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CONVECTION-PERMITTING CLIMATE SIMULATIONS FOR THE 21st 
CENTURY BASED ON SSP3-7.0 SCENARIO OVER THE BLACK SEA 

BASIN 

SUMMARY 

The human influence on global climate change has been at an unprecedented rate since 
the pre-industrial era. The general circulation models (GCMs) are the primary tools 
for climate change studies. Moreover, the regional climate models (RCMs) provide 
more detailed and physically more reliable climate information at higher resolutions. 
Recently RCMs are run at a horizontal resolution of higher or equal to 4 km, so-called 
convection-permitting models (CPMs). In this study, we performed CMIP6-based 
historical and future convection-permitting climate simulations at 3 km horizontal 
resolution for 2005-2014 and 2061-2070 periods based on the SSP3-7.0 greenhouse 
gas emission scenario by using the Weather Research and Forecasting (WRF) model. 
We downscaled the last generation high-resolution Max Planck Institute for 
Meteorology Earth System Model (MPI-ESM-HR) outputs over the Black Sea Basin. 
We evaluated the historical simulation outputs using high-resolution gridded 
observational and reanalysis datasets and station observations. Following that, we 
examined the future changes in the climate of the Black Sea Basin. 

In terms of maximum temperature, the WRF model has a negative bias in winter and 
spring, especially in mountainous regions, and a positive bias of about 3°C compared 
to gridded datasets in summer and autumn over the study area. Compared with the 
monthly station observations, the WRF model significantly improves MPI-ESM-HR 
outputs and reduces the bias. Similarly, for the minimum temperatures, although the 
WRF model has a positive bias of about 4°C compared to the gridded datasets in all 
seasons, comparisons with station observations show that it significantly improves 
MPI-ESM-HR outputs by reducing the bias. 

In terms of precipitation, compared to gridded datasets, the WRF model has a positive 
bias of about 6 mm/day in winter over mountainous areas due to the positive bias of 
MPI-ESM-HR. However, compared with the station observations, the WRF model 
better estimates the daily precipitation probabilities than one of the MPI-ESM-HR 
outputs. In particular, it outperforms MPI-ESM-HR for high amounts of daily 
precipitation exceeding 50 mm at high-elevation stations. Also, the WRF model 
provides better estimations of 3-hourly precipitation probabilities than MPI-ESM-HR, 
especially over the northeast of Turkey and the Eastern Black Sea region. 

The future climate simulation results show that the daily 2m mean, minimum, and 
maximum air temperatures increase in the spring, summer, and autumn by about 3°C 
in the 2061-2070 period over the study area. In the winter, there is a suppression in the 
warming due to the increased low- and mid-level cloud covers. However, there is 
regional warming around 1°C over the Carpathians and Eastern Anatolia due to a 
reduction in the surface albedo. Furthermore, increase in the daily maximum 
temperatures leads to an increase in the warm extreme conditions in the future. 
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In terms of precipitation, there is a significant increase in the future by about 3 mm/day 
in winter over the Eastern Black Sea region. This precipitation increase is due to the 
increased evaporation enhanced by the warmer sea surface temperature. On the other 
hand, the total precipitation amount decreases in spring and summer across the study 
area. Moreover, there is an intensification in the daily and sub-daily precipitation 
amounts leading to extreme conditions in the subregions of the Black Sea Basin. The 
maximum daily precipitation amount reaches 350 mm over the northeast of Turkey 
and Georgia. Also, the daily extreme precipitation thresholds of the 90th, 99th, and 
99.9th percentiles shift toward higher values, and the percentage of very wet days 
increases by about 3% over these regions. Furthermore, the hourly precipitation 
amounts exceed 100 mm in most coastal subregions. In particular, there is an increase 
in afternoon precipitation in autumn over the coastal regions of Turkey. 
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KARADENİZ HAVZASI ÜZERİNDE 21. YÜZYIL İÇİN SSP3-7.0 
SENARYOSUNA DAYALI KONVEKSİYONA İZİN VEREN İKLİM 

SİMÜLASYONLARI 

ÖZET 

Küresel iklim değişimi üzerindeki insan etkisi sanayi öncesi dönemden bu yana çok 
yüksek oranda artış göstermiştir. Bu insan etkisine bağlı olarak gelecekte küresel 
ortalama sıcaklık artışının 2030’lu yıllarda 1.5°C’yi geçeceği tahmin edilmektedir. 
Ayrıca, sıcaklık artışına bağlı olarak gelecekte aşırı yüksek sıcaklık ve aşırı yağış 
olaylarında da artış olacağı öngörülmektedir. Bundan dolayı, iklim değişimini azaltma 
ve uyum çalışmaları için gelecek dönem iklim projeksiyonları büyük önem arz 
etmektedir.  Bu kapsamda, küresel birleşik iklim modelleri (GCM'ler) iklim değişimi 
çalışmaları için birincil araçlardır. Fakat GCM’lerin yatay çözünürlükleri bölgesel 
olarak detaylı bilgi elde etmek için yeteri kadar yüksek değildir. Bölgesel iklim 
modelleri (RCM'ler) GCM’lere kıyasla daha yüksek çözünürlüklerde daha ayrıntılı ve 
fiziksel olarak daha güvenilir bölgesel iklim bilgisi sağlamaktadırlar. Son zamanlarda 
RCM'ler, konveksiyona izin veren modeller (CPM'ler) olarak adlandırılan, 4 km'ye 
eşit veya daha yüksek bir yatay çözünürlükte çalıştırılmaktadır. Biz bu çalışmada, 
Weather Research and Forecasting (Hava Araştırması ve Tahmini)  (WRF) modeli ve 
CMIP6 tabanlı son nesil yüksek çözünürlüklü Max Planck Meteoroloji Enstitüsü Yer 
Sistemi Modeli’nin (MPI-ESM-HR) çıktılarını kullanarak, SSP3-7.0 sera gazı 
emisyon senaryosu altında, sırasıyla 2005-2014 ve 2061-2070 yılları arasında geçmiş 
ve gelecek dönem 3 km yatay çözünürlükte Karadeniz bölgesi ve Anadolu 
Yarımadası'nın geniş bir bölümü üzerinde konveksiyona izin veren bölgesel iklim 
simülasyonları gerçekleştirdik. Çalışmada ilk olarak geçmiş dönem simülasyon 
çıktılarını yüksek çözünürlüklü ızgaralı gözlemsel ve reanaliz referans veri setleri ve 
istasyon gözlemleri ile karşılaştırarak model başarımını değerlendirdik. Daha sonra, 
gelecek dönem simülasyon çıktılarını kullanarak bu bölgedeki gelecek dönem iklim 
değişimlerini araştırdık. 

Mevsimsel maksimum sıcaklık ortalamaları incelendiğinde, ızgaralı gözlemsel ve 
reanaliz veri setlerine kıyasla, WRF modelinin kış ve ilkbaharda özellikle dağlık 
bölgelerde negatif yanlılığa, yaz ve sonbaharda ise çalışma alanında yaklaşık 3°C 
pozitif yanlılığa sahip olduğu tespit edilmiştir. Aylık istasyon gözlemleriyle 
karşılaştırıldığında ise WRF modelinin istasyon bazında kış ve ilkbahar aylarında 
negatif yanlılığa sahip olsa da MPI-ESM-HR çıktılarını önemli ölçüde iyileştirdiği ve 
yanlılığı azalttığı görülmüştür. Benzer şekilde, minimum sıcaklık ortalamaları için 
WRF modeli tüm mevsimlerde ızgaralı gözlemsel ve reanaliz veri setlerine kıyasla 
yaklaşık 4°C pozitif yanlılığa sahip olsa da istasyon gözlemleriyle yapılan 
karşılaştırmalar WRF modelinin MPI-ESM-HR çıktılarını önemli ölçüde iyileştirdiği 
ve yanlılığı azalttığı tespit edilmiştir. 

Yağış çıktıları incelendiğinde MPI-ESM-HR'dan gelen sınır koşullarının pozitif 
yanlılığı nedeniyle WRF modelinin özellikle kış aylarında ve dağlık bölgelerde 
yaklaşık olarak 6 mm/gün pozitif yanlılığı vardır. İstasyon gözlemleri ile yapılan aylık 
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toplam yağış karşılaştırmaları da WRF modelinin bu yanlılığının açık şekilde sınır 
koşullarından kaynaklandığını göstermektedir. Ancak istasyon gözlemleri ile yapılan 
günlük toplam yağış karşılaştırmaları sonucunda WRF modelinin MPI-ESM-HR’ın 
günlük yağış çıktılarını önemli ölçüde iyileştirdiği tespit edilmiştir. Özellikle WRF 
modelinin yüksek rakımlı istasyon noktalarında 50 mm/gün'ü aşan yüksek 
miktarlardaki yağış miktarlarını temsil etmede MPI-ESM-HR'dan çok daha iyi olduğu 
görülmüştür. Ortalama değerler karşılaştırıldıktan sonra günlük aşırı yağışların bir 
göstergesi olarak MPI-ESM-HR ve WRF modelinin 90., 99. ve 99.9. eşik değerleri 
hesaplanarak ızgaralı referans verilerinin eşik değerleri ile karşılaştırılmıştır. Bu analiz 
sonucunda WRF modelinin çok yüksek miktardaki günlük yağışları özellikle dağlık 
bölgelerde referans veri setleri ile uyumlu olarak MPI-ESM-HR’dan daha iyi temsil 
ettiği tespit edilmiştir. Mevsimsel ve günlük yağış karşılaştırmalarına ek olarak 
çalışma alanının alt bölgelerinde gözlem ve reanalize dayalı ızgaralı 3 saatlik toplam 
yağış verisi ile model çıktıları karşılaştırılarak analizler yapılmıştır. Bu analizler 
sonucunda WRF modelinin özellikle Türkiye'nin kuzeydoğusunda ve Doğu Karadeniz 
bölgesinde 3 saatlik yağış olasılıkları için MPI-ESM-HR'dan yüksek miktarlardaki 
yağışlar için daha iyi sonuçlar verdiği tespit edilmiştir. 

Gelecek dönem iklim simülasyonu günlük 2 metre ortalama hava sıcaklığının çalışma 
alanında kış hariç tüm mevsimlerde istatistiksel olarak anlamlı bir şekilde artacağını, 
ısınmanın özellikle yaz aylarında 3°C’yi geçeceğini göstermektedir. Kış aylarında ise 
artan alçak ve orta seviyeli bulutlar nedeniyle ısınmada bir yavaşlama olacağı ve 
ortalama sıcaklıklarda genel olarak bir değişim olmayacağı öngörülmektedir. Ancak 
kar örtüsündeki küçülme ile ilişkilendirebileceğimiz yüzey albedosundaki azalma 
nedeniyle Karpat Dağlarında ve Doğu Anadolu’nun yüksek kesimlerinde bölgesel 
olarak ısınma olacağı tespit edilmiştir. Bunlarla beraber, maksimum sıcaklıklardaki 
hızlı artışın gelecekte özellikle Türkiye’nin kuzeybatısında günlük sıcaklık 
açıklıklarını ve aşırı sıcak günlerin sayısını arttıracağı tespit edilmiştir. Hava 
sıcaklığına ek olarak Karadeniz’in deniz yüzey sıcaklıklarında tüm mevsimlerde 1.5°C 
civarında artış olacağı öngörülmektedir. 

Gelecek simülasyonunun yağış çıktıları analiz edildiğinde kış mevsiminde çalışma 
alanında toplam yağış miktarının ve bununla ilişkili olarak yıllık ıslak gün sayısının 
artacağı tespit edilmiştir. Özellikle Doğu Karadeniz bölgesinin dağlık kesimlerinde bu 
artışın 3 mm/gün’ü aşacağı öngörülmektedir. Bu yağış artışı kışın deniz yüzeyinin 
Karadeniz’in güney ve güneydoğusunda belirgin şekilde ısınmasına bağlı olarak 
yaklaşık %15 oranında artan buharlaşmadan kaynaklanmaktadır. Alt troposferdeki bu 
ek nem içeriği 850 hPa seviyesinde gelecekte hızlanan ortalama batılı akışla 
Karadeniz’in doğu kıyısına taşınarak yağışı arttırır. Ayrıca 850 hPa seviyesindeki 
zayıflayan güneyli rüzgar bileşeni Türkiye kıyılarındaki nem içeriğini artırmakta ve 
orografik zorlama ile birlikte yağış artışına sebep olmaktadır. Toplam yağış miktarları 
ilkbahar ve yaz ayları için incelendiğinde gelecekte azalma olacağı bulunmuştur. 
Analizler sonbahar aylarında Türkiye’nin Karadeniz kıyılarında 1 mm/gün yağış artışı 
olacağını gösterse de bu artışın istatistiksel olarak anlamlı olmadığı tespit edilmiştir. 

Çalışmada yağışlardaki mevsimsel ortalama değişimlere ek olarak günlük aşırı 
yağışlardaki değişimler de araştırılmıştır. Sonuçlar özellikle Türkiye’nin Karadeniz 
kıyılarında ve Gürcistan’da çok yağışlı günlerin yaklaşık %3, aşırı yağışlı günlerin ise 
yaklaşık %1 oranında artacağını göstermiştir. Buna ek olarak, günlük toplam 
yağışların 90., 99. ve 99.9. persantil değerlerinin yine aynı bölgelerde 18 mm’ye varan 
artış göstereceği tespit edilmiştir. Gelecek dönem maksimum günlük toplam yağış 
değerlerinin de bu bölgelerde 350 mm’nin üzerine çıkacağı öngörülmektedir. Benzer 
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günlük yağış analizleri çalışma alanının alt bölgeleri için de yapılmıştır. Analizler 
günlük aşırı yağışların özellikle Batı, Orta ve Doğu Karadeniz Bölgesi ve Gürcistan 
gibi kıyı bölgelerde gelecekte artış göstereceğine işaret etmektedir. 

Kıyı bölgelerdeki günlük aşırı yağışların artışını daha detaylı incelemek için bu 
bölgelerde gün içi saatlik yağışların değişimi de incelenmiştir. Sonuçlar Türkiye’nin 
Karadeniz kıyı bölgelerinde ve Karadeniz’in doğu kıyı bölgelerinde saatlik yağışların 
gelecekte artacağını ve 100 mm’nin üzerine çıkabileceğini göstermektedir. Saatlik 
yağışların ortalama günlük çevrimi incelendiğinde öğleden sonra yağışlarında kıyı 
bölgelerinde özellikle yaz aylarında gelecekte azalma olacağı tespit edilmiştir. 
Sonbahar aylarında ise öğleden sonra yağışlarında Türkiye’nin Batı, Orta ve Doğu 
Karadeniz Bölgelerinde ve İstanbul’da artış olacağı öngörülmektedir. 
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1.  INTRODUCTION 

The anthropogenic forcing on global climate change is at a remarkable level compared 

to the pre-industrial era. According to the Sixth Assessment Report of the United 

Nations Intergovernmental Panel on Climate Change (IPCC AR6), in the 2011-2020 

period, the global surface temperature increased by 1.09°C compared to the 1850-1900 

period, and this increase is projected to reach 1.5°C global warming level in the early 

2030s (Arias et al., 2021). Moreover, the human influence on the observed changes in 

the climate extremes is also beyond doubt, and the projections show that these 

extremes will increase in the future (Seneviratne et al., 2012; Seneviratne et al., 2021). 

In particular, warm extremes will become more frequent and intense globally, cold 

extremes will decrease, and regional warming trends will play a role in the extreme 

precipitation intensification (Seneviratne et al., 2021). Furthermore, compound 

extremes, for example, concurrent heat waves and extreme drought or extreme 

precipitation along with extreme wind events, will increase in the future with higher 

global warming rates (Seneviratne et al., 2021; Vogel et al., 2020), leading to an 

increase in the human exposure to multivariate climate extremes across the globe 

(Batibeniz et al., 2022). Therefore, future projections of the Earth’s climate play a 

critical role in developing adaptation and mitigation strategies. In this context, one of 

the essential tools for climate change studies is the general circulation models (GCMs). 

GCMs simulate the Earth’s climate by numerically solving the governing equations of 

the atmosphere and ocean based on physical and dynamical assumptions and represent 

the interactions through the coupling of atmosphere-ocean-cryosphere-land 

components of the climate system (Meehl et al., 1997). Besides, greenhouse gas 

(GHG) emission scenarios represent the human influence on climate change in the 

models. These scenarios estimate the future concentration of GHGs, such as carbon 

dioxide (CO2), chlorofluorocarbons (CFCs), and methane (CH4), based on 

socioeconomic development strategies. To this end, the IPCC introduced the IS92 

scenarios (Houghton et al., 1992), the first full suite of global GHG emission scenarios 

(Nakićenović, 2000), and they were used in the models contributing to the IPCC 
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Second Assessment Report (Houghton, 1996). The IPCC updated these estimates in 

the Special Report on Emissions Scenarios (SRES) (Nakićenović, 2000). Furthermore, 

the World Climate Research Programme (WCRP) organized the Coupled Model 

Intercomparison Project (CMIP) activity in 1995 under the sponsorship of the Climate 

Variability and Predictability (CLIVAR) project for the systematic evaluation of the 

capability of GCMs by the scientific community (Meehl et al., 1997, 2000). The aims 

of the first and the second phases of the project, CMIP1 and CMIP2, respectively, were 

to document the performance of the models in simulating the historical climate 

(CMIP1) and to study the future climate change due to a 1% increase in CO2 per year 

(CMIP2) (Meehl et al., 1997, 2000). Along with the several simulations based on the 

SRES projections, the outcomes of CMIP1 and CMIP2 experiments were used in the 

documentation of the IPCC Third Assessment Report (Watson et al., 2001). In the third 

phase of the CMIP (CMIP3), global climate simulations were performed under the 

SRES emission scenarios (Meehl et al., 2007), and these experiments have been the 

bases for the IPCC Fourth Assessment Report (Pachauri, 2008). In 2007, the IPCC 

presented the Representative Concentration Pathways (RCPs) to define future climates 

based on GHG concentrations under different mitigation strategies (Moss, 2008). The 

RCPs were used as inputs to the GCMs in the fifth phase of the CMIP (CMIP5) (Taylor 

et al., 2012), contributing to the IPCC Fifth Assessment Report (Pachauri and Mayer, 

2015). The most recent future GHG scenarios are the Shared Socioeconomic Pathways 

(SSPs) based on different climate policies (O’Neill et al., 2017), and they were used 

as inputs to the models that contributed to the sixth phase of the CMIP (CMIP6) 

(Eyring et al., 2016). The results of the CMIP6 simulations were used in the 

preparation of the IPCC AR6 (Arias et al., 2021). 

GCMs are of great importance for global climate change studies. On the other hand, 

despite having global effects, societal and environmental impacts of climate change 

are not the same for every region because regional climate change and changes in the 

extremes are the results of global forcing along with small-scale processes and local 

feedbacks (Dobles-Reyes et al., 2021; Seneviratne et al., 2021). The current horizontal 

resolution of most of the GCMs is around 100 km, which is inadequate for detailed 

regional climate change research or impact assessment. In this context, regional 

climate models (RCMs) (Dickinson et al., 1989; Giorgi and Bates, 1989) have been 

introduced to produce more detailed and physically more reliable regional climate 
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information compared to the GCM outputs (Feser et al., 2011; Giorgi, 2019; Gutowski 

et al., 2020; Prein et al., 2013; Rummukainen, 2016). RCMs are limited area models 

that take their boundary conditions from a GCM or are nested in another RCM to 

dynamically downscale the climatic variables in a historical or scenario-based future 

period. Their higher horizontal resolution compared to the GCMs, most of which are 

around 10 km, allows them to better capture small-scale and extreme weather events 

by enabling a better representation of complex topography and surface characteristics 

over mountainous and coastal areas (Feser et al., 2011; Giorgi, 2019; Rummukainen, 

2016). Furthermore, the WCRP initialised the Coordinated Regional Climate 

Downscaling Experiment (CORDEX) framework for the coordinated evaluation and 

improvement of the regional climate downscaling techniques and production of fine-

scale climate projections by promoting the interactions among the regional and global 

modelling community and the end-users (Giorgi et al., 2009; Giorgi and Gutowski, 

2015). Recently, regional ensemble climate simulations have been performed over 

nine CORDEX domains, Europe, Africa, South Asia, East Asia, Southeast Asia, 

Australia, North America, Central America, and South America, under the CORDEX 

Coordinated Output for Regional Evaluations program (Giorgi et al., 2022; Gutowski 

Jr. et al., 2016). The RCMs used in the project downscaled the GCMs from the CMIP5 

under different RCP scenarios at 25 km horizontal resolution (12 km for Europe) to 

investigate the future changes in the climate of these regions (Giorgi et al., 2022). 

Furthermore, numerous regional climate simulations have been performed under the 

Med-CORDEX initiative (Ruti et al., 2016) to assess the future climate change over 

the Mediterranean region. The simulations done by the CORDEX community have 

partly been used to assess regional climate projections in the IPCC AR6 (Diez-Sierra 

et al., 2022). 

Despite the usefulness and benefits of the RCMs, unresolved sub-grid scale 

thermodynamic and dynamic processes are still parametrized at the current resolutions 

of RCMs (Kendon et al., 2017), which makes their performance questionable. In 

particular, convective parametrizations are the primary source of errors and 

uncertainties in climate simulations (Fosser et al., 2015; Hohenegger et al., 2008; 

Kendon et al., 2014; Lucas‐Picher et al., 2021; Prein et al., 2015, 2020) which have 

primarily been developed for the simulation of convection over the Tropics at a low 

(50-100 km) resolution (Hohenegger et al., 2008). Moreover, the convective 
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parametrization scheme interacts with other parametrization schemes and further 

increases the uncertainty (Prein et al., 2015). The main problems of the convection-

parametrizing RCMs are (i) the diurnal cycle of precipitation is not captured by the 

model because of the earlier peak in the precipitation due to the early-triggered 

convection by the parametrization scheme, and (ii) the poor performance in the 

representation of precipitation intensity (Dai et al., 1999; Kendon et al., 2012, 2017). 

To these issues, recent RCMs are run at grid spacings less than 4 km with increasing 

computational power (Prein et al., 2020). At these resolutions, RCMs resolve 

topography and land-surface processes at a scale that allows the explicit representation 

of deep convection without a convective parametrization scheme (Fosser et al., 2015; 

Hohenegger et al., 2008; Kendon et al., 2012). They are called the convection-

permitting models (CPMs), in which the mesoscale convective organization and large 

storms are mostly resolved (convection-permitting scale), yet the convective plumes 

are unrepresented (Kendon et al., 2014). To avoid confusion, hereafter the term RCM 

refers to the convection-parametrizing RCM. 

1.1 Literature Review 

In the near past, many hindcast or historical simulations have been performed at the 

convection-permitting scale for different periods to test the regional performance of 

CPMs. For the first time, Hohenegger et al. (2008) tested the suitability of the 

COSMO-CLM model for climate applications at the convection-permitting scale by 

performing a month-long simulation over the Alpine region at 2.2 km horizontal 

resolution in July 2006 and compared the results with the driving 25 km grid-spacing 

RCM outputs. They found that the 2.2-km simulation improves the representation of 

the diurnal cycle of precipitation, spatial characteristic of the precipitation maximum, 

and reduces the cold bias. Prein et al. (2013) performed ten different seasonal 

simulations over the Eastern Alpine region at 10 km and 3 km horizontal resolutions 

to highlight the added values of the CPMs using three different limited area models 

for the summer and winter of 2007 and 2008, respectively. They indicated that the 3-

km simulations outperformed the 10-km simulations in terms of temporal and spatial 

aspects and the representation of extreme precipitation events. Leutwyler et al. (2016) 

used a version of the COSMO model which is capable of running on a graphics 

processing unit to perform convection-permitting simulations over continental Europe 
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at 2.2 km horizontal resolution nested in a 12-km RCM for a week-long case-study in 

February 2007 and for the seasonal simulation of summer of 2006. They found that 

12-km and 2.2-km simulations were similar for the winter simulation in terms of the 

synoptic development and the cloud and precipitation pattern, while they significantly 

differ for the summer simulation regarding the precipitation rates for different regions. 

Furthermore, a seasonal convection-permitting simulation over the complex 

topography of the Tibetan Plateau at 4 km horizontal resolution for the summer of 

2014 by Liu et al. (2022) improved the characteristics of summer precipitation 

compared to its driving 28-km RCM. Similar results were found by Yun et al. (2020) 

in the perpetual warm season (from April to August) convection-permitting 

simulations over Eastern China at 3 km horizontal resolution between 2008-2017. 

At the climate scale, Kendon et al. (2012) performed convection-permitting 

simulations over a region of the UK at 1.5 km horizontal resolution nested in a 12-km 

driving RCM between 1989-2008. Their results highlighted the improvements in the 

representation of precipitation intensity, the spatial structure of precipitation amount, 

and the hourly precipitation extremes (Kendon et al., 2014) at 3 km resolution. (Fosser 

et al., 2015) and (Brisson et al., 2016) performed simulations over southwest Germany 

between 1968-1999 and over Belgium between 2000-2010, respectively, at 2.8 km 

horizontal resolution and showed the improvements in the diurnal cycle of 

precipitation, precipitation intensity, and the spatial distribution of precipitation 

amount compared to 7-km RCM simulations. Ban et al. (2014) found similar results 

for the Alpine region between 1998-2007 in a 2.2-km COSMO-CLM simulation. 

Yürük and Ünal ran COSMO-CLM at the convection-permitting scale between 1971-

2005 and compared simulation outputs with the observations to highlight the added 

value of the CPM in representing the seasonal means of temperature and precipitation 

(2017a) and climate extremes over Istanbul (2017b). Leutwyler et al. (2017) performed 

a decadal convection-permitting simulation over continental Europe at 2.2 km 

horizontal resolution nested in a 12-km RCM between 1999-2008. They found that the 

explicit representation of convection in the CPM improved the summer precipitation 

amount in terms of the diurnal cycle, wet hour frequency, of which the improvements 

are more pronounced over complex topography, and the extremes. Another 10-year-

long climate simulation by Fumière et al. (2020) between 1997-2006 indicated the 

benefits of a 2.5-km CPM in the representation of fall season heavy precipitation 
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events over Mediterranean France. Berthou et al. (2020) performed convection-

permitting simulations using two CPMs run by ETH Zürich and the Met-Office at 2.2 

km horizontal resolution nested in a 12-km domain over Central Europe, the UK and 

the Mediterranean coasts between 1999-2007 to evaluate the model performances. 

They indicate that both models at the convection-permitting scale produce more 

intense and short-lasting precipitation events and improve the diurnal cycle of 

precipitation compared to 12-km simulations. Furthermore, climate simulations by 

Stocchi et al. (2022) point outs the improvements in the precipitation characteristics 

and the representation of extremes in the 3-km horizontal resolution CPM compared 

to its driving 12-km boundary conditions over the Alps, Central East and South East 

Europe between 2000-2009. Additionally, results of the convection-permitting climate 

simulations over North America by Pal et al. (2019) (3-km; 2000-2010 period) and 

Prein et al. (2020) (4-km; 2000-2013 period) highlighted a better representation of the 

characteristics of mesoscale convective systems in the CPMs. 

In recent years, multi-model ensemble simulations at convection-permitting scale have 

become available. For the first time, Coppola et al. (2020) presented an ensemble 

convection-permitting climate experiments project under the CORDEX Flagship Pilot 

Studies (CORDEX-FPS) program, aiming to investigate convective processes and 

related extremes over Europe and the Mediterranean regions. They selected three test 

cases and performed 19 simulations using six CPMs with different model 

configurations: a summertime extreme precipitation event over Austria, a fall Foehn 

event over the Swiss Alps, and a fall event along the Mediterranean coast. The models 

were initialized just before the event in “weather-like mode” and one month before the 

event in “climate mode”. They found that all models capture the events satisfactorily 

in the weather-like mode. In the climate mode, models also capture the fall events 

while the spread increases between the models. 

Land – atmosphere (Dirmeyer et al., 2013) and soil moisture – climate (Seneviratne et 

al., 2013) interactions have significant importance in the future projection of 

temperature and precipitation extremes. Along with the better representation of 

convective development, the diurnal cycle of precipitation, precipitation amount and 

intensity, and the spatial distribution of precipitation amount, according to the IPCC 

AR6, there is medium evidence and high agreement that convection-permitting 

simulations are necessary to simulate soil-moisture – precipitation feedback 
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mechanisms realistically (Dobles-Reyes et al., 2021). Numerous studies focus on the 

sign and the magnitude of the soil moisture – precipitation feedback in convection-

permitting simulations. Hohenegger et al. (2009) performed 25-km convection-

parametrizing and 2.2-km convection-permitting simulations to test the model 

sensitivity by perturbing the initial soil moisture conditions over the Alpine region in 

July 2006. They indicated that the wetter soil conditions resulted in more precipitation 

in the 25-km simulation, whereas this feedback reversed in the 2.2-km runs because of 

stronger thermals over drier soil conditions. Taylor et al. (2013) indicates that 

convection-permitting simulations over the Sahel region imply a negative soil 

moisture – precipitation feedback in agreement with the observations. Leutwyler et al. 

(2021) performed convection-permitting simulations over Europe and highlighted the 

relationship between soil moisture and precipitation intensity. 

In addition to hindcast and historical simulations, there are also future scenario 

downscaling experiments benefiting the advantages of the CPMs. Ban et al. (2015) 

downscaled the low-resolution Earth System Model of the Max-Planck-Institute 

outputs to 2.2 km horizontal resolution using COSMO-CLM CPM over the greater 

Alpine region nested in a 12-km European domain between 1991-2000 as the reference 

period, and 2081-2090 for the RCP 8.5 future scenario. Their simulations project a 

decrease in the mean summer precipitation over middle and southern Europe, while 

heavy precipitation events are becoming more frequent and intense at daily and hourly 

time scales. Furthermore, Ban et al. (2020) evaluated the performance of the 12-km 

convection-parametrizing and 2.2-km convection-permitting models (Ban et al., 2014) 

and investigated future changes in the precipitation (Ban et al., 2015) using the 

generalized extreme value theory over the aforementioned Alpine area. They indicate 

that convection-permitting simulation reduced the biases in precipitation frequency 

and intensity and highlighted the significant improvements in sub-daily precipitation. 

In the future simulation, they found a decrease in mean precipitation in winter and the 

difference between the models is low. Controversially, their results indicate an 

increase in hourly summer precipitation intensity, which is much higher in the 2.2-km 

simulation. Knist et al. (2020) ran the Weather Research and Forecasting (WRF) model 

at 3 km horizontal resolution nested in a 12-km European domain using ERA-Interim 

reanalysis to evaluate the model performance and using the low-resolution Earth 

System Model of the Max-Planck-Institute outputs to investigate the future changes 
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based on the RCP 4.5 scenario over Central Europe. They found that the 3-km 

convection-permitting simulation better captured the heavy and extreme hourly 

precipitation frequencies than the 12-km run. Also, their future simulations projected 

a slight decrease in mean summer precipitation for the 2038-2050 and 2088-2100 

periods. On the other hand, they found an increase in heavy and hourly extreme 

precipitation intensities, higher in the convection-permitting simulation. At the 

continental scale, Liu et al. (2017) performed convection-permitting simulations using 

the WRF model to downscale the ERA-Interim reanalysis to 4 km horizontal resolution 

over North America in the October 2000-September 2013 base period. Also, they 

applied pseudo global warming approach based on the RCP 8.5 future scenario. 

Despite the regional differences, they found a general agreement between model 

outputs and observations for precipitation and temperature. Their projection suggests 

an increase in temperature and precipitation over most of their study area at seasonal 

time scale. For the first time over a Europe-wide domain, Chan et al. (2020) performed 

convection-permitting future simulations at 2.2 km horizontal resolution using UK 

Met-Office Unified Model under RCP 8.5 scenario between 2099-2108 and compared 

the results with its driving HadGEM3 GCM outputs. Their results indicate that the 

decrease in mean summer and autumn precipitation and increase in the mean winter 

precipitation in the CPM are generally controlled by the driving GCM. On the other 

hand, they highlighted the intensification of summer and autumn precipitation 

extremes which is more pronounced in the CPM. Sonuç et al. (2022) performed 

convection-permitting climate simulations based on the RCP8.5 scenario by using 

COSMO-CLM to investigate the future changes in the climate of northwestern Turkey. 

1.2 Purpose of Thesis 

The Black Sea region and the Anatolian Peninsula, with a complex topography and 

where strong land-sea interaction takes place, are one of the climate change hotspots 

in the Mediterranean region (Cos et al., 2022; Diffenbaugh and Giorgi, 2012; Giorgi, 

2006; Kelebek et al., 2021; Lionello and Scarascia, 2018). Therefore, projections of 

the climate over this region play a critical role in developing suitable regional climate 

policies. Accordingly, this region has become the subject of numerous climate 

modelling studies. Önol and Semazzi (2009) performed climate simulations at 30 km 

horizontal resolution to investigate the future changes in the climate of the Eastern 
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Mediterranean region by using the RegCM3 model based on IPCC’s SRES A2 GHG 

emission scenario. They found a significant increase in the winter precipitation 

between 2071-2100 over the eastern coast of the Black Sea, the Caucasus Mountains, 

the Kaçkar Mountains, and the Carpathian Mountains. They also highlighted the 

temperature increase across their study area. Önol and Unal (2014) analysed the 

outputs of these simulations over the climatic regions of Turkey and found that the 

projected warming rates will be the highest over the Marmara and the Aegean regions 

of Turkey. They state that increase in the future precipitation over the Black Sea region 

is due to the strengthening of the northerly 850 hPa wind pattern, which enhances the 

orographic forcing over this region. Önol et al. (2014) performed future climate 

simulations using the RegCM3 model forced with different boundary conditions 

coming from three GCMs for the 21st century based on SRES A2, A1F1, and B1 GHG 

emission scenarios over the Eastern Mediterranean – Black Sea region. They compared 

the simulation outputs with present-day climate simulations of Bozkurt et al. (2012) 

and found an increase in the temperature for each scenario simulation over their study 

area. Moreover, they indicate that winter runoff will increase over the mountainous 

region of Turkey, feeding many river systems due to the acceleration of the snowmelt 

process at higher elevations. 

In addition to climate change simulations, several studies have investigated the 

possible impacts of the sea surface temperature (SST) increase over the Black Sea on 

the precipitation of its surrounding area by using limited area models because the 

warming of the Black Sea in recent decades   (Lima et al., 2021; Mohamed et al., 2022; 

Sakalli and Başusta, 2018; Shaltout and Omstedt, 2014), which is projected to continue 

in the future (Sakalli and Başusta, 2018; Shaltout and Omstedt, 2014), has led to the 

intensification of extreme precipitation events around this region (Aksu et al., 2022; 

Meredith et al., 2015). Bozkurt and Sen (2011) performed 10-years long climate 

sensitivity simulations at 30 km horizontal resolution by increasing the observed SST 

values by 2 K of the seas surrounding the Anatolian Peninsula using the RegCM3 

model. Their results highlight that increasing the SST of the Black Sea increases the 

precipitation around its basin and the Anatolian Peninsula, especially in summer and 

autumn. Meredith et al. (2015) performed convection-permitting simulations to test 

the sensitivity of the July 2012 extreme precipitation event over the town of Krymsk 

in the eastern Black Sea to the increased SST values using the WRF model. In this 
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case study, they performed simulations by removing the warming trend in the observed 

SSTs and found a more than 300% reduction in the simulated precipitation amount for 

colder conditions. Doğan (2018) performed simulations in a nested domain with a 

horizontal resolution of 27-9-3 km to examine the sensitivity of the August 2015 heavy 

rainfall event to SST in the province of Artvin, located in the Eastern Black Sea Region 

of Turkey by using the WRF model. As a result of the study, they found that higher 

SST values generally increased the precipitation amount. Moreover, they found that 

changing the SST values also changed the areal distribution of precipitation amount in 

several simulations. 

The previous studies provided valuable climate information for the Black Sea region 

and the Anatolian Peninsula. However, the horizontal resolution of the RCMs used in 

these studies is low compared to recent RCMs, or high-resolution CPMs are only used 

for short-period case studies. On the other hand, high-resolution climate simulations 

are necessary to obtain detailed and reliable climate information over these regions, 

given the complex topographical features of the area and the effects of future SST 

increase on extreme precipitation. For example, Önol (2012) found in his climate 

simulations that there is an improvement in the representation of temperature and 

precipitation in the 10 km horizontal resolution nested domain compared to its mother 

50-km domain over the coasts of Turkey. Moreover, the climate simulations in the 

previous studies are based on SRES GHG emission scenarios, which have been 

succeeded by the RCP and SSP scenarios. In this study, given the benefits of the CPMs, 

we performed convection-permitting historical and future climate simulations at 3 km 

horizontal resolution by using the WRF model for the periods of 2005-2014 and 2061-

2070, respectively, based on the last generation SSP3-7.0 GHG emission scenario over 

the Black Sea Basin, including the coastal areas of the Black Sea and a broad part of 

the Anatolian Peninsula. For the first time, we downscaled the CMIP6 high-resolution 

Max Planck Institute for Meteorology Earth System Model (MPI-ESM-HR) (Gutjahr 

et al., 2019) outputs over the area of interest to further improve our understanding of 

climate change in this region. 
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2.  METHOD AND DATA 

In the study, we performed our climate simulations using the WRF model Version 

3.9.1 (Skamarock et al., 2008), and we evaluated the model performance using high-

resolution gridded reanalysis and observational datasets, in addition to station 

observations. Following that, we investigated future changes in the climate of the 

Black Sea region and the Anatolian Peninsula. This section gives information about 

the model used for simulations, the study area and simulation design, and the data used 

in the study. 

2.1 Weather Research and Forecasting Model Version 3.9.1 (WRFV3) 

The WRFV3, with its fully compressible, non-hydrostatic Advanced Research WRF 

(ARW) dynamics solver and physics options, including microphysics, atmospheric 

radiation physics, and surface and planetary boundary layer (PBL) physics, is an 

atmospheric simulation system used for both numerical weather prediction and 

research applications (Skamarock et al., 2008). It has been developed in a collaboration 

among the National Center for Atmospheric Research’s Mesoscale and Microscale 

Meteorology Division, the National Oceanic and Atmospheric Administration’s 

National Center for Environmental Prediction and Earth System Research Laboratory, 

the Department of Defense’s Air Force Weather Agency and Naval Research 

Laboratory, the Center for Analysis and Prediction of Storms at the University of 

Oklahoma, and the Federal Aviation Administration. It can be used in computing 

environments from supercomputers to laptops with its flexible and modular source 

code (Skamarock et al., 2008). 

The ARW solver of the WRFV3 uses a terrain-following hydrostatic-pressure vertical 

coordinate system which is denoted by η in Figure 2.1 and defined as 

η = (
ℎ − 
��)/μ                                                  (2.1) 

where µ =  
ℎ� − 
��.  
ℎ is the hydrostatic component of the pressure, and 
ℎ� and 
ℎ� 

are bottom and top boundary pressure values, respectively. η ranges from 1 at the 
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surface to 0 at the top boundary. As the spatial discretisation, the ARW solver uses a 

C grid staggering where the normal velocities are staggered one-half grid length from 

the thermodynamic variables at the mass point of the grid, as shown in Figure 2.2 

(Skamarock et al., 2008). 

 

Figure 2.1 : The WRFV3 vertical coordinate system (adopted from Skamarock et al. 
(2008)). 

 

Figure 2.2 : The WRFV3 horizontal C grid staggering system (adopted from 
Skamarock et al. (2008)). 
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The ARW solver uses a third-order Runge-Kutta time integration scheme and has an 

adaptive time stepping capability, which chooses the timestep based on the wind fields 

varying in time. Adaptive time stepping capability lets the model choose an integration 

timestep regarding the model stability based on a target maximum Courant number 

(��������), which is between 1.1 and 1.2 and reduces the wall-clock time of simulation 

compared to integrations with a fixed timestep. In general, the maximum stable 

timestep is higher than the fixed timestep (Skamarock et al., 2008). In the adaptive 

timestep scheme, the maximum Courant number in the domain is calculated (���� �!") 

for each velocity component, u, v, and w, and checked whether is lower than the 

�������� . If so, the integration timestep is increased by calculating the new timestep 

using 

∆#$%&&'(� = min ,1 + /0 ,
23������

23�� �!"
 4 . ∆#5&'607%�                           (2.2) 

where /0≤ 5% for the regulated increase. If ���� �!"  exceeds the ��������, then the 

timestep is reduced as 

∆#$%&&'(� = min ,1 − /8  , 23������9:.;(23�� �!"923������)
23�� �!"

 4 . ∆#5&'607%�      (2.3) 

where /8= 25% is the timestep decrease factor. The upper and lower bounds on the 

adaptively-chosen timestep are based on the model’s horizontal resolution (Skamarock 

et al., 2008). 

2.2 Simulation Domain 

We ran the WRF model at 3 km horizontal resolution over the Black Sea region and a 

broad part of the Anatolian Peninsula (hereafter BSA), which is shown in Figure 2.3. 

The BSA has a complex topography and has an area of approximately 1641x1092 km2 

with 547 and 364 grid points in east-west and north-south directions, respectively. It 

is surrounded partly by the Carpathian and Balkan Mountains in the west, the Black 

Sea and Eastern Anatolia mountains in the south, and the Caucasus Mountains in the 

east and the model elevation reaches up to 3000 metres. As a moisture source, the 

Black Sea has a significant impact on the regional climate. For example, northerly flow 

carries moisture from the Black Sea to the northern coasts of Turkey and causes high 

amount of precipitation with enhanced orographic forcing (Bozkurt and Sen, 2011). 
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Furthermore, northeasterly flow over the Black Sea in the winter causes sea-effect 

snow in Istanbul, which is the most populated metropolitan of this area (Kindap, 2010). 

Therefore, we selected our simulation domain covering the entire Black Sea to 

represent its impacts within the simulations. This domain is a slightly modified version 

of the one used in Doğan (2018). 

 

Figure 2.3 : The simulation domain topography. 

2.3 Selection of GCM, Simulation Period and SSP3-7.0 Scenario 

For the simulations, we provided the lateral boundary conditions with the outputs of 

the MPI-ESM-HR at a horizontal resolution of ~100 km at 28 isobaric levels at 6-hour 

intervals, including the SST. We used the MPI-ESM-HR GCM outputs because: 

 MPI-ESM-HR is a comprehensive GCM with atmospheric, land-surface, 

ocean, and sea ice components and has a higher resolution than the standard 

horizontal resolution of the CMIP6 by following the High Resolution Model 

Intercomparison Project (Haarsma et al., 2016) protocol (Gutjahr et al., 2019). 

 Boundary conditions directly affect regional climate simulation results. In this 

context, the MPI-ESM-HR represents the temperature and precipitation 
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climate over Turkey better than most of the CMIP5 and CMIP6 models 

(Bağçaci et al., 2021), increasing our confidence in data quality for boundary 

conditions. 

 Certain variables are required to run the WRF model (Skamarock et al., 2008), 

and these variables are stored in the Earth System Grid Federation repositories 

where the MPI-ESM-HR outputs are at ~100 km horizontal resolution and 6-

hour intervals. On the other hand, to our knowledge, not every CMIP6 GCM 

outputs for all required variables are stored at 6-hour intervals. 

We performed historical and future climate simulations between September 1, 2004 - 

January 1, 2015, and September 1, 2060 - January 1, 2071, respectively. The first four 

months of the simulations are left as spin-up time, and the outputs are not included in 

the analyses. We selected the 2005-2014 period as the reference period because it is 

temporally the nearest period to the current climatic conditions (Historical CMIP6 

simulations end at the end of 2014.). We chose the future simulation period after 

analysing MPI-ESM-HR outputs to find the local maxima of the SST values over the 

Black Sea and the daily maximum precipitation amount for each month over the Black 

Sea coast of Turkey over the years. Figure 2.4 shows the annual mean SST for the 

historical (1980-2015) and the SSP3-7.0 based future (2015-2100) periods over the 

Eastern and the Western Black Sea. The results show that the annual mean SST of the 

Eastern and the Western Black Sea will continuously increase from 2061 to 2070 until 

reaching local maximums of about 18.5°C and 18°C, respectively. 

Figure 2.5 shows the daily maximum precipitation amount for each month for the 

historical and the SSP3-7.0 based future periods over the Black Sea coast of Turkey. 

The results show that MPI-ESM-HR has local maxima of daily precipitation between 

2061-2070 in February, March, May, September, October, and December. Given these 

SST and precipitation extremes, and as being a mid-century period, we selected 2061-

2070 as the future simulation period. 
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Figure 2.4 : The annual mean SST of MPI-ESM-HR averaged over the Eastern 
(black) and the Western (red) Black Sea. 

 

Figure 2.5 : The daily maximum precipitation of MPI-ESM-HR over the Black Sea 
coast of Turkey. The blue line is the 2005-2014 period average, the red 
line is the smoothed time series curve. 

Our simulations are based on SSP3-7.0 GHG emission scenario. SSP scenarios have 

been developed considering the future changes in the human environment, including 

demographics, economy and technology, and changes in the natural environment and 



17 

resources (O’Neill et al., 2017). SSP scenarios generally project higher GHG 

concentrations in the future than preceding RCP scenarios (Meinshausen et al., 2020). 

SSP3-7.0 scenario projects strict regionalisation policies with a low international 

priority on environmental issues in the future (O’Neill et al., 2017) and a radiative 

forcing of 7 W/m2 by the end of 2100 (Meinshausen et al., 2020). In addition, the 

SSP3-7.0 scenario projects a higher concentration of CO2 and CH4 in the northern 

hemisphere (Meinshausen et al., 2020). Therefore, the annual GHG concentrations for 

the northern hemisphere instead of global means (Meinshausen et al., 2020) are given 

as input to the WRF model, as shown in Figure 2.6. 

 

Figure 2.6 : The SSP3-7.0 scenario northern hemisphere GHG concentration 
estimations (Meinshausen et al., 2020). 

2.4 Simulation Design 

We downscaled MPI-ESM-HR outputs directly to 3 km horizontal resolution without 

an intermediate nest. In vertical model has 50 η levels with a top at 5000 Pa. The 

boundary conditions are relaxed exponentially in 10 grid points at the boundaries of 

the domain (relaxation zone). As for the integration timestep, we benefitted from the 

adaptive timestep capability of the WRF, letting the model set the maximum stable 

timestep, which is 24 seconds for our simulations. Additionally, we activated the 

vertical velocity damping option in the model affecting only strong updraft cores with 

locally high vertical velocities to keep the model stable (Skamarock et al. 2008). 
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Moreover, land-atmosphere interactions are essential in climate-scale simulations. 

Therefore, we used the 4-layer Noah land-surface model (Ek et al., 2003) with initial 

soil temperature and moisture conditions to represent land-atmosphere interactions in 

the simulations. The simulation outputs (hereafter WRFCP) at vertical model levels 

are saved at 6-hour intervals, and surface variables are saved at 1-hour interval. 

2.4.1 Sensitivity tests and model parametrizations 

In addition to dynamic calculations in the model, we used several parametrization 

options to represent the sub-grid scale processes. Howerver, before choosing the 

parametrization options for the simulations, we performed sensitivity tests to 

investigate the model response to microphysics and PBL schemes in extreme future 

conditions over the eastern Black Sea region. To this end, we perfomed 3-days-long 

simulations using different microphysics and PBL parametrization scheme 

combinations for cold and warm future cases based on the SSP5-8.5 scenario over the 

simulation domain of Doğan (2018). As the PBL options, we used Mellor-Yamada-

Janjic (MYJ) and Yonsei University (YSU) PBL schemes, and for the microphysics, 

we used single-moment Kessler, Lin, WSM5, and double-moment Thompson, 

Morrison and WDM5 schemes. 

First, we performed cold case simulations for 22-24 February 2050. Figure 2.7 shows 

the 3-day total precipitation amount in these simulations for different microphysics 

and PBL options. In the simulations, the 3-day total precipitation exceeds 100 mm 

over the Eastern Black Sea region of Turkey and locally reaches 175 mm for double-

moment schemes such as the Morrison scheme. Among the simple moment schemes, 

the Kessler scheme produces the least precipitation since it does not account for ice 

microphysics related to snowfall. 

Figure 2.8 shows the standart deviation of the 3-day total precipitation amounts for 

microphysics schemes in simulations with MYJ and YSU PBL schemes. For both PBL 

schemes, the precipitation amount differs mostly over the mountainous areas of the 

Eastern Black Sea region and a part of western Anatolia. 

Figure 2.9 shows the 3-day total precipitation difference between the two PBL options 

for different microphysics options. The results show that the lowest difference between 

the two PBL schemes occurs in the simulations with Thompson and Morrison 

microphysics options. 
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Figure 2.7 : The 3-days total precipitation amount for different microphysics and 
PBL schemes between 22-24 February 2050. 

 

Figure 2.8 : The standard deviation of 3-days total precipitation between 22-24 
February 2050 for different microphysics options. 
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Figure 2.9 : The 3-days total precipitation difference of MYJ and YSU PBL 
schemes between 22-24 February 2050. 

As another warm case study, we performed simulations for 3-5 October 2090. The 3-

day total precipitation amount in the warm case simulations for different microphysics 

and PBL options are shown in Figure 2.10. In these simulations, the highest 

precipitation amount occurs over the Eastern Black Sea region, and 3-day totals locally 

exceed 500 mm in most simulations. According to the standard deviation of the 

precipitation amount for different microphysics, the MYJ PBL scheme results in a 

higher difference over this region, as shown in Figure 2.11. For the MYJ PBL option, 

the standard deviation reaches up to 100 mm. 

 

Figure 2.10 : The 3-days total precipitation amount for different microphysics and 
PBL schemes between 3-5 October 2090. 
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Figure 2.11 : The standard deviation of 3-days total precipitation between 3-5 
October 2090 for different microphysics options. 

In the warm case simulation, the choice of the PBL scheme affects the spatial 

distribution of precipitation amount. Figure 2.12 shows the 3-day total precipitation 

difference between MYJ and YSU PBL schemes for different microphysics options 

over the Eastern Black Sea. For all microphysics options, the YSU PBL scheme results 

in higher precipitation amounts on the eastern coast compared to the MYJ scheme. 

 

Figure 2.12 : The 3-days total precipitation difference of MYJ and YSU PBL 
schemes between 3-5 October 2090. 

The difference between the MYJ and YSU PBL schemes can be related to the sea-

atmosphere interactions that enhance precipitation. Figure 2.13 shows time – longitude 

Hovmöller diagram of upward moisture flux at the surface in the simulations for a 

cross-section taken over the Eastern Black Sea coast of Turkey. The results highlight 
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that the MYJ scheme results in higher moisture flux after the 36th hour of the case 

over the western side compared to the YSU scheme. This enhanced moisture flux in 

the MYJ scheme is due to the faster wind speeds in the simulations. Similar to Figure 

2.13, Figure 2.14 shows 10m wind speeds in the simulations as a time – longitude 

Hovmöller diagram. The simulations using the YSU PBL scheme estimate slower 

wind speed over the west coast compared to the MYJ scheme and result in a less 

amount of upward moisture flux over the same region. 

 

Figure 2.13 : The time – longitude Hovmöller diagram of upward moisture flux at 
the surface for different microphysics and PBL schemes between 3-5 
October 2090. 
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Figure 2.14 : The time – longitude Hovmöller diagram of 10m wind speed for 
different microphysics and PBL schemes between 3-5 October 2090. 

As a result of the sensitivity analyses, the cold case simulations with the Thompson 

microphysics for different PBL schemes produce similar precipitation outputs. 

Similarly, the warm case simulations with the YSU PBL scheme for different 

microphysics options does not differ significantly. Therefore, in the climate 

simulations, for the microphysics, we used Thompson double-moment parametrization 

option (Thompson et al., 2008), which represents cloud, rain, ice, snow, and graupel 

processes and contains ice and rain number concentrations (Skamarock et al., 2008). 

As the parametrization of PBL processes, we used the non-local Yonsei University 

(Hong et al., 2006) parametrization option, in addition to the Monin-Obukhov Eta 

similarity surface layer scheme (Jiménez et al., 2012). For shortwave and longwave 

radiation physics, we used the RRTMG parametrization option (Iacono et al., 2008). 

On the other hand, most importantly, we switched off the deep and shallow cumulus 

(convective) parametrization schemes to let the model solve the convection explicitly 

as the purpose of a convection-permitting simulation. 
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2.5 Data 

In order to run the WRF model, static topography and land use data are required. To 

this end, we used the Global Multi-resolution Terrain Elevation Data 2010 surface 

elevation data at 30-arc-second (~1 km) horizontal resolution (Danielson and Gesch, 

2011) and Moderate Resolution Imaging Spectroradiometer International Geosphere-

Biosphere Programme 21-class land use data (Skamarock et al., 2008) at ~500m 

resolution (Broxton et al., 2014). Land use over the simulation domain is shown in 

Figure 2.15. 

 

Figure 2.15 : The simulation domain land use classes. 

For the model performance evaluation, we compared historical simulation outputs with 

high-resolution gridded observational and reanalysis datasets (hereafter reference 

datasets), summarized in Table 2.1. The Climate Hazards Group Infrared Precipitation 

with Stations (CHIRPS) is a daily precipitation dataset at 0.05-degree horizontal 

resolution and is produced using satellite imageries and station observations, spanning 

over the latitudinal band of 50°S-50°N (Funk et al., 2015). CHIRPS data is consistent 

with station observations over Turkey at the monthly time scale (Aksu and Akgül, 
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2020) and has been used for drought assessment over western Turkey (Aksu et al., 

2022). Multi-Source Weighted-Ensemble Precipitation (MSWEP) version 2 gridded 

precipitation dataset at 0.1-degree horizontal resolution blends satellite data, 

reanalyses, and station observations to produce reliable global precipitation data at 3-

hourly and daily intervals (Beck et al., 2019). Previously, this data has been used for 

extreme precipitation assessment over the Europe-Mediterranean region (Kelebek et 

al., 2021). ERA5-Land (ERA5LAND) (Muñoz Sabater, 2019) is a reanalysis dataset 

that replays the land component of the European Centre for Medium-Range Weather 

Forecasts ERA5 climate reanalysis, using the ERA5 atmospheric variables as input. It 

has a 0.1-degree horizontal resolution, which is higher than the one for ERA5 and 

applies a lapse rate correction between the grids of forcing data and the ERA5LAND 

(Url-1). In the study, we used hourly ERA5LAND data to calculate daily precipitation 

accumulations and daily minimum and maximum temperatures. TerraClimate 

(TERRACLIMATE) (Abatzoglou et al., 2018) is an observation-based monthly 

gridded temperature and precipitation dataset at ~4 km horizontal resolution and is 

produced by bilinearly interpolating the low spatial resolution monthly anomalies of 

Climate Research Unit time series data version 4.0 over the high spatial resolution 

climatology of WorldClim version 2 data (Abatzoglou et al., 2018). In the study, we 

used the minimum and maximum temperature fields of TERRACLIMATE. 

Table 2.1 : The gridded dataset used in the analyses and their related information. 

Dataset Type Horizontal 
Resolution 

Variable 

CHIRPS Observational 0.05 degrees Precipitation 

MSWEP 
Observations and 

reanalyses 
0.1 degree 

Precipitataion 

ERA5LAND Reanalyses 0.1 degree 
Precipitaion and 

temperature 
TERRACLIMATE Observational ~4 km Temperature 

We also compared historical simulation outputs, MPI-ESM-HR outputs, and reference 

datasets using the Turkish State Meteorological Service (TSMS) station observations 

(37 stations in total) to validate the model results for temperature and precipitation. 

The list of the stations, their data coverage period and elevations are given in Table 

2.2. The stations are mainly selected from high-elevation regions to evaluate the model 

performance over complex mountainous areas. For simplicity, we categorized the 

stations based on their elevations: E1 stations at an elevation between 0-1000 m (8 

stations); E2 stations at an elevation between 1000-1500 m (9 stations); E3 stations at 
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an elevation between 1500-2000 m (12 stations); E4 stations at an elevation between 

2000-2550 m (8 stations). The simulation outputs and reference data are bilinearly 

interpolated to the station coordinates. For the MPI-ESM-HR outputs, we used the 

nearest grid point to the station location. 

Table 2.2 : The TSMS station IDs, elevations in metre, and data start and end years. 

Station ID Elevation (m) Data Start Year Data End Year 

18584 2550 2014 2020 

18715 2257 2016 2020 

18732 2230 2016 2020 

18149 2210 2013 2020 

18730 2133 2016 2020 

17692 2102 2005 2011 

18174 2052 2014 2020 

18378 2006 2014 2020 

18525 1991 2014 2020 

18674 1968 2016 2020 

18376 1925 2014 2020 

18904 1890 2014 2020 

17676 1877 2005 2011 

18177 1828 2014 2020 

18194 1818 2014 2020 

18349 1710 2014 2020 

18669 1707 2016 2020 

17786 1706 2005 2011 

17840 1599 2005 2011 

17688 1576 2005 2011 

18707 1404 2016 2020 

17713 1354 2010 2014 

18179 1280 2013 2020 

18075 1264 2013 2020 

17747 1250 2005 2014 

17018 1112 2005 2014 

17756 1075 2005 2014 

17846 1047 2005 2011 

18518 1015 2014 2020 

17808 993 2005 2011 

18162 912 2013 2020 

18135 900 2013 2020 

18597 865 2015 2020 

18511 750 2014 2020 

18102 330 2013 2020 

18437 139 2014 2020 

17024 64 2005 2014 
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Furthermore, since the BSA is a broad region with complex topographical features, in 

addition to domain-wide analyses, we performed subregional analyses. To this end, 

we defined 36 subregions based on the Nomenclature of Territorial Units for Statistics 

statistical regions of the statistical office of the European Union (European 

Commission. Statistical Office of the European Union., 2022) and Global Runoff Data 

Centre’s (GRDC) major river basins (GRDC, 2022). The borders of the subregions 

with their related name abbreviation along with the TSMS station locations are given 

in Figure 2.16. It should be noted that the relaxation grids at the boundaries of the 

simulation domain are not included in the subregional analyses to avoid unrealistic 

temperature and precipitation values. 

 

Figure 2.16 : The BSA subregions with the name abbreviations (black) and the 
TSMS station locations (red). 
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3.  EVALUATION OF HISTORICAL SIMULATION 

In this section, we analysed historical simulation outputs for maximum and minimum 

temperature and precipitation between 2005-2014 to evaluate the model performance. 

To this end, we compared model outputs with reference datasets and station 

observations. 

3.1 Evaluation of Temperature 

The seasonal means of daily maximum (Tmax) and minimum (Tmin) 2m air 

temperatures of MPI-ESM-HR, WRFCP, TERRACLIMATE and ERA5LAND are 

given in Figure 3.1 and Figure 3.2, respectively. WRFCP represents the spatial 

distribution of temperature values satisfactorily over the study area. It gives closer 

results to the reference data and provides more detail compared to lower resolution 

MPI-ESM-HR over the complex mountainous areas such as the Caucasus and Eastern 

Anatolia, indicating the added value of WRFCP. 

 

Figure 3.1 : The seasonal mean Tmax of each dataset between 2005-2014. 



30 

 

Figure 3.2 : The seasonal mean Tmin of each dataset between 2005-2014. 

As a quantitative assessment, we calculated the root mean squared error (RMSE) of 

WRFCP with respect to (w.r.t.) TERRACLIMATE and ERA5LAND over the study 

area and showed the results in Table 3.1. For the Tmax, WRFCP has a lower RMSE 

for the comparison with TERRACLIMATE than for the ERA5LAND. The maximum 

RMSE for TERRACLIMATE is 1.90°C in autumn, and for ERA5LAND is 2.63°C in 

summer. For the Tmin, WRFCP has a higher RMSE w.r.t. ERA5LAND for all seasons 

except summer. The maximum RMSE w.r.t. TERRACLIMATE is 2.50°C in summer 

and 2.38°C w.r.t. ERA5LAND in winter. 

Table 3.1 : The seasonal mean Tmax and Tmin RMSE w.r.t. TERRACLIMATE and 
ERA5LAND. 

 
DJF 

RMSE 
(°C) 

MAM 
RMSE (°C) 

JJA 
RMSE 
(°C) 

SON 
RMSE 
(°C) 

Tmax WRFCP-TERRACLIMATE 1.79 1.65 1.71 1.90 
Tmax WRFCP-ERA5LAND 1.81 1.90 2.63 2.33 

Tmin WRFCP-TERRACLIMATE 1.68 1.27 2.50 1.83 
Tmin WRFCP-ERA5LAND 2.38 1.89 2.16 1.94 

Moreover, seasonal biases of Tmax are given in Figure 3.3. The choice of 

observational or reanalysis data for temperature bias calculations resulted in 

differences. In terms of maximum temperature, WRFCP has negative biases of around 
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2°C and 4°C in winter and spring, respectively, compared to TERRACLIMATE over 

the Anatolian Peninsula and the Caucasus. In comparison to ERA5LAND, WRFCP 

bias becomes positive over most of this area and is around 3°C. Similarly, in the 

autumn, the model has a positive bias around 3°C compared to ERA5LAND. This bias 

reduces to 1°C for TERRACLIMATE and even becomes negative over Eastern 

Anatolia. Most significantly, in the summer, while WRFCP has a negative bias of 

about 3°C compared to TERRACLIMATE over the mountains of the Eastern Black 

Sea region of Turkey, there is no significant difference between WRFCP and 

ERA5LAND over the same region. These differences may be related to the different 

production methods of the reference data. TERRACLIMATE uses observational data 

to produce high-resolution temperature information (Abatzoglou et al., 2018), while 

the ERA5LAND is a reanalysis based on a dynamic model (Muñoz Sabater, 2019). 

The representation of clouds in the models affects and decreases the near-surface air 

temperature. TERRACLIMATE does not include cloud information, and 

observational deficiencies in data-sparse regions can lead to errors in the production 

of this data which employs simple bilinear interpolation (Abatzoglou et al., 2018). 

Therefore, the different biases of WRFCP between TERRACLIMATE and 

ERA5LAND can be explained by cloud dynamics which affect the surface radiation 

budget. 

 

Figure 3.3 : The seasonal Tmax biases w.r.t TERRACLIMATE (a-d) and 
ERA5LAND (e-h). 

Figure 3.4 shows the seasonal biases of Tmin. Compared to both TERRACLIMATE 

and ERA5LAND, in winter, WRFCP has a positive bias of about 2°C and 4°C, 

respectively. In spring, the model has a negative bias of around 3°C over Eastern 
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Anatolia, comparing both data. The positive bias over other regions is around 2°C. The 

highest difference between WRFCP and the reference datasets is in the summer 

months. In summer, WRFCP has a positive bias reaching up to 5°C across the 

Anatolian Peninsula. The model also exhibits significant positive bias in the autumn 

months, which is around 4°C over the study area. 

 

Figure 3.4 : The seasonal Tmin biases w.r.t TERRACLIMATE (a-d) and 
ERA5LAND (e-h). 

3.1.1 Station-based temperature analyses 

Reanalysis and observational gridded data are partly based on station observations, 

and low-density station network at higher elevations increases the observational 

uncertainty over these areas (Önol and Semazzi, 2009; Önol, 2012). Therefore, we also 

compared monthly mean Tmax and Tmin at TSMS station points. In general, WRFCP 

outputs are closer to the station observations compared to MPI-ESM-HR outputs. 

Figure 3.5 and Figure 3.6 show monthly mean Tmax of each dataset for E4 and E3 

high-elevation stations above 2000 m and between 1500-2000 m, respectively. In most 

stations, WRFCP better captures the annual cycle compared to MPI-ESM-HR and is 

closer to the observations. Nevertheless, in some stations, for example, 18149 and 

18174 E4 stations and 18904 E3 station, WRFCP has a negative bias in winter and 

spring and a positive bias in summer. However, this bias is much lower compared to 

MPI-ESM-HR and indicates the added value of WRFCP. 
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Figure 3.5 : The monthly mean Tmax of each dataset at the TSMS stations for E4 
elevation category. 

 

Figure 3.6 : The monthly mean Tmax of each dataset at the TSMS stations for E3 
elevation category. 

For E2 stations between 1000-1500 m elevation, as shown in Figure 3.7, WRFCP 

generally agrees with the observations, but similar to the E4 and E3 stations, it has a 

negative bias in winter and spring for numerous stations such as 17756 and 18518. 

Still, in most stations, it is closer to the observations compared to MPI-ESM-HR. For 

the low elevation E1 stations from 0 to 1000 m, as in Figure 3.8, in most stations, there 
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is no significant difference between WRFCP and the observations, and WRFCP is 

closer to the observations than the MPI-ESM-HR outputs. 

 

Figure 3.7 : The monthly mean Tmax of each dataset at the TSMS stations for E2 
elevation category. 

 

Figure 3.8 : The monthly mean Tmax of each dataset at the TSMS stations for E1 
elevation category. 

The RMSE of monthly mean Tmax for WRFCP, MPI-ESM-HR, and reference 

datasets comparing with the station observations are given in Table 3.2. In 32 out of 
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37 stations, WRFCP has a lower RMSE compared to MPI-ESM-HR. Moreover, in 8 

stations, WRFCP has the lowest RMSE among all datasets. 

Table 3.2 : The monthly mean Tmax RMSE for each dataset at the selected TSMS 
station observation points. 

Station ID 
WRFCP RMSE 

(°C) 
MPIESMHR 
RMSE (°C) 

TERRACLIMATE 
RMSE (°C) 

ERA5LAND 
RMSE (°C) 

18584 1.53 5.45 2.34 3 

18715 1.9 7 1.51 0.71 

18732 2.01 4.94 5.06 2.72 

18149 2.63 6.01 1.99 2.96 

18730 2.77 5.99 6.24 5.8 

17692 2.07 1.59 1.04 1.96 

18174 1.93 6.89 1.93 2.45 

18378 2.11 2.88 1.46 3.08 

18525 1.86 6.98 3.29 1.44 

18674 2.17 3.57 1.88 1.38 

18376 1.84 1.87 1.47 3.61 

18904 2.41 5.08 1.61 2.66 

17676 1.51 8.88 2.14 5.09 

18177 2.69 4.67 2.48 3.39 

18194 1.47 2.66 1.63 3.48 

18349 3.21 2.53 1.16 2.28 

18669 1.96 8.07 4.22 4.92 

17786 1.97 2.8 1.31 4.19 

17840 1.79 2.32 0.95 3.93 

17688 2.36 4.32 2.29 5.97 

18707 1.71 4.38 2.88 1.38 

17713 5.1 3.04 3.52 6.17 

18179 1.64 6.19 1.94 5.17 

18075 2.07 2.72 1.17 1.72 

17747 1.89 2.6 0.9 1.55 

17018 1.64 2.61 1.9 1.6 

17756 1.66 2.59 1.54 1.48 

17846 1.18 3.48 0.81 2 

18518 2.55 2.18 1.79 3.21 

17808 1.73 3.53 0.59 3.41 

18162 2.86 1.68 3.24 5.42 

18135 2.21 2.7 2 3.93 

18597 1.74 4.34 2.18 1.73 

18511 1.38 3.69 1.32 2.53 

18102 2.12 2.93 1.31 3.09 

18437 1.22 2.22 1.25 3.07 

17024 1.69 3.84 0.55 4.86 
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The monthly mean Tmin of E4 and E3 stations are shown in Figure 3.9 and Figure 

3.10, respectively. Similar to the Tmax, WRFCP captures the annual cycle and corrects 

MPI-ESM-HR outputs significantly in most stations but has a negative bias in winter 

and spring for numerous high-elevation stations, such as 18584 and 18732 E4 stations, 

and 18525 and 18674 E3 stations. Besides, WRFCP has a positive bias in some stations 

in summer but the difference between the observations is lower compared to MPI-

ESM-HR. 

 

Figure 3.9 : The monthly mean Tmin of each dataset at the TSMS stations for E4 
elevation category. 
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Figure 3.10 : The monthly mean Tmin of each dataset at the TSMS stations for E3 
elevation category. 

The monthly mean Tmin for E2 and E1 stations are shown in Figure 3.11 and Figure 

3.12, respectively. At these lower elevation stations, WRFCP has a lower bias 

compared to E4 and E3 stations and follows the annual cycle of observations. In 

comparison with MPI-ESM-HR, WRFCP provides better estimations in most stations, 

particularly in 17018 E2 and 18102 E1 stations. 
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Figure 3.11 : The monthly mean Tmin of each dataset at the TSMS stations for E2 
elevation category. 
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Figure 3.12 : The monthly mean Tmin of each dataset at the TSMS stations for E1 
elevation category. 

The RMSE of monthly mean Tmin for WRFCP, MPI-ESM-HR, and reference datasets 

comparing with the station observations are given in Table 3.3. In 23 stations, WRFCP 

has a lower RMSE compared to MPI-ESM-HR. Furthermore, in 5 stations, WRFCP 

has the lowest RMSE among all datasets. 

These results highlight the superior performance of a high-resolution CPM compared 

to a low-resolution GCM over the complex topography in terms of the representation 

of mean temperature. 
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Table 3.3 : The monthly mean Tmin RMSE for each dataset at the selected TSMS 
station observation points. 

Station ID 
WRFCP RMSE 

(°C) 
MPIESMHR 
RMSE (°C) 

TERRACLIMATE 
RMSE (°C) 

ERA5LAND 
RMSE (°C) 

18584 3.17 2.55 0.94 2.05 

18715 4.31 4.03 3.93 2.46 

18732 1.91 1.94 1.4 1.63 

18149 2.85 4.32 1.97 0.95 

18730 1.29 2.61 1.28 3.5 

17692 1.93 2.77 0.58 0.89 

18174 2.26 5.2 0.72 0.54 

18378 4.36 6.81 3.55 3.58 

18525 1.96 4.17 2.68 1.12 

18674 2.84 1.81 3.33 3.04 

18376 2.43 3.58 0.95 1.81 

18904 3.18 2.66 1.58 1.06 

17676 1.56 5.56 0.9 2.66 

18177 2.18 3.54 1.82 2.43 

18194 1.81 1.88 1.95 2.36 

18349 4.1 1.32 4.23 5.05 

18669 1.35 4.4 1.1 0.99 

17786 1.56 1.53 0.98 2.71 

17840 3.83 3.38 0.8 1.66 

17688 1.79 1.22 1.47 3.75 

18707 1.47 1.39 2.35 2.77 

17713 5.85 3.51 6.24 5.66 

18179 5.2 2.26 1.41 1.19 

18075 1.78 1.36 0.82 0.88 

17747 2.03 2.39 1.06 1.22 

17018 0.84 5.74 0.62 0.69 

17756 1.49 1.85 1.2 1.5 

17846 1.07 4.3 2.12 3.1 

18518 1.83 0.88 2.47 2.15 

17808 4.85 1.87 1.84 1.86 

18162 1.8 2.15 4.88 6.47 

18135 1.8 1.84 1.36 1.9 

18597 1.22 1.6 1.88 2.21 

18511 0.97 3.19 2.69 2.37 

18102 1.37 5.09 1.53 1.13 

18437 1.19 1.83 0.59 0.98 

17024 1.78 3.54 0.55 2.42 
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3.2 Evaluation of Precipitation 

The annual mean total precipitation of MPI-ESM-HR, WRFCP, and the reference data 

are given in Figure 3.13. In terms of the spatial distribution of the total precipitation 

amount, WRFCP agrees with reference datasets over a broad part of the simulation 

domain. Nevertheless, the model has a positive bias over the Western and Eastern 

Black Sea regions of Turkey and mountainous areas such as the Caucasus. 

 

Figure 3.13 : The mean annual total precipitation of each dataset between 2005-2014. 

Moreover, we showed the seasonal means of total precipitation in Figure 3.14. 

WRFCP captures spatial distribution of the precipitation amount satisfactorily in all 

seasons except for the winter. We calculated RMSE between WRFCP-CHIRPS, 

WRFCP-MSWEP, and WRFCP-ERA5LAND over the domain and found the highest 

(around 165 mm) and the lowest (around 67 mm) errors occur in the winter and autumn 

months, respectively, as shown in Table 3.4. 

 

Figure 3.14 : The  seasonal mean of total precipitation for each dataset between 2005-
2014. 
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Table 3.4 : The WRFCP seasonal total precipitation RMSE w.r.t. CHIRPS, 
MSWEP, and ERA5LAND. 

 
DJF RMSE 

(mm) 
MAM RMSE 

(mm) 
JJA RMSE 

(mm) 
SON RMSE 

(mm) 

WRFCP-CHIRPS 164.77 101.93 80.47 68.01 
WRFCP-MSWEP 167.91 100.81 72.47 67.65 

WRFCP-ERA5LAND 156.83 92.62 101.45 78.3 

Additionally, we calculated the seasonal total precipitation bias of WRFCP at each 

grid point to reveal the region in which and how much the model most differed from 

the reference datasets and showed the results in Figure 3.15. The highest difference 

occurs in the winter months, especially over the mountainous areas of the Anatolian 

Peninsula and the Eastern Black Sea region. Model bias is around 6 mm/day over the 

mountains and, in particular, reaches up to 15 mm/day over the Caucasus. 

 

Figure 3.15 : The seasonal precipitation bias w.r.t CHIRPS (a-d), MSWEP (e-h), and 
ERA5LAND (i-l). 

The bias of the WRFCP can be explained by the driving boundary conditions coming 

from MPI-ESM-HR. We found that, in the winter, MPI-ESM-HR produces more 

precipitation by 200-400 mm over the Western Black Sea region, parts of Eastern 

Anatolia, and the Caucasus Mountains. These indicate that the WRFCP bias over these 

regions is a direct consequence of the boundary conditions on the regional climate 

simulation. A similar issue occurs in the summer months when MPI-ESM-HR 

produces less precipitation over the Eastern Black Sea region compared to the 

reference datasets. During these months, WRFCP has a negative bias of around 4 
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mm/day compared to CHIRPS and MSWEP observations and 6 mm/day compared to 

ERA5LAND reanalysis over this region. In the spring months, the difference is lower 

compared to the winter and summer months, which becomes a maximum of about 8 

mm/day over the Caucasus and does not become more than 6 mm/day in other regions. 

Additionally, in spring, WRFCP has a lower bias for ERA5LAND compared to 

CHIRPS and MSWEP in magnitude over the Black Sea coast of Turkey. These bias 

differences in summer and spring due to different datasets highlight the inconsistencies 

among the reference data. 

3.2.1 Station-based seasonal precipitation analyses 

Given inconsistencies among the reference data, we compared monthly mean total 

precipitations at TSMS station points. In general, WRFCP captures the annual cycle 

of monthly total precipitation but has a bias. Figure 3.16 shows monthly total 

precipitation climatologies for each dataset at E4 station points. At high-elevation 

stations above 2000 m, WRFCP has a positive bias, especially in winter months, 

compared to station observations and reference datasets. For a part of the stations, for 

example, 18715 and 18174 stations, the bias is due to the positive bias MPI-ESM-HR. 

 

Figure 3.16 : The monthly mean total precipitation for each dataset at the TSMS 
stations for E4 elevation category. 

Similar to the E4 station points, at E3 stations between 1500-2000 m elevation, the 

WRFCP has a positive bias of monthly precipitation totals in winter and spring months 

for most stations, as shown in Figure 3.17. Still, the WRFCP corrects MPI-ESM-HR 

outputs in summer for 18525 station, and in spring, summer, and autumn for 18376 
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and 17688 stations. For 18194, 17786, and 17840 stations, both MPI-ESM-HR and 

WRFCP agree with the station observations. 

 

Figure 3.17 : The monthly mean total precipitation for each dataset at the TSMS 
stations for E3 elevation category. 

In the E2 stations between 1000-1500 m elevation, the results are shown in Figure 

3.18. The WRFCP is close to the observations for 18179, 17747, and 17846 stations 

but has a positive bias in winter and spring for other stations. For the low-elevation E1 

stations from 0 to 1000 m, MPI-ESM-HR and WRFCP are generally close to the 

station observations and reference datasets, as shown in Figure 3.19. 
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Figure 3.18 : The monthly mean total precipitation for each dataset at the TSMS 
stations for E2 elevation category. 

 

Figure 3.19 : The monthly mean total precipitation for each dataset at the TSMS 
stations for E1 elevation category. 

The RMSE of monthly total precipitation climatologies for WRFCP, MPI-ESM-HR, 

and reference datasets comparing with the station observations are given in Table 3.5. 
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In 11 stations, WRFCP has a lower RMSE compared to MPI-ESM-HR, but it has a 

higher RMSE compared to reference datasets for all stations. 

Table 3.5 : The monthly mean total precipitaton RMSE for each dataset at the 
selected TSMS station observation points. 

Station ID 
WRFCP 

RMSE (mm) 
MPIESMHR 
RMSE (mm) 

ERA5LAND 
RMSE (mm) 

MSWEP 
RMSE (mm) 

CHIRPS 
RMSE (mm) 

18584 44.26 37.43 42.86 39.89 40.73 

18715 131.57 76.5 64.08 38.18 82.73 

18732 130.24 79.38 98.44 66.99 52.66 

18149 86.68 36.59 42.36 48.83 45.65 

18730 189.07 90.12 77.55 43.51 44 

17692 19.24 20.71 18 22.24 12.89 

18174 124.3 56.17 26.11 31.83 34.79 

18378 25.38 24.25 30.92 35.28 39.28 

18525 69.03 55.34 69.77 61.26 48.18 

18674 71.75 44.98 44.19 24.9 27.34 

18376 26.98 38.8 37.53 23.81 37.27 

18904 102.91 60.77 27.41 15.74 18.66 

17676 86.27 74.55 54.66 75.48 78.47 

18177 41.19 35.08 27.69 16.45 17.07 

18194 24.1 13.18 61.03 30.04 26.15 

18349 58.48 41.06 27.87 36.04 54.95 

18669 108.5 45.93 31.53 47.18 39.18 

17786 15.3 19 9.72 13.11 15.97 

17840 17.35 22.01 10.73 9.46 7.41 

17688 22.36 62.52 33.63 10.34 10.89 

18707 72.75 47.15 46.53 21.29 25.55 

17713 147.12 46.67 105.1 34.71 80.29 

18179 44.07 36.24 35.95 44.8 42.82 

18075 48.12 88.73 21.97 19.96 22.69 

17747 18.4 25.36 8.93 5.87 5.39 

17018 83.05 59.62 14.83 27.68 17.8 

17756 42.45 43.66 7.28 10.61 12.28 

17846 25.87 25.12 10.98 25.98 12.69 

18518 68.69 28.04 28.89 18.45 21.75 

17808 28.44 41.59 31.18 16.16 16.22 

18162 42.29 52.73 22.93 42.2 42.72 

18135 59.14 14.5 22.71 27.43 21.67 

18597 45.88 24.04 21.4 25.55 24 

18511 40.7 24.71 15.59 16.24 12.63 

18102 51.79 45.31 23.85 32.8 32.22 

18437 26.38 26.01 23.54 21.19 20.97 

17024 42.05 53.04 20.31 22.13 16.46 
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3.2.2 Validation of daily precipitation extremes 

In order to evaluate the model performance for daily precipitation extremes, we 

compared the daily maximum precipitation amount of each dataset, as shown in Figure 

3.20. The analyses indicate that WRFCP gives better daily maximum precipitation 

amount estimates than MPI-ESM-HR, especially over mountainous areas, compared 

to reference datasets. In particular, WRFCP is closely in agreement with high-

resolution CHIPRS estimates over the Black Sea coast of Turkey, Eastern Anatolia, 

and the Caucasus. 

 

Figure 3.20 : The maximum daily total precipitation of each dataset between 2005-
2014. 

Moreover, we compared the daily precipitation probabilities of WRFCP, MPI-ESM-

HR, and MSWEP with the station observations. Figure 3.21, Figure 3.22, Figure 3.23, 

and Figure 3.24 show daily precipitation probabilities for E4, E3, E2, and E1 stations, 

respectively. Although WRFCP has a general positive bias for monthly total 

precipitations, it better represents the daily precipitation probabilities compared to 

MPI-ESM-HR. Furthermore, for most stations, the daily precipitation probabilities of 

WRFCP are closer to the observations compared to MPI-ESM-HR and MSWEP for 

daily precipitation values above 50 mm/day, which can be considered extreme 

precipitation. In particular, this is more pronounced for high-elevation E4 stations, for 

example, 18732 and 18149 stations. 
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Figure 3.21 : The daily total precipitation probabilities of WRFCP (red), MPI-ESM-
HR (green), and MSWEP (yellow) at the TSMS stations for E4 elevation 
category. 

 

Figure 3.22 : The daily total precipitation probabilities of WRFCP (red), MPI-ESM-
HR (green), and MSWEP (yellow) at the TSMS stations for E3 elevation 
category. 
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Figure 3.23 : The daily total precipitation probabilities of WRFCP (red), MPI-ESM-
HR (green), and MSWEP (yellow) at the TSMS stations for E2 elevation 
category. 

 

Figure 3.24 : The daily total precipitation probabilities of WRFCP (red), MPI-ESM-
HR (green), and MSWEP (yellow) at the TSMS stations for E1 elevation 
category. 
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Furthermore, as an extreme indicator, we calculated daily extreme precipitation 

thresholds as the 90th, the 99th, and the 99.9th percentiles for each dataset between 

2005-2014 and gave the results in Figure 3.25. We found that WRFCP has higher daily 

extreme precipitation thresholds and these values are closer to the reference datasets 

compared to MPI-ESM-HR outputs. In particular, WRFCP is in significant agreement 

with CHIRPS and substantially improves the MPI-ESM-HR outputs for the 99th and 

the 99.9th percentiles over mountainous areas. 

 

Figure 3.25 : The daily extreme precipitation thresholds as the 90th (a-e), the 99th (f-
j), and the 99.9th (k-o) percentiles of each dataset between 2005-2014. 

3.2.3 Comparison of subregional 3-hourly precipitation probabilities 

In addition to seasonal and daily comparisons, we compared 3-hourly MPI-ESM-HR 

and WRFCP precipitation outputs with 3-hourly MSWEP precipitation for each 

subregion of the BSA. We calculated 3-hourly precipitation probabilities for all grids 

points and timesteps within the regions and showed the results in Figure 3.26. In 

general, MPI-ESM-HR follows the density curve of MSWEP until around 12 mm/3hr 

precipitation amount, but for higher values, it gives lower probabilities compared to 

MSWEP and lacks in the representation of extreme precipitation values. On the other 

hand, although WRFCP exhibits a positive bias, it is in agreement with the density 

curve of MSWEP. In particular, WRFCP densities are very close to MSWEP densities 

for TR83, TR90, TRA1, and TRA2 subregions over the northeast and the Eastern 

Black Sea region of Turkey. 
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Figure 3.26 : The 3-hourly precipitation probabilites of MPI-ESH-HR (green), 
WRFCP (red), and MSWEP (purple) in each subregion. 

To summarise, although the WRFCP has regional and seasonal biases compared to 

reference datasets and station observations, it significantly improves the daily and sub-

daily precipitation amounts compared to MPI-ESM-HR. These results highlight the 

added value of our high-resolution convection-permitting simulation over the complex 

topography compared to a low-resolution GCM in the representation of precipitation. 
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4.  RESULTS OF FUTURE CLIMATE SIMULATION 

In this section, we examined the changes in the temperature and precipitation over the 

BSA for the 2061-2070 period and discussed possible reasons for the changes. 

4.1 Changes in Temperature 

4.1.1 Seasonal mean temperature changes 

The future change of the daily mean 2m air temperature (Tmean) for each season and 

the confidence level of the change based on Welch’s t-test are given in Figure 4.1 and 

Figure 4.2, respectively. The results show that the seasonal mean temperature increases 

in spring, summer, and autumn at a 99% confidence level across the area of interest. 

In the spring, this warming is by 2-2.5°C over most of the simulation domain. 

Especially the warming rate over the mountainous Eastern Anatolia region of Turkey 

reaches up to 3°C. Furthermore, the most pronounced warming occurs in summer, 

exceeding 3°C over a broad part of the Anatolian Peninsula, the Balkans, and a part of 

Ukraine and Russia. In the autumn, the mean temperature increases between 1.5-3°C, 

and the warming rate is higher over the east of the BSA. 

The temperature changes are related to changes in the surface energy budget, which is 

directly affected by the cloud cover. Therefore, we analysed future changes of the low-

, mid-, and high-level cloud covers and showed the results in Figure 4.3. The results 

indicate that the Tmean does not change significantly in winter. This can be related to 

the increase in the low-level clouds in winter suppressing the warming over a broad 

part of the BSA. Even there is a local cooling signal of about 0.75°C over Georgia and 

the south of Russia, where the low-level cloud cover increases by about 8%. 
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Figure 4.1 : The future change of 2m air temperature for all seasons. 

 

Figure 4.2 : The confidence level of future change of 2m air temperature. 
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Figure 4.3 : The future change of the seasonal mean high- (a-d), mid- (e-h), and low-
level (i-l) cloud cover. 

Nonetheless, there is regional warming of about 1°C in winter over the higher 

elevations of Bulgaria, Romania, Moldova, and Turkey. This warming can be 

explained by the change in the surface albedo, which triggers a feedback mechanism. 

Figure 4.4 shows the change in the seasonal mean surface albedo. In winter, the mean 

surface albedo decreases by about 6% over the Carpathians and Eastern Anatolia. 

Moreover, the most pronounced decrease in the mean surface albedo occurs in spring 

by more than 10% over the mountains of Eastern Anatolia, where the most significant 

warming is in the same season over the BSA. These high-elevated regions are snow-

covered areas in winter and spring, and future warming can cause a reduction in the 

snow cover leading to a decrease in the surface albedo. The albedo decrease further 

increases the shortwave radiation absorption and causes additional warming over these 

regions. Besides, the warming of the higher elevations, particularly the mountains of 

Eastern Anatolia, can cause hydrological impacts in the future because the snow melt 

over these regions is the source of many river systems, including the Euphrates and 

the Tigris Rivers. 
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Figure 4.4 : The future change of the seasonal mean surface albedo. 

Moreover, we calculated changes in the seasonal mean SST over the Black Sea and 

showed the results in Figure 4.5. In the winter, a broad part of the Black Sea warms by 

0.5-1°C. Furthermore, the highest warming rate is between 1-1.5°C and occurs over 

the central and eastern Black Sea coast of Turkey. In the spring, the mean SST 

increases by about 1°C across the Black Sea. In the summer, the highest warming rates 

exceeding 2°C are over the western and central parts of the Black Sea. The warming 

rate over the eastern Black Sea is between 1.5-2°C. In the autumn, the warming of the 

SST is around 1.5°C across the Black Sea. 

 

Figure 4.5 : The  seasonal SST change for 2061-2070. 
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4.1.2 Future temperature extremes 

In addition to the mean temperature changes, we also analysed future changes of Tmin 

and Tmax. Figure 4.6 shows the future change of seasonal mean Tmin. In the winter, 

there is significant warming over the mountains of Eastern Anatolia and the 

Carpathians between 1-1.5°C. Similarly, in the spring, the warming rate over the same 

region in addition to the Caucasus exceeds 3°C. In the summer, the increase in the 

Tmin is around 2.5°C across the domain. For the autumn, the change of the Tmin point 

outs a 2°C warming over the area of interest. 

 

Figure 4.6 : The future change of mean 2m minimum air temperature for all seasons. 

Figure 4.7 shows the future change of seasonal mean Tmax. The results show that 

there is a significant cooling in winter over the south of Russia by around 1.5°C. On 

the other hand, in the spring, there is a warming by about 2.5°C across the BSA and, 

in particular, exceeds 3°C over Eastern Anatolia. The highest increase in the Tmax is 

in the summer, reaching up to 3°C over a broad part of the simulation domain. In the 

autumn, while the increase of the Tmax is around 1.5°C over the west of the domain, 

it exceeds 2.5°C over the eastern part of the study area. 
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Figure 4.7 : The future change of mean 2m maximum air temperature for all seasons. 

We also calculated seasonal changes in the diurnal temperature range (DTR) and 

showed the results in Figure 4.8. The analyses indicate that the DTR decreases by 

about 1°C in the winter over Eastern Anatolia. In the spring, while the DTR decreases 

over the northeast of Turkey and the Caucasus by around 0.75°C, it increases over a 

part of Central Anatolia and Crimea. In the summer, there is a noticeable increase in 

the DTR over the northwest of Turkey, Bulgaria, Romania, and Crimea. Specifically, 

the increase in the DTR is more than 1°C over a broad part of Bulgaria and the South 

Marmara Region of Turkey. In the autumn, the DTR increases between 0.5-1°C over 

a part of Central and Eastern Anatolia, Georgia, and the south of Russia. 
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Figure 4.8 : The future change of diurnal temperature range for all seasons. 

Given the significant increase in the Tmax in the future, we calculated seasonal 

changes in the fraction of the very warm days index (TX90P), as shown in Figure 4.9, 

based on the 90th percentile of the daily maximum temperatures in the reference 

period. The results show that the TX90P increases by about 10% over a broad part of 

the BSA. The highest increase of TX90P, reaching up to 12%, occurs over the west of 

the study area. In particular, this increase exceeds 13% over the south of Istanbul. 

 

Figure 4.9 : The percent change in the very warm days index between 2061-2070. 
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4.2 Changes in Precipitation 

4.2.1 Seasonal precipitation changes 

The future change of seasonal total precipitation and the significance level of the 

change are given in Figure 4.10 and Figure 4.11, respectively. In the winter, the most 

significant change in the total precipitation is over the eastern coast of the Black Sea 

and Georgia and is around 3 mm/day, at least at a 95% confidence level. In particular, 

the increasing rate reaches up to 4 mm/day over the Kaçkar Mountains in the Eastern 

Black Sea region of Turkey at a 99% confidence level. In the spring, there is a domain-

wide reduction in the total precipitation at a rate of about 2 mm/day. This change is 

statistically significant at a 99% confidence level over the central part of the Black Sea 

region of Turkey and the western coast of the Azov Sea. In the summer, the total 

precipitation rate decreases only about 1 mm/day and is significant over the west coast 

of the Black Sea, the Marmara Region of Turkey, except for Istanbul, and a part of 

Western Anatolia. In autumn, although there is a precipitation increase of about 1 

mm/day over the Black Sea coast of Turkey, these changes are statistically 

insignificant. 

 

Figure 4.10 : The future change of seasonal total precipitation. 
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Figure 4.11 : The confidence level of future change of seasonal precipitation. 

Furthermore, Figure 4.12 shows the change in the number of wet days (>1 mm/day 

precipitation) in a season per year. In the winter, in line with the precipitation increase, 

the number of wet days rises in the future over a broad part of the Black Sea Basin. In 

particular, this increase is of about 8 days per year over the coastal areas of Turkey 

and Georgia. On the other hand, in spring and autumn, the number of wet days 

decreases across the BSA locally by up to 10 days per year because of the drying in 

these seasons. In the autumn, the number of wet days does not change significantly. 
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Figure 4.12 : The future change of the seasonal number of wet days per year. 

The significant precipitation increase in winter over the Eastern Black Sea region can 

be related to the intensified moisture supply due to the increased evaporation. To this 

end, we analysed the change in surface evaporation in winter. Moreover, we examined 

the mean 850 hPa wind to reveal the mean flow in order to gain insight into the 

moisture transport at the lower troposphere. Figure 4.13 shows the change in winter 

total surface evaporation and the winter climatological mean of 850 hPa level wind 

vectors for the 2061-2070 period over the Eastern Black Sea region. The results 

highlight that the total surface evaporation increases by about 15% in winter over the 

southeast of the Black Sea. This intensification is due to the pronounced warming of 

the SST in winter over the same area (Figure 4.5). We also analysed changes in the U 

and V components of the mean 850 wind and showed the results in Figure 4.14. We 

found a strengthening in the U component and a weakening in the V component of the 

mean 850 hPa wind over the southeast of the Black Sea. Thus, the enhanced westerly 

mean 850 hPa flow at the lower troposphere carries the additional moisture input to 

the eastern coast of the Black Sea and results in an enhancement in the precipitation 

over this area. Furthermore, the weakening of the southerly flow at the 850 hPa level 



63 

increases the moisture content over the coastal regions of Turkey, which in turn 

intensifies the precipitation induced by the orographic forcing. 

 

Figure 4.13 : The future winter mean of 850 hPa wind (vectors) and the future change 
of surface evaporation (shaded). 

 

Figure 4.14 : The future change of the winter mean U and V components of 850 hPa 
wind. 

4.2.2 Future precipitation extremes 

In addition to changes in the mean climate, extreme precipitation analyses are also 

crucial because of the environmental and societal impacts. Therefore, we carried out 
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analyses to investigate future precipitation extremes. Figure 4.15 shows the maximum 

daily total precipitation amounts for 2005-2014 and 2061-2070 periods. The results 

indicate that the maximum daily precipitation amount increases in the future compared 

to the 2005-2014 period over the parts of the Marmara Region, the coastal areas of 

Turkey, and the Caucasus. In particular, the maximum values exceed 225 mm over the 

Central Black Sea region of Turkey and 350 mm over the Black Sea coast of the 

Marmara Region and over the Caucasus. 

 

Figure 4.15 : The maximum daily precipitation for 2005-2014 (a) and 2061-2070 (b) 
periods. 

To emphasize the daily precipitation intensification, we calculated percent changes in 

the number of very wet and extremely wet days based on the 90th and 99th percentile 

reference period thresholds, respectively, the changes in the R90P and R99P days 

indices. Figure 4.16 shows the change in the R90P days. The results show that the 

percentage of very wet days increases over a broad part of the Black Sea coast of 

Turkey and Georgia by around 3%. Moreover, as shown in Figure 4.17, R99P days 

increase by about 1% over the mountainous areas of the Eastern Black Sea region of 

Turkey and parts of Georgia. 
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Figure 4.16 : The future change of the very wet days index. 

 

Figure 4.17 : The future change of the extremely wet days index. 
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To point out the shifting towards higher daily precipitation amounts, we calculated 

changes in the daily extreme precipitation thresholds as 90th, 99th, and 99.9th 

percentiles, as shown in Figure 4.18. Three of the percentiles shifts toward higher 

values in the future across the area of interest. In particular, this shift exceeds 18 mm 

for 99th and 99.9th percentiles over the higher elevations of the Eastern Black Sea 

region of Turkey and Georgia. 

 

Figure 4.18 : The future change of the daily extreme precipitation thresholds. 

4.2.2.1 Subregional analyses 

In addition to domain-wide extreme precipitation analyses, we examined daily 

precipitation amounts on wet days for each subregion using all grid points and 

timesteps. Figure 4.19 shows reference and future period daily precipitation 

probabilities, the thresholds as 90th, 99th, and 99.9th percentiles, and maximum daily 

precipitation between 2061-2070 in the subregions. In accordance with the domain-

wide analyses, there is a shift towards higher daily precipitation amounts in most 

subregions, especially after the 99.9th percentile. In particular, the increasing signal is 

more pronounced in the coastal regions such as BG34, DON, GEO, TR42, TR81, 

TR82, TR83, and TR90, with the indication of shifting in the thresholds toward higher 

values and estimation of maximum daily precipitation amounts reaching above 250 

mm/day.
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The daily analyses highlight the intensification of future precipitation, especially over 

the coastal areas. Therefore, as a detailed analysis, we analysed changes in the hourly 

precipitation probabilities in wet hours (>0.1 mm/hour precipitation) for the coastal 

subregions. The hourly precipitation probabilities for reference and future periods, 

along with 99.9th and 99.99th percentiles, and the maximum hourly precipitation 

amount in the 2061-2070 period in coastal subregions are given in Figure 4.20. The 

most pronounced increase in the hourly precipitation probabilities and shifting of the 

percentiles toward higher values are in the BG33, DON, GEO, KBN, TR42, TR82, 

TR83, and TR90 subregions, most of which are located in the Black Sea coast of 

Turkey and the east coast the Black Sea. Also, in these regions, maximum hourly 

precipitation amounts increase up to 100 mm/hour. 

 

Figure 4.20 : The hourly precipitation probabilities for 2005-2014 (blue) and 2061-
2070 (red) periods in coastal subregions. 

Given the significant increase in the higher values of daily and sub-daily precipitation 

amounts, we analysed the diurnal cycle of precipitation for each season to highlight 

the intensification of future sub-daily precipitation in the coastal subregions. Figure 

4.21 shows the diurnal precipitation cycle in winter for these subregions. Among the 

subregions, while GEO and TR90 in the eastern Black Sea part of the domain exhibit 

an increase in hourly precipitation, DNB, DNP, and KBN show a decrease for the 24 

hours of the day. Furthermore, in the TR10 and TR42 subregions, while daytime 
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hourly precipitation amounts decrease, evening-time and night-time precipitation 

amounts increase in the future. 

 

Figure 4.21 : Diurnal precipitation cycle based on mean hourly data over the coastal 
subregions for the reference and the future periods (winter). 

For the spring, as shown in Figure 4.22, there is a reduction in the hourly precipitation 

amounts in most subregions, except in DON and KBN. In the DON and KBN 

subregions, there is an intensification of afternoon precipitation. 
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Figure 4.22 : Diurnal precipitation cycle based on mean hourly data over the coastal 
subregions for the reference and the future periods (spring). 

In the summer, there is a significant decrease in the sub-daily precipitation over all 

coastal subregions, as shown in Figure 4.23. In particular, the BG33, BG34, TR21, 

TR42, TR81, and TR82 subregions exhibit a more pronounced reduction in the 

afternoon precipitation. Figure 4.21 shows the diurnal precipitation cycle in autumn. 

In the autumn, the afternoon precipitation increases in the TR81, TR82, and TR90 

subregions of Turkey. Moreover, the noon precipitation intensifies in the TR10 

(Istanbul) subregion. 
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Figure 4.23 : Diurnal precipitation cycle based on mean hourly data over the coastal 
subregions for the reference and the future periods (summer). 

 

Figure 4.24 : Diurnal precipitation cycle based on mean hourly data over the coastal 
subregions for the reference and the future periods (autumn). 
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5.  CONCLUSIONS AND RECOMMENDATIONS 

The GCMs are the primary tools for global climate change studies. The RCMs, on the 

other hand, provide more detailed and physically more reliable regional climate 

information compared to GCMs because of their higher resolution. The recent RCMs 

are run at grid spacings of less or equal to 4 km, so-called the CPMs. In this study, we 

performed historical (2005-2014) and future (2061-2070) convection-permitting 

climate simulations forced with CMIP6-based SSP3-7.0 scenario produced by last 

generation MPI-ESM-HR GCM over the Black Sea Basin. First, we evaluated the 

historical simulation outputs using high-resolution gridded observational and 

reanalysis datasets and station observations. Following that, we examined the future 

changes in the climate of the Black Sea Basin. The main findings of the study are listed 

as follows: 

 For the mean seasonal Tmax, WRFCP has a negative bias in winter and spring, 

especially over mountainous regions, and a positive bias of around 3°C in 

summer and autumn across the study area. Compared with the gridded datasets, 

part of these biases can be related to data production methods, i.e., reanalysis 

from a dynamic model or observation-based gridded data. For the mean 

seasonal Tmin, WRFCP has a positive bias of around 4°C in all seasons over 

the simulation domain. On the other hand, station-based analyses highlighted 

that WRFCP significantly improves the low-resolution MPI-ESM-HR outputs 

by reducing the monthly mean Tmax and Tmin biases and capturing the annual 

cycle. 

 For the precipitation outputs, WRFCP has a positive bias of about 6 mm/day 

in winter over mountainous areas due to the positive bias of MPI-ESM-HR. 

The station-based analyses support this finding. In particular, WRFCP and 

MPI-ESM-HR have a positive bias in winter and spring at high-elevation 

station points. 

 Although WRFCP has seasonal total precipitation biases, it significantly 

improves the daily precipitation amounts compared to MPI-ESM-HR outputs. 
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Compared with the station observations and MSWEP, the daily precipitation 

probabilities of WRFCP are closer to the observations than one of the MPI-

ESM-HR outputs. In particular, WRFCP is superior to MPI-ESM-HR for high 

amounts of daily precipitation exceeding 50 mm at high-elevation station 

points. Moreover, subregional analyses indicate that WRFCP provides better 

estimations of 3-hourly precipitation probabilities for extreme precipitation 

values than MPI-ESM-HR when compared to MSWEP, especially over the 

northeast of Turkey and the Eastern Black Sea region. 

 The future climate simulation results highlight that the Tmean, Tmin and Tmax 

increase in spring, summer, and autumn in the future. In particular, the 

warming rate exceeds 3°C in the summer. In the winter, there is a suppression 

in the warming due to increased low- and mid-level cloud covers. However, 

there is regional warming over the Carpathians and Eastern Anatolia due to a 

reduction in the surface albedo, which may be related to the shrinking snow 

cover over these regions, triggering the warming. 

 In terms of extreme temperature, the DTR and TX90P increase in the future 

due to the increase in the Tmax especially over the west of the BSA and the 

northwest of Turkey. 

 In addition to air temperature, the SST across the Black Sea increases by about 

1.5°C in the future. In particular, the increase of the SST in summer reaches up 

to 2°C over the western and the central parts of the Black Sea. 

 In terms of precipitation, there is a significant increase in winter reaching up to 

3 mm/day over the Eastern Black Sea region. This precipitation increase is due 

to the 15% evaporation increase enhanced by the pronounced warming of the 

SST by about 1°C in winter over the same area. This additional moisture 

content in the lower troposphere is carried to the eastern coast by the 

strengthened mean westerly flow at 850 hPa level and leads to an increase in 

the precipitation. Furthermore, the weakened southerly flow at the same 

atmospheric level increases the moisture content over the coast of Turkey and 

increases the precipitation along with orographic forcing. On the other hand, 

the total precipitation amount decreases in spring and summer over the Black 

Sea Basin. 
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 The daily precipitation analyses indicate that extreme precipitation events 

increase over the area of interest. According to the subregional analyses, the 

most pronounced increase occurs in the coastal regions of the Black Sea Basin, 

where the daily precipitation amount reaches 350 mm in the future. Moreover, 

the daily extreme precipitation thresholds of the 90th, 99th, and 99.9th 

percentiles shift toward higher values, and the increase of the percentage of 

very wet days reaches 3% over the northeast of Turkey and Georgia. 

Furthermore, sub-daily precipitation analyses indicate that the hourly 

precipitation amounts exceed 100 mm in most subregions. In particular, in the 

autumn, there is an intensification in the afternoon precipitation, especially 

over the coastal regions of Turkey. 

This study highlighted the added value of a high-resolution CPM in representing 

temperature and precipitation over the complex topography of the Black Sea Basin. 

Moreover, the significant warming of this region and the increase in daily and sub-

daily precipitation amounts can increase human exposure to extreme climatic 

conditions. Therefore, future impact assessment studies over this region would be 

beneficial in developing mitigation and adaptation strategies for climate change. To 

this end, in future studies, high-resolution convection-permitting simulations can be 

performed for different future periods under different GHG emissions scenarios. 

Moreover, ensemble convection-permitting climate simulations forced with different 

GCMs would be beneficial to enhance our understanding of the future climate over the 

Black Sea Basin. 
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