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Abstract The strong drying expected in the Eastern Mediterranean with climate change could cause mass
migration of people already living under water shortages. On the other hand, precipitation is expected to
increase toward the region’s north, particularly those along the interior of the eastern Black Sea coasts, which
could worsen existing floods. However, this double‐sided adverse phenomenon and its underlying reasons have
been investigated by relatively low‐resolution models in the Eastern Mediterranean Black Sea (EMBS) region,
where orographic precipitation prevails. This study performs 4 km resolutionWeather Research and Forecasting
(WRF) model simulations with and without climate change signals retrieved from a CMIP6 GCM ensemble via
pseudo‐global‐warming (PGW). The WRF simulations captured the large‐scale dynamics affecting the EMBS
fairly well: an anticyclonic low‐level circulation and enhancing subsidence stem from anomalous ridge
development over the central Mediterranean in winter (DJF), and a cyclonic low‐level circulation and
weakening subsidence rise from heat‐low development over the Eastern Mediterranean in summer (JJA). The
resulting picture of future warming and drying over the area generally supports the literature, although new
insights emerge in anomalous precipitation increase, especially in the summer season over the Greater Caucasus
and nearby regions. Most likely, the warmer‐than‐expected Caspian Sea induces a large increase in specific
humidity and, thus, a large moisture source in the lower troposphere and an extension of the heat‐low effect in
the mid‐troposphere. In addition, the high‐resolution WRF simulations provide added value over the complex
topography of the Caucasian Mountain range for new insights into this region.

Plain Language Summary One of the most vulnerable parts of the Mediterranean climate change
hotspot is the EasternMediterranean Black Sea (EMBS) region. The future climate change signal of the state‐of‐
the‐art CMIP6 GCM ensemble between 2071–2100 and 1985–2014 periods was retrieved for the region under
the Shared Socioeconomic Pathway (SSP5‐8.5). The signal was used to perturb ERA5 reanalysis data for the
IPCC AR6 baseline period, 1995–2014, in the context of the pseudo‐global warming (PGW) method. The
Weather Research and Forecasting (WRF) model was used to obtain very high‐resolution (4 km) climate data.
According to the study, the future winters were as expected: anomalous ridge formation over southern Italy,
resultant northeasterlies over the EMBS, the large‐scale mid‐ and upper tropospheric subsidence, attenuation of
the land‐sea temperature contrast and finally, strong drying. The summers exhibit negative vertical pressure
velocity changes, strengthening Etesians, and strong surface warming in line with the expectations of the
literature. However, summers brought anomalous precipitation to the Greater Caucasus and nearby areas in our
high‐resolution WRF simulations. We think these new insights are primarily caused by the warmer‐than‐
expected Caspian Sea stemming from the SST availability among the ensemble, a very convective environment
for the region and better‐resolved complex‐orography‐induced precipitation.

1. Introduction
The Mediterranean climate prevails between the arid subtropics of Africa and mild midlatitudes of Europe,
characterized by dry summers with warm to hot temperatures and mild but wet winters. The Mediterranean re-
gion, however, spans a vast area, encompassing diverse climatic conditions alongside geographical features, such
as peninsulas, steep orography, gulfs, and islands of various sizes. Located between the Mediterranean, Aegean,
and Black Seas, the Anatolian Peninsula (AP) and its surrounding regions represent a climatic transition zone
referred to as the Eastern Mediterranean Black Sea region (EMBS; here defined between 22–53°E and 33–45°N
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as shown in Figure 1). The Mediterranean and Aegean coasts have a typical Mediterranean climate, while the
midland AP has a semi‐arid continental environment with hot, dry summers and cold, snowy winters. On the other
hand, the Black Sea coasts and the Greater Caucasus to the northeast receive continuous rainfall throughout the
year. Subarctic climate prevails under the Siberian high in the east of the AP, and high mountain ranges cause
prolonged cold winters and short, cool summers.

Due to its expected high response to the increased radiative forcing associated with greenhouse gas (GHG)
emission scenarios, the Mediterranean region is one of the leading hotspots of climate change (Giorgi, 2006). A
sharp decrease in mean precipitation and an increase in variability (tending to show more extremes) combined
with rising temperatures make the region vulnerable to natural disasters, such as floods, droughts, desertification,
and wildfires. Intergovernmental Panel on Climate Change Assessment Report 6 (IPCC AR6, 2021) and some
recent studies have shown that the southern and western parts of the EMBS region are among the most seriously
affected areas of this hotspot (Barcikowska et al., 2018, 2020; Önol et al., 2014; Tuel & Eltahir, 2020). The cold
season precipitation decrease in this hotspot region is more than 10% at 3°C warmer world relative to 1995–2014
under the SSP5‐8.5 scenario (Ali et al., 2022). The region is densely populated, and people rely on limited water
resources for domestic use, agriculture, and industry. On the other hand, the northeastern part of the EMBS has
high annual precipitation totals and an expected increase in the amount and extremes may exacerbate existing
flood risks (Bağçaci et al., 2021). In the east, the effects of climate change that are already being felt are expected
to alter the timing of snowmelt runoff in the Euphrates–Tigris basin, which has two main snow‐fed transboundary
rivers that supply water to southeastern Türkiye, Syria, and Iraq (Sen et al., 2011; Yucel et al., 2015). An increase
in temperature and a decrease in precipitation over the upstream highlands have caused a reduction in snow cover
area and snow water equivalent, leading to earlier snowmelt and a reduction in annual runoff (Bozkurt &
Sen, 2013; Yucel et al., 2015), which is vital for the water‐stressed people living already in civil war conditions
like in Syria (Tuel & Eltahir, 2020). These facts make the current and future climate of the EMBS vitally
important and require detailed investigations based on state‐of‐the‐art global climate models (GCMs) and sub-
sequent dynamically downscaled, high‐resolution projections.

The summer (JJA) climate over the EMBS is mainly driven by the stabilizing effect of cold air advection by
steady, low‐level northerly flow, that is, the Etesians and adiabatic warming of mid and upper tropospheric
subsidence winds (Barcikowska et al., 2020; Poupkou et al., 2011; Tyrlis & Lelieveld, 2013; Ziv et al., 2004). The
first is characterized by the large‐scale sea‐level pressure (SLP) dipole between the Middle East and central and
southeastern Europe (Anagnostopoulou et al., 2014). The resulting low‐level circulations intersect over the
Aegean Sea with the funnel effect and are strengthened by mid and upper‐tropospheric subsidence (Barcikowska
et al., 2020; Rodwell & Hoskins, 2001). The latter is part of the Indian summer monsoon desert mechanism
(Barcikowska et al., 2020; Rodwell & Hoskins, 1996), suppressing precipitation with a strong ridge over the
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Figure 1. The study area elevation map. The solid line divides the borders of countries, and the dashed line divides the borders
of seven geographical regions of Türkiye.
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western EMBS, including most of the Anatolian plateau. However, northeastern Anatolia and the Greater
Caucasus and their Black Sea coasts (in the northeastern EMBS) are located in a buffer zone of subsidence with a
weak ascent at the mid (500 hPa) tropospheric level (Simpson et al., 2015). In contrast to the typical Mediter-
ranean climate, these regions are rainy all year round and have low seasonality. Barcikowska et al. (2020)
investigated the effect of summer season surface warming on the local circulation over the area encompassing the
EMBS region by comparing the 300 warmest and coolest summers (July). The authors showed that surface
warming leads to mid‐tropospheric subsidence over northeastern Anatolia and the Greater Caucasus, which wipes
out the buffer zone proposed by Simpson et al. (2015). According to the authors, surface warming is also leading
to enhanced heat‐low conditions over the Eastern Mediterranean and Arabian Peninsula. Meanwhile, enhanced
SLP over the Balkans and the Black Sea suppresses relative humidity and precipitation over those regions.
However, they did not focus on sea surface temperature (SST). They also employed a relatively low‐resolution
GCM (GFDL CM2.5 with approximately 50 km horizontal resolution), which is limiting to gaining compre-
hensive insights into the complex terrain‐induced precipitation over the regions mentioned above. In addition, the
authors underline that surface warming overcomes the counterbalancing effects of the Etesians and the summer
North Atlantic Oscillation (SNAO) over the EMBS. Therefore, further investigations with fine‐scale regional
climate models (RCMs) are necessary to gain more insights into how the local circulation of the EMBS region
responds to the thermal‐originating “dipole‐like” formation mentioned above.

In winter (DJF) or the wet season (NDJFM), the North Atlantic Oscillation (NAO), El Niño/Southern Oscillation
(ENSO), Eastern Atlantic‐Western Russia (EA/WR) teleconnections, and a remote link between East Asian and
Mediterranean troughs affect the climate conditions of the EMBS (Alpert et al., 2006; Duzenli et al., 2018;
Kadioǧlu et al., 1999; Kutiel & Benaroch, 2002; Sen et al., 2019; Trigo et al., 2006; Tuel & Eltahir, 2020;
Xoplaki, 2002). The NAO is the most studied and well‐documented mode of variability for the Mediterranean
winter climate. It determines the direction and strength of the prevailing wind patterns over the EMBS. An
increased Iceland pressure pattern leads to the southwesterlies that moisten the western and southern parts of the
region with ascending warm and humid air (Eshel & Farrell, 2000; Türkeş & Erlat, 2006; Xoplaki et al., 2004). A
decreased Iceland pressure pattern (positive NAO) makes the region drier with the northeasterlies and descending
cold and dry air. By the end of the 21st century, in a changing climate, a more positive NAO phase and a
weakening of the Mediterranean storm track are expected under the SSP3‐7.0 and SSP5‐8.5 scenarios (IPCC
AR6, 2021). On the other hand, the Mediterranean is one of the rare areas where an anomalous ridge can develop
with respect to climate change and affect a landmass that is inhabited by humans (Tuel & Eltahir, 2020). These
factors cause significant precipitation decline over the Mediterranean, opposite the general precipitation increase
expectations around most regions on Earth. As well as other main driving factors, that is, high tropical ampli-
fication and enhancing stratospheric vortex (Zappa & Shepherd, 2017) and reduction in the low‐level (850‐hPa)
equator‐to‐pole air temperature gradient in the Northern Hemisphere (Catto et al., 2019), the anomalous ridge
development is expected to suppress cyclogenesis over the EMBS region, which hosts one of the three most
cyclone‐active seas in the Mediterranean, that is, the Aegean Sea (Lionello et al., 2006; Trigo et al., 2002; Tuel &
Eltahir, 2020). On the other hand, the changing patterns mentioned above do not seem to reduce the precipitation
in the northern and northeastern EMBS, including another cyclone‐active sea, the Black Sea, but somewhat
further increase heavy precipitation (Barcikowska et al., 2018; Lionello et al., 2006; Şen et al., 2015; Trigo
et al., 2002). Here, the frequent cyclones are triggered by vorticity advection from a westerly positioned upper
trough (Mastrantonas et al., 2021). The prevailing wind patterns favor the upslope lifting toward the region's steep
orography (Önol, 2012). However, Tuel and Eltahir (2020) have shown that attenuation of the land‐sea tem-
perature contrast, as an independent component, may produce an anticyclone and suppress precipitation over the
EMBS, including its northern and northeastern parts in winter. According to IPCC AR6 (2021), the northern and
northeastern EMBS regions are expected to experience precipitation increases under different warming levels
based on the EURO‐CORDEX RCM simulations (40 models), which were driven by GCM outputs from the
Coupled Model Intercomparison Project (CMIP) phase 5 experiment under the RCP8.5 scenario. Thus, attenu-
ation of land‐sea temperature contrast seems unable to suppress precipitation over the region. This picture needs
to be further assessed by high‐resolution CMIP6‐forced RCM simulations under an equivalent scenario, the
SSP5‐8.5.

GCMs are the most relevant tools to create climate change projections in the context of the CMIP phases. The
quantification of GHGs concentrations has been updated with the latest phase of CMIP, CMIP6 (Bağçaci
et al., 2021; Eyring et al., 2016). The utilization of CMIP6 GCMs in Mediterranean climate change studies is
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crucial since the region is notably sensitive to increasing GHGs concentrations (Tuel & Eltahir, 2020). As the
CMIP6 GCMs have a rather coarse resolution (∼50–500 km), they need to be further dynamically downscaled by
RCMs to obtain more reliable regional information. To the best of our knowledge, no dynamical downscaling
study involving CMIP6 projections has been conducted for the EMBS region. Before dynamical downscaling, the
GCMs uncertainties appertaining to model parameterization and unprescribed forcings should be considered
(Ahmed et al., 2019; Bağçaci et al., 2021; Kim et al., 2016; Li et al., 2019). Using a multi‐model ensemble (MME)
of GCMs is a common approach in climate change‐related studies to overcome these uncertainties. Likewise,
RCMMMEs should be considered because the uncertainties and biases of GCMs propagate into the RCMs via the
boundary conditions (Dutheil et al., 2020). However, the dynamic downscaling of GCMs individually is
computationally expensive and certainly needs bias correction of user‐relevant output variables. As an alternative,
the pseudo‐global warming (PGW) approach, introduced by Schär et al. (1996), is increasingly used to overcome
those issues (Dutheil et al., 2020; Fujihara et al., 2008; Hunt et al., 2020; Ikeda et al., 2021; Li et al., 2019; Liu
et al., 2017; Zhang et al., 2016). In this method, historical gridded reanalysis data are perturbed by the climate
change signal, the difference between future and historical mean climate conditions, retrieved from the MME of
GCMs (Li et al., 2019; Liu et al., 2017). Therefore, uncertainties are considered within the range of MME. In this
study, we will provide very high‐resolution (4 km horizontal grid spacing) simulations of the current and future
climates for the EMBS based on the dynamical downscaling of a CMIP6 GCMs ensemble via the PGW method.
The content of this study is summarized below:

Section 2 describes the model and numerical experiments used in the study and the data for the model verification.
In the first part of Section 3, the validation of the simulations for current climate conditions with ground and
gridded observation data sets is presented. The second part focuses on future seasonal precipitation changes based
on both the GCM ensemble and the RCM simulations. The third part of Section 3 describes the “dynamic” and
“thermodynamical” factors controlling the seasonal precipitation changes. The last part of Section 3 is allocated to
additional analysis related to available SST warming differences to explain the anomalous precipitation increase
over the Greater Caucasus and nearby regions, particularly during the summer season. Section 4 discusses the
results, and Section 5 concludes this study.

2. Regional Climate Model (RCM) Setup and Numerical Experiments
2.1. RCM Setup and Study Area

TheWeather Research and Forecasting (WRF) model Version 4.3 (Skamarock et al., 2021) was used as the RCM
for the dynamical downscaling simulations presented in this study. The WRF simulations were performed with
the GHG concentrations retrieved from the fossil‐based economic development scenario of CMIP6 Shared So-
cioeconomic Pathway (SSP5‐8.5), which predicts 8.5 Wm− 2 radiative forcing in 2100. The WRF model covers
the EMBS domain, as shown in Figure 1. The domain has 625 × 300 grid points with 4 km horizontal grid
spacing. The model time step for integration is 24 s. The domain extends 2,500 km in the west‐east and 1,200 km
in the south‐north direction. Forty vertical levels were used up to a height of 50 hPa. We performed spectral
nudging, first introduced by Waldron et al. (1996) and further developed by Von Storch et al. (2000) for ap-
plications in RCMs, to retain the coherence of the large‐scale forcing in the dynamical downscaling simulations.
Miguez‐Macho et al. (2004) adapted spectral nudging to the Regional Atmospheric Modeling System (RAMS),
and later, they implemented the technique in the WRF‐ARW in 2010 (Skamarock et al., 2021). We used a
wavelength of 1,250 km in the zonal direction and 1,200 km in the meridional direction. These wavelengths
nearly represent the division between synoptic and convective scale flows (Gómez & Miguez‐Macho, 2017) and
are shown to be optimal in simulating precipitation and near‐surface variables (Gómez & Miguez‐Macho, 2017;
Huang et al., 2021; Wang & Kotamarthi, 2013). We utilized relatively weak nudging coefficients (0.0003 s− 1,
roughly corresponds to the 1hr e‐folding time) to avoid interfering significantly with the model’s ability to evolve
freely in the mesoscale. Depending on the height above Planetary Boundary Layer (PBL), nudging starts roughly
at 1,500 m above the terrain (no nudging was applied inside the PBL), and its strength increases smoothly until it
becomes constant in the upper troposphere (Miguez‐Macho et al., 2004, 2005). We nudged the geopotential,
temperature and horizontal wind components as Liu et al. (2017) did in their PGW‐based study conducted over
North America. The general convention of the nudging strategy is given by Equation 1 (adapted from Van
Garderen et al. (2021)) as below:
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∂X
∂t
= {

FX + G(XERA5,perturbed ERA5 − X) above PBL

FX otherwise
} (1)

where X is the variable to be nudged (geopotential, temperature or horizontal
wind components), Fx is the model tendency for variable X, and XERA5 and
Xperturbed ERA5 are the state of that variable in ERA5 and its perturbed version,
respectively. The vertical threshold is the height of the PBL, namely, no
nudging is applied in the boundary layer. G is the relaxation coefficient in
units of s− 1, determining the nudging strength. Nudging is performed at every
time step.

The parameterization schemes used in this study are the new Thompson
microphysics scheme (Thompson et al., 2008), the Yonsei University (YSU)
PBL scheme (Hong et al., 2006), the Rapid Radiative Transfer Model
(RRTMG) (Iacono et al., 2008), and the Noah land surface model (Chen &
Dudhia, 2001). We used the cumulus parameterization Tiedtke scheme
(Tiedtke, 1989; Zhang et al., 2011) as this option yielded better precipitation
results than convection‐permitting simulations in 4 km for the Türkiye
domain. This result was obtained in the sensitivity tests conducted with the
60‐combination of model physics for 2020 (Bağçacı, 2023).

2.2. Numerical Experiments

Two 20‐year WRF simulations for dynamic downscaling of ERA5 were
performed for the IPCC AR6 baseline period, 1995–2014, as a retrospective

and its corresponding future period. The corresponding future period was obtained by adding GCM ensemble
delta change between 2071–2100 and 1985–2014 to ERA5 in the baseline period, which is more detailed below.
The model was started 1 year before the baseline period, that is, 1994, for the model spin‐up, which was not used
in later analysis. In the first experiment, the model was forced with the 6‐hourly ∼0.25° ERA5 reanalysis data,
including 6‐hourly SST updates, to obtain hindcast simulations over the targeted domain at 4 km resolution. Liu
et al. (2017) used a one‐way nesting WRF setup to dynamically downscale ∼0.7° ERA‐Interim data to 4 km
without needing any intermediate coarse resolution nesting option. Similarly, we did not use any inner coarse
resolution nesting option in the dynamical downscaling of ERA5 reanalysis and its perturbed version.

The second experiment is based on the perturbation of the ERA5 reanalysis data by the climate change signal
derived from 13 CMIP6 GCMs run with the SSP5‐8.5 emission scenario (Table 1) to obtain the pseudo‐future
projections. These 13 GCMs were selected according to their performances (Bağçaci et al., 2021) and rela-
tively high resolution. We have only selected GCMs not exceeding four times the spatial resolution of ERA5 to
alleviate information loss in the bilinear interpolation. Only three GCMs out of the full ensemble give SST in-
formation for the Caspian Sea. This issue is discussed later in the “Impact of SST availability in the GCM
ensemble” section to justify the anomalous precipitation increase over the Greater Caucasus and nearby regions.

The 20‐year (January 1995–December 2014) simulation was forced with 6‐hr ERA5 reanalysis plus a delta for the
climate change signal:

PGWforcing = ERA5 + ∆CMIP6SSP585− historical (2)

where ∆CMIP6SSP585− historical is the 30‐year CMIP6 MME mean monthly differences:

∆CMIP6SSP585− historical = CMIP62071− 2100 − CMIP61985− 2014 (3)

The procedure of the PGWmethodology, developed by Schär et al. (1996), is explained in more detail in Figure 2.
The first step combines the two equations (Equations 2 and 3) described above. Initially, the vertical (linear) and
horizontal (bilinear) interpolation was performed to equate the vertical and horizontal resolution of GCMs to
those of ERA5, respectively. Afterward, monthly means were calculated for the historical (1985–2014) and future

Table 1
Ensemble Members, Variant Label (Ens. Used), and Horizontal Resolutions
of CMIP6 GCMs Used in the Ensemble

CMIP6 GCM Ens. used Resolution (x, y)

AWI‐CM‐1‐1‐MR r1i1p1f1 0.94 × 0.94

BCC‐CSM2‐MR r1i1p1f1 1.10 × 1.10

CMCC‐CM2‐SR5* r1i1p1f1 1.25 × 0.94

CMCC‐ESM2* r1i1p1f1 1.25 × 0.94

CNRM‐CM6‐1‐HR r1i1p1f2 0.50 × 0.50

EC‐Earth3 r1i1p1f1 0.70 × 0.70

EC‐Earth3‐CC r1i1p1f1 0.70 × 0.70

EC‐Earth3‐Veg r1i1p1f1 0.70 × 0.70

FGOALS‐f3‐L r1i1p1f1 1.25 × 1.00

GFDL‐ESM4 r1i1p1f1 1.30 × 1.00

HadGEM3‐GC31‐MM* r1i1p1f3 0.80 × 0.60

MPI‐ESM1‐2‐HR r1i1p1f1 0.90 × 0.90

MRI‐ESM2‐0 r1i1p1f1 1.13 × 1.12

Note. GCMs giving SST information for the Caspian Sea were shown with an
asterisk.
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(2071–2100) periods and MMEs were constructed. Then, the difference between future and historical period
MMEs (Δ_change) was interpolated to 6‐hourly periods (temporal interpolation). In the last step, these time‐
interpolated deltas were added to ERA5 (perturbation) both for surface and pressure levels to construct the
PGW‐forcing data set. The perturbed variables are given in Table 2.

2.3. Model Verification and Data

We have used ground observations and three gridded data sets to verify precipitation, and the ground observations
and two gridded data sets to verify near‐surface temperature results of the WRF retrospective simulation. The
ground observations were retrieved from Türkiye’s General Directorate of Meteorology (GDM) for the territory
of Türkiye, covering a considerable amount of the land surface within the study area. The ground station‐based
observations, used as a validation data set for precipitation, include 273 stations providing daily and 614 stations
for monthly data. For the validation of near‐surface temperature, the stations used are 417 and 1506, respectively.
Besides, 119 station data records retrieved from the World Meteorological Organization (WMO) were used for
near‐surface temperature validation for the regions outside Türkiye. In order to keep the written text concise,

Figure 2. The PGW methodology flowchart.

Table 2
Data Fields in the PGW Perturbation to Force WRF

Surface level Near‐surface relative humidity Pressure level Relative humidity

Near‐surface temperature

U10 (eastward wind) Eastward wind

V10 (northward wind)

Sea‐level pressure Northward wind

Surface pressure

Skin temperature Air temperature

Sea‐surface temperature

Soil temperature Geopotential height
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ground station‐based observations (i.e., both precipitation and near‐surface temperature) will henceforth be
referred to as “Station” in this study.

We also used the Global Precipitation Climatology Centre (GPCC, Schneider et al., 2022) monthly precipitation
data set at 0.25° resolution, HOAPS/GPCC (Schröder et al., 2019) global daily precipitation data record at 0.5°
resolution, EOBS (Cornes et al., 2018) daily precipitation and the near‐surface temperature product at 0.1°
resolution, and the Climate Research Unit at the University of East Anglia (CRU version 3.22, 1901–2013; Harris
et al. (2014)) monthly near‐surface temperature product at 0.5° resolution. The gridded observation data sets
cover the entire EMBS domain except for EOBS, which ends at 45° E. Nevertheless, EOBS provides gridded
observations over most of the domain. We use the monthly mean of the gridded daily precipitation for validation
since the definitions for the 24‐hr precipitation sums may differ (midnight to midnight or morning to morning
measurements) across the countries (ECMWF, 2020).

3. Results
3.1. Validation

Correlations and RMSE statistics between monthly precipitation values of WRF and four reference products
(EOBS, GPCC, GPCC‐HOAPS, and Station) were calculated. Figure A1 in Supporting Information S1 provides
seasonal mean precipitation of the historical WRF simulations for 1995–2014. The WRF simulations were
regridded to each of the gridded data products' native resolution. The WRF‐Station statistics were calculated by
the nearest neighbor points of the WRF grids to Station locations. Overall, correlations between WRF and EOBS
vary between 0.60 and 0.76 and are consistently lower than other pairs (i.e., WRF‐GPCC, WRF‐HOAPS, WRF‐
Station) for the 1995–2014 period (Figure 3a). The monthly RMSE values are between 34 and 52 mm for WRF‐
EOBS, which are consistently higher than the WRF‐other product comparisons. When GPCC‐HOAPS is used as
the reference, WRF produces slightly better results (i.e., correlation and RMSE) than GPCC, where both cor-
relation values range between 0.70 and 0.79. The monthly RMSE values against GPCC‐HOAPS are marginally
(3 mm) lower than those against GPCC and fall between 29.8 and 39.2 mm. The RMSE values betweenWRF and
Station vary between 29.1 and 39.7 mm, while the correlations range from 0.74 to 0.86; on average, WRF
correlations against Station are higher than against other reference products (GPCC and GPCC‐HOAPS), while
RMSE values are quite similar. The spatial distributions of monthly precipitation correlations between WRF and
gridded reference data products for 1995–2014 are shown in Figure A2 of the Supporting Information S1.

Figure 3. TheWRF simulations precipitation statistics between 1995–2014: (a) the monthly precipitation correlation (the left
axis with the blue lines) and RMSE (the right axis with the red lines). The solid line denotes the WRF‐ground observation
statistics, the dashed line denotes the WRF‐GPCC statistics, the dot‐dashed line denotes the WRF‐GPCC HOAPS statistics,
and the dotted line denotes the WRF‐EOBS statistics. (b) As in a, but for daily precipitation statistics between WRF and
ground observations. (c) The spatial distribution of daily precipitation correlations between WRF and ground observations
for the 1995–2014 period over Türkiye. (d) As in (c), but for the wet season (NDJFM).
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Given thatWRF precipitation statistics against Station are better than against other reference products (Figure 3a),
from now on, only Station‐based daily statistics are shown (Figure 3b) for the validation period. The daily
correlation values vary between 0.60 and 0.75, and the RMSE values range between 3.8 and 5.4 mm. The spatial
distributions of daily correlations between WRF‐ and Station‐based precipitation are shown in Figure 3c (annual)
and Figure 3d (only wet season NDJFM). The daily correlations over all stations are above 0.5 and are higher (up
to 0.83) over southeastern Türkiye. The correlations over the Aegean coasts and the northwestern country (be-
tween 0.6 and 0.7) are higher than those over the easternmost Mediterranean coast and the northeastern regions
(between 0.5 and 0.6). Except for these areas, the spatial variability of the correlations is low. The wet season
daily correlations are in better agreement than the correlations calculated using the whole year (Figure 3d). The
daily correlations for the wet season are between 0.7 and 0.9 for most of the country, while the Aegean coasts and
some parts of the Mediterranean coasts show slightly lower correlations between 0.6 and 0.7.

The near‐surface temperature correlations are by far better between WRF and the reference data sets than the
precipitation‐based correlations (Figure A3 in Supporting Information S1). Daily temperature correlations be-
tweenWRF and the reference products EOBS and Station are 0.97 and 0.98, where the RMSE values are 2.53 and
1.78°C, respectively. On the other hand, the monthly temperature correlations between WRF and reference
products CRU and Station are 0.97 and 0.99, where the RMSE values are 2.37 and 1.48°C, respectively. It should
be noted that we did not apply a high‐pass filter. The correlations were computed throughout the reference period
(1995–2014) for each day (daily correlation) or month (monthly correlation) as a whole where the observations
exist.

3.2. Seasonal Future Precipitation Change

Considering future changes, the GCMMME shows a substantial precipitation decrease of up to 100 mm over the
Mediterranean and Aegean coasts of the EMBS region in winter; such drier conditions are projected to reach the
inner Anatolian Peninsula (AP) in the north and Cyprus, Crete, and SyrianMediterranean coasts in the south, with
a gradual decline down to 35–40 mm (Figure 4a). A similar pattern can be observed over the north of the Fertile
Crescent with decreasing amounts around 15 mm. On the other hand, the GCM MME projects an increase in
precipitation of up to 80 mm over the southeast coasts of the Black Sea and southwest coasts of the Caspian Sea.
The precipitation increase is around 25–35 mm over the inner domains between these regions, including Greater
Caucasus and northeastern Anatolia. The decreases/increases are statistically significant at a 95% confidence
interval (throughout the study, statistically significant changes are presented with the t‐test at p= 0.05 level). The
high‐resolution WRF simulation captures the pattern at a reasonable level, however, with enhanced magnitudes
(Figure 4b). The decrease in winter precipitation over the Mediterranean coasts and the inner highlands of
Türkiye, which receives most of the annual precipitation because of its steep topography, is almost two‐and‐a‐

Figure 4. Seasonal precipitation changes (a) between 2071–2100 and 1985–2014 retrieved from 13 CMIP6 GCMmodels ensemble. The statistically significant changes
at p ≤ 0.05 level are hatched. (b) Between 1995–2014 and the corresponding pseudo‐future period obtained from the 4‐km WRF simulations over the EMBS domain.
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half‐fold that of the GCM ensemble. Stronger precipitation reduction is also present over the pattern‐like regions
mentioned above. The regions with increased precipitation also cohere except for the Russian Black Sea coasts.
Here, the precipitation decrease is up to 100 mm. On the other hand, the WRF simulations show a precipitation
increase between 100 and 200 mm over Türkiye's northeastern Black Sea coasts, which is stronger than that of the
GCM ensemble.

The spring precipitation pattern resembles winter over the southern EMBS, where the precipitation decline
amount is mostly less but more widespread with both GCM MME and WRF simulations. The GCM MME and
WRF simulations also have a similar pattern (but in the reverse direction, an increase) over the Greater Caucasus
and northeastern Anatolia; however, with the WRF model, the increase penetrates more south along the
mountainous region of eastern Anatolia. The precipitation increase is roughly between 100 and 170 mm with the
WRF simulations over the Greater Caucasus, which is four times that of the GCM ensemble.

In summer, the picture becomesmore different. The southeastern coasts of the Black Sea and the northwest coast of
theCaspian Sea, together with theGreater Caucasus and the surrounding highlands, experience a high precipitation
increase in the WRF simulations (mostly between 100 and 350 mm, and up to 500 mm for the marginal points),
while the GCM ensemble expects a high statistically significant decrease of up to 90 mm (Figure 4). The southern
part of the EMBS and most of the Anatolian plateau, which take far less precipitation in summer than the other
seasons, also show different signs among the GCM ensemble and WRF simulations, though not as much over the
Greater Caucasus and nearby regions. The GCM ensemble shows a decrease of up to 20 mm in statistically sig-
nificant regions at p ≤ 0.05 level, while the WRF simulations show an increase mostly of up to 20 mm (for the
marginal points, this amount rises to 100mm) over the region. It should be noted that precipitation increase does not
exceed 2 mm over most of the Syrian and Iraqi territory with the GCM ensemble and WRF simulations. When
looking at the remaining regions, the picture is more compatible. TheGCMensemble and theWRFmodel agree on
the prominent drying and its amount over the west of the Black Sea, including northern Greece and Bulgaria, and
the Black Sea coasts of the east of northernmost Anatolia when excluding marginal points.

The GCM ensemble demonstrates no statistically significant precipitation changes at p ≤ 0.05 level over the
eastern Greater Caucasus and its south, while the WRF simulations amplify precipitation over the same region in
the fall season. The precipitation increase exceeds 100 mm over the Greater Caucasus and nearby regions and
exceeds 200 mm over Türkiye's eastern Black Sea coast and southwest Caspian Sea coasts with the WRF sim-
ulations. The increase also penetrates toward the south and west throughout the Anatolian plateau with dimin-
ishing values. On the other hand, the drying and its amount in the southwestern Anatolian plateau, the
Mediterranean and Aegean coasts of Türkiye, northern Greece, Greek islands, and Cyprus are in good agreement
between the GCM ensemble and the WRF model.

3.3. “Dynamic” and “Thermodynamical” Factors

The CMIP6 GCMs, as their predecessors, that is, CMIP3 and CMIP5, show an “anomalous” ridge formation in
the future over southern Italy in winter, taking effect over the whole Mediterranean (Figure 5) (Giorgi, 2006; Tuel
& Eltahir, 2020). The ridge is located more northwest and loses its strength but still governs the low‐level cir-
culation over the EMBS in spring (MAM in Figure 5). In the summer season, dipole‐like SLP anomaly pattern
formation stands out between the Tibetan Plateau and the Eastern Mediterranean. It results in an anomalous
cyclonic low‐level circulation development over the EMBS. In the fall season, the anomalous low‐pressure
system largely diminishes over the Eastern Mediterranean; however, it still exists over North Africa and the
Arabian Peninsula in the south and southern EMBS in the north (SON in Figure 5). Another anomalous low‐
pressure system, which may influence the circulation over the northern EMBS, is located over the eastern
Caspian Sea. It also has a diminished appearance compared to summer. Overall, the spring season follows winter,
and the fall season follows summer over most of the EMBS in terms of anomalous circulation patterns.

Figure 6 shows that the anomalous ridge strengthens the low‐level anticyclonic circulation in winter over most of
the EMBS region, from the westernmost point to the meridional line between the northwestern Greater Caucasus
and the Syria‐Iraq border in the east, at about 42°E. It is consistent with the GCM ensemble simulations, which
show an anticyclonic response but with less intensified wind patterns (Figure A4 in Supporting Information S1).
The anomalous wind flow is northwesterly and northerly in the north and northwestern EMBS, which is known to
advect dry and cold air in today's climate. The advected air becomes slightly moister for the future period with a
relatively small increase in specific humidity between 1 and 1.5 g/kg near the surface and about 1 g/kg in the
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lower troposphere (Figure 7). These factors are expected to increase precipitation over northern Bulgaria and the
Black Sea Region of Türkiye by orographic enhancement, as the moistened wind patterns are perpendicular to the
mountain range. This is largely the case, but the expected picture does not hold for some parts of the southwestern
Black Sea Region coasts in the WRF simulations. Here, the decrease in precipitation appears to be related to mid‐
tropospheric subsidence (Figure 8). In the southern parts of the EMBS, precipitation decreases dramatically,
consistent with the subsidence over almost all levels of the troposphere in winter. The decrease is also prominent
toward the inner Anatolian Plateau from the west and the Mediterranean coast, consistent with GCM ensemble
simulations (Figure 4). However, the plateau does not respond homogeneously in terms of precipitation change as
in the ensemble, which is also the case for the vertical pressure velocity (Figure A5 in Supporting Information S1
and Figure 8). TheWRF simulations indicate a decrease in precipitation over southeast Anatolia and its extension

Figure 5. The large‐scale 850 hPa geopotential height (contours) and SLP (shadings) change signal of the PGW forcing
between 2071–2100 (future SSP5‐8.5 scenario) and 1985–2014 (historical) retrieved from 13 CMIP6 GCMmodel ensemble.
The geopotential height is in units of m, and SLP is in units of pascal.

Figure 6. The low‐level (850 hPa) circulation (winds as vectors) and SLP (shadings) change between 1995–2014 and the
corresponding pseudo‐future period for each season obtained from the WRF simulations for the EMBS domain. The wind
vectors are in units of m/s, and SLP is in units of pascal. The reference vector is presented in the upper left.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040145

BAĞÇACI ET AL. 10 of 18

 21698996, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

040145 by O
rta D

ogu T
eknik U

niversitesi, W
iley O

nline L
ibrary on [10/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



toward Syria and northern Iraq due to more pronounced mid‐level tropospheric subsidence and high dew‐point
depression (Figure 9a). It shows that the “forced down” effect of the northerlies is limited along a belt,
crossing mountain ranges over the southern EMBS. A similar phenomenon to the northern EMBSmay explain the
increase in precipitation over the southwest coasts of the Caspian Sea. Here, the wind patterns are easterly and
perpendicular to the mountain range, resulting in an escalated upward movement of the moist air parcel. Besides,
here is one of the rare regions (southwest coasts of the Caspian Sea and inner highlands) where the dew‐point
depression decreases (Figure 9a). It may also explain the increase in precipitation over the Greater Caucasus
with the exception of its northwest margin, where the dew‐point depression and mid‐tropospheric subsidence
increase, thus appearing to be responsible for the precipitation suppression. As for warming, the eastern Anatolian
Plateau shows maxima at 8.8°C, which is about 2.4°C more than that in the GCM ensemble (Figure 9b and Figure

Figure 7. The specific humidity changes between 1995–2014 and the corresponding pseudo‐future period for each season obtained from the WRF simulations for the
EMBS domain. (a) The near‐surface level (at 10 m for the winds and 2 m for the specific humidity) changes in specific humidity (shading) and wind patterns (vectors).
(b) The low‐level (850 hPa) changes in specific humidity. The wind vectors are in units of m/s, and specific humidity is in units of g/kg. The reference vector is presented
in the upper left.

Figure 8. The vertical pressure velocity (omega) change between 1995–2014 and the corresponding pseudo‐future period in the units of hPa/hr for each season obtained
from the WRF simulations for the EMBS domain. The omega changes are presented in 200 hPa (in the top), 500 hPa (in the middle), and 850 hPa (in the bottom)
pressure levels.
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A6 in Supporting Information S1). The same region largely loses its winter snow cover (not shown) and expe-
riences significant surface drying (Figure A7 in Supporting Information S1). Warming in the remaining regions is
not below 2.2°C and warming over land is up to 2°C more than over the sea. It should be noted that global winter
warming is around 4.1°C between 2081–2100 and 1995–2014 under the SSP5‐8.5 scenario for a 34‐model
ensemble (hereafter IPCC SSP5‐8.5 long‐term) (Iturbide et al., 2022). The decrease of the land‐sea tempera-
ture contrast in winter, pointed out by Tuel and Eltahir (2020), is further attenuated by high‐resolution WRF
simulation. This may also better explain the anticyclone development, hence the suppression of precipitation in
the Mediterranean region.

The spring season shows a similar low‐level circulation pattern as in winter but with a moister atmosphere
(Figures 6 and 7). Although the anomalous ridge softens the blow, it still manifests itself over the diagonal
corridor between the Aegean andMediterranean Sea by almost all level subsidence (Figures 5, 6, and 8). It mostly
explains precipitation decrease over the regions that fall into the corridor (Figure 4b). Similar to the winter season,
near‐surface warming shows its seasonal maxima over the eastern Anatolian Plateau and the high‐altitude regions
of the Taurus mountains with 8°C, which is about 2.3°C more than that in the GCM ensemble (Figure 9b and
Figure A6 in Supporting Information S1). Near‐surface warming is accompanied by drying over the same regions
(Figure A7 in Supporting Information S1). The global spring warming is around 3.8°C for the IPCC SSP5‐8.5
long‐term.

During summer, the weakening of the subsidence by the heat‐low formation over the eastern Mediterranean
manifests over the EMBS, which translates to slight precipitation increases over the eastern Mediterranean
Region and a corridor between the east of the Marmara Region and the west of the Mediterranean Region of
Türkiye (Figures 4b, 5, 6, and 8). The precipitation increase is also prominent, with higher values over the eastern
part of the Mediterranean Region of Türkiye, where humid air over its coasts ascends and is transported to the
mountain range by low‐level, perpendicular wind patterns. There are no significant precipitation changes by the
WRF simulation over the Aegean Region and Aegean Sea as opposed to the GCM ensemble, which shows a slight
but significant decrease in precipitation (Figure 4). It should be noted that Etesian winds strengthen over the
Aegean Region and the Aegean Sea (Figure 7a). On the other hand, the low and mid‐tropospheric subsidence are
accompanied by a precipitation decrease over the northwestern EMBS, including northern Greece and Bulgaria
(Figures 4b and 8). As for the southeastern EMBS, the convergent flow does not translate to a substantial pre-
cipitation increase over the southern Persian trough (Figures 4b and 6). A large discrepancy in summer precip-
itation is present over the northeastern EMBS centering the Greater Caucasus between the GCM ensemble and the
WRF simulations. The WRF simulation shows an anomalous precipitation increase, while the GCM ensemble
shows a substantial decrease (Figure 4). In fact, the low‐level (850 hPa) circulation change draws a similar picture
over the region (Figure 6). Besides, the low and upper‐tropospheric (200 hPa) pressure movements have a similar
pattern (Figure 8 and Figure A5 in Supporting Information S1). However, the vertical pressure velocity has an

Figure 9. The dew‐point depression (a) and near‐surface temperature (b) changes between 1995–2014 and the corresponding pseudo‐future period in the units of °C for
each season obtained from the WRF simulations for the EMBS domain. The dew‐point depression was averaged with the values between the near‐surface and 700 hPa
pressure level.
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opposite sign in the mid‐troposphere. The WRF simulation exhibits a strong air ascent, while the GCM ensemble
shows a descent over the Greater Caucasus in the mid‐troposphere. Moreover, the WRF simulations show a more
specific humidity increase in near‐surface and lower troposphere than the GCM ensemble with an extended area
(Figure 7 and Figure A8 in Supporting Information S1). It should also be noted that the future decrease in SLP
over the nearest coastal regions of the Greater Caucasus in summer with WRF simulations is significantly more
than the GCM ensemble (up to 1 hPa more negative changes; Figure 6 and Figure A4 in Supporting Informa-
tion S1). The following section investigates the main reason behind this discrepancy with additional analysis. The
near‐surface relative humidity increase is prominent over the coastal regions and inner lakes of the EMBS with
WRF simulations (Figure A7 in Supporting Information S1). The near‐surface temperature increase has a more
homogenous appearance, where the GCM ensemble shows its seasonal maxima over northwestern EMBS with
around 7.3 and around 7.2°C over western Anatolia (Figure A6 in Supporting Information S1). The WRF sim-
ulations agree for northwestern EMBS in terms of warming amount and expect 0.5°C less warming for western
Anatolia. However, it shows warming maxima over the high altitudes of the Greater Caucasus with values
exceeding 7.3°C (Figure 9b). The global summer warming is around 3.9°C in the IPCC SSP5‐8.5 long‐term.

The fall season demonstrates similar low‐level circulation and precipitation patterns to those in summer over most
of the EMBS (Figures 4 and 6). Compared to the summer season, a less intense but still strong precipitation
increase signal exists over the Greater Caucasus and Türkiye's eastern Black Sea coast. It seems related to the
attenuation of the mid‐and upper‐tropospheric ascent and lower increase of the specific humidity in the near‐
surface and lower troposphere as the circulation pattern is nearly unchanged. The near‐surface warming also
has a similar pattern between the GCM ensemble and the WRF simulation; however, the WRF simulations show
that the high altitudes of the Greater Caucasus are one of the most warming regions, with warming exceeding
6.5°C. However, the region does not tend to be exposed to surface drying (Figure A7 in Supporting Informa-
tion S1) due to the high precipitation in the summer and fall seasons (Figure 4). The global fall warming is around
4°C in the IPCC SSP5‐8.5 long‐term.

3.4. Impact of SST Availability in the GCM Ensemble

We want to emphasize the impact of the SST availability of the GCM ensemble members for the Caspian Sea to
explain the most likely reason for the anomalous precipitation increase over the Greater Caucasus and nearby
regions, especially in summer. Among the 13‐member ensemble (Table 1), only CMCC‐CM2‐SR5, CMCC‐
ESM2, and HadGEM3‐GC31‐MM provide SST data for the Caspian Sea. Therefore, we were limited to using
these three GCMs in the SST perturbation, which was updated in WRF simulations at a 6‐hourly time step. The
problem of SST availability is most likely causing more warming for the Caspian Sea since the three GCMs
providing information for the Caspian Sea consistently produce warmer SST projections than the full ensemble
over the Aegean and Mediterranean seas, besides the Black Sea (Figure 10). It can explain the strong increase in
near‐surface and lower tropospheric specific humidity in the WRF simulations in summer, as the specific hu-
midity increase in the GCM ensemble is relatively weak (Figure 7 and Figure A8 in Supporting Information S1). It
can also explain the ascending mid‐tropospheric air and significantly more negative SLP over the nearest coastal
regions of the Greater Caucasus in theWRF simulations. It is worth mentioning that fine‐scale features (water and

Figure 10. The seasonal mean warming differences between three GCMs (CMCC‐CM2‐SR5, CMCC‐ESM2, HadGEM3‐GC31‐MM) SST and all available GCM
ensemble SST (three GCMs SST increase minus full ensemble SST increase) between 2071–2100 (future SSP5‐8.5 scenario) and 1985–2014 (historical) periods.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040145

BAĞÇACI ET AL. 13 of 18

 21698996, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

040145 by O
rta D

ogu T
eknik U

niversitesi, W
iley O

nline L
ibrary on [10/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



energy exchanges) provided by WRF simulations may also help trigger the ascent. These factors can explain the
anomalous precipitation increase over the Greater Caucasus and nearby regions since other primary governing
factors, that is, large‐scale low‐level circulation, are well captured by the WRF simulations. Indeed, a high
precipitation increase is also simulated for the fall season, where the low‐level circulation has a similar pattern to
that in summer. However, the increase in specific humidity in fall is weaker compared to summer, although
Caspian Sea SSTs probably remain warmer than expected (Figure 10) (three GCMs SST increase minus full
ensemble SST increase). In combination with the attenuation of the heat‐low effect (Figure 8), this could explain a
less intense but still obvious increase in precipitation in the fall season. On the other hand, during winter and
spring, when the large‐scale low‐level circulation (anomalous ridge in the Mediterranean) does not directly affect
those regions, the Greater Caucasus and nearby regions appear less SST‐sensitive. Besides, the near‐surface and
lower troposphere specific humidity increases are in good agreement between the GCM ensemble (boundary) and
WRF simulations for winter and spring (Figure 7 and Figure A8 in Supporting Information S1).

4. Discussion
There is a widespread consensus that the Mediterranean is one of the climate change hotspots featuring strong
warming and drying trends as a result of increasing GHGs concentrations (Ali et al., 2022; Bağçaci et al., 2021;
Barcikowska et al., 2018; Giorgi, 2006; Giorgi & Lionello, 2008; Tuel & Eltahir, 2020). While there is a high
confidence for overall warming, drying signals are more regional. For example, IPCC AR6 (2021) expects
precipitation to decrease over very few regions (Mediterranean, Southern Africa, southwestern Australia) (me-
dium confidence) by mid‐century (medium confidence). Hence, tendencies toward increased precipitation
amounts can also be expected when considering climatic transitional zone features of the complex topography in
the EMBS, as shown by the CMIP6 GCM ensemble. In this study, we can mainly confirm these findings by
regional high‐resolution simulations (4 km grid spacing) based on the PGW method with the WRF model for the
end of the century (2071–2100). However, the WRF simulations provide some added value in comparison to the
CMIP6 GCM ensemble. For instance, the GCM ensemble shows a more homogeneous maximum warming trend
in summer in comparison to the more complex patterns in the downscaled simulations. The WRF simulations
exhibit a detailed maxima of warming and drying over the northeastern Anatolian Plateau in winter and spring,
which can be explained by a strong reduction in snow cover. This causes reduced snow‐albedo feedback and leads
to an increase in winter/spring temperatures. The region’s crucial need for water availability is impacted by the
reduction of snow cover in the future, which also has an impact on the timing of snowmelt runoff (Sen et al., 2011;
Yucel et al., 2015). On the other hand, the future changes in winter and spring precipitation climatology are
generally well captured with the WRF simulations. We clearly see the impact of the development of the intense
anomalous ridge in the circulation and precipitation response. More northeasterlies and drying over the south and
southwestern EMBS in winter are also possible outcomes of the more positive NAO phase and the weakening of
the Mediterranean storm track. Tuel and Eltahir (2020) showed that the attenuation of land‐sea temperature
contrast and large‐scale upper tropospheric flow changes have a comparable impact on the development of the
anomalous ridge, resulting in the decline of winter precipitation over the Mediterranean. As we did not conduct
any component analysis in this study, we cannot state which effect is more substantial. Nevertheless, we can
confirm the attenuation of the land‐sea temperature contrast, which may contribute to an anticyclonic environ-
ment over the Mediterranean and Aegean coasts. However, our WRF simulations did not show precipitation
decrease over the easternmost coasts of the Black Sea and near inland regions in winter; instead, they showed an
increase in line with the GCM ensemble, which means land‐sea temperature contrast attenuation cannot offset
other factors and is incapable of precipitation suppression over the region.

Barcikowska et al. (2020) identify a weakening of the subsidence over the eastern Mediterranean and a
strengthening over the central Mediterranean in future projections for summer. They showed that these changes
amplify the SLP dipole differences, resulting in stronger Etesian winds. Here, we confirm the tendency to the
heat‐low formation over the eastern Mediterranean, although it is more to the west than the authors indicated.
However, we did not observe a SLP increase in the GCM ensemble over the central Mediterranean (Figure 5). It
causes the 850 hPa wind pattern to shift from a northerly to a northeasterly direction along the Aegean Sea,
although the Etesians strengthen by maintaining their direction at near surface level (Figure 7a). A similar
opposite sign of SLP exists over the Black Sea. Here, we observed a negative SLP change over the Black Sea,
where the low‐level wind blows from the Caspian Sea towards the Black Sea, in an agreement between the GCM
ensemble and the WRF, although in different quantities (Figure 6 and Figure A4 in Supporting Information S1).

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040145

BAĞÇACI ET AL. 14 of 18

 21698996, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

040145 by O
rta D

ogu T
eknik U

niversitesi, W
iley O

nline L
ibrary on [10/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Contrary toBarcikowska et al. (2020), albeit a direct comparisonmay not be outrightly fair since they compared the
300 warmest and 300 coolest summers (July), we did not observe mid‐tropospheric subsidence development over
northeasternAnatolia and the Greater Caucasus as a result of the surfacewarming (Figures 8 and 9b). The heat‐low
effect in the summer season allows air to ascent over the EMBSmore to the extent that it weakens the subsidence in
the troposphere. This is one of the main factors explaining the slight increase in precipitation over the eastern
Mediterranean Region and a corridor between the east of the Marmara Region and the west of the Mediterranean
Region of Türkiye, as other factors, such as increased dew‐point temperature and land‐sea temperature contrast in
the summer season (Figures 8 and 9a), favor suppressed precipitation. In summer as opposed to winter, an increase
in the land‐sea temperature contrast may suppress relative humidity and, thus, precipitation increase over the
Mediterranean coasts by increasing water holding capacity over land more than over the sea (Barcikowska
et al., 2020; Rowell & Jones, 2006). For the fall season, a reduction of precipitation over the Mediterranean and
Aegean coastlines of Türkiye is associated with the diminishing heat‐low effect formed in summer. There has been
no strong increase in precipitation in the region situated in the southern Persian trough, which can be attributed to
the dry air transported from the Arabian Desert. The opposite trend in precipitation in the northwestern EMBS,
namely a decrease in summer and an increase during autumn, is the result of variances in subsidence in the low and
mid‐troposphere and the alteration in wind patterns relative to the mountain range. Additionally, there is an
increment of almost 1°C in dewpoint depression during the summer season compared to the fall season. The
reduction in summer precipitation over the northernmost Black Sea coast of Türkiye is stronger compared to
autumn, which appears to be connected to the weakening of the mid‐tropospheric subsidence. The remaining
regions, except for northeastern EMBS, exhibit the same precipitation features for the two seasons.

The anomalous precipitation increase, particularly during summer over the Greater Caucasus and nearby areas,
prompted us to conduct further investigations. We started with an investigation into the excessive moisture source
in the near‐surface and lower troposphere, which was found to be the source of the anomalous increase in pre-
cipitation. This increase cannot be attributed to the GCM boundary conditions, as the increase in specific humidity
for the future is weak in the GCM ensemble, and the WRF simulations accurately captured the large‐scale low‐
level circulation. Thus, we have investigated the SST increases in the future, where any anomaly could result in
additional moisture being generated in the WRF simulations. We have shown that only three GCMs among 13
have SST information for the Caspian Sea, where those three consistently exhibit warmer temperatures than the
entire ensemble for the Black, Aegean, and Mediterranean seas. Based on this, we hypothesized that there may be
a similar SST overestimation for the Caspian Sea, potentially explaining the excessive moisture resulting in an
anomalous precipitation increase. The warmer‐than‐expected Caspian Sea could also potentially account for the
ascending air in the mid‐troposphere, facilitating an increase in precipitation by extending the heat‐low effect. A
recent study by Xue et al. (2023) showed that SLP perturbation in a PGW study may cause a significant alteration
in the warming signal coming fromGCMs. They stated that more SLP increases almost halved the warming signal
over the ocean and justified the fact by the hypsometric equation, that is, an increase in the SLP must be
compensated by a decrease in warming and vice versa. Our WRF simulations generally preserve warming signals
over the seas; however, the warmer‐than‐expected Caspian Sea may explain significantly more negative SLP
differences over the nearest coast of the Greater Caucasus, another factor behind the anomalous precipitation
increase over the Greater Caucasus and nearby regions. On the other hand, Barcikowska et al. (2020) demon-
strated a strong precipitation increase during summer over the highlands of the Greater Caucasus (in their Figure
7), which is consistent with ourWRF simulations. This confirmation enhances our assurance, particularly over the
high‐altitude regions of the Greater Caucasus, where there is a robust increase in precipitation. It should be noted
that modeling precipitation is challenging as it is highly dependent on chaotic, moist atmospheric processes and
complex triggering dynamics. As high‐resolution simulations require shorter integration time steps, it is more
challenging to model the location and timing of precipitation events precisely when considering their variability
and spectral power (Tapiador et al., 2019). Hence, balancing the need for a finer resolution to capture small‐scale
features with computational efficiency poses a persistent challenge in precipitation modeling.

5. Conclusion
In this study, we provided an outlook of future climatic changes in the EMBS region based on dynamic down-
scaling of the state‐of‐the‐art CMIP6 GCM ensemble with the WRF model in the context of the PGW approach.
We focused on climate changes for the end of the century (2071–2100) by the SSP5‐8.5 scenario. The findings
indicate a general agreement with the literature regarding future warming, drying/wetting tendencies and
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circulation changes. The added value of the very high‐resolution simulations becomes apparent, particularly over
regions with complex topography and different climatic transitional features. Some regions at risk of adverse
effects in future winter seasons include the Aegean and Mediterranean coasts and the inner highlands of the
EMBS, where a significant decrease in precipitation is expected. On the contrary, Türkiye's eastern Black Sea
coasts and inner highlands, receiving high precipitation in today's climate conditions, are expected to face even
more rainfall in the future, potentially leading to a greater frequency and severity of flood events. On the other
hand, the summer season precipitation projections, among others, have high uncertainties related to SST avail-
ability, albeit large‐scale low‐level circulations and lower and upper tropospheric air movements are well
captured by the regional WRF simulations. Owing to the limited number of GCMs that provide SSTs for the
Caspian Sea, which probably faces a warm bias, our simulations indicate an anomalous future precipitation in-
crease over the Greater Caucasus and nearby regions during summer. The dynamical downscaling of GCMs with
comprehensive Caspian Sea data should be performed to examine further the rise in specific humidity and mid‐
tropospheric subsidence over these regions.
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