same scenario of the number of frost days in the fertile agricultural region in the
central inland will lead to adverse consequences on the agricultural yield of the olive and fruit trees in
that region. The projections under RCP 8.5 are milder than those of RCP 4.5, and their trend reflects
the topographic factors. The CFD number is increasing with elevation and distance from the
Mediterranean Sea. In general, under RCP 8.5, a decrease in CFD occurrence is projected for 2050,
which is in accordance with a minor decrease in projected regional minimum temperatures
(Figure 10).

Table 5
Projected Cumulative Frost Days (Days) During the Simulated Years Under RCP 4.5 and 8.5

Ref.
RCP4.5 RCP8.5

Region 2008 2020 2029 2040 2050 2017 2023 2035 2050

Coast 0 0 2 2 1 1 0 1 0
Mountains 12 11 29 27 18 18 13 16 8
Inland_north 9 9 25 24 14 16 12 14 8
Inland_central 10 8 20 23 12 14 11 13 7
Inland_south 9 6 23 21 9 13 9 13 4
Study area 8 7 20 19 11 12 9 11 5
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4. Discussion

In summary, the results of this study suggest that irrespective of the emission scenario considered, future
changes in extreme weather systems may have significant impacts on the study area, where extreme hot
weather episodes are particularly critical. Such episodes are expected to increase in 2050 under both RCPs
(Table 6). The results indicate that seasonal differences might be more important than yearly mean trends
and that over complex topography the impacts vary strongly across relatively small regions. As such, our
study provides motivation for requirements for climate change impact and adaptation assessment and the
need for downscaling over areas with similar complex topography to account for terrain effect and vital
regional differences.

Similar results from simulations using different driving GCMs would be needed to increase robustness of our
findings. Although supercomputing resources have enormously increased over the past decades, it is still
expensive to perform multiple long-term high-resolution downscaling simulations. In this study, we only
had two extremeyear samples per decade fromdifferent RCP scenarios. Adifferent alternative for the selection
of extreme years could havebeenbased on either temperature or precipitation, or running climate simulations
for twodifferent years per decade, the hottest and thedriest. Because the two scenariosweuse are fairly similar
for the first half of the century, and diverge more strongly from 2050 to 2100, it is likely that our results under-
estimate interscenario uncertainty. Using a different GCM could yield different results. However, we have cho-
sen HiRAM because, among multiple GCMs we had previously considered (El-Samra et al., 2017a), HiRAM
yielded the historic climate that was closest to observations and as such it was a reasonable model to choose.
The broad agreement between the two RCP’s is an indication that other scenarios taken from HiRAM will be
similar till the middle of the century, but larger divergence could arise later, or if other GCM’s are used.

Table 6
Summary of Findings for the Climate Indices

Variable Simulated years under RCP4.5 Simulated years under RCP8.5

Average temperature (Tavg) �Decreases in the winter and spring �Decreases in the winter and spring (except 2050)
�Increases in the summer and autumn �Increases in the summer and autumn (except 2050)
�Warmer June-July-August and September-October-
November Tavg affect mostly mountains and inland
regions

�Warmer June-July-August and September-October-November
Tavg affect mostly mountains and inland regions

Maximum temperature (Tmax) �Increases in all regions �Increases in all regions
�Central inland severely affected by 13% increase on
average

�Central inland severely affected by 15% increase on average

Minimum temperature (Tmin) �Decreases across all regions with freezing
temperatures along the coast, except in one year
(2020)

�Decreases (except in 2050) less than RCP4.5 in all regions with
subzero temperatures along the coast only in one year (2017)

Percent occurrence of warm nights
(TN90P)

Increases (except in 2050) over the mountains and
inland regions, coast impacted

Opposite to RCP4.5, with 2050 presenting the worst warming in
all regions

Percent occurrence of warm days
(TX90P)

�Increases in the mountain and inland regions with
highest values of 25% in 2029

�Increases in the mountain and inland regions with highest
value of 21% in 2050 when coast is affected too

Heat wave duration index (HWDI) �Increases over all regions in 2029 and 2040, milder
results in 2020 and 2050

�Increases over all regions in 2017 and 2035, milder results in
2023 and 2050, with no impact on the coast

Heat wave frequency index (HWFI) �Increases over the mountains and inland regions,
coast minimally affected.

�Increases over the mountains and inland regions, coast
minimally affected except in 2050 where coast is severely
affected as well

Summer days (SU) �Increases in all regions, signal stronger than under
RCP8.5

�Increases in all regions

�Mountains severely affected by 98% increase on
average

�Mountains severely affected by 82% increase on average

Consecutive summer days (CSU) �Increases in all regions, especially double in the
mountains and triple inland

�Increases mildly at first in all regions to peak in 2050 (coast and
inland: double, mountains: triple)

Consecutive frost days (CFD) �Increases in all regions except in 2020, stronger signal
than under RCP8.5

�Increases in all regions in 2017 and 2035
�Decreases in all regions in 2023 and 2050

�Central inland severely affected �Central inland severely affected
Heating degree days (HD) �Increases in all regions �Increases in 2017 and 2035 in all regions

�Coast severely affected by 11% increase on average �Decrease in 2023 and 2050 in all regions
�Coast severely affected by 8% increase on average

10.1029/2017JD027500Journal of Geophysical Research: Atmospheres

EL-SAMRA ET AL. 6685



5. Conclusion

In this work, the RCM WRF was used to downscale past and future extreme years simulated by the HiRAM
GCM over a complex topographical terrain along the eastern Mediterranean, under RCP 4.5 and RCP 8.5 sce-
narios. The aim was to understand how the future changes in the mean and interannual variability influence
extreme events. The simulations covered the past extreme hot and dry years of 2008 as a baseline reference,
and one future extreme year per decade, from 2011 to 2050, from each scenario. The years selected based on
an anomaly index were 2020, 2029, 2040, and 2050 under RCP4.5 and 2017, 2023, 2035, and 2050 under RCP
8.5. This anomaly index relies on the mean annual temperature and accumulated precipitation to identify the
worst year per decade from a water resources perspective. The projected climate change signal assessed the
average, maximum, and minimum temperature with a focus on extreme events that can cause significant
economic and social burden (Easterling et al., 2000; Intergovernmental Panel on Climate Change (IPCC),
2013), as well as seasonal and regional differences over the study area, which is already facing water scarcity
challenges. Warm spells will influence the vulnerability of the whole region due to the effect on snowmelt
that is vital for groundwater recharge directly affecting water supply, agriculture, and the economy.
Increase in heat waves might lead to weather-related mortality, while intensified evapotranspiration will
require higher irrigation demands, with potentially severe adverse consequences on the agricultural sector.

During the extreme years simulated under both RCPs, future climate projections tend to produce decreases
in average air temperature in the winter and spring and increases in the summer and autumn. As expected,
the temperatures are warmer in the years simulated under RCP 8.5 than those under RCP 4.5, but the differ-
ences between the scenarios are not drastic for the first half of the current century as indeed reported in
recent literature (Hawkins & Sutton, 2009; Knutti & Sedláček, 2013). Regional differences were on the other
hand very significant, with the largest effects noted in the mountains and central inland regions. A significant
component of the changes in these patterns could be related to the lagged warming of the Mediterranean
Sea. Regarding maximum temperatures, WRF simulations predict a warming over the study area with differ-
ent intensities depending on the year and/or RCP under consideration, with the worst affected regions
located in the central inland and over the mountains. Winter minima are expected to drop across all regions,
and freezing temperatures are even projected for the coastal zone especially during the years simulated
under RCP4.5. Therefore, the most striking finding of this study is the drastic rise in interseasonal variability,
even when yearly average trends do not increase significantly.

The uncertainties related to using one GCM limit the robustness of the findings related to seasonal
variability, which hence need to be corroborated by downscaling of other GCMs in future studies to
produce multimodal ensembles of downscaling projections. Nevertheless, the findings related to regio-
nal variability are not related to the downscaled model since the driving GCMs do not resolve any of
this small scale variability over complex terrain. The magnitude of these regional differences, driven by
the downscaling model, underlines the benefits of dynamic downscaling to better characterize climate
change impacts.
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