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ABSTRACT

THE ANALYSIS OF CURRENT AND FUTURE CLIMATE PROJECTIONS
OF TURKIYE AND THE LARGE-SCALE EASTERN MEDITERRANEAN
BLACK SEA REGION IN THE COARSE AND HIGH RESOLUTIONS

Bagcaci, Soner Cagatay
Doctor of Philosophy, Civil Engineering
Supervisor : Prof. Dr. Ismail Yiicel

March 2023, 116 pages

This thesis mainly focuses on climatic change over Tiirkiye and the Eastern
Mediterranean Black Sea (EMBS) region with three-legged studies utilizing cutting-
edge global climate models (GCMs) and reanalysis. The first study unfolds the future
projections of Tiirkiye under the medium and high emission scenarios by the latest
Coupled Model Intercomparison Project Phase 6 (CMIP6) GCMs. The second study
conducts sensitivity tests with a 60-model physics combination of the Weather
Research and Forecasting (WRF) model over Tiirkiye for 2020. The final study
utilizes the Pseudo Global Warming (PGW) approach to dynamically downscale the
CMIP6 GCMs ensemble under the high-emission range to a high resolution (4 km)
over the EMBS. The main findings show that winter precipitation is expected to
decrease over Tiirkiye's southwest and increase over Tiirkiye's northeast, all of which
are statistically significant under both scenarios. On the other hand, convectivity
caused by warmer projections under the high-emission scenario partly offset summer
precipitation decrease over Tiirkiye. The daily precipitation correlation values are
between 0.5 and 0.65 in the sensitivity study, which range was improved in the long-

term simulations. The WRF model perfectly captured the winter and spring



precipitation anomalies and large-scale low-level circulation anomalies over the
EMBS in whole seasons. The heat-low development in summer and its trace in fall
were also generally well captured by WRF. However, the main contradiction appears
especially in summer precipitation anomalies over the Caucasus and nearby regions,
which was discussed with the additional simulation by reasoning the sea-surface

temperature anomalies of the Caspian Sea.

Keywords: Coupled Model Intercomparison Project Phase 6, Global Climate Model,
Eastern Mediterranean Black Sea Region, Pseudo Global Warming, Weather

Research and Forecast Model
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0z

TURKIYE VE GENiS OLCEKTE DOGU AKDENiZ KARADENIZ
BOLGESININ KABA VE YUKSEK COZUNURULUKLERDEKI MEVCUT
VE GELECEK iKLiM PROJEKSIYONLARININ ANALIZI

Bagcaci, Soner Cagatay
Doktora, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Ismail Yiicel

Mart 2023, 116 sayfa

Bu tez temel olarak, son teknoloji kiiresel iklim modelleri (GCM'ler) ve yeniden
analiz verileri kullanan {i¢ ayakli ¢calismalarla Tiirkiye ve Dogu Akdeniz Karadeniz
(EMBS) bélgesindeki iklim degisikligine odaklanmaktadir. Ilk alisma, en son ¢ikan
Akuple Model Karsilastirma Projesi Asama 6 (CMIP6) GCM'lerinin orta ve yiiksek
emisyon senaryolar altinda Tiirkiye'ye yonelik gelecek projeksiyonlarini goézler
oniine sermektedir. Ikinci galisma, Hava Durumu Arastirma ve Tahmin (WRF)
modelinin 60 fizik kombinasyonunun 2020 yili igin Tiirkiye iizerinde
kullanilmasiyla gergeklestirilmistir. Son c¢alisma, yiiksek emisyon Senaryosu
altindaki CMIP6 GCM'ler toplulugunu EMBS bélgesinde yliksek ¢oziiniirliige (4
km) dinamik olarak ¢ikarmak ic¢in Sozde Kiiresel Isinma (PGW) yaklagimini
kullanir. Temel bulgular, her iki senaryo altinda istatistiksel anlamli olarak
Tiirkiye'nin glineybati kesiminde kis yagislarinin azalmasini, kuzeydogu kesiminde
ise artmasim1  Ongordiigiinii gostermektedir. Ote yandan, yiiksek emisyon
senaryosunda daha sicak projeksiyonlarinin neden oldugu konvektivite, Tiirkiye'deki
yaz yagis diistislerini kismen dengelemektedir. Duyarlilik ¢alismasinda giinliik yagis

korelasyon degerleri 0,5 ile 0,65 arasindadir ve bu aralik uzun déneme ait gegmise
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yonelik simiilasyonlarda gelistirilmistir. WRF modeli, EMBS bdlgesindeki kis ve
ilkbahar yagis anomalilerini ve tiim mevsimlerde biiyiik 6l¢ekli diisiik seviyeli
sirkiilasyon anormalliklerini miitkemmel bir sekilde yakalamistir. Yazin termal-algak
gelisimi ve bunun sonbahardaki izi de genellikle WRF tarafindan iyi bir sekilde
yakalanmigtir. Ancak asil c¢eliski, 6zellikle Kafkasya ve yakin bolgelerdeki yaz
yagist anomalilerinde ortaya ¢ikmakta ve bu durum Hazar Denizi'nin deniz-yiizey

sicaklik anomalileri gerekcelendirilerek ek simiilasyon yardimiyla tartigilmaktadir.

Anahtar Kelimeler: Akuple Model Karsilastirma Projesi Asama 6, Kiiresel iklim
Modeli, Dogu Akdeniz Karadeniz Bolgesi, S6zde Kiiresel Isinma, Hava Durumu

Arastirma ve Tahmin Modeli

viii



To the ambiguous meaning of life



ACKNOWLEDGMENTS

First and foremost, | would like to express my sincere thanks to my supervisor
Prof. Dr Ismail Yiicel, and my thesis monitoring committee member Assoc. Prof. Dr
Mustafa Tugrul Yilmaz, for not only paving the way for me but also for trusting me
at critical moments. Prof. Dr ismail Yiicel patiently trained me in climate modelling
with his great fund of knowledge, which enabled me to grasp the literature and
contribute to it in this field. Assoc. Prof. Dr Mustafa Tugrul Yilmaz taught me a
lesson that any complex-apparent problem could be easily coded by concerning a
little bit with it.

I would like to thank Prof. Dr Nermin Sarlak for encouraging me to do a PhD at
Middle East Technical University and become a well-educated academician. | also
would like to thank Prof. Dr Omer Liitfi Sen, whom I look up to, for his contributions

throughout my PhD studies.

| would like to give special thanks to the Turkish High Performance and Grid
Computing Center (TUBITAK ULAKBIM) and its referred National e-Science e-
Infrastructure (TRUBA) unit in collaboration with the EURO-CC project. Their
support was invaluable in terms of not only providing us national HPC facilities but
also helping us when running into a problem. | also would like to appreciate the
World Climate Research Programme and its operation team on coupled modelling,
arranging and supporting CMIP6. | also appreciate the climate modelling teams
around the world for ensuring and presenting their outputs openly, the Earth System
Grid Federation (ESGF) for archiving the data and maintaining accession, and the
several funding agencies, that promote CMIP6 and ESGF. Finally, | am grateful to
the Turkish General Directorate of Meteorology for enabling us to ensure accession
to meteorological data along Tiirkiye and the World Meteorological Organization

for the data outside Tiirkiye.



TABLE OF CONTENTS

ABSTRACT ettt sttt sre e b ne e e e Y
0 )7/78 OO URRURTTTON vii
ACKNOWLEDGMENTS ...ttt X
TABLE OF CONTENTS ...t Xi
LIST OF TABLES. ... ..ottt Xiii
LIST OF FIGURES ...t Xiv
LIST OF ABBREVIATIONS ... .o XX
CHAPTERS

1 INTRODUCGTION ...ttt 1
1.1 INErOAUCTION ... 1
1.2 Significance Of the STUAY ..o 9
1.3 Objectives and scope of the StUdY..........cccoceririiiiinieee 10
1.4 Description of the thesSis ..o, 10
2 LITERATURE REVIEW ......ooiiiiii e 13
2.1 Studies conducted around TUrKIye .........ccooovviiiiiiiiii 13
2.2 Studies conducted around the WOrld............ccccooeiiiiieiniiiic e 16
2.21  WRF SENSItIVILY STUIES .....eoiveeieciiciiecc e 16
2.2.2  WRF GCM dynamic downscaling Studies...........ccccecvevveieeneiieiiesieenn 20
3 MATERIALS AND METHODS.........ooiiiiiie e 27
3.1 STUAY BIBA ...t 27
3.2 DALASELS ... 29
3.3 METNOAOIOGY ... v 33

Xi



3.3.1  Performance metrics for evaluation of the CMIP5 and CMIP6............... 33
3.3.2  Regional climate model (RCM): WRF ........c.ccoeiiiiiiecree e 34
3.3.3  WRF CONfIQUIALIONS ......ovveieciic e 37
3.3:4  PGWV PIOCESS ..evteieiiiiie it sitie sttt ettt sttt e e e e 39
3.3.5  Model verification with the PGW retrospective simulations.................... 41
4 RESULTS .ttt 43
4.1 Results of the GCM evaluation and future projections............cc.ccecvevenene. 43
4.1.1 Validation of ERAS temperature and precipitation...........cc.ccoevvvvivenennen, 43
4.1.2  Performance assessment of the CMIP5 and CMIPG .............ccoccevivinnnee, 45
4.1.3  Biases in the ensemble means of the CMIP5 and CMIPG...............c.c.c..... 47
4.1.4  FULUIE PrOJECTIONS ... .iiiiiiiiieiieieie ettt ettt 49
4.1.4.1 PreCipitation ......ccoveiiiiieiie e 49
4.1.4.2 Near-surface temMpPerature ...........ccoovveieeiieieere e 52
4.1.4.3 Assessment of the annual Changes ..........ccceeveveiieie i 54
4.2 Results of the sensitivity of the WRF physics parameterizations ............. 60
4.3 Results of the PGW-based dynamic downscaling.............ccccoovevveveinenenn 62
4.3 1 ValidatiON ..o 62
4.3.2  Seasonal precipitation ChANGE ..........ccoceiiriiiiinicee e, 65
4.3.3  “Dynamic” and “thermodynamical” factors..........ccccevvvrieririinieciinicnnnn 69
4.3.4  Additional SIMUatioN ..........cooiiiiiiii e 80
5 DISCUSSION ..t 89
6 CONGCLUSION ...ttt sttt e e nnee s 95
REFERENGCES ...ttt bbbt e e snee s 97
CURRICULUM VITAE .ottt sttt nnee s 115

Xii



LIST OF TABLES

TABLES

Table 3.1 Ensemble members, data availability, and spatial resolutions of CMIP5
GCMs employed in the study. Checkmarks for future simulations indicate at least
one of RCPs (Baggaci et al., 2021). ...cccoiiiiiiiiiiiiiiiieriie e 30
Table 3.2 Ensemble members, data availability, and spatial resolutions of CMIP6
GCMs employed in the study. Checkmarks for future simulations indicate at least

one of SSPs (Bagcaci et al., 2021). ....cociiiiiiiiiiiiiiiie i 31
Table 3.3 Ensemble members, variant label (ens. used), and horizontal resolutions of
CMIP6 GCMs used in the PGW-based dynamic downscaling study..................... 33

Table 3.4 Mandatory data fields in the PGW perturbation to force RCM (WRF). 40
Table 4.1 Annual means and standard deviations of precipitation simulations of the
best-performing available CMIP6 GCMs and their counterparts in the CMIP5 for
Tiirkiye based on the RCP8.5 and SSP5-8.5. In the table, statistically significant
anomalies at the p=0.05 level are expressed with bold characters (Baggaci et al.,
2021). 1ottt £ttt E e R e b bt ne bt et et nre s 58
Table 4.2 Annual means and standard deviations of the near-surface temperature
simulations of the best-performing available CMIP6 GCMs and their counterparts in
CMIPS for Tiirkiye based on the RCP8.5 and SSP5-8.5. All the near-surface
temperature anomalies in CMIP5 and CMIP6 GCMs are statistically significant at

the p=0.05 level (Baggaci et al., 2021). ...cccooeiiiieieieie e 60
Table 4.3 SST availability across the CMIP6 GCMs. Cnbu refers to “could not be
LS O OO PP PP 81

Xiii



LIST OF FIGURES
FIGURES

Figure 3.1. Study area (EMBS) elevation map. The first two studies, i.e., GCMs
evaluation and their future projections and WRF sensitivity tests were conducted
focusing the central Tiirkiye domain. The third study, i.e., PGW-based dynamic
downscaling, was performed over the whole domain presented in the figure. ....... 28

Figure 3.2. The data consistency/availability throughout the validation period of the

FIFST STUAY ..ttt re et neenre s 29
Figure 3.3. The summary flowchart of the WRF modelling ..........c.ccooovviiiinn, 36
Figure 3.4. WRF physics parameterizations interactions. We adapted this figure
directly from Skamarock et al. (2019)........ccceoieiiieiicicceereee e 36
Figure 3.5. The PGW methodology flowchart ...........cccoeiiiiiniiiiecen, 41

Figure 4.1. Comparison of the ERAS reanalysis and station a) monthly precipitation,
b) monthly mean precipitation, ¢) monthly near-surface temperature, d) monthly
mean near-surface temperature. The related statistics are given in the figure, and

more detailed information can be found in the original article of Bagcaci et al. (2021).

Figure 4.2. Comparison of the best four- and worst four-performing CMIP6 and
CMIP5 GCMs with ERAS for precipitation (Baggaci et al., 2021). .......cccovviiennnn 46
Figure 4.3. Comparison of the best four- and worst four-performing CMIP6 and
CMIP5 GCMs with ERAS for near-surface temperature (Baggaci et al., 2021).....47
Figure 4.4. The mean biases in a) near-surface temperature and b) precipitation. The
CMIP5 is in the first and CMIP6 in the second rows. The ensemble members are
regridded to the coarsest-resolution GCM’s horizontal resolution, and then seasonal
means are taken in the historical periods of the CMIP5 and CMIP6 individually
(Baggaci et al., 2021). ...ccovviiiiiieeee s 48
Figure 4.5. SSP2-4.5 precipitation anomaly a) in the near b) medium c) long terms.
In the figure, statistically significant changes at the p=0.05 level are expressed with

the hatched rasters (Baggaci et al., 2021). ....ccoveiiiiiiiiiiiiieeeee e 51

Xiv



Figure 4.6. SSP5-8.5 precipitation anomaly a) in the short b) medium c) long terms.
In the figure, statistically significant changes at the p=0.05 level are expressed with
the hatched rasters (Baggaci et al., 2021)......cceiieiiiiriiiieiieeee e e 52
Figure 4.7. SSP2-4.5 near-surface temperature anomaly a) in the short b) medium c)
long terms. All the near-surface temperature anomalies in the SSP2-4.5 and SSP5-
8.5 are statistically significant at the p=0.05 level; thus, no hatching is drawn for the
clarity (Baggaci et al., 2021). .oocuiiiiiiiieiii et 53
Figure 4.8. SSP5-8.5 near-surface temperature anomaly a) in the short b) medium c)
long terms. All the near-surface temperature anomalies in the SSP2-4.5 and SSP5-
8.5 are statistically significant at the p=0.05 level; thus, no hatching is drawn for the
clarity (Baggaci et al., 2021). .oooueiiiiiiieiie e 54
Figure 4.9. Comparison of the precipitation and near-surface temperature anomalies
acquired from CMIP5 and CMIP6 under the highest-emission scenarios over
Tiirkiye on an annual basis (Baggaci et al., 2021). .....cocoviiiiiieniiiiceeceeseee 56
Figure 4.10. The daily mean precipitation statistics of the ground observations and
60 WRF configurations. The first box denotes station statistics. The dashed line
belongs to the median value of the stations. The mean values of the boxes are shown

with red points, and the median values are shown with the black lines in the boxes.

Figure 4.11. The WRF simulations configurations-wide precipitation statistics. The
daily precipitation correlations (the left axis with the light pink box) and RMSEs (the
right axis with the turquoise box). The black points denote the mean values of the
correlations and RIMISE. .........ooviiriieiece e 62
Figure 4.12. The WRF simulations precipitation statistics: a) The monthly
precipitation correlation (the left axis with the blue lines) and RMSE (the right axis
with the red lines). The solid line denotes the WRF-ground observation statistics,
dashed line denotes the WRF-GPCC statistics, dot dashed line denotes WRF-GPCC
HOAPS statistics, and dotted line denotes WRF-EOBS statistics. b) As in a, but for

daily precipitation statistics between WRF and ground observations. ¢) The spatial

XV



daily precipitation correlations between WRF and ground observations for 1995-
2014 in Tiirkiye domain. d) As in c, but for the wet season (NDJFM).................. 64
Figure 4.13. The WRF simulations near-surface temperature statistics: The daily and
monthly correlation (the left axis with the blue lines) and the daily and monthly
RMSE (the right axis with the red lines). The solid line denotes the daily WRF-
ground observation statistics, dashed line denotes the monthly WRF-CRU statistics,
dot dashed line denotes the daily WRF-EOBS statistics, and dotted line denotes the
monthly WRF-ground observation StatiStiCs. ...........cuviiriiienenciescse e 65
Figure 4.14. The seasonal precipitation change (in the units of mm) between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble. The statistically significant changes at p <0.05 level
AIE NALCNEU. ... 66
Figure 4.15. The seasonal precipitation change between 1995-2014 and the
corresponding pseudo future period in the units of mm obtained from the WRF
simulations for the EMBS dOMaiN. ........ccccoiiiiiiiiiieiice e 67
Figure 4.16. The large-scale low-level (850 hPa) circulation (winds as vectors) and
SLP (shadings) change signal of the PGW forcing between 2071-2100 (future SSP5-
8.5 scenario) and 1985-2014 (historical) retrieved from 13 CMIP6 GCM model
ensemble. The wind vectors are in the units of m/s and sea-level pressure is in the
units of pascal. The reference vector is presented in the upper left. .........ccccoeene. 69
Figure 4.17. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change between 1995-2014 and the corresponding pseudo future period
for each season obtained from the WRF simulations for the EMBS domain. The wind
vectors are in the units of m/s and sea-level pressure is in the units of pascal. The
reference vector is presented in the upper left. ..., 70
Figure 4.18. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change signal of the PGW forcing between 2071-2100 (future SSP5-8.5
scenario) and 1985-2014 (historical) retrieved from 13 CMIP6 GCM model

ensemble for the extended EMBS domain. The wind vectors are in the units of m/s

XVi



and sea-level pressure is in the units of pascal. The reference vector is presented in
the UPPET LETL. ..o e 71
Figure 4.19. The near-surface (at 10-meter for the winds and 2-meter for the specific
humidity) wind pattern (vectors) and specific humidity (shadings) change between
1995-2014 and the corresponding pseudo future period for each season obtained
from the WRF simulations for the EMBS domain. The wind vectors are in the units
of m/s and specific humidity in the units of g/kg. The reference vector is presented
IN TN UPPET TETL. ..o 73
Figure 4.20. The low-level (850 hPa) specific humidity change between 1995-2014
and the corresponding pseudo future period in the units of g/kg for each season
obtained from the WRF simulations for the EMBS domain............ccccccevenvnnnnne. 73
Figure 4.21. The vertical pressure velocity (omega) change between 1995-2014 and
the corresponding pseudo future period in the units of hPa/hr for each season
obtained from the WRF simulations for the EMBS domain. The omega changes are
presented in 200 hPa (in the top), 500 hPa (in the middle), and 850 hPa (in the
DOttOM) PreSSUre IBVEIS. .......cvoeei e 74
Figure 4.22. The near-surface temperature (at the top) and dew-point depression (at
the bottom) change between 1995-2014 and the corresponding pseudo future period
in the units of °C for each season obtained from the WRF simulations for the EMBS
domain. The dew-point depression was averaged with the values between the near-
surface and 700 hPa pressure 1eVEL .........cceiveiieicieeceee e 74
Figure 4.23. The near-surface temperature change signal of the PGW forcing
between 2071-2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved
from 13 CMIP6 GCM model ensemble for the extended EMBS domain in the units
o) OSSPSR 75
Figure 4.24. The vertical pressure velocity (omega) change signal between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble for the extended EMBS domain in the units of hPa/hr.
It should be noted that legend is one-tenth of the WRF simulations. ..................... 75

Xvii



Figure 4.25. The specific humidity change signal of the PGW forcing between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble for the extended EMBS domain in the units of g/kg.
The first row shows the near-surface (at 2m) changes, and the second row shows the
low-level (at 850 hPa) ChANQES.........ccoveieeiiiiereee e e 76
Figure 4.26. The long-term (between 2071-2100 (future SSP5-8.5 scenario) and
1985-2014 (historical) periods) seasonal mean warming differences: a) between sea-
surface temperature and skin temperature of all available GCMs, b) between three
GCMs (CMCC-CM2-SR5, CMCC-ESM2, HadGEM3-GC31-MM) SST and all
available GCM ensemble SST (three GCMs SST increase minus full ensemble SST
increase). The coastal regions exhibit a blocky cooler appearance due to the bilinear
interpolation process from coarse to fine resolution. It was avoided in the
interpolation step of the WRF-PreproCess. ........ccccvvveieeieiiieiiese e 82
Figure 4.27. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change between 1995-2004 and the corresponding pseudo future period
for each season obtained from the WRF simulations for the Caucasus and nearby
regions. The wind vectors are in the units of m/s and sea-level pressure is in the units
of pascal. The reference vector is presented in the upper left. ... 83
Figure 4.28. The near-surface temperature (at the top) and dew-point depression (at
the bottom) change between 1995-2004 and the corresponding pseudo future period
in the units of °C for each season obtained from the WRF simulations for the
Caucasus and nearby regions. The dew-point depression is averaged with the values
between the near-surface and 700 hPa pressure level. ..., 84
Figure 4.29. The vertical pressure velocity (omega) change between 1995-2004 and
the corresponding pseudo future period in the units of hPa/hr for each season
obtained from the WRF simulations for the Caucasus and nearby regions. The omega
changes are presented in 200 hPa (in the top), 500 hPa (in the middle), and 850 hPa
(in the bottom) Pressure 1VEIS. ........ooiiiiieieece s 84
Figure 4.30. The near-surface (2-meter; at the top) and low-level (850 hPa; at the
bottom) specific humidity change between 1995-2004 and the corresponding pseudo

XViil



future period in the units of g/kg for each season obtained from the WRF simulations
for the Caucasus and nNearby regions. ........cccveiveieiieeie e 85
Figure 4.31. The seasonal precipitation change between 1995-2004 and the
corresponding pseudo future period in the units of mm obtained from the WRF

simulations for the Caucasus and nearby regions. ..........cccvvevvevesieeseesesee e 85

XiX



ABBREVIATIONS

ACM?2

ARG

AWOS

CFSR

CMIP

CONF

CPC

CRU

EA/WR

ECMWF

ECS

EMBS

DECK

ENSO

FNL

GCM

GDM

GFS

LIST OF ABBREVIATIONS

Asymmetric Convective Model with non-local upward

mixing and local downward mixing

IPCC Assessment Report 6

Automated Weather observation systems

Climate Forecast System Reanalysis

Coupled Model Intercomparison Project
Configuration

Climate Prediction Centre

Climatic Research Unit

Eastern Atlantic-Western Russia teleconnection
European Centre for Medium-Range Weather Forecasts
Equilibrium climate sensitivity

Eastern Mediterranean Black Sea Region

Diagnostic, Evaluation and Characterization of Klima
El Nifio/Southern Oscillation

Final Global Analysis

Global climate/circulation model

General Directorate of Meteorology

Global Forecast System

XX



GHG

GPCP

GPS

KGE

LCC

MAE

MD

MME

MMEA

MODIS

MORRISON2

MPE

MR

MYJ

NAO

NCAR

NRMSE

NWP

PBL

PGW

RCM

RCP

Greenhouse gases

Global Precipitation Climatology Project
Global positioning system

Kling-Gupta efficiency

Lamber conformal conic

Mean absolute error

Modified index of agreement
Multi-model ensemble

Multi-model ensemble average
Moderate Resolution Imaging Spectroradiometer
Morrison double-moment

Multi-sensor Precipitation Estimates
Comprehensive Rating Metric
Mellor-Yamada-Janjic

North Atlantic Oscillation

National Center for Atmospheric Research
Normalized root mean square error
Numerical weather prediction

Planetary boundary layer

Pseudo Global Warming

Regional Climate Model

Representative Concentration Pathways

XXi



RMSE

RRTMG

ScenarioMIP

SEa

SEp

SE;

SLP

SNAO

SPAEF

SSP

SST

UNEP

uU10

V10

VTABLE

WEHY

WPS

WRF

WSM6

YSU

Root mean square error

Rapid Radiative Transfer Model
Scenario Model Intercomparison Project
Standard error of interception

Standard error of slope

Residual standard error

Sea-level pressure

Summer North Atlantic Oscillation
Spatial Efficiency

Shared Socioeconomic Pathways
Sea-surface temperature

United Nations Environment Programme
Eastward wind component at 10-meter
Northward wind component at 10-meter
Variable table

Watershed Environment Hydrology Model
WREF preprocessing system

Weather Research and Forecasting
WREF-Single-Moment 6-Class

Yonsei University

xXii



CHAPTER 1

INTRODUCTION

1.1 Introduction

The Coupled Model Intercomparison Project is recently in the sixth phase
(CMIP6), which presents a set of build-ups on its predecessor (CMIP5) primarily in
the sense of distribution of the radiative forcing elements stemming from the natural
or anthropogenic processes (Eyring et al., 2016; Stouffer et al., 2017; Wyser et al.,
2020). Accordingly, quantification of greenhouse gases (GHG), presentment of
aerosol forcing (containing optical features) and land-use alterations, all of which are
used in forcing to models, show variation with the CMIP6 (Eyring et al., 2016;
Wyser et al., 2020). The CMIP6 models can be divided into two main groups: 1) The
Diagnostic, Evaluation and Characterization of Klima (DECK) and historical
simulation experiments, which are common and mandatory for model providers; 2)
CMIP-Endorsed Model Intercomparison Projects (MIPS) in coordination with
DECK and historical simulations (Eyring et al., 2016). The Scenario Model
Intercomparison Project (ScenarioMIP) is among the major actions within the MIPs,
which is operated by latest emission and land-use scenarios beneath latest
circumstances of social progress, namely the Shared Socioeconomic Pathways
(SSPs) (O’Neill et al., 2016). The CMIP6 SSPs follow the latest emission tendencies,
updating their equivalent in CMIP5 (the Representative Concentration Pathways,
RCPs) (O’Neill et al., 2016; Baggaci et al., 2021).

On the other hand, a set of CMIP6 models exhibit more equilibrium climate
sensitivity (ECS), which is described as the worldwide mean temperature increase
response when the world’s climate system hits the equilibrium phase by doubling
CO2 (Stouffer et al., 2017; Grose et al., 2020). Even though the CMIP5 and CMIP6

GCMs are nominally forced by the identical radiation beneath the equivalent



scenarios, the CMIP6 present more ECS and warmer projections through the end of
this century than the CMIP5 (Grose et al., 2020; Wyser et al., 2020). Wyser et al.
(2020) analyzed the reason and stated that weights and dispersions of prescribed
GHG are fundamental factors in the warmer projection for the EC-Earth3-Veg GCM.
Concerning the latest circumstances of GHGs in CMIP6 and aerosol-cloud
interplays, the more resistant cloud feedback may be the underlying factor of warmer
projections and more ECS (Eyring et al., 2016; Gettelman et al., 2019; Forster et al.,
2020; Grose et al., 2020). Sellar et al. (2020) remarked that inconsistency between
the model thermodynamics and prescribed ozone exists in the GCMs which do not
handle ozone simulations interactively. They added that, in this way, the ECS
estimation might be impressed by %10. In regional aspects, future projections would
not be the same even though an equal amount of radiative forcing is present in RCPs
and SSPs equivalents since RCPs were developed based on the former conditions
(van Vuuren et al., 2011; O’Neill et al., 2016; Bagcaci et al., 2021).

Due to its expected high response to the increasing radiative forcing associated
with GHG emission scenarios, the Mediterranean region is one of the main climate
change hotspots (Giorgi, 2006). A sharp decrease in mean precipitation and an
increase in variability (tending to show more extremes) concomitant with increasing
temperatures make the region vulnerable to natural disasters, i.e., floods,
desertification, and wildfires. Recent studies have shown that the Eastern
Mediterranean Black Sea (EMBS; here, we define between ~ 22-53 °E and 33-45
°N) region's southern and western parts are among the hotspot's most seriously
affected areas (Yilmaz and Yazicigil, 2011; Barcikowska et al., 2018; Tuel and
Eltahir, 2020). The region is highly populated, and people here rely upon the water
resources on-the-spot in drinking water, agriculture, and industry. On the other hand,
the northeastern EMBS has high annual precipitation totals, and an expected increase
in the amount and extremes may amplify existing flood risks (Baggaci et al., 2021).
In the east, the climatic change effects even now felt are expected to alter the
snowmelt runoff timings of the Euphrates—Tigris basin, which has two main snow-

fed transboundary rivers supplying southeastern Tiirkiye, Syria, and Iraq (Sen et al.,



2011; Yucel et al., 2015). An increase in temperature and a decrease in precipitation
over the upstream highland areas cause shrinkage in snow cover area and snow water
equivalent, ultimately resulting in earlier snowmelt and a decrease in annual runoff
totals (Bozkurt and Sen, 2013). It is vital for the water-stressed people living already
in civil war conditions like in Syria (Tuel and Eltahir, 2020). All these make the
EMBS's current and future climate scientifically attractive, which needs to be
investigated with state-of-the-art tools focusing on the most recent global climate
models (GCMs) involving their dynamically downscaled and high-resolution
projections. The spring and fall seasons are transitional between winter and summer
over the EMBS, i.e., fall season months show late summer and the spring season
shows late winter features (Lionello et al., 2006); therefore, the summer and winter
climatology will be sketched out in the following.

The summer (JJA) climatology over the EMBS is mainly driven by stabilizing
effect of the cold air advection by low level consistent northerly flow, i.e., Etesians
and adiabatic warming of mid and upper tropospheric subsidence winds (Ziv et al.,
2004; Poupkou et al., 2011; Tyrlis and Lelieveld, 2013; Barcikowska et al., 2019).
The former is characterized by the large-scale sea-level pressure dipole between
Middle East and the central and southeastern Europe (Anagnostopoulou et al., 2014).
The resulting low-level circulations intersect over the Aegean Sea with the
funnelling effect and strengthen by mid and upper-tropospheric subsidence (Rodwell
and Hoskins, 2001; Barcikowska et al., 2019). The latter is part of the Indian summer
monsoon desert mechanism (Rodwell and Hoskins, 1996; Barcikowska et al., 2019),
suppressing precipitation with a strong ridge over the western EMBS, including most
Anatolian plateau. However, the Northeastern Anatolia and the Caucasus
mountainous regions and their Black Sea coasts (in the northeastern EMBS) are
located in a buffer zone of the subsidence with a weak ascent at the mid (500 hPa)
troposphere level (Simpson et al., 2015). Unlike the typical Mediterranean climate,
these regions are all-year rainy and show smoothed seasonality. Barcikowska et al.
(2019) investigated the effect of summer season surface warming on the local

circulation over the region encompassing EMBS by comparing 300 warmest and



coolest events. They showed that surface warming leads to mid-tropospheric
subsidence development over the northeastern Anatolia and the Caucasus, which
wipe the buffer zone out suggested by Simpson et al. (2015). According to the
authors, surface warming also leads to deepening heat low over the Eastern
Mediterranean and Arabian Peninsula. Meanwhile, enhanced sea level pressure over
the Balkans and the Black Sea suppresses relative humidity and precipitation over
those regions. However, they did not focus on sea-surface temperature and did
employ a relatively low-resolution model (GFDL CM2.5 with approximately 50 km
horizontal resolution), which are obstructive to gain comprehensive insight on
complex terrain induced precipitation over the regions mentioned above. The authors
also underline that surface warming overcomes the counterbalancing effects of
Etesians and a teleconnection, summer North Atlantic Oscillation (SNAO), over the
EMBS. Therefore, the local circulation response of the EMBS region to the thermal
originating “dipole-like” formation mentioned above needs to be further investigated

with a fine-scale climate model.

In winter (DJF) or the wet season (NDJFM), the North Atlantic Oscillation (NAO),
El Nifio/Southern Oscillation (ENSO), Eastern Atlantic-Western Russia (EA/WR)
teleconnections, and a remote link between East Asian and Mediterranean troughs
affect the climate regime of the EMBS (Kadioglu et al., 1999; Kutiel and Benaroch,
2002; Xoplaki, 2002; Alpert et al., 2006; Trigo et al., 2006; Duzenli et al., 2018; Sen
et al., 2019; Tuel and Eltahir, 2020). The NAO is the most studied and well-
documented for the Mediterranean winter climate. The large-scale seesaw in the
atmospheric mass between Iceland’s low and Azores’ high, the NAO, determines the
direction of the prevailing wind patterns over the EMBS. The increased (decreased)
Iceland pressure leads to the southwesterlies (northeasterlies) that moisten (dry) the
western and southern parts of the region with ascending (descending) warm (cold)
air (Eshel and Farrell, 2000; Xoplaki et al., 2004; Tiirkes and Erlat, 2006). In a
changing climate, the expected northward shift of the mid-latitude storm track and
the intensification of the NAO associated with its positive phase favour the

anomalous ridge over the Mediterranean and dry the western and southern EMBS by



the northeasterlies (Ulbrich et al., 2006; Giorgi and Lionello, 2008; Barcikowska et
al., 2018; Tuel and Eltahir, 2020; Baggaci et al., 2021). Therefore, the new conditions
of the North Atlantic synoptic systems are expected to suppress cyclogenesis, thus
precipitation over the region, which hosts one of the three most cyclone-active seas
in the Mediterranean, i.e., the Aegean Sea (Trigo et al., 2002; Lionello et al., 2006;
Tuel and Eltahir, 2020). Such conditions do not seem to decrease precipitation but
rather further increase existing heavy rains over the northern and northeastern
EMBS, which hosts another of the most cyclone-active seas, the Black Sea. (Trigo
et al., 2002; Lionello et al., 2006; Sen et al., 2015; Barcikowska et al., 2018). The
frequent cyclones are triggered here in association with the vorticity advection from
a westerly positioned upper trough (Mastrantonas et al., 2021). The prevailing wind
patterns favour the upslope lifting towards the region’s steep orography (Onol,
2012). However, Tuel and Eltahir (2020) have shown that a decrease in the land-sea
temperature contrast, expected with the high emission scenario, may produce an
anticyclone and suppress precipitation over the region. Apart from regional impacts,
the thermodynamic contribution to cyclones can be higher than the dynamical and
may also reflect the changes in the lifecycle and/or invigorating cyclones through
latent heating. Despite the controversy, the authors agree that one needs to employ
high-resolution climate models to simulate this picture adequately. The studies
mentioned above investigating the current and future climate of the EMBS have used

no finer than 27 km horizontal resolution.

There is a number of GCMs released with the latest CMIP6, some of which have
been designated with the higher horizontal resolutions and number of vertical levels
than counterpart GCMs in CMIP5 (i.e. IPSL-CM5A-LR has 3.8x1.9 horizontal
resolution and 39 vertical levels in CMIP5 while IPSL-CM6A-LR has 2.5x1.3
horizontal resolution and 79 vertical layers) (Boucher et al., 2020). Nevertheless,
CMIP6 GCMs still have coarse resolutions (no finer than 50 km and most of them
under 100 km nominal resolution) to simulate cloud formation, soil moisture
exchange, and convection and orography induced processes which are key

components in the basin-scale hydrologic cycles (Gorguner et al., 2019). Therefore,



downscaling GCMs with appropriate methods, such as dynamic or statistical, is
required. The statistical downscaling method is based on the transfer function, which
associates the regional observations with GCM outputs and uses this relation for the
future climate projections (Fujihara et al., 2008; Guo et al., 2018; Gorguner et al.,
2019; Garrido et al., 2020). Although the statistical downscaling method is
computationally cheap, stationary climate assumption and the absence of physical
rules weaken the method (Fujihara et al., 2008; Guo et al., 2018; Gorguner et al.,
2019). On the other hand, a dynamic downscaling method with RCMs is developed
in a similar model physical dynamic structure of the parent GCMs and the method
enables resolving small scale process such as orographic precipitation (Fujihara et
al., 2008; Guo et al., 2018; Garrido et al., 2020). It provides a non-stationary explicit
solution to obtain high-resolution climate data with a physically and dynamically

coherent way (Fujihara et al., 2008; Gorguner et al., 2019).

However, the dynamically downscaling process of GCMs is computationally
expensive; thus, one may need to reduce multi-model ensemble size by evaluating
the performances of GCMs or having other sampling strategies avoiding to eliminate
individual GCMs (McSweeney et al., 2015; Ahmed et al., 2019). This is a hard
challenge in climate modelling studies since a set of uncertainties accompany by
GCMs such as natural variability of the climate system, emission scenario extents
and model discrepancies (i.e., model physics parameterization) between CMIP
GCMs (Overland et al., 2011). McSweeney et al. (2015) argued that elimination of
poorly performing GCMs and selection of those that are highly performing
problematic since one cannot be sure whether poorly performing models will be
failed at the future projections (see also Knutti, 2010; Knutti and Sedlacek, 2013).
On the other hand, from the Bayesian approach, a poorly performing model in the
historical period has less chance to be successful in the future period; but, the
likelihood of success of highly performing models in the past is more (Overland et
al., 2011). However, the authors agreed that selection method is more reasonable in
particular regions and approaches in the case that critical features of model behaviour

can be recognized and evaluated (Overland et al., 2011; McSweeney et al., 2012).



To avoid limiting the number of GCM s as far as uncertainty concerned, one may
employ the pseudo global warming method (PGW). The PGW has recently been
used in various dynamically downscaling studies, increasing the number of GCMs
in a computationally efficient manner (Fujihara et al., 2008; Lauer et al., 2013;
Dutheil et al., 2020; Hunt et al., 2020; Yu et al., 2020). At its simplest, the method
computes monthly averages of the mean differences between future and current
climate data of GCMs and adds them on present-day forcing data (the process is also
called perturbing present-day forcing data) (Fujihara et al., 2008). Therefore, it
extends the GCM pool easier than individually dynamic downscaling, thus reducing
uncertainties by taking climate change signals from different GCM sources. It can
be generalized that there are two major advantages and one major disadvantage with
the PGW approach against individually dynamic downscaling of GCMs. As
mentioned before, the first advantage is that the PGW approach is computationally
cheap and allows one to consider sizeable individual GCM projections, thus reducing
uncertainties by giving more extensive climate estimates over the region of interest
(Fujihara et al., 2008; Lauer et al., 2013; Hunt et al., 2020). The second one is that
the PGW approach is based on perturbing the present climate data with the climate
change signals from employed GCMs and downscaling those perturbed data;
therefore, the bias correction in GCM boundary conditions is unnecessary (Lauer et
al., 2013; Dutheil et al., 2020; Hunt et al., 2020). The disadvantage is that the PGW
approach does not consider the nonlinear relations between the local weather patterns
and variabilities (such as mesoscale circulations and interannual variability) and
climate change, leaving boundary conditions unchanged (Lauer et al., 2013; Yu et
al., 2020). Because of similar reasons, Rasmussen et al. (2011) attributed their PGW-
based study as an “imposed” warming analysis rather than robust scenario-based

climate change analysis (Yu et al., 2020).

Before starting any dynamical downscaling study with a regional climate model
(RCM, herein Weather Research and Forecasting model, WRF), the optimal model
configuration should be ensured based on the observations to specify credibility of

the model (Argiieso et al., 2011; Flaounas et al., 2011). The model configuration



includes selecting some physical parameterization schemes in a combinational
manner. It helps to understand how sensitive physical options is to the region of
interest and which physical mechanisms dominate the others. It can provide a basis
for long-term climate change studies (Flaounas et al., 2011; Meyer and Jin, 2017;
Gorguner and Kavvas, 2020). However, it is somewhat tricky since the similar
argument from McSweeney et al. (2015) can be mounted here: how can one be sure
that today’s atmospheric physics options are valid in the future? The best thing to do
here is to extend the simulation period as much as possible to introduce various
regional climate conditions to the model (Flaounas et al., 2011; Klein et al., 2015).
Similar to the downscaling of GCM-scale simulations, some uncertainties come from
“imperfect” forcing and reference datasets (Flaounas et al., 2013; Klein et al., 2015).
The downscaling resolution is also a source of some uncertainties, especially whether
convection parameterization is used; however, more information will be provided in

the “Review of the Literature” section to keep it concise.

In consideration of the novelties of CMIP6 (Annan et al., 2020), it is important
to reevaluate the most likely exposed regions to the climate change effects, such as
the EMBS, by centring the Tiirkiye domain. Specifically, Tiirkiye is situated in the
Mediterranean macroclimatic region of the subtropical zone (Patrick, 2017). The
United Nations Environment Program (UNEP) set forth that desertification threatens
Tiirkiye on a large scale with high potential, and its impacts are already felt there
(Pinkerton and Rom, 2014). The future climate projections obtained from former
versions of the CMIP6 (i.e., CMIP3 and CMIP5) show that the situation would
become harder with boosted warm and dry circumstances over Tiirkiye and the
EMBS on a larger scale (Ulbrich et al., 2006; Onol and Semazzi, 2009; Ozturk et al.,
2015; Demircan et al., 2017; Barcikowska et al., 2019; Tuel and Eltahir, 2020;
Baggaci et al., 2021). The significance of this thesis is further explained in the next

section.



1.2 Significance of the study

Anthropogenic climate change is a nonhomogeneous nature response to human-
induced activities such as GHGs emissions and land-use changes. Therefore,
alongside the natural climate variability, these human-induced activities should be
well represented to obtain credible projections, especially in hot spots like the
Mediterranean. It is important to see whether these hot spots would remain human-
habitable regions from the socioeconomical and climatological perspective (i.e.,
water scarcity, economic loss, weather extremes, natural hazards) since human
migration movements might become highly dependent on climate change. There is
a scarce number of studies in the literature tackling the climate change projections
for Tiirkiye and large-scale EMBS. Besides, most of these studies utilize the former
version of the CMIPs in which recent emission trends and land-use changes are not
updated according to the latest conditions. This thesis fills the gap in the literature,
focusing on the latest CMIP6 GCMs both in the coarse-resolution and fine-resolution

scales.

The possible improvements of the CMIP6 over its predecessor CMIP5 are
investigated in a comprehensive performance comparison study (Baggaci et al.,
2021), which is made for the first time over the Tiirkiye domain to our knowledge.
This study is also prominent through including recent GHGs emission-based future
projections for Tiirkiye under medium and high-range scenarios, SSP2-4.5 and
SSP5-8.5. The second study of this thesis also has novel features, especially for the
Tiirkiye domain. A large number of RCM physics options are tested over the country
through dynamic downscaling of the state-of-the-art ERAS reanalysis as a parent
model. The outputs of the second study (the best-performing configurations time and
region-specific) are very precious not only for long-term climate simulations but also
for short-term weather forecasts. The final study forms the backbone of the thesis, in
which the highest-resolution climate simulations so far (to our knowledge) are run
with an RCM over the EMBS where Tiirkiye is centred. This study also contains the
firsts from other perspectives as the dynamic downscaling of the CMIP6 GCM



ensemble (it is also one of the first studies around the world) for the future period

and dynamic downscaling of the ERAS reanalysis for the retrospective period.

1.3

14

Objectives and scope of the study

The main objectives and scope of this dissertation can be summarized as below:

Specifying performance amelioration of the CMIP6 GCMs according to
the CMIP5 GCMs over the Tiirkiye domain, using the large-size model
pools.

Revealing performance ranks of the CMIP6 GCMs in simulating
precipitation and near-surface temperature through temporal and spatial
metrics.

Projecting future climate and exhibiting statistically significant changes
over the Tiirkiye domain under the medium (SSP2-4.5) and high (SSP5-
8.5) emission ranges in a coarse resolution.

Performing a WRF sensitivity analysis with the ERAS reanalysis forcing
dataset to obtain optimal model configuration considering the relatively
long period, the year 2020.

Obtaining a high-resolution retrospective climate dataset (with the 6-hour
boundary update and hourly high-resolution, 4 km, output) with the WRF
model.

Obtaining ensemble-based high-resolution future climate projections
over the large-scale EMBS relied on the CMIP6 SSP5-8.5 scenario in the
context of PGW (the performance rankings of the first study are also
considered when composing a GCM ensemble to be dynamically

downscaled).

Description of the thesis

This thesis composes three-legged interrelating studies:
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The first study investigates the performance of the latest CMIP6 GCMs in
simulating monthly near-surface temperature and precipitation for the Tirkiye
domain compared to their former counterparts (CMIP5 GCMs). A large GCMs pool
was utilized to conduct this comparative performance analysis, i.e., 36 CMIP5
GCMs and 33 CMIP6 GCMs. Secondly, the four best-performing CMIP6 GCMs
were selected for forming an ensemble. The climatic change signals over Tiirkiye
under the medium (SSP2-4.5) and high (SSP5-8.5) emission scenarios were assessed
by taking multiyear seasonal mean differences of the ensembles between the three
future periods (2030-2050, 2050-2070, and 2070-2100) and the baseline period
(1995-2014). The extreme tendencies of the variables were also assessed for both
CMIP GCMs comparatively. The first study was published in the Atmospheric
Research Journal in 2021 (Baggaci et al., 2021).

The second study performs a WRF sensitivity analysis with the ERA5 reanalysis
forcing dataset to obtain optimal model physics configuration considering the
relatively long period. A total of 60 model physics of the microphysics, cumulus,
and planetary boundary layer schemes were employed in a combination manner over
the Tiirkiye domain in 2020. The optimal physics combination was used in the PGW-

based dynamic downscaling studies later on.

The final study carries out the PGW-based WRF dynamic downscaling over the
EMBS. The thirteen relatively high-resolution GCMs (including the best-performing
ones according to the first study) were employed in PGW-forcing dataset for the
future period based on the SSP5-8.5 emission scenario. The retrospective WRF

simulations were forced with the ERAS reanalysis data.
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CHAPTER 2

LITERATURE REVIEW

This section comprises the following subsections: “Studies conducted around
Tiirkiye”, and “Studies conducted around the world”. “Studies conducted around the
world” section divides into the flowing subsections: “WRF sensitivity studies” and
“WRF GCM downscaling studies”, while “Studies conducted around Tiirkiye” also

comprises such studies but not divided into the subsections.

2.1  Studies conducted around Tiirkiye

Fujihara et al. (2008) assessed hydro-climate change impacts over Seyhan Basin by
hydrology and reservoir models. They utilized the PGW approach in downscaling
NCEP/NCAR reanalysis data to 8.3-km horizontal resolution with the perturbation
of SRES A2 scenario simulations of two CMIP3 GCMs. Later on, they used the
downscaled data as input to the hydrology and reservoir models and developed a
water use scenario to examine water availability. According to the authors, the
basin's water resources would be sufficient if the water demand will not grow.
However, if the irrigation area grows, they expect water scarcity to occur in the

region.

Bozkurt et al. (2012) dynamically downscaled and evaluated three GCMs under
CMIP3 over the eastern Mediterranean and the Black Sea regions for 1961-1990.
They also downscaled NCEP/NCAR reanalysis data as a reference dataset in the
regional climate model evaluation. They employed the RegCM3 model to
dynamically downscale the reanalysis and GCMs to 27-km horizontal resolution and
evaluated downscaled-GCM with CRU and the Turkish State Meteorological

Service climate data. The authors stated that performance evaluation of the GCMs
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with their downscaled outputs would increase the reliability and fidelity of the
climate change projections on a regional basis. They concluded that all employed
GCMs are substantially capable of simulating winter precipitation and temperature,
while two of them show similar summer performance. They suggested downscaling
outcomes of ECHAMS5, CCSM3 and HadCM3 GCMs used in the study for future

climate change impact studies over the region.

Bozkurt and Sen (2013) conducted a hydro-climate change impact assessment study
over Euphrates-Tigris Basin, especially focusing on winter season changes between
2071-2099 and 1961-1990. They downscaled the scenario simulations of the
identical GCMs as in their previous study to the identical horizontal resolution
(Bozkurt et al., 2012). They projected a statistically significant increase in
temperature and a decrease in snow-water equivalent in the basin. Accordingly, they
predicted that surface runoff predates between 18 and 39 days in the headwaters of

the basin.

Yucel et al. (2015) evaluated ten flash flood events in the Western Black Sea Region
using the WRF-Hydro model. They obtained precipitation estimates from the
numerical weather prediction model (WRF) with and without data assimilation
(Yucel and Onen, 2014) and the EUMETSAT Multi-sensor Precipitation Estimates
(MPEs). They calibrated the WRF-Hydro model with two events and evaluated the
model performance with the remaining events. They found out that streamflow
simulations are improved with the WRF model simulations, more prominently with
the data assimilated one, due to their better representation of the storm precipitation
characteristics. They added that MPE-based streamflow simulations perform poorly
due to their dry bias in precipitation. As a result, they stated that calibrated WRF-
Hydro runoff simulations reduced RMSE by around %22 with the WRF precipitation
simulations. Further reduction in the RMSE was around %37 when used with the

data assimilated one.

Gorguner et al. (2019) explored the future climate change impacts on the water

resources in Gediz Basin by dynamically downscaling four CMIP5 GCMs with
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Weather Research and Forecasting model (WRF) and putting upon outputs of the
downscaled climate data as input to the Watershed Environmental Hydrology model
(WERY). They used the RCP4.5 and RCP8.5 scenarios of each four GCMs for future
projections. They claimed that the ensemble approach would enhance the credibility
of the future projections albeit not clarify why selected GCMs were preferred. They
found large inter-model variability between parent models (GCMs) affecting the
projected future inflows to the reservoir in the basin and concluded that the ensemble
average of the projected outputs shows an increase in annual average inflows with

decreasing trend throughout this century.

Gorguner and Kavvas (2020) further extended their study (Gorguner et al., 2019) to
investigate future changes in the reservoir-storage levels and water demands over the
Gediz Basin with a dynamic water balance model. They employed the outputs of
their RCM (WRF-downscaled) and hydrological model (WEHY) simulations
(Gorguner et al., 2019) as input to the dynamic water balance model. Besides, they
utilized the FAO56 Penman-Monteith method (Allen et al., 1998) to estimate crop
evapotranspiration and reservoir evaporation, which are the reservoir outflow
components. They expected that irrigation-based water demands in the region would
significantly increase, especially under the RCP8.5 scenario with a higher
evapotranspiration rate. The authors concluded that reservoir-storage levels would
not meet the irrigation requirements towards the end of this century, particularly in

summers taken as the irrigation season.

Duzenli et al. (2021) conducted a sensitivity analysis of WRF model
parameterization schemes and forcing datasets in reproducing eight distinct extreme
precipitation events over Tiirkiye's Eastern Black Sea and Mediterranean regions.
They used ERA5 and Global Forecast System (GFS) data as the initial and lateral
boundary conditions and downscaled them to 9 km and 3 km horizontal resolution
with two nested domains. According to certain performance criteria, the authors
selected sub-ensemble members and validated the model by four of eight events. As
a result, they stated that precipitation simulations in autumn are most sensitive to

microphysics schemes. They added that the planetary boundary layer and cumulus
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schemes mainly govern the precipitation events' timing and position. They found out
that downscaled GFS simulations outperform downscaled ERA5 simulations in the
Mediterranean region, while in the Eastern Black Sea region vice versa. The authors
concluded that improving the resolution of the ERAS5 reanalysis yielded better

estimates of the precipitation, especially in the rugged regions.

The studies referenced above focusing on long-term climate simulations have been
performed using previous versions of CMIP6 at a coarser resolution than the
convection-permitting scale (4 km) for the Tiirkiye domain. Those using higher
resolution have been conducted for short periods. This thesis provides long term very
high-resolution climate simulations not only for Tiirkiye but also for EMBS. Due to
these reasons, this thesis is a first in the literature in terms of providing long-term,
very high-resolution climate simulations dynamically downscaling the latest GCMs
not only for Tiirkiye but also for EMBS.

2.2 Studies conducted around the world

2.2.1 WREF sensitivity studies

Flaounas et al. (2011) analyzed the sensitivity of three convective parameterization
schemes and two planetary boundary layer schemes of the WRF model to simulate
the 2006 summer West African monsoon. They utilized final global analysis (FNL)
with 1° spatial resolution as the forcing dataset and downscaled it to 50 km horizontal
resolution, which was updated in six-hour intervals. They validated the optimal
model configuration according to ground observations, radiosondes, GPS stations,
and satellite data. The authors concluded that temperature, precipitation, and
humidity simulations have the highest sensitivity to the planetary boundary layer
scheme. On the other hand, the variability of the precipitation is mostly affected by
the convection parameterization scheme. Specifically, they suggested that the Kain-

Fritsch (in convection parameterization) and Mellor-Yamada-Janjic (in planetary
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boundary layer parameterization) schemes combinations due to their better

representation of the West African monsoon’s temporal variability.

Pohl et al. (2011) performed a comprehensive sensitivity analysis of the WRF model
parameters, including physical schemes, radiation and land surface schemes, and
lateral and vertical boundary conditions over Equatorial East Africa with 1999 data.
They have run the model for 58 different combination experiments in the four-set
and downscaled ERA-Interim and ERA40 reanalysis data to 36 km resolution parent
domain and later on 12 km resolution nested domain for each experiment. The
authors employed ground observations and Global Precipitation Climatology Project
(GPCP) datasets in the model configuration evaluation process. They found that
uncertainties arising from different WRF model configurations are more significant
than the biases. They concluded that precipitation simulations' accuracy is mainly
governed by short-wave radiation scheme and less affected by cloud microphysics

and planetary boundary layer schemes to a seasonal extent.

Argiieso et al. (2011) assessed the sensitivity of the cumulus, microphysics, and
planetary boundary schemes in combinations, over Andalusia. They forced the WRF
model by ERA-40 reanalysis data with six-hourly boundary conditions to obtain 10
km horizontal resolution climate data belonging to 1990-1999. The authors used
numerous ground observations both to assess the model sensitivity results and
climatically regionalize precipitation and temperature. They concluded that
precipitation simulations by WRF are highly sensitive to the planetary boundary
layer and cumulus schemes. In contrast, the microphysics scheme does not have a
remarkable effect on the precipitation simulations. On the other hand, they found
similar results in projecting temperature with all combinations; but, added that the
planetary boundary layer scheme selection affects minimum values. As a result, they
underlined that the WRF downscaling simulations on their own improve the climate

illustration of the region.

Li et al. (2014) explored the sensitivity of WRF model physical parameterization

schemes and downscaling resolutions, in simulating the southeastern United States
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summer rainfall. They selected 01 August 15, 2009, as a simulation period by
optimization criterion to reproduce long-term climatology over the region. The
authors employed climate forecast system reanalysis (CFSR) data with 0.5° spatial
and six-hour temporal resolutions and downscaled it to 3 km and 15 km for
convection-permitting and convection-parameterized experiments, respectively.
They utilized gridded observations of the climate prediction center (CPC) in
comparison and evaluation processes. They stated that WRF simulations are more
(less) affected by cumulus scheme parameterization (microphysics scheme
parameterization). Interestingly, they found out that convection-permitting
simulations do not significantly overperform convection-parameterization

simulations with the Zhang-McFarlane scheme.

Similar to Flaounas et al. (2011), Klein et al. (2015) investigated the sensitivity of
the three WRF model physical schemes over West African monsoon, but for the
1999 rainy season. They used three parameterizations for each scheme with the
ensemble and sub-ensemble approaches and forced the model by ERA-Interim
reanalysis data in six-hourly temporal and 0.75° horizontal resolution. The authors
employed satellite and observation data in the comparison and validation processes
of downscaled ERA-Interim data to 24 km horizontal resolution. In conclusion, they
propounded that microphysics and planetary boundary layer schemes mainly affect
the spread of total rainfall. They asserted that the more sophisticated microphysics
scheme causes higher precipitation due to enhanced latent heat release. On the other
hand, they added that the planetary boundary layer scheme governs the rainband

position, while the cumulus scheme governs the position of the extreme rainfall.

Karki et al. (2017) analyzed the performance of the convection-parameterized and
convection-permitting WRF simulations for a one-year experiment (between 2014
and 2015) over the central Himalayan region by downscaling ERA-Interim data to
25, 5, and 1 km horizontal resolution. They turned off the cumulus parameterization
scheme for 1 km, and 5 km resolution even though the latter falls into the gray zone
of the convection (Molinari and Dudek, 1992; Klein et al., 2015; Karki et al., 2017).
The authors mainly focused on the diurnal and seasonal pattern of precipitation
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(including monsoonal) and temperature over the region. According to the authors, 1-
km resolution simulations outperform the others in projecting monsoonal rainfall,
albeit all simulations overestimate western disturbances-induced rainfall over the
region. They stated that all simulations mostly project temperature well;
nevertheless, all have a cold (warm) bias in high (low) altitude regions. They added
that 1-km resolution simulations also outperform the others in reproducing seasonal

and diurnal precipitation patterns and their peak timings.

Posada-Marin et al. (2019) explored the sensitivity of the convective-parameterized
and convection-permitting simulations over the Colombian Andes. They downscaled
ERA-Interim data to 30 km and 10 km with two nested domains for the individual
ENSO phases between 1998-2012. They increased the resolution up to 3.3 km for
the 2009-2010 El Nifio event for convection-permitting simulations. The authors
employed ground and gridded observations to evaluate the model configuration
process; besides, they employed original ERA-Interim data (non-downscaled) to see
whether improvements exist in the downscaling process. The authors stated that
ERA-Interim reanalysis is incapable of reproducing precipitation and has positive
biases during the dry season of El-Nifio. They attributed that such incapability is due
to poor representation of the topography and can be eliminated with downscaling to
some degree. They also stated that low sensitivity exists in selecting the convection
parameterization scheme, and convection-permitting simulations improve the spatial

representation of the precipitation.

Kouadio et al. (2020) made a sensitivity analysis of the WRF model parameterization
schemes over the 2014 West African monsoon, mainly focusing on the Guinean
coast and vicinity regions. Differently from the previously referred papers dealing
with the West African monsoon, the authors also tested and compared convection-
permitting (downscaling up to 4 km horizontal resolution) and convection-
parameterized simulations. They utilized ERA-Interim reanalysis data in the two
nested domains where inner domains both have 4 km horizontal resolution while
outer domains have 20 and 24 km horizontal resolutions, in their two experiments.

Finally, they compared the fine-resolution outputs of WRF with ground
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observations, satellite, and reanalysis data. They concluded that convection-
permitting simulations mostly better represent extreme rainfall events over the
region than convective-parameterized simulations do. They added that the planetary
boundary layer scheme affects rainfall distribution more than the microphysics
scheme in convective-parameterized simulations; however, only one microphysics
scheme was tested. On the other hand, they remarked that both schemes have less

effect on the convection-permitting simulations.

The referred studies above have utilized former versions of the reanalysis as parent
models, which were upgraded at the time of progress. We have a better opportunity
to aim for higher resolutions in our dynamic downscaling studies with the help of
state-of-the-art supercomputers. Moreover, long-term, high-resolution sensitivity
studies have not been encountered for the Tiirkiye domain at the time of writing. To
our knowledge, the sensitivity tests within this thesis present very high resolution

and a large number of combinations of model physics for the first time for Tiirkiye.

2.2.2 WRF GCM dynamic downscaling studies

Lauer et al. (2013) conducted a comparative study with the PGW approach to
evaluate uncertainties between the average of individually downscaled climate
simulations perturbed by 10 CMIP5 GCMs and only one downscaled climate
simulation perturbed by multi-model ensemble of the same GCMs. Their study area
is the Hawaii region, and they used the Hawaii regional climate model, a specially
configured version of the WRF model to simulate the Hawaiian climate. They
improved resolution to 15 km and used RCP4.5 and RCP8.5 scenarios for future
simulations. As a result, they stated that despite the higher intermodel variability in
simulating precipitation changes and 10-m wind speed, averaged individual
simulations and ensemble simulations are in good agreement in simulating those
variables in addition to 2-m temperature. They also stated that high scalability exists
between RCP4.5 and RCP8.5 scenarios in simulating 2-m temperature, which is not

the case for precipitation and 10-m wind speed.
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Flaounas et al. (2013) evaluated cyclones and surface winds over the Mediterranean
with ERA-Interim reanalysis, IPSL-CM5 GCM (under CMIP5), and their 50-km
downscaled simulations using the WRF model. According to the authors, improving
the model resolution enables better representation of the steady topographic features
and thus provides significant added value in representing the region's topography-
induced cyclogenesis activities. However, they added that underestimated
cyclogenesis activities with the IPSL-CM5 propagate into its downscaling
simulations mainly because the studied region is relatively small and affected by

“inaccurate” large-scale circulations of the parent model in the downscaling process.

Hong and Ahn (2015) studied future (2071-2100) early summer rainfall expectations
over northeast Asia by downscaling two scenario projections of the HadGEM2-A0
model (under CMIP5) to 12.5 km resolution with WRF. Their simulations show that
extreme precipitation will enhance and meridionally migrating rainband will
manifest itself ten days earlier over the Korean peninsula. They investigated the
source of the increase in the total rainfall over the peninsula and vicinity regions by
splitting the rainfall types into two categories: 1) Convective, and 2) Non-convective.
According to the authors, convective precipitation dominates the non-convective one
in the total increase. This is because the moist poleward flow and the moist static
instability will increase while the change in the stationary front linked to the non-

convective precipitation will be insignificant.

Wang and Kotamarthi (2015) searched future rainfall projections of North America
by two scenarios of CCSM4 under CMIP5 representative concentration pathways
(RCPs). They utilized bias-corrected and uncorrected variants of the CCSM4 in the
downscaling process of WRF to check whether any improvement exists. According
to the authors, no matter which variant is used, WRF downscaling simulations
generally reduce biases and upgrade the spatial representation of the rainfall. Their
future projections demonstrate a reduction (increment) of the rainfall intensity across
the southwestern (the eastern) USA. They concluded that expected summer rainfall
changes are significantly diverse between the parent model (CCSM4) and WRF

model outputs.
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Chang et al. (2016) investigated the spatio-temporal characteristics of rainstorms,
including size, intensity, duration and frequency over the US and their
“compensation mechanism” in response to the expected change in precipitation due
to climate change. They employed the WRF model to downscale CCSM4 historical
(1995-2004) and RCP8.5-based future (2085-2094) simulations to 12 km horizontal
resolution. Like the PGW approach but with more complexity, they developed a
model that combines NCEP Stage IV analysis data (in this study used as
observations) with statistically defined changes in the precipitation characteristics
derived from the RCP8.5 projection. They also developed an approach for
determining and tracking rainstorms based on a clustering algorithm and concluded
that the primary “compensating mechanism” is the decrease in the storm size;

therefore, flood impacts would be to a smaller extent than those by intensity alone.

Meyer and Jin (2017) compared future projections of the CCSM4 RCP6.0 with its
1) downscaled and 2) bias-corrected and downscaled outputs in North American
monsoon for 2068-2099. They employed the WRF model, which was previously
calibrated with optimal physical parameterization by Meyer and Jin (2016), to
downscale both outputs to 20 km horizontal resolution. According to the authors,
increasing the resolution overcomes the suppressed-convection environment of a
warmer troposphere through extra surface evaporation. Besides, it enhances the land-
sea temperature gradient hence increasing moisture conveyance via higher potent
southerly winds. As for bias-correction results, they concluded that it represents the
seasonality of the atmospheric thermodynamics more properly and yields a stronger

monsoon signal over the region.

Erler and Peltier (2017) conducted a climate change impact study over two basins in
western Canada using the WRF model in downscaling the CESM model with
different three initialization. They employed two WRF model configurations for
each initialization and constructed ensembles of them. They set the horizontal
resolution to 10 km and 30 km with two nested domains and utilized the RCP8.5
scenario for future projections. As a result, they stated that a shift from snow to

rainfall to a large extent, weaker spring freshet and drier summers prevails in the
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coast's basins due to warming. They added that the shift in runoff seasonality is a

risk-increasing factor for floods in autumn over the same region.

Zhang and Colle (2018) explored the effect of the dynamical downscaling process
on extratropical cyclones across eastern North America and the western Atlantic.
They employed the WRF model to downscale two CMIP5 GCMs to 1° and 0.2°
horizontal resolutions in reproducing historical (1986-2005) and future (2080-2099)
winter projections. The authors asserted that the position and rate of the cyclones'
occurrence are GCM-dependent (i.e. related to the far-reaching circulation), thus
remaining nearly the same in the downscaling process. On the other hand, they found
out that increasing the model resolution viaa RCM (herein WRF) reduces bias in the

cyclone intensity.

Zhang et al. (2019) analyzed the moisture flux fragmentally over the Tibetan Plateau
employing the WRF model in downscaling the CCSM4 for the historical period
(1980-2005) and CCSM4 RCP4.5 and RCP8.5 for the future period (2010-2100).
They set the downscaling resolution (horizontal) to 30 km and used the GLDAS and
ERA-Interim reanalysis data as a reference. They found out that improving
resolution better represents precipitation and evaporation spatially, further yielding
more accurate results for a seasonal mean of the annual average. The authors also
found out that the dynamic component is governing the difference between
precipitation and evaporation with the WRF in historical and future projections. In
contrast, they asserted that the thermodynamic component governs the parent
model's future projections, concluding that WRF simulations are less sensitive to

warming.

Dutheil et al. (2020) explored the future precipitation conditions (2080-2100) over
New Caledonia by employing the PGW approach to CMIP5 multi-model ensemble
under the RCP8.5 scenario. They used the WRF model in simulating present-day
climate (2000-2016) and downscaling NCEP2 reanalysis to 21 km and 4.2 km
horizontal resolutions, respectively. To avoid sea surface temperature (SST) biases,

they utilized the “emergent constraint” method, which relates current precipitation
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biases and SST changes by a statistical approach. According to the authors, their
simulations predict a %18 decrease in precipitation, contrary to the CMIP5 models
that do not estimate any significant precipitation alterations over the region. On the
other hand, they argued that bias-correction of the SST does not lead to an adjustment

of the rainfall projections over New Caledonia in qualitative aspects.

Hunt et al. (2020) investigated the past, present and future of the western
disturbances by dealing with specific 40 events over the western Himalayas with the
convection-permitting WRF simulations. They followed the PGW approach and
perturbed ERA-Interim reanalysis data with the climate change signals derived by
RCP4.5 and RCP8.5 scenarios of the multi-model ensemble of 32 CMIP5 GCMs.
They observed that net precipitation was unchanged between their pre-industrial and
control experiments, however precipitation form shifts from snow to rainfall in the
control runs. They added that net precipitation would increase and the mean freezing
layer would climb 660 m more (in altitude) between present-day and RCP8.5 runs.
In conclusion, the authors asserted that moistening of the tropical atmosphere, thus
enhancing moisture flux entrance to the region may overwhelm attenuation in the

western disturbances and contribute to net total precipitation increase.

Zhao et al. (2020) conducted a two-stage climate projection study over California for
summertime. The first stage contains an adjustment of the CMIP5 CESM model
biases (based on the NARR reanalysis data as ground truth) with the “improved
linear bias correction method”. Afterwards, they downscaled the CESM data (by
WRF) with and without bias correction and validated bias-corrected model outputs.
The second stage contains a climate change impact study with bias-corrected and
downscaled outputs of the CESM RCP6.0 for the future period, 2046-2055. The
authors concluded that bias-corrected and downscaled outputs of the CESM model
mostly reduce biases of the surface variables, i.e., surface temperature, relative
humidity, and vertical variables, i.e., mean temperature, and wind speed. As for the
future, they expect that mean temperature, water vapor mixing ratio, heat waves, and

marine air penetration will increase throughout the region.
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The referred studies for climate change projections worldwide have utilized the
former versions of emission scenarios. Moreover, these studies generally underline
that using high-resolution is crucial, especially over topographically complex
regions. The PGW method has been preferred to represent uncertainty ranges in an
ensemble form in the ultimate dynamically-downscaled outputs. The third study of
this thesis is one of the first studies worldwide, perturbing the latest ERAS reanalysis
with the latest CMIP6 GCMs ensemble (PGW) to obtain km-scale resolution over
the topographically complex region, EMBS.
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CHAPTER 3

MATERIALS AND METHODS

3.1  Study area

The Mediterranean portrays its climate type between the arid subtropics and mild
midlatitudes: warm to hot, dry summers and mild, wet winters. However, the
Mediterranean region occupies a vast area with varied climatic features due to the
presence of wide-ranging geographical features, i.e., the peninsulas, steep orography,
gulfs, and islands of various sizes. For example, suppose the Marmara, the Aegean
and the Black Sea are members of the Mediterranean region. In that case, the
Anatolian Peninsula and surrounding regions represent a climatic transition zone.
The Mediterranean and Aegean coasts show a typical Mediterranean climate, while
the midland peninsula shows a continental semi-arid climate, i.e., hot and dry
summers and cold and snowy winters. On the other hand, the Black Sea coasts and
the Caucasus located in the northeast are four-season rainy. Subarctic climate
prevails under the Siberian high in the peninsula's east, and high mountain ridges
cause prolonged cold winters and short cool summers. All those regions described
above are located in the Eastern Mediterranean Black Sea region (Fig. 3.1. EMBS;
here, we define between ~ 22-53 °E and 33-45 °N). Locating in the centre of the
EMBS, the geographic and climatic features of Tiirkiye, which is the region of
interest of the first and second studies, were focused more elaborated in the

following:

Surrounding by the Aegean, Mediterranean and Black Seas, Tiirkiye consists of
two main peninsulas. The first peninsula is located in the eastern European
territories, while the second and large one is located in western Asia (also referred
to as Anatolian Peninsula or Asia Minor). Tiirkiye has 783,562 km? of acreage
between 36° N- 42° N and 26° E- 45° E coordinates. Along with the temperate mid-
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latitude Mediterranean climate characteristics, considerably distinct climate types
(i.e., continental and oceanic) are present with the effect of complex topography and
high-mountain ranges. The mountain ranges in the south and north prevent passing
through the marine effect to the inner regions. It leaves the inner regions under the
continental climate with restricted precipitation. The maximum annual precipitation
is measured over the eastern Black Sea Region with around 2200 mm. On the other
hand, Tiirkiye’s highest-acreage province, Konya, takes only around 320 mm
precipitation yearly. The southern part of the country enjoys more temperatures than
the other regions during the year. General Directorate of Meteorology (GDM) of
Tiirkiye measured the highest (lowest) yearly mean temperature in Hatay-iskenderun
(Kars-Sarikamig) district with 21.3 °C (-0.2 °C) in 1962 (1960). The yearly mean
temperature (precipitation) of Tiirkiye between 1970 and 2019 is 13.2 °C (623.7 mm)
(GDM, 2019; Baggaci et al., 2021).

42°N -

40°N -

Latitude

38°N -

25°E 30°E 35°E 40°E 45°E 50°E
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Figure 3.1. Study area (EMBS) elevation map. The first two studies, i.e., GCMs
evaluation and their future projections and WRF sensitivity tests were conducted
focusing the central Tiirkiye domain. The third study, i.e., PGW-based dynamic
downscaling, was performed over the whole domain presented in the figure.

28



3.2 Datasets

The first study utilizes a total of 33 CMIP6 GCMs (Eyring et al., 2016) and 36
CMIP5 GCMs (Taylor et al., 2012), which are accessible to the public (https://esgf-
node.lInl.gov/projects/cmip5/ and https://esgf-node.lInl.gov/projects/cmip6/), in
their comparative performance analysis. The model names, ensemble numbers
(realizations, initializations, physics, and forcings), data availability, and horizontal
resolutions are given in Table 3.1 and Table 3.2. Please see the Appendix of (Bagcaci
et al., 2021) for further information and references of the data providers. The CMIP
GCMs' performances are revealed by comparing them with the ERA5 reanalysis
according to certain performance metrics. Before doing so, the validation of the
ERAS reanalysis data is performed with the ground measurements over the Tiirkiye
domain. A total of 1045 relatively homogeneously distributed stations’ monthly
precipitation and near-surface temperature data were utilized in the validation
(Baggaci et al., 2021). Fig. 3.2 shows these stations’ data availability/consistency,

averaged to the nearest grid points.
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Figure 3.2. The data consistency/availability throughout the validation period of the

first study
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Table 3.1 Ensemble members, data availability, and spatial resolutions of CMIP5
GCMs employed in the study. Checkmarks for future simulations indicate at least
one of RCPs (Baggaci et al., 2021).

CMIP5 GCM Ens. used Historical sim. Future sim. Resolution
(x°y°)
ACCESS1.0 rlilpl N N 1.9x1.3
ACCESS1.3 rlilpl \ \ 1.9x1.3
BCC-CSM1.1 rlilpl \ \ 2.8x2.8
BCC CSM1.1(m) rlilpl \ \ 2.8x2.8
CanCM4 rlilpl \ \ 2.8x2.8
CanESM2 rlilpl \ \ 2.8x2.8
CESM1(BGC) rlilpl \ \ 1.3x0.9
CESM1(CAMS5) rlilpl \ \ 1.3x0.9
CESM1(FASTCHEM)  rlilpl \ X 1.3x0.9
CESM1(WACCM) rlilpl \ \ 2.5x1.9
CNRM-CM5 rlilpl \ \ 1.4x1.4
CNRM-CMS5-2 rlilpl \ X 1.4x1.4
GFDL-CM3 rlilpl \ \ 2.5x2.0
GISS-E2-H rlilpl \ \ 2.5x2.0
GISS-E2-H-CC rlilpl \ \ 2.5x2.0
GISS-E2-R rlilpl \ \ 2.5x2.0
GISS-E2-R-CC rlilpl \ \ 2.5x2.0
HadCM3 rlilpl \ \ 3.8x2.5
HadGEM2-A0 rlilpl \ \ 1.9x1.3
HadGEM2-CC rlilpl \ \ 1.9x1.3
HadGEM2-ES rlilpl \ \ 1.9x1.3
INM-CM4 rlilpl \ \ 2.0x1.5
IPSL-CM5A-LR rlilpl \ \ 3.8x1.9
IPSL-CM5A-MR rlilpl \ \ 2.5x1.3
IPSL-CM5B-LR rlilpl \ \ 3.8x1.9
MIROC4h rlilpl \ \ 0.6x0.6
MIROC5 rlilpl \ \ 1.4x1.4
MIROC-ESM rlilpl \ \ 2.8x2.8
MIROC-ESM-CHEM  rlilpl \ \ 2.8x2.8
MPI-ESM-LR rlilpl \ \ 1.9x1.9
MPI-ESM-MR rlilpl \ \ 1.9x1.9
MPI-ESM-P rlilpl \ X 1.9x1.9
MRI-CGCM3 rlilpl \ \ 1.1x1.1
MRI-ESM1 rlilpl \ \ 1.1x1.1
NorESM1-M rlilpl \ \ 2.5x1.9
NorESM1-ME rlilpl \ \ 2.5x1.9
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Table 3.2 Ensemble members, data availability, and spatial resolutions of CMIP6
GCMs employed in the study. Checkmarks for future simulations indicate at least
one of SSPs (Baggaci et al., 2021).

CMIP6 GCM Ens. used Historical sim. Future sim. Resolution
(x°y°)
ACCESS-CM2 rlilplfl N N 1.9x1.3
ACCESS-ESM-1-5 rlilplfl \ \ 1.9x1.3
BCC-CSM2-MR rlilpifl \ \ 1.1x1.1
BCC-ESM-1 rlilplfl \ \ 2.8x2.8
CAMS-CSM1-0 rlilplfl \ \ 1.1x1.1
CanESM5 rlilpifl \ \ 2.8x2.8
CESM2 rlilplfl \ \ 1.3x0.9
CESM2-WACCM rlilpifl \ \ 1.3x0.9
CNRM-CM6-1 rlilplf2 \ \ 1.4x1.4
CNRM-CM6-1-HR rlilplf2 \ \ 0.5x0.5
CNRM-ESM2-1 rlilplf2 \ \ 1.4x1.4
EC-Earth3 rlilplfl \ \ 0.7x0.7
EC-Earth3-Veg rlilpifl \ \ 0.7x0.7
GFDL-ESM4 rlilplfl \ \ 1.3x1.0
GISS-E2-1-G rlilplfl \ \ 2.5x2.0
HadGEM3-GC31-LL  rlilpif3 \ \ 1.9x1.3
HadGEM3-GC31-MM  rli1pif3 \ X 0.8x0.6
INM-CM4-8 rlilpifl \ \ 2.0x1.5
INM-CM5-0 rlilplfl \ \ 2.0x1.5
IPSL-CM6A-LR rlilplfl \ \ 2.5x1.3
MCM-UA-1-0 rlilplfl \ X 3.8x2.2
MIROC6 rlilplfl \ \ 1.4x1.4
MIROC-ES2L rlilplf2 \ \ 2.8x2.8
MPI-ESM-1-2-HAM  rlilplfl \ \ 1.9x1.9
MPI-ESM1-2-HR rlilplfl \ \ 0.9x0.9
MPI-ESM1-2-LR rlilplfl \ \ 1.9x1.9
MRI-ESM2-0 rlilplfl \ \ 1.1x1.1
NESM3 rlilplfl \ \ 1.9x1.9
NorESM2-LM rlilplfl \ \ 2.5x1.9
NorESM2-MM rlilplfl \ \ 1.3x0.9
UKESM1-0-LL rlilplf2 \ \ 1.9x1.3
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The second study utilizes ERA5 reanalysis, which is the latest release of the
European Centre for Medium-Range Weather Forecast (ECMWF), as a parent model
for the WRF. ERADS reanalysis presents higher horizontal and vertical resolutions
(31 km, ~ 0.25°; 137 vertical levels topped at one hPa) than its predecessor, ERA-
Interim (79 km, ~ 0.75°; 60 vertical levels topped at ten hPa). The radiative forcings,
i.e., GHGs’ and aerosols’ progressively spread, are also taken into account with the
ERA5S reanalysis, as similar to the CMIP GCMs (Hersbach et al., 2019).
Accordingly, climatic change (i.e., global warming effects in the Arctic region) is
observable with the ERAS5 reanalysis between its operational period, 1979 to the
present day. The atmospheric data assimilation, where a larger size and higher
quality of observations (more satellite and radar data included) is employed, is
performed with an ensemble. The higher quality of observations, also including, of
course, traditional ground measurements, enables the more consistent ‘maps without
gaps’ with the state-of-the-art specification, calibration, and process of the data
(Hersbach et al., 2019; Baggaci et al., 2021). These are some improvements of the
ERAS reanalysis according to the ERA-Interim, which enable more realistic

meteorological outputs, especially precipitation.

The retrieved data at the atmospheric vertical level from the ERAS reanalysis are
geopotential height, air temperature, wind components (U and V), and relative
humidity. These data are also retrieved at the near-surface level (except geopotential
height), besides dew-point temperature, surface pressure, sea-level pressure, sea-
surface temperature, water equivalent of the accumulated snow depth, physical snow
depth, snow density and sea-ice fraction. The soil moisture and temperature are also

retrieved at the vertical ground level.

In the third study, 13 CMIP6 GCMs under the SSP5-8.5 emission scenario (Table
3.3) were utilized in an ensemble in the perturbation process. These 13 were selected
according to their performances (Baggaci et al., 2021) and relatively high resolution,
among other GCMs. We have selected GCMs not exceeding four times ERA5 spatial

resolution as far as possible to alleviate information loss in the bilinear interpolation.
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The retrospective dynamic downscaling simulations were performed using the ERA5

reanalysis as a parent model.

Table 3.3 Ensemble members, variant label (ens. used), and horizontal resolutions of
CMIP6 GCMs used in the PGW-based dynamic downscaling study.

CMIP6 GCM Ens. used Resolution (x°,y°)
AWI-CM-1-1-MR rlilplfl 0.94x0.94
BCC-CSM2-MR rlilplfl 1.10x1.10
CMCC-CM2-SR5 rlilplfl 1.25x0.94
CMCC-ESM2 rlilplfl 1.25x0.94
CNRM-CM6-1-HR rlilplf2 0.50x0.50
EC-Earth3 rlilplfl 0.70x0.70
EC-Earth3-CC rlilplfl 0.70x0.70
EC-Earth3-Veg rlilplfl 0.70x0.70
FGOALS-f3-L rlilplfl 1.25x1.00
GFDL-ESM4 rlilplfl 1.30x1.00
HadGEM3-GC31-MM rlilplf3 0.80x0.60
MPI-ESM1-2-HR rlilplfl 0.90x0.90
MRI-ESM2-0 rlilplfl 1.13x1.12

3.3 Methodology

331 Performance metrics for evaluation of the CMIP5 and CMIP6

The modified index of agreement (md), normalized root mean square error
(nRMSE), Kling-Gupta efficiency (KGE), and spatial efficiency (SPAEF) metrics
were utilized to reveal the individual model performance rankings of the
retrospective CMIP5 and CMIP6 GCMs simulations in the context of the first study.
The comprehensive performance metric (MR) (Jiang et al., 2015) was computed

based on the GCM s prioritization for both near-surface temperature and precipitation
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data. The top four best-performing GCMs in each CMIP5 and CMIP6 are
distinguished to compose multi-model ensembles (MMESs) for precipitation and
near-surface temperature separately. The more detailed explanation and formulas of
the performance metrics can be found in the author’s published study (Baggaci et al.,
2021).

3.3.2 Regional climate model (RCM): WRF

This thesis uses the WRF model (Skamarock et al., 2008) as a regional climate model
(RCM). Although it is a numerical weather prediction system (NWP) widely used in
operational weather forecasts, it is also used in atmospheric research fields, including
climate prediction. As a new generation of the fifth Mesoscale Model (MM5, Grell
et al., 1994), the WRF model offers higher-order numerics, conservative solutions,
and parallel computing, which are required in the smaller atmospheric scales (Powers
et al., 2017). Besides the improvement on the dynamical solver (cores), the WRF
model also has a wide range of physics schemes contributed by researchers around
the world. Basically, WRF has two components to run a simulation: 1) Preprocess
of the model domain, preparation of the input data (including data interpolation), and
transition between data types, 2) Generation of initial and boundary conditions and
running the WRF model. The first item is under the umbrella of the WRF
Preprocessing System (WPS), which has geogrid, ungrib, and metgrid steps. The
second item is composed of the real and run steps in the climate modelling (the
running can be also an ideal case for research purposes). The following items explain
these steps (the first three indicate WPS steps, while the last two indicate WRF steps)
in more detail and Fig. 3.3 shows a summary flowchart of the WRF modelling.

i) Geogrid: In the first step of WPS, the geogrid executable is run to interpolate
terrestrial data (geographical information) to the model domain. This data broadly
consists of orography, topography, soil type, land use, albedo (including snow), land
area index, the variance of subgrid-scale orography, and vegetation fraction. The

geographic data is taken from the Moderate Resolution Imaging Spectroradiometer
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(MODIS). The WRF model allows studying with nested domains. The map
projection options of the WPS are 1) polar stereographic, 2) Lambert-Conformal, 3)
Mercator, and 4) latitude-longitude. Here we have chosen Lambert-Conformal-
Conic (LCC) projection type since it is suggested for the mid-latitudes.

i) Ungrib: This executable reads and extracts meteorological fields from GRIB-
formatted files with a single processor and writes them to the intermediate file
format. The GRIB-formatted files come from another RCM or GCM as a parent
model to the WRF. The WRF model converts these GRIB-formatted data according
to the variable table (\VVtable). The composed intermediate files are later on read by

metgrid executables.

iii) Metgrid: This executable horizontally interpolates intermediate meteorological
data extracted from the GRIB format on the study domain. The interpolation method
and mask options are written in the METGRID.TBL. The metgrid executable writes
the data in various formats; however, we have selected the NetCDF option to easily

monitor outputs.

Iv) Real: This executable creates a final form of the data, which has initial and
boundary conditions, just prior to running WRF. The vertical data interpolation is
performed in this step. If the sea-surface temperature (SST) update and spectral
nudging options are switched on, this step also prepares the files related to these
options. We have switched on the SST update option in the sensitivity and PGW-
based dynamic downscaling, while spectral nudging was only switched on in the
latter study. This is because spectral nudging is generally recommended for larger

domain sizes than the Tiirkiye domain.

v) WRF: This executable ultimately conducts dynamic downscaling of the initial
conditions. Once the initial condition has been downscaled, WRF creates its own
initial conditions by updating the data in the indicated time steps. The physics
options, i.e., cumulus, microphysics, planetary boundary layer, radiation, and
surface, are interactively operated to obtain the new state of the meteorological

variables (Skamarock et al., 2019). Fig. 3.4 shows this interaction, where cloud and
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precipitation processes are mainly governed by microphysics and cumulus

parameterization schemes. In the lower atmospheric levels, PBL and surface physics

handle the new state of the near-surface atmospheric variables. Precipitation directly

affects the surface, and clouds directly affect radiation, while radiation both affects

the surface (via downward shortwave and longwave radiation) and is affected by the

surface (surface emission and albedo).
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Figure 3.3. The summary flowchart of the WRF modelling
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Figure 3.4. WRF physics parameterizations interactions. We adapted this figure
directly from Skamarock et al. (2019).
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3.3.3 WRF configurations

The second study utilizes the ERAS reanalysis data as a parent model in the WRF
dynamic downscaling-based sensitivity tests. The WRF model was configured with
the unique five microphysics schemes, four cumulus schemes, and three planetary
boundary layer schemes in a combination manner. Accordingly, a total of 60
different combined physics options were used for running WRF. The utilized
microphysics schemes are Kessler (Kessler, 1969), Lin et al. (Lin Purdue) (Linetal.,
1983), WRF Single-Moment 6-class (WSM6) (Lim and Jade, 2006), New Thompson
et al. (Thompson) (Thompson et al., 2008), and Morrison double-moment (Morrison
2-mom) (Morrison et al., 2009). The utilized cumulus schemes are Kain-Fritsch
(Kain and Kain, 2004), Betts-Miller-Janjic (Janjic, 1994; Janji¢, 2000), Tiedtke
(Tiedtke, 1989; Zhang et al., 2011). The cumulus scheme option was switched off as
the fourth option. The utilized planetary boundary layer schemes are Yonsei
University (YSU) (Hong et al., 2006), Mellor-Yamada-Janjic (MYJ) (Janjic, 1994),
and Asymmetric Convective Model with non-local upward mixing and local
downward mixing (ACM2) (Pleim, 2007a, 2007Db).

In the context of the sensitivity study, the Weather Research and Forecasting
(WRF) model Version 4.3 was configured for the Tiirkiye domain, which has 420 x
222 corresponding grid points with 4 km horizontal grid spacing. The total domain
size is 1680 km in the west-east direction and 888 km in the south-north direction.
There are 40 vertical levels topped at 50 hPa. The time step for integration is 24 s.
Besides the parameterization schemes mentioned above, the Rapid Radiative
Transfer Model (RRTMG) (lacono et al., 2008) and the Noah land surface model
(Chen and Dudbhia, 2001) were employed. The WRF simulations were performed for
the year 2020, whereas the simulations were started two months before the one-year
periods as model spinups, which were discarded later. The model was forced with
the 6-hourly ~0.25° ERAS reanalysis data to obtain the targeted 4-km resolution.
This resolution was found suitable for directly dynamic downscaling ~0.7° ERA-
Interim data without the need for any extra intermediate coarse grid in a one-way
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nested configuration (Liu et al., 2017; Li et al., 2019; Ikeda et al., 2021). Therefore,
we have not utilized any intermediate domain with a coarser resolution than 4 km
between ERADS reanalysis and the WRF domain. It should be noted that sea-surface
temperature was updated in the 6-hourly periods. We have utilized a total of 836
stations, which are mostly Automated Weather Observing Systems (AWOS), in the

validation and sensitivity of the WRF-sensitivity configurations.

In the PGW-based dynamic downscaling (the third study), the WRF model
Version 4.3 was used as an RCM. The GHGs concentration based on the latest
released CMIP6 SSP5-8.5 was obtained from Version 4.3.1. The WRF model was
configured for the domain covering Bulgaria, eastern Greece, Tiirkiye, Cyprus,
northern Syria, northern Irag and northern Iran, Armenia, Georgia, Azerbaijan, and
Russian territory near the Caucasus (Fig. 3.1). The domain also covers the Aegean
Sea, Black Sea, northeastern Mediterranean Sea, and most Caspian Sea. To remind,
we called this domain EMBS, which has 625 x 300 corresponding grid points with
4-km horizontal grid spacing. The total domain size is 2500 km in the west-east
direction and 1200 km in the south-north direction. There are 40 vertical levels
topped at 50 hPa. Spectral nudging was performed with a wavenumber 2 in the x-
direction and 1 in the y-direction, corresponding to 1250 and 1200 km wavelengths,
respectively. The relatively weak nudging coefficients (0.0003 s-1) was used to do
not dominantly intervene the model to evolve freely. The geopotential, temperature
and horizontal wind components were nudged above the planetary boundary layer
(PBL). The time step for integration is 24 s. The utilized parameterization schemes
are the new Thompson microphysics scheme (Thompson et al., 2008), the Yonsei
University (YSU) planetary boundary layer scheme (Hong et al., 2006), the Rapid
Radiative Transfer Model (RRTMG) (lacono et al., 2008), and the Noah land surface
model (Chen and Dudhia, 2001). Here we switched on the cumulus parameterization
option with the Tiedtke scheme (Tiedtke, 1989; Zhang et al., 2011) since this option
has yielded better precipitation results than convection-permitting simulations over
the Tiirkiye domain in 2020.
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3.34 PGW process

Two 20-year WRF simulations were performed based on the IPCC assessment report
(ARG6) baseline period, 1995-2014, and the corresponding pseudo future period. Both
simulations were started one year before the 20-year periods as model spinups, which
were discarded later. In the first experiment, the model was forced with the 6-hourly
~0.25° ERAJS reanalysis data to obtain retrospective simulations in the targeted 4-

km resolution.

The second experiment is based on the perturbation of the ERAS reanalysis data with
the climate change signal derived from GCM ensemble (13 CMIP6 GCMs) under
the SSP5-8.5 emission scenario to obtain pseudo future period simulations. The

following formula can simply explain the general picture of the PGW forcing:
PGW;orcing = ERAS1995-2014 + ACMIP6g5psgs_nistorical (11)

where ACMIP6gspsgs_nistoricar 1S the 30-year CMIP6 MME mean monthly

differences:
AC]\/IIP6SSP585—hist0rical = CMIP62071—2100 - CM1P61985—2014- (12)

The perturbation was made for both surface and pressure levels after the step, where
monthly MME mean differences were interpolated to 6-hourly periods. The
mandatory data fields in the PGW perturbation to force the WRF model are shown
in Table 3.4. The perturbed surface variables are the near-surface humidity and
temperature, eastward and northward wind components at 10 m, sea-level and
surface pressures, skin, sea-surface, and soil temperatures. In the pressure level,
relative humidity, eastward and northward wind components, air temperature, and
geopotential of the GCMs were first vertically interpolated to ERAS levels and then
used for the perturbation in the MME context. Fig. 3.5 shows the more detailed step-
by-step procedure of the PGW methodology, where the first step is the combination
of the first two equations. Initially, the vertical (linear) and horizontal (bilinear)

interpolation was made to equate the vertical and horizontal resolution of GCMs to
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those of ERAD, respectively. Afterwards, the monthly means of the GCMs were
calculated both for the historical (1985-2014) and future (2071-2100) period, where
the period means were later used in the construction of MMEs. Then, A _change
(difference between future and historical period MMES) were obtained and
interpolated to 6-hourly periods (time interpolation). In the last step, the perturbation
(adding time interpolated A_change to 6-hourly ERAS reanalysis) was made for both
surface and pressure levels to construct PGW-forcing dataset. The perturbed surface
variables are the near-surface humidity and temperature, eastward and northward
wind components at 10 m, sea-level and surface pressures, skin, sea-surface, and soil
temperatures. In the pressure level, these variables are relative humidity, eastward

and northward wind components, air temperature, and geopotential.

Table 3.4 Mandatory data fields in the PGW perturbation to force RCM (WRF).

Near-surface relative humidity _ o
Relative humidity
Near-surface temperature
U10 (eastward wind) )
— i = Eastward wind
g V10 (northward wind) >
@ 2
X Sea-level pressure L .
8 = Northward wind
= Surface pressure 8
w - a
Skin temperature _
Air temperature
Sea-surface temperature
Soil temperature Geopotential height
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PGWjorcing = ERA5[historical(1985-2014)] + Achange[SSP5-8.5(2071-2100)-historical(1985-2014)]

-

Vertical level interpolation

-

Regrid (horizontal bilinear interpolation)

-

Monthly mean of the periods (historical and future)

-

Multimodel ensemble

-

Achange (differences)

-

Time interpolation (monthly to six hourly)

\/

ERAS perturbation (adding Achange)

Figure 3.5. The PGW methodology flowchart

3.35 Model verification with the PGW retrospective simulations

We have employed ground observations and three gridded datasets to verify
precipitation, and the ground observations and two gridded data sets to verify near-
surface temperature results of the WRF retrospective simulation. The ground
observations were retrieved from Tiirkiye's General Directorate of Meteorology
(GDM) for the Tiirkiye domain, covering a considerable amount of the study area's
land surface. There are 273 station data records for the daily and 614 station data
records for the monthly precipitation validation in Tiirkiye. For the near-surface
temperature validation, these numbers are 417 and 1506, respectively. Besides, the
119 station data records, which were retrieved from the World Meteorological
Organization (WMO), were used in the near-surface temperature validation for the

stations outside Tirkiye. We have also utilized the Global Precipitation Climatology
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Centre (Schneider et al., 2022) monthly precipitation dataset in 0.25 ° resolution,
HOAPS/GPCC (Schréder et al., 2019) global daily precipitation data record in 0.5 °
resolution, E-OBS (Cornes et al., 2018) daily precipitation and the near-surface
temperature product in 0.1 ° resolution, and the Climate Research Unit at the
University of East Anglia (CRU version 3.22, 1901-2013; Harris et al. (2014))
monthly near-surface temperature product in 0.5 ° resolution. The WRF simulations
were regridded to each gridded product's native resolution in validation. The gridded
observation datasets cover entire EMBS domain except E-OBS, which ends up grids
at 45 ° E. Nevertheless, it gives observation over the most of the domain. We have
taken the monthly mean of the gridded daily precipitation in validation since the
measurements of 24-hour time period precipitation may largely vary (midnight to
midnight or morning to morning measurement) across the countries (ECMWEF,
2020).
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CHAPTER 4

RESULTS

4.1  Results of the GCM evaluation and future projections

4.1.1 Validation of ERAS temperature and precipitation

Fig. 4.1 shows the monthly and monthly average statistics of precipitation and
near-surface temperature between 1979 and 2019. According to the month-to-month
comparison of ground observations and ERA5 reanalysis nearest that observation,
the correlation value of precipitation is 0.81 (Fig. 4.1 a). The standard deviations of
the ERA5 reanalysis and ground observations are 54.6 mm and 56.6 mm,
respectively. It offers that extremes are more likely for the ground observations,
which are not quite strictly captured by ERA5 reanalysis, having more consistent
data. This situation manifests itself in precipitation values, especially higher than 600
mm, which ERA5 underestimates them. The linear regression line equation shows
more spread views, and the residual standard error (SE;) is higher with the value of
32.36 mm than the monthly average statistics.

The ERAS5 reanalysis performs better in monthly averaged precipitation
regarding superior correlation (0.83) and fewer SE; (23.33 mm) (Fig. 4.1 b). The
standard deviations for ERA5 reanalysis and ground observations are 41.8 mm and
40.2 mm, respectively. In the monthly average case, the standard deviation of the
ERAJS reanalysis is closer to the ground observations, even a little bit higher than it.
It shows that the extremes are compensated with the lower values. On the other hand,
it should be underlined that stations’ data consistency throughout the validation
period (Fig. 3.2). For example, the red point in Fig. 4.1 b belongs to a station, which
only contributes to the observations with the data between 1984 and 1986. This

station is situated in the Taurus mountains, where orographic precipitation prevails.
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This precipitation type should be validated with more observations and frequent
ground observation networks. However, these are lacking, which grows the error (in
terms of precipitation statistics) in the comparison process between the station and

ERAS reanalysis.
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Figure 4.1. Comparison of the ERAS reanalysis and station a) monthly precipitation,
b) monthly mean precipitation, ¢) monthly near-surface temperature, d) monthly
mean near-surface temperature. The related statistics are given in the figure, and

more detailed information can be found in the original article of Baggaci et al. (2021).

The monthly (month-to-month) and monthly mean near-surface temperature
correlations are 0.98, while SEr values are 1.88 °C and 1.83 °C, respectively,
between ERAS reanalysis and ground observations (Fig. 4.1 ¢ and Fig. 4.1 d). It
shows a bias pattern which is spatiotemporally focused in one of the following
sections. In addition to this, standard deviations are closer to each other (differences
are below 0.1 °C) than those of precipitation, showing that extremes in near-surface
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temperatures are quite reasonably captured by ERAS5. Overall, ERA5 reanalysis
demonstrates reasonably satisfying success for both variables. Henceforth, the ERA5
reanalysis will be employed as base-data in the performance assessment of the
CMIP5 and CMIP6 GCMs (Baggaci et al., 2021).

4.1.2 Performance assessment of the CMIP5 and CMIP6

Concerning the temporal and spatiotemporal metrics, i.e., md, NRMSE, SPAEF,
and KGE, we have assessed the CMIP5 and CMIP6 GCMs performances based on
the ERADS reanalysis over the Tiirkiye domain. Results show that different climate
modelling groups’ GCMs dominate CMIP5 and CMIP6 according to the ultimate
MR ranks. For example, MIROC4h, MIROC5, CESM1 (FASTCHEM), CESM1
(BGC) outperform in precipitation simulations in CMIP5, while HadGEM-GC31-
MM, GFDL-ESM4, ACCESS-CM2, and EC-Earth3 are best-performing GCMs in
CMIP6. The best-performing GCMs in simulating near-surface temperatures are
CESM1 (CAMS5), MIROC4h, IPSL-CM5A-MR, MRI-ESM1, and MPI-ESM1-2-
HR, CNRM-ESM2-1, NorESM2-MM, MRI-ESM2-0, in CMIP5 and CMIPG,
respectively. These show the importance of reevaluation of the GCMs with updated
versions of the CMIPs since, alongside the dominance of different climate groups,
there is also an increase in the performance of the top-performing models in CMIP6
over those in CMIP5. This performance increase is pronounced for precipitation
simulations, while it is indistinctive for near-surface temperature simulations. The
complete performance ranks can be found in the original article of Baggaci et al.
(2021). With the four-best-performing models mentioned above, we composed the
near-surface temperature and precipitation ensembles individually; however, for the
SSP2-4.5 scenario, we used the CNRM-CM6-1-HR model instead of HadGEM-
GC31-MM due to the missing data.

The CMIP6 GCMs show less inter-model variability than CMIP5 GCMs in
simulating precipitation. Fig. 4.2 affirms this fact in the ensemble members'

precipitation simulations and worst-performing GCMs in CMIP5 and CMIP6. With
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the more consistent simulations, the CMIP6 also shows improvement in the mean
absolute error (MAE) with 2 mm (~ 16 mm for CMIP6 and ~ 18 mm for CMIP5).
However, a major improvement is in the R? value, with nearly ten percent (0.68 for
CMIP6 and 0.59 for CMIP5). Underestimation and overestimation of precipitation
extremes are largely reduced with the CMIP6 GCMs compared to the CMIP5, which

is already reflected in the statistical values.
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Figure 4.2. Comparison of the best four- and worst four-performing CMIP6 and

CMIP5 GCMs with ERAGS for precipitation (Baggaci et al., 2021).

Fig. 4.3 illustrates the same as in Fig. 4.2 but for near-surface temperature. Since
uncertainties in simulating near-surface temperature are far less than precipitation
and it can be more accurately simulated, the performance improvement is not
substantial with the CMIP6 GCMs compared to the CMIP5. The same R? values are
present with 0.96 value, while improvement with the CMIP6 is only 0.1 °C in MAE
(~ 1.4 °C for CMIP6 and ~ 1.5 °C for CMIP5). The error value gap is similar in the
worst-performing GCMSs; however, R2 statistics six percent better in favor of CMIP6
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(0.87 for CMIP6 and 0.81 for CMIP5). Moreover, the worst-performing CMIP5
GCMs have a more dispersed view than the CMIP6, affirming that CMIP6 GCMs
simulations show more consistency with less intermodel variability, similar to

precipitation simulations.
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Figure 4.3. Comparison of the best four- and worst four-performing CMIP6 and
CMIP5 GCMs with ERAGS for near-surface temperature (Baggaci et al., 2021).

4.1.3 Biases in the ensemble means of the CMIP5 and CMIP6

In the territories of Tiirkiye, mostly a cold bias exists in all seasons, while a warm
bias exists over the Black Sea in the winter and spring seasons and the Aegean Sea
in summer, both with the CMIP5 and CMIP6 MME (Fig. 4.4). The cold bias up to 2
°C greatly reduces with the CMIP6 in the fall season (around 1 °C), while reduction
in the winter season is still pronounced, though not as much in fall. There is a

significant winter temperature bias with the CMIP6 in the Eastern Black Sea region
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of Tiirkiye (around 3.2 °C), which reduces the land-sea temperature contrast. If the
same GCMs were used in the ensembles, this result could affect the orographic
precipitation in the region. As for precipitation, a wet bias prevails over most of
Tiirkiye with both CMIPs. A dry bias is present over the Eastern Black Sea region
of Tirkiye in the summer and fall seasons and the Mediterranean coasts and
southeastern regions of the country in winter, where its magnitude is potent in
summer and winter with the CMIP5 MME. The wet bias substantially reduces in
winter (up to 50 mm), while other seasons show also large reduction, though not as
much in winter. These results affirm a performance improvement of the CMIP6 in a

spatiotemporal manner.
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Figure 4.4. The mean biases in a) near-surface temperature and b) precipitation. The
CMIP5 is in the first and CMIP6 in the second rows. The ensemble members are
regridded to the coarsest-resolution GCM’s horizontal resolution, and then seasonal
means are taken in the historical periods of the CMIP5 and CMIP6 individually
(Baggaci et al., 2021).
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414 Future projections

To put forth possible future changes in the near-surface temperature and
precipitation, we have used the 1995-2014 period (GCMs’ means are computed in
this historical period) as a baseline according to the IPCC assessment report (ARG6)
and three future periods, i.e., near- (2030-2050), mid- (2050-2070), and long-term
(2070-2100) with the SSP2-4.5 and SSP5-8.5 of CMIP6. The seasonal mean changes
projections are obtained for the near-surface temperature and precipitation
individually with their four-model-ensembles which were selected according to their
performances mentioned above. The following gives the results of these changes

between future projections and historical simulations.

4141  Precipitation

The expected seasonal precipitation changes in winter closely resemble each
other between SSP2-4.5 and SSP5-8.5 over the Tiirkiye domain in the long-term
(Fig. 4.5 cand Fig. 4.6 c). The decrement in the south and increment in the north are
both statistically significant at p=0.05 level. Moreover, except in southwestern
Tiirkiye, which shows a decrease, and northwestern Tiirkiye, which shows an
increase, no changes are statistically significant in the near term (Fig. 4.5 a and Fig.
4.6 a). The southern regions partly show a significant decrease with SSP2-4.5, while
this decrease is more widespread and more potent with SSP5-8.5 in the medium term
(Fig. 4.5 b and Fig. 4.6 b). The northern country has a statistically significant
precipitation increase with the SSP2-4.5, while there are no significant changes with
the SSP5-8.5 in the same term. It should be noted that Southeastern Anatolia Region
commonly does not show a statistically significant winter precipitation decrease with
the SSP2-4.5 and SSP5-8.5 in all terms, which is opposed to Onol and Semazzi
(2009). Moreover, the winter precipitation enhancement in the Black Sea Region of
Tiirkiye would be significant but not surpasses 10% in the long period according to
the SSP2-4.5 and SSP5-8.5, where Onol and Semazzi (2009) found this increase
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10%-50% in the same period, using a high-emission scenario under the earlier
version of CMIP, CMIP3.

The summer precipitation decrease is statistically significant and countrywide
with the SSP2-4.5, while a decrease in the centre and southern parts of Tiirkiye is
not significant with the SSP5-8.5 in the long term. It is most likely due to the fact
that warmer projections with SSP5-8.5 increase convective precipitation events over
the central and southern regions of Tiirkiye. In the medium term, the statistically
significant decrease has a similar pattern between the two scenarios in the west and
north, while the decrease in the northeast propagates to the south more with the
SSP2-4.5. The statistically significant decrease is restricted with the north with the
two scenarios in the near-term, except in the same south propagated areas with the
SSP2-4.5. It should be noted that our projections show a statistically significant
precipitation decrease over eastern Tiirkiye with the SSP2-4.5 in the medium term,
similar to Demircan et al. (2017), who found a 30% summer precipitation decline
over the same region in the same term with their dynamically downscaled simulation
of three GCMs under the RCP4.5.

The long-term spring precipitation changes are completely different between the
SSP2-4.5 (no statistically significant decrease) and the SSP5-8.5 (statistically
significant decrease) in terms of statistical significance. However, two scenarios
agree on a significant precipitation increase in the northeastern domain. On the other
hand, there are almost no changes with the SSP5-8.5, except an increase in
northeastern Tiirkiye, while a statistically significant precipitation decrease pattern
is dominant over the country with the SSP2-4.5 in the medium term. A similar pattern
is present in the near term, where the decreasing pattern dominance shrinks with the
SSP2-4.5.

The fall season is expected to experience countrywide and statistically significant
precipitation decrease with the SSP2-4.5 (except the east) and SSP5-8.5 in the long
term. However, the decrease is not significant over the country with the SSP2-4.5,

except in some parts of the western and southern located regions, while the decrease
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is statistically significant over the west, centre, northcentral, and northeastern

Tiirkiye with the SSP5-8.5. In the near term, significant decreases are expected in

the southcentral and northcentral Tiirkiye with the SSP5-8.5 and northcentral and

northeastern Tiirkiye with the SSP5-8.5.
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Figure 4.5. SSP2-4.5 precipitation anomaly a) in the near b) medium c) long terms.

In the figure, statistically significant changes at the p=0.05 level are expressed with

the hatched rasters (Baggaci et al., 2021).
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Figure 4.6. SSP5-8.5 precipitation anomaly a) in the short b) medium c) long terms.
In the figure, statistically significant changes at the p=0.05 level are expressed with
the hatched rasters (Baggaci et al., 2021).

4.1.4.2  Near-surface temperature

The long-term near-surface temperature increase reaches a peak around 3.5 °C
with the SSP2-4.5 and 6.5 °C with the SSP5-8.5 in the summer seasons with a
relatively homogenous appearance over the Tiirkiye domain (Fig 4.7 ¢ and Fig. 4.8
c). However, Tiirkiye’s west show maximum warming with at least 0.5 °C more
increase, which also can be seen in the medium term (Fig 4.7 b and Fig. 4.8 b). The
warming having an alike-pattern does not quantitatively diverge much between the

two scenarios yet in the near term (Fig 4.7 a and Fig. 4.8 a).

The warming in the fall season has an increasing pattern along a diagonal
corridor between northwest to southeast (~3 °C and ~ 5.5 °C warming over the
Southeastern Anatolia Region of Tiirkiye with the SSP2-4.5 and SSP5-8.5,
respectively). Indeed, this increasing pattern is also present in the near and medium

periods with diminishing values.
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The spring season resembles fall, pointing out that the southeastern regions are
exposed to maximum seasonal warming in the medium and long period with both
scenarios. The near-term warming has a more homogenous pattern, while the fact
remains that the southern regions are at least 0.5 °C warmer in this term. It should
be noted that spring warming reaches up to 4 °C with the SSP5-8.5 over the Aegean
and Mediterranean regions of Tiirkiye, which demonstrates the vulnerability degree
of that regions when also considering the statistically significant precipitation

decrease (up to 18%).

The winter warming utmost affects the east of the country, where near-surface
temperature increases reach up to 2.5 °C (4.5 °C) with the SSP2-4.5 (SSP5-8.5) in
the long term. These values are close to warming values in spring. These are
important indicators for the watersheds in the Eastern Anatolia Region since the
region is broadly under snow cover today’s climate. The near and medium terms
share a common picture with diminishing warming values; nevertheless, it may be

sufficient to melt snow.
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Figure 4.7. SSP2-4.5 near-surface temperature anomaly a) in the short b) medium c)
long terms. All the near-surface temperature anomalies in the SSP2-4.5 and SSP5-
8.5 are statistically significant at the p=0.05 level; thus, no hatching is drawn for the

clarity (Baggaci et al., 2021).
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Figure 4.8. SSP5-8.5 near-surface temperature anomaly a) in the short b) medium c)
long terms. All the near-surface temperature anomalies in the SSP2-4.5 and SSP5-
8.5 are statistically significant at the p=0.05 level; thus, no hatching is drawn for the

clarity (Baggaci et al., 2021).

4.1.43  Assessment of the annual changes

We have employed the column charts to compare CMIP5 and CMIP6 MMEs’
annual statistics under the worst scenarios both for near-surface temperature and
precipitation (Fig. 4.9). For warming, standard deviations (sd) are same in the near
term with 0.43 °C value, while in the medium term the difference is only 0.03 °C.
However, the CMIP6 MME has a 0.73 °C sd value, and CMIP5 MME has a 0.61 °C
sd value in the long term, showing that the CMIP6 MME has prone to more warming
extremes. The near-term minimum temperature increase is 0.55 °C and 0.87 °C, and
the maximum increase is 2.15 and 2.37 °C for CMIP5 and CMIP6, respectively,
while the mean increase is the same with a 1.46 °C value. The mean and maximum
increase is approximately 0.2 and 0.33 °C more with the CMIP6 (2.78 °C mean
increase and 3.61 °C max increase for the CMIP6) than CMIP5 in the medium term,
while the difference is not substantial in the minimum warming with a value of nearly

1.6 °C. The minimum and maximum warming values are around 3.15 °C and 5.48
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°C, respectively, both for CMIP5 and CMIP6, while the mean increase with the
CMIP6 MME (4.34 °C) is 0.1 °C more than CMIP5.

The sd of precipitation is higher with the CMIP6 than CMIP5 in the near and
medium terms (CMIP6 MME precipitation sd is 7.8% and 6.6%, and CMIP5 MME
precipitation sd is 7% and 5.8% in the near and medium terms, respectively).
However, in the long term, CMIP6 MME precipitation sd is 5.8%, and this value is
7% for the CMIP5. It shows CMIP6 MME precipitation projections are more
consistent than CMIP5 in the long period. The near-term mean precipitation decline
is 2% with the CMIP6, while the maximum increase and maximum decline in
precipitation are 14.4% and 16.1%, respectively. CMIP5 MME shows a less
maximum increase (6.6%) but more mean decline (4.1%) and maximum decline
(19.5%) in the same period. In the medium term, the picture does not change in terms
of maximum increase and mean decling, i.e., CMIP6 shows these values of 6.7% and
4.5%, respectively, while CMIP5 shows these values of 5.3% and 7.9%, respectively.
However, the maximum decline is ~2.5% more with the CMIP6 than CMIP5 in this
term (20.4% for CMIP6 and 18% for CMIP5). The long term mean and maximum
declines are close to each other (CMIP6 mean and maximum declines are 9.9% and
24%, respectively, and CMIP5 mean and maximum declines are 10.7% and 22.8%,
respectively). However, CMIP6 MMEs’ maximum precipitation increase is almost
three and a half-fold that of CMIP5 (CMIP6’s maximum increase is 8.8% and

CMIP5’s maximum increase is 2.4%).

These outcomes are coherent with the hypothesis put forth by Gettelman et
al. (2019) and Monerie et al. (2020), in which larger anomalies in precipitation
anomalies may result from a difference in the ECS between the CMIP6 and CMIP5
GCMs. Analogous to our findings, Almazroui et al. (2020) found an augmented
warming characteristic between 1.0 °C and 2.5 °C from CMIP6 over Africa
compared to CMIP5 GCMs and underlined that Africa is warming more rapidly than
was previously thought. Even on an annual scale, extreme anomalies are more
noticable with the CMIP6 MME. Analogous to Africa, there is also warming
acceleration confirmation in Tirkiye with the CMIP6 outputs. A quite potent
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precipitation rise (14.4%) in highest increase anomaly of the CMIP6 also coincides
with this short period. Albeit the mean annual anomalies in the precipitation and the
near-surface temperature obtained from CMIP5 and CMIP6 ensembles are not
notably distinct, they turn into noteworthy at the regional and seasonal scales,
especially for precipitation. However, maximum changes (decrease or increase) in
precipitation anomaly are more remarkable for CMIP6, even at an annual scale
(Baggaci et al., 2021).
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Figure 4.9. Comparison of the precipitation and near-surface temperature anomalies
acquired from CMIP5 and CMIP6 under the highest-emission scenarios over

Tiirkiye on an annual basis (Baggaci et al., 2021).

We have compared correspondent GCMs in CMIP5 and CMIP6 under the
highest emission scenarios to understand how precipitation and near-surface
temperature projections change as data availability allows. Table 4.1 and Table 4.2
show these correspondent GCMs and their statistics over the Tiirkiye domain in the
near, medium, and long terms. CMIP5 HadGEM projection shows an annual mean
precipitation increase in the near and medium terms, while it is almost equal
reference period mean in the long term. As for CMIP6 HadGEM projection, it shows
no annual mean changes in the near term while showing a decrease in the medium

term and a statistically significant potent decrease in the long term. The sd values of
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CMIP5 HadGEM increase in the near term, then decrease in the medium term, and
finally reach a state near the reference value in the long term. As for CMIP6, this
value strongly increase in the near term while more strongly decrease in the medium
period and then slightly decrease in the long period. It shows proportional
precipitation decline is more robust and accelerated with CMIP6 HadGEM than its
counterpart in CMIP5 in an annual scale. Similar situation exists in the CNRM
GCMs. In summary, CMIP6 CNRM demonstrates around 3%, 6% and 15% more
decline in the near, medium, and long periods, respectively, than its counterpart in
CMIP5. However, in this case, CMIP5 CNRM shows a statistically significant
annual precipitation decrease in the long term, and CMIP6 CNRM shows a
statistically significant decrease in both the medium and long term. As for ACCESS
GCM, only CMIP5 ACCESS shows a statistically significant mean decline of
precipitation in the long term. There is only CMIP6 ACCESS that exhibits neither
decreasing nor increasing tendency in all periods within the CMIP6 GCMs.
However, its sd value strongly increase in the medium and long period, showing that
extremes are more likely, while preserving mean values. On the other hand, both
CMIP GFDL GCMs show a statistically significant precipitation decline in the
medium and long periods on an annual scale. Both CMIP GFDL GCMs are more
coherent in themselves and project incessantly decline in the annual precipitation
(with acceleration; around 5%, 9% and 18% for CMIP5 GFDL, and around 6%, 13%
and 17% for CMIP6 GFDL in the near, medium and long periods, respectively) over
Tiirkiye (Baggaci et al., 2021).
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Table 4.1 Annual means and standard deviations of precipitation simulations of the
best-performing available CMIP6 GCMs and their counterparts in the CMIP5 for
Tiirkiye based on the RCP8.5 and SSP5-8.5. In the table, statistically significant
anomalies at the p=0.05 level are expressed with bold characters (Baggaci et al.,

2021).

MODEL HADGEM2- ACCESS-1 GFDL-CM3 CNRM-CM-5 AVERAGE
AO ACCESS CM- GFDL-ESM4 CNRM-CM6-
HADGEM- 2 1-HR
GC-31-MM
Variable Precipitation Precipitation Precipitation Precipitation Precipitation
(mm) (mm) (mm) (mm) (mm)
Dataset Years Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
Reference | 1986-2005 | 727.5 | 112.9 | 860.4 | 83.9 697.7 711 861.6 | 105.6 | 786.8 | 93.4
2030-2050 | 767.1 | 119.1 | 8473 | 733 662.7 | 1119 | 857.7 | 106.1 | 783.7 | 102.6
Te)
% 2050-2070 | 758.0 | 1015 | 844.0 | 89.6 637.3 93.8 839.4 86.8 | 769.7 | 929
© 2070-2100 | 723.8 | 111.2 | 777.1 | 885 572.7 89.3 8734 927 | 736.7 | 954
Reference | 1995-2014 | 640.0 | 90.8 | 7112 | 77.0 856.3 78.2 | 1032.8 | 100.1 | 810.1 | 86.5
2030-2050 | 642.4 | 1293 | 7102 | 74.8 809.0 | 106.8 | 998.0 | 1085 | 789.9 | 104.8
©O
% 2050-2070 | 610.7 | 88.8 | 711.2 | 1116 | 7449 97.2 949.1 | 117.0 | 754.0 | 103.7
© 2070-2100 | 560.5 | 82.1 | 709.0 | 100.6 | 713.9 87.0 887.8 | 114.7 | 7178 | 96.1
: 2030-2050 | 39.6 6.3 -13.1 | -105 | -35.1 40.8 -3.8 0.5 -3.1 9.3
Vel
% E 2050-2070 | 305 | -114 | -164 5.7 -60.4 22.7 -222 | -188 | -17.1 -0.5
[+4
% 2070-2100 -3.7 -1.7 -83.3 4.6 -125.0 18.2 11.8 -13.0 | -50.1 21
. 2030-2050 24 385 -1.0 -2.2 -47.3 28.6 -34.9 8.4 -20.2 | 183
\O
% E 2050-2070 | -29.3 -2.0 0.0 347 | -111.3 19.0 -83.7 169 | -56.1 | 17.2
[+4
% 2070-2100 | -79.6 -8.7 -2.2 236 | -1424 8.8 -145.0 | 147 | -92.3 9.6
, 2030-2050 | -37.2 | 32.2 12.1 8.3 -12.2 -12.3 -31.0 7.9 -17.1 | 9.06
O —~
Lo
% % 2050-2070 | -59.8 9.4 16.5 289 -50.9 -3.6 -61.6 357 | -39.0 | 17.61
% o 2070-2100 | -75.8 -7.1 81.1 19.0 -17.4 -9.4 -156.8 | 27.7 | -422 | 753

Among the CMIP6 GCMs, only CMIP6 MPI give a cooler projection than its
counterpart in CMIP5, though not much (0.1 °C), in the long term. Moreover, CMIP6
MPI is 0.4 °C cooler than its counterpart in the near term, which is the maximum
difference in coolness among CMIP6 GCMs, while no distinction exists in the
medium term. Unlike CMIP6 MPI, CMIP6 MRI gives constantly warmer projections
than its counterpart, showing the higher ECS on behalf of the Tiirkiye domain. The

maximum difference in warmness is present with the CMIP6 CNRM with a value of
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0.7 °C in the long term, while CMIP6 NorESM is warmer by only 0.2 °C than its
counterpart in this period. Except for CMIP6 MPI, the remaining three have higher
sd values in the long period than their counterparts in CMIP5, showing that heat
extremes are more likely to occur. That is also specified in the preceding parts, where
a higher maximum increase and decrease in anomalies are acquired from CMIP6
GCMs. Nonetheless, as indicated in the literature (Gettelman et al., 2019; Monerie
et al., 2020), the improvements in the equations designating the model physics to
have a remarkable influence on climate variability in near-surface temperature and
especially precipitation by the end of this century over Tiirkiye, regarded as one of

the climate hot spots (Baggaci et al., 2021).
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Table 4.2 Annual means and standard deviations of the near-surface temperature
simulations of the best-performing available CMIP6 GCMs and their counterparts in
CMIP5 for Tiirkiye based on the RCP8.5 and SSP5-8.5. All the near-surface
temperature anomalies in CMIP5 and CMIP6 GCMs are statistically significant at
the p=0.05 level (Baggaci et al., 2021).

MODEL MRI ESM1 MPI-ESM-MR CNRM-CM5 NOR-ESM1- AVERAGE
MRI ESM2 MPI-ESM1-2- CNRM- M NOR-
HR ESM2-1 ESM2-MM
Variable Temperature Temperature Temperature Temperature Temperature
(€ (€ (€ () )
Dataset Years Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
Reference | 1986-2005 9.7 0.4 12.1 0.7 8.3 0.6 13.2 0.6 10.8 0.6

2030-2050 11.2 0.7 13.4 0.7 9.9 0.5 14.9 0.6 12.3 0.6

g 2050-2070 12.0 0.5 14.7 0.8 113 0.8 16.1 0.6 135 0.7
© 2070-2100 135 0.7 16.2 0.8 12.7 0.8 17.3 0.5 14.9 0.7
Reference | 1995-2014 10.9 0.6 12.0 0.5 10.9 0.4 12.6 0.6 11.6 0.6

2030-2050 12.5 0.6 12.8 0.8 12.7 0.6 14.3 0.5 131 0.6
é 2050-2070 13.9 0.7 14.6 0.8 13.7 0.7 15.6 0.6 14.4 0.7
(@]

2070-2100 151 0.8 15.9 0.8 16.0 11 17.2 0.8 16.0 0.9
2030-2050 15 0.3 1.3 0.0 15 -0.1 1.7 0.0 15 0.0
2050-2070 2.3 0.0 2.6 0.1 2.9 0.3 2.9 0.0 2.7 0.1
2070-2100 3.8 0.3 4.0 0.1 4.4 0.2 4.1 0.0 4.1 0.1
2030-2050 1.6 0.0 0.8 0.3 1.8 0.2 1.7 -0.1 15 0.1
2050-2070 3.0 0.2 2.6 0.2 2.8 0.2 2.9 0.0 2.8 0.2
2070-2100 41 0.2 3.9 0.3 51 0.7 45 0.1 44 0.3
2030-2050 0.1 -0.3 -0.4 0.3 0.2 0.2 0.0 -0.1 -0.04 | 0.04
2050-2070 0.6 0.1 0.0 0.1 -0.2 0.0 0.0 -0.1 0.11 0.04
2070-2100 0.3 -0.1 -0.1 0.2 0.7 0.5 0.4 0.2 0.32 0.20

A(CMIPS -
REF)

A(CMIP6 -
REF)

A(CMIP6 -
CMIP5)

4.2 Results of the sensitivity of the WRF physics parameterizations

Fig. 4.10 shows the daily mean precipitation statistics of the ground observations and
60 WRF configurations simulations. The mean and median values of the stations are
1.47 mm and 1.33 mm, respectively. The WRF simulations show a high-sensitivity

range with mean values between 0.71 mm and 2.03 mm and median values between
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0.61 mm and 1.92 mm across the configurations. The configuration numbers
between 1 and 12 (except 2 and 6) show far less precipitation than the ground
observations. On the other hand, Conf14, Conf18, Conf26, Conf30, Conf38, Conf42,
Conf50, and Conf54 give far more precipitation values than the stations. The more
reasonable successive configuration range is between Conf39 and Conf49. Conf2,
Conf20, Conf27, Conf43, and Conf55 fit better to the stations in terms of box sizes,
mean, and median values. However, none of these takes place in the top five
performing configurations in terms of correlations. It may be due to the extreme
dominance in the correlation calculations. Here the best performing configuration is
composed of the new Thompson microphysics scheme (Thompson et al., 2008), the
Yonsei University (YSU) planetary boundary layer scheme (Hong et al., 2006), and
the Tiedtke cumulus parameterization scheme (Tiedtke, 1989; Zhang et al., 2011).

Precipitation (mm)

station -
ok

Figure 4.10. The daily mean precipitation statistics of the ground observations and
60 WRF configurations. The first box denotes station statistics. The dashed line
belongs to the median value of the stations. The mean values of the boxes are shown

with red points, and the median values are shown with the black lines in the boxes.

Fig. 4.11 shows the daily precipitation correlation and RMSE statistics of the
configurations with the ground observations. The correlation values are between

0.51 and 0.65. Five configurations form the lower tail outliers giving correlation
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values lower than 0.55. The mean and median values are close to each other, around
0.61. On the other hand, the RMSE values are between 4- and 5 mm, and the mean

and median values are 4.37- and 4.25 mm, respectively.

The resultant best-performing configuration remarked above was utilized in the
long-term PGW runs in the next section. The retrospective simulations between
1995-2014 have shown performance improvement in terms of correlations, except
in 1999 and 2014. As for RMSE, it has a similar range to the sensitivity studies

conducted here. Please see the next section for further information.
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Figure 4.11. The WRF simulations configurations-wide precipitation statistics. The
daily precipitation correlations (the left axis with the light pink box) and RMSEs (the
right axis with the turquoise box). The black points denote the mean values of the

correlations and RMSE.

4.3  Results of the PGW-based dynamic downscaling

43.1 Validation

The monthly precipitation correlation between E-OBS and the WRF simulations
varies from 0.60 to 0.76, which is the worst series between the gridded datasets for
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the 1995-2014 period (Fig. 4.12 a). Similarly, the monthly RMSE values of the E-
OBS are in the range of 34-52 mm which is higher than the others. The GPCC and
GPCC-HOAPS are in close agreement with each other for correlation and RMSE
values, according to the WRF. The monthly correlation of the GPCC-HOAPS varies
between 0.70 and 0.79, and the GPCC correlation is only one percent lower than the
min-max values of the HOAPS. Similarly, the monthly RMSE values of GPCC-
HOAPS are in the range of 29.8 and 39.2 mm, which is 3 mm lower than those of
GPCC. The WRF simulations give the best performance with the ground
observations of Tirkiye for monthly correlation values. The minimum correlation
between WRF and stations is 0.74, while the maximum is 0.86. The RMSE values
of the stations vary between 29.1 and 39.7 mm, which closely resembles the GPCC
and GPCC-HOAPS.

The daily precipitation statistics between WRF simulations and the ground
observations of Tiirkiye were also obtained for the 1995-2014 period (Fig. 4.12 b).
The daily correlation values vary between 0.60 and 0.75, and the RMSE values are
in the range of 3.8- and 5.4-mm. Owing to the dense network of ground
measurements, here we also highlight the spatial correlation between WRF
simulations and stations (Fig 4.12 c and d). Fig. 4.12 ¢ shows spatial distributions of
the daily correlations between the stations and the WRF simulations in the 1995-
2014 period. The daily correlations are no lower than 0.5 and give higher values (up
to 0.83) over southeastern Tiirkiye. The correlation values vary between 0.5-0.6 over
the easternmost Mediterranean coasts and northeastern Tiirkiye and in the range of
0.6-0.7 over the Aegean coasts and northwestern country. Apart from these, the
spatial correlations generally have a homogeneous appearance. The wet season
(NDJFM) daily correlations are in better agreement between the WRF simulations
and stations than the multiyear daily correlations (Fig. 4.12 d). The daily correlations
are in the range of 0.7-0.9 in most of the country, while the Aegean coasts and some
parts of the Mediterranean coasts have correlations in the band of 0.6-0.7. Besides

these, there is no consistent spatial pattern in the wet season daily correlations.
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The near-surface temperature statistics are far better agreement between gridded and
ground observations and WRF simulations than those in precipitation (Fig. 4.13).
The 20-year-long daily near-surface temperature correlations are 0.97 and 0.98
between WRF-EOBS and WRF-ground observations, respectively. The daily RMSE
value in the same period is 1.78 °C for WRF-ground and 2.53 °C for WRF-EOBS.
The monthly near-surface temperature correlation between WRF and CRU is 0.97,
while it is 0.99 between WRF and ground observations. The RMSE values are 2.37
and 1.48 °C between WRF-CRU and WRF-ground observations, respectively.

1.00 100 1.00 10.0
€ c oI :_/-\/\A’\_/\/\.]'s x
9 ] =
= = 7]
s %um;d__‘\\\/p\\\\//’\\w/h\\lf\//50E
= = 3
8 8 E]
0.251 2.5
0.010395 2000 2005 2010 0 0'0109‘95 2000 2005 2010 0.0
Year Year
i <" WRF-GPCC -~WRF-HOAPS ---WRF-EOBS — WRF-Stations G — WREF-Stations ]
c
45°N 45°N
l 0.9
© 42°N 42°N -0.8
= 07
Eaon 39°N
® 0.6
=i

)
©
&
z
.
@
S
m
e o
> o

30°E 35°E 40°E 45°E 50 25°E 30°E 35°E 40°E 45°€

Longitude

Figure 4.12. The WRF simulations precipitation statistics: a) The monthly
precipitation correlation (the left axis with the blue lines) and RMSE (the right axis
with the red lines). The solid line denotes the WRF-ground observation statistics,
dashed line denotes the WRF-GPCC statistics, dot dashed line denotes WRF-GPCC
HOAPS statistics, and dotted line denotes WRF-EOBS statistics. b) As in a, but for
daily precipitation statistics between WRF and ground observations. c) The spatial
daily precipitation correlations between WRF and ground observations for 1995-

2014 in Tiirkiye domain. d) As in c, but for the wet season (NDJFM).
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Figure 4.13. The WRF simulations near-surface temperature statistics: The daily and
monthly correlation (the left axis with the blue lines) and the daily and monthly
RMSE (the right axis with the red lines). The solid line denotes the daily WRF-
ground observation statistics, dashed line denotes the monthly WRF-CRU statistics,
dot dashed line denotes the daily WRF-EOBS statistics, and dotted line denotes the

monthly WRF-ground observation statistics.

4.3.2 Seasonal precipitation change

In a coarser resolution, the GCM ensemble shows a substantial precipitation decrease
of up to 100 mm over the Mediterranean and Aegean coasts of the EMBS in winter;
such drying reaches into the inner Anatolian Peninsula in the north and Cyprus,
Crete, and Syrian Mediterranean coasts in the south, with a gradual decline down to
35-40 mm (Fig. 4.14). The similar pattern can be observed over the north of the
Fertile Crescent and with decreasing amounts around 15 mm. On the other hand, the
same ensemble expects an increase in precipitation up to 80 mm over the southeast
coasts of the Black Sea and southwest coasts of the Caspian Sea. The precipitation
increase is around 25-35 mm over the inner domains between these regions,
including Caucasus and the northeastern Anatolia. The decreases/increases are
statistically significant at a 95% confidence interval. In a higher resolution
simulation, the WRF model captures the pattern at a reasonable level, however, with
enhanced magnitudes (Fig. 4.15). Here, with the WRF model, the decrease in winter
precipitation over the Mediterranean coasts and following inner highlands of
Tiirkiye, which takes most of the annual precipitation through the instrumentality of
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its orography, is almost two and half fold that of the GCM ensemble. Such enhanced
drying is also present over the pattern-like regions mentioned above. The regions
with increased precipitation also cohere except the Russian Black Sea coasts. Here,
the precipitation decrease is up to 100 mm. On the other hand, the WRF simulations
show a precipitation increase between 100 and 200 mm over Tiirkiye’s northeastern

Black Sea coasts which, is enhanced magnitude than that of the GCM ensemble.
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Figure 4.14. The seasonal precipitation change (in the units of mm) between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble. The statistically significant changes at p < 0.05 level

are hatched.
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Figure 4.15. The seasonal precipitation change between 1995-2014 and the
corresponding pseudo future period in the units of mm obtained from the WRF
simulations for the EMBS domain.

The spring season precipitation pattern resembles that in the winter over the southern
EMBS, where the precipitation decline amount is mostly less but more widespread.
The decline falls by half over Cyprus, Crete and the Mediterranean coasts of Tiirkiye
and Syria and triples over the northern branch of the Fertile Crescent with the GCM
ensemble. The WRF simulations yield a sharper decline in the decrease in all those
regions and show an increase up to 85 mm over a tiny part of the northwesternmost
of the Fertile Crescent. Over the Caucasus and northeastern Anatolia, the
precipitation increase resembles; however, with the WRF model, the increase
penetrates more south along the mountainous region of Anatolia. The precipitation
increase is roughly between 100 and 170 mm with the WRF simulations over the
Caucasus, which is four times that of the GCM ensemble. It should be noted that, we
observed a reverse sign, i.e., an increase with the WRF model and a decrease with
the GCM ensemble, which is statistically significant at p < 0.05 level in an
interrupted area over the southwest coasts of the Caspian Sea.

In summer, the picture becomes more different. The southeastern coasts of the Black

Sea and the northwest coast of the Caspian Sea, together with the Caucasus and the
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surrounding highlands, experience a high precipitation increase with the WRF
simulations (mostly between 100mm and 350 mm, and up to 500 mm for the
marginal points), while GCMs expect a high statistically significant decrease up to
90 mm. The southern part of the EMBS and most of the Anatolian plateau, which
takes far less precipitation in summer than the other seasons, also shows different
signs among the GCM ensemble and WRF simulations, though not as much over the
Caucasus and nearby regions. The GCM ensemble shows a decrease up to 20 mm in
statistically significant regions at p < 0.05 level, while the WRF simulations show
an increase mostly up to 20 mm (for the marginal points, this amount rises to 100
mm) over the region. It should be noted that precipitation increase does not exceed
2 mm over most of the Syrian and Iraq territory with the GCM ensemble and WRF
simulations. When looking at the remaining regions, the picture is more compatible.
The GCM ensemble and the WRF model agree on the prominent drying and its
amount when excluding marginal points over the northwestern part of the EMBS and
the Black Sea coasts of the east of northernmost Anatolia.

The GCM ensemble demonstrates no statistically significant precipitation changes
at p <0.05 level over the eastern Caucasus and its south, while the WRF simulations
amplify precipitation over the same region in the fall season. The precipitation
increase exceeds 100 mm over the Caucasus and nearby regions and exceeds 200
mm over Tirkiye’s eastern Black Sea coast and southwest Caspian Sea coasts with
the WRF simulations. The increase also penetrates towards the south and west with
diminishing values. However, precipitation decline shares a common picture
between the GCM ensemble and the WRF model towards the northwestern part of
the Caucasus and the Russian Black Sea coasts. On the other hand, the GCM
ensemble shows a statistically significant precipitation decline of around 10 mm over
Bulgaria. The WRF simulations show an increase roughly between 10 and 60 mm
over the country. The drying and its amount in the southwestern Anatolian plateau,
the Mediterranean and Aegean coasts of Tiirkiye, northern Greece, Greek islands,

and Cyprus are in good agreement between the GCM ensemble and the WRF model.
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4.3.3 “Dynamic” and “thermodynamical” factors

The CMIP6 GCMs, as their predecessors, show an “anomalous” ridge formation
over southern Italia in winter, taking effect over the whole Mediterranean (Fig. 4.16).
It moves northwest and approaches the high-pressure system over the North Atlantic
in the vicinity of its French and British coasts in spring. The surface anticyclone loses
its strength but still governs the low-level circulation over the EMBS. In the summer
season, dipole-like SLP pattern formation stands out between the north of the Bay of
Bengal and the Eastern Mediterranean. It results in a cyclonic low-level circulation
development over the EMBS. In the fall season, the low-pressure system largely
diminishes over the Eastern Mediterranean; however, it still exists over the North
Africa and Arabian Peninsula in the south and southern EMBS in the north. Another
low-pressure system, which seems having an effect on the circulation over the
northern EMBS, is located in the eastern Caspian Sea. It also has a diminished
appearance compared to summer. Overall, the spring season follows winter, and fall

season follows summer over most of the EMBS in terms of circulation pattern.
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Figure 4.16. The large-scale low-level (850 hPa) circulation (winds as vectors) and
SLP (shadings) change signal of the PGW forcing between 2071-2100 (future SSP5-
8.5 scenario) and 1985-2014 (historical) retrieved from 13 CMIP6 GCM model
ensemble. The wind vectors are in the units of m/s and sea-level pressure is in the

units of pascal. The reference vector is presented in the upper left.
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Figure 4.17. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change between 1995-2014 and the corresponding pseudo future period
for each season obtained from the WRF simulations for the EMBS domain. The wind
vectors are in the units of m/s and sea-level pressure is in the units of pascal. The

reference vector is presented in the upper left.
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Figure 4.18. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change signal of the PGW forcing between 2071-2100 (future SSP5-8.5
scenario) and 1985-2014 (historical) retrieved from 13 CMIP6 GCM model
ensemble for the extended EMBS domain. The wind vectors are in the units of m/s
and sea-level pressure is in the units of pascal. The reference vector is presented in

the upper left.

Fig. 4.17 shows that the anomalous ridge strengthens the low-level anticyclonic
circulation in winter over most of the EMBS region, from the westernmost to the
vertical line between the northwestern Caucasus and the Syria-Iraq border in the east.
It is consistent with the GCM ensemble simulations, which show anticyclonic
response but with less strengthened wind patterns (Fig. 4.18). The wind flow is
northwesterly and northerly in the north and northwestern EMBS, which is known
to advect dry and cold air in today’s climate. The advected air becomes slightly
moister for the future period with a relatively small increase in specific humidity
between 1-1.5 g/kg in the near-surface and around 1 g/kg in the lower troposphere
(Fig. 4.19 and Fig. 4.20). These factors are expected to increase precipitation over
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northern Bulgaria and the Black Sea Region of Tiirkiye by orographic enhancement
since the moistened wind patterns are perpendicular to the mountain range. It is the
case by a majority; however, the expected picture does not hold over some parts of
the southwestern Black Sea Region coasts with the WRF simulations. Here, the
precipitation decrease seems related to the mid-tropospheric subsidence (Fig. 4.21).
To the south of the EMBS, precipitation dramatically decreases, consistent with the
subsidence over almost all levels of the troposphere. The decrease is also prominent
towards the inner Anatolian Plateau from the west and the Mediterranean coast,
which is coherent with GCM ensemble simulations (Fig. 4.14 and Fig. 4.15).
However, the plateau does not react homogeneously in terms of precipitation change
as in the ensemble, which is also the case for the vertical pressure velocity showing
air ascending/descending. The WRF simulations indicate precipitation decrease over
southeast Anatolia and its extension towards Syria and northern Irag as a result of
more strengthened mid-level tropospheric subsidence and high dew-point
depression. It shows that the “forced down” effect of the northerlies is limited along
a belt, crossing mountain ranges over the southern EMBS. A similar phenomenon as
in the northern EMBS may explain the increase in precipitation over the southwest
coasts of the Caspian Sea. Here, the wind patterns are easterly and perpendicular to
the mountain range resulting in an escalated upward movement of the moist air
parcel. Besides, here is one of the rare regions with the Caucasus where the dew-
point depression decreases (Fig. 4.22). It may also explain the increased precipitation
over the Caucasus except for its northwest margin. Here, the dew-point depression
and mid-tropospheric subsidence increase, which seems responsible for precipitation
suppression. As for warming, the eastern Anatolian Plateau shows maxima at 8.8 °C,
which is more about 2.4 °C than in the GCM ensemble (Fig. 4.22 and Fig. 4.23). The
same region broadly loses its snow cover area in winter (not shown). The warming
in the remaining regions is not less than 2.2 °C. The land warming is up to 2 °C more

than the sea over Tiirkiye’s Mediterranean and the Black Sea coasts.
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Figure 4.19. The near-surface (at 10-meter for the winds and 2-meter for the specific
humidity) wind pattern (vectors) and specific humidity (shadings) change between
1995-2014 and the corresponding pseudo future period for each season obtained
from the WRF simulations for the EMBS domain. The wind vectors are in the units

of m/s and specific humidity in the units of g/kg. The reference vector is presented
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in the upper left.
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Figure 4.20. The low-level (850 hPa) specific humidity change between 1995-2014
and the corresponding pseudo future period in the units of g/kg for each season
obtained from the WRF simulations for the EMBS domain.
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Figure 4.21. The vertical pressure velocity (omega) change between 1995-2014 and
the corresponding pseudo future period in the units of hPa/hr for each season
obtained from the WRF simulations for the EMBS domain. The omega changes are
presented in 200 hPa (in the top), 500 hPa (in the middle), and 850 hPa (in the

bottom) pressure levels.
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Figure 4.22. The near-surface temperature (at the top) and dew-point depression (at
the bottom) change between 1995-2014 and the corresponding pseudo future period
in the units of °C for each season obtained from the WRF simulations for the EMBS
domain. The dew-point depression was averaged with the values between the near-

surface and 700 hPa pressure level.
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Figure 4.23. The near-surface temperature change signal of the PGW forcing
between 2071-2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved
from 13 CMIP6 GCM model ensemble for the extended EMBS domain in the units
of °C.
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Figure 4.24. The vertical pressure velocity (omega) change signal between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble for the extended EMBS domain in the units of hPa/hr.
It should be noted that legend is one-tenth of the WRF simulations.
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Figure 4.25. The specific humidity change signal of the PGW forcing between 2071-
2100 (future SSP5-8.5 scenario) and 1985-2014 (historical) retrieved from 13
CMIP6 GCM model ensemble for the extended EMBS domain in the units of g/kg.
The first row shows the near-surface (at 2m) changes, and the second row shows the

low-level (at 850 hPa) changes.

Spring season shows a similar low-level circulation pattern as in the winter but with
a moister atmosphere (Fig. 4.17, 4.19, 4.20). Precipitation decrease has a similar
pattern but is less intense over the southern and southwestern EMBS (Fig. 4.15). It
should be noted that the seasonality and regional precipitation differences are typical
over most of the EMBS. Therefore, the amount of decrease should not be misleading
in the comparison. The precipitation decline over Bulgaria seems related to the
substantial low-level subsidence and increased dew-point depression since
prevailing wind patterns, which trigger winter rainfall over the northern country,
strengthen without changing direction (Fig. 4.17, 4.21, 4.22). Although the
anomalous ridge softens the blow, it still manifests itself over the diagonal corridor
between the Aegean Sea and the Mediterranean Sea by almost all level subsidence
(Fig. 4.16, 4.17, 4.21). 1t mostly explains precipitation decrease over the regions that
fall into the corridor. However, outside the corridor (the western side), Crete Island
also experiences a precipitation decrease. The island is in the region where the
surface anticyclone strengthens, which may suppress precipitation. Besides, through
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the deeper troposphere, dew-point depression increases, making the air drier. Over
the eastern side of the corridor, pointing to the easternmost Mediterranean coasts and
inner Taurus mountains, the moist air parcel with upward motions (negative omega)
causes to increase in precipitation under unchanged wind patterns. The northeast of
the EMBS exhibits a pretty different picture. Here, the precipitation increase is
dramatic, especially over the Caucasus. The wind patterns are westerly over the north
and easterly over the south of the Caspian Sea in line with the sea-level pressure
change. The mid and upper tropospheric negative vertical pressure velocity promotes
the moist air to ascend along the high-altitude regions located in the eastern EMBS.
The orographic enhancement of precipitation is the case over the southwest coast of
the Caspian Sea and inland, where the wind blows perpendicularly. Similar to the
winter season, near-surface warming shows its seasonal maxima over the eastern
Anatolian Plateau and the high-altitude regions of the Taurus mountains with 8 °C,
which is more about 2.3 °C than in the GCM ensemble (Fig. 4.22 and Fig. 4.23).

The summer season exhibits the remote effect of the heat low formed over the inland
Arabian Peninsula on the EMBS, as asserted by Barcikowska et al. (2019). They
showed that the intensification of the Persian trough accompanies the low,
characterized by ascending air and convergent flow. They also stated that this effect
tends to weaken subsidence over the EMBS and enhance subsidence over the central
Mediterranean. It amplifies sea-level pressure dipole differences resulting in
strengthened Etesian winds. Here we confirm the authors about the strengthened
Persian trough and convergent flow into it (Fig. 4.16, 4.17, 4.21 and Fig. 4.24). We
also confirm the tendency to the heat low formation over the eastern Mediterranean,
albeit it locates more western than the authors indicated. However, we did not
observe a sea-level pressure increase in the boundary over the central Mediterranean.
It results in the deflection of the 850 hPa wind patterns from a northerly to a
northeasterly direction along the Aegean Sea, albeit Etesians strengthens by
conserving its direction at near surface level (Fig. 4.19). A similar opposite sign of
sea-level pressure exists over the Black Sea. Here, we observed negative SLP change

over the Black Sea, where the low-level wind blows from the Caspian Sea to that
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sea, consistent between the GCM ensemble and the WRF (Fig. 4.17 and Fig. 4.18).
The weakening of the subsidence over the eastern Mediterranean manifests itself in
the southern EMBS, including most of the Anatolian Plateau. Precipitation slightly
increases over those regions. It should be noted that the mentioned regions show
strong seasonality; hence a slight increase constitutes a high percentage. On the other
hand, the land-sea temperature contrast increases with the WRF simulations (Fig.
4.22), i.e., the land warms faster than the sea, which may suppress precipitation in
the coastal regions of the southern EMBS (Barcikowska et al., 2019). The low and
mid-tropospheric subsidence are accompanied by a precipitation decrease over the
northwestern EMBS. The convergent flow does not translate to a substantial
precipitation increase over the southern Persian trough. A large discrepancy in
summer precipitation is present over the northeastern EMBS centring the Caucasus
between the GCM ensemble and the WRF simulations. The WRF simulation shows
an anomalous precipitation increase, while the GCM ensemble shows a substantial
decrease. In fact, the low-level (850 hPa) circulation change draws a similar picture
over the region. Besides, the low and upper-tropospheric (200 hPa) pressure
movements have a similar pattern (Fig. 4.21 and Fig. 4.24). However, the vertical
pressure velocity has an opposite sign in the mid-troposphere. The WRF simulation
exhibits a strong air ascent, while the GCM ensemble shows a descent over the
Caucasus in the mid-troposphere. Moreover, the WRF simulations show a more
specific humidity increase in near-surface and lower troposphere than the GCM
ensemble with an extended area (Fig. 4.19, 4.20 and Fig 4.25). The following section
investigates this discrepancy with an additional analysis. The near-surface
temperature increase has a more homogenous appearance, where the GCM ensemble
shows its seasonal maxima over northwestern EMBS with around 7.3 °C and around
7.2 °C over western Anatolia (Fig. 4.23). The WRF simulations agree for
northwestern EMBS in terms of warming amount and expect 0.5 °C less warming
for western Anatolia. However, it shows warming maxima over the high altitudes of

the Caucasus with values exceeding 7.3 °C (Fig. 4.22).
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The fall season demonstrates similar low-level circulation and precipitation patterns
as in summer over most of the EMBS (Fig. 4.15 and Fig. 4.17). The most pronounced
difference in precipitation change exists in the northwestern domain. Here, the
subsidence slightly decreases, and air ascent slightly increases over the mid-
troposphere (Fig. 4.21). The wind patterns also slightly tilt, from easterly to
northeasterly, making it more perpendicular to the mountain range in Bulgaria. The
heat low effect diminishes or even disappears over the western side of the EMBS,
including the Aegean Mediterranean coasts and inland Anatolian Peninsula (Fig.
4.17 and Fig. 4.21). The region experience a slight precipitation decrease. There is
no substantial low-level wind pattern change over Syria and Irag, where low-level
subsidence and mid-level air ascent are present. Precipitation does not change
substantially over the region until the eastern located-mountain range. To the east of
the EMBS, where precipitation increase is less but more widespread, the dew-point
depression increases less than those in summer (Fig. 4.22). Also, the depression
slightly decreases over the northern Caucasus and southern Caspian coasts. These
seem responsible for more westward propagated precipitation patterns since near-
surface and low-level specific humidity increases are less than in summer. Compared
to the summer season, a less intense but still strong precipitation increase signal
exists over the Caucasus and Tiirkiye’s eastern Black Sea coast. It seems related to
the attenuation of the mid and upper-tropospheric ascent since the circulation pattern
is nearly unchanged over the region. The near-surface warming has a similar pattern
between the GCM ensemble and the WRF simulation showing that the southeastern
EMBS is generally warmer than the other regions with values between 6 and 6.5 °C.
However, the WRF simulations also show that the high altitudes of the Caucasus are
also one of the most warming places where its marginal points show warming
exceeding 6.5 °C. Here, we turn the section by focusing on the anomalous
precipitation increase over the Caucasus and nearby regions with an additional

analysis, which investigates its future climatic characteristics in more detail.
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434 Additional simulation

We want to emphasize the SST availability of the GCM ensemble members to
explain the most likely reason behind the anomalous precipitation increase over the
Caucasus and nearby regions, especially in summer. Table 4.3 shows this availability
for the Black Sea, the Mediterranean Sea, and the Caspian Sea. Accordingly, in the
SST perturbation, we could only utilize SST information from 3 out of 13 GCMs
(CMCC-CM2-SR5, CMCC-ESM2, and HadGEM3-GC31-MM) for the Caspian Sea
(Table 4.3). It should be noted that, unlike the Caspian Sea, SST datasets are
available for 11 GCMs (the remaining two GCMs could not be used for any seas due
to not being able to be downloaded appropriately and no regular grid system) over
the Black Sea and the Mediterranean Sea. It yields more warming in the Caspian Sea
if one considers the long-term seasonal changes of the SST and skin temperature are
equal (Fig. 4.26 a). It is most probably due to the employed ensemble size differences
for the Caspian Sea (as mentioned above, only three GCM ensemble used for the
perturbation of SST forcing for the Caspian Sea for the data availability concerned).
Fig. 4.26 a affirms this assumption by yielding almost equal SST and skin
temperature in the Black Sea and the Mediterranean Sea. The slight differences are
below 0.1 °C, which is probably due to the not used SST. Moreover, these three
GCMs (CMCC-CM2-SR5, CMCC-ESM2, and HadGEM3-GC31-MM) consistently
yield warmer SST projections than the full ensemble over the Aegean,
Mediterranean, and Black seas, besides the Caspian Sea (Fig. 4.26 b). Fig. 4.26 a
shows that not only the summer and fall seasons but also the winter and spring
seasons give differential heating between SST and skin temperatures. The
approximate maximum values of the differential heating are 0.75 °C, 1.1 °C, 0.95 °C,

and 0.65 °C for the winter, spring, summer, and fall seasons, respectively.
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Table 4.3 SST availability across the CMIP6 GCMs. Cnbu refers to “could not be

used”.
SST availability

CMIP6 GCMs Black Sea  Mediterranean Sea  Caspian Sea
AWI-CM-1-1-MR Cnbu Cnbu Cnbu
BCC-CSM2-MR Yes Yes No
CMCC-CM2-SR5 Yes Yes Yes
CMCC-ESM2 Yes Yes Yes
CNRM-CM6-1-HR Yes Yes No
EC-Earth3 Yes Yes No
EC-Earth3-CC Yes Yes No
EC-Earth3-Veg Yes Yes No
FGOALS-f3-L Cnbu Cnbu Cnbu
GFDL-ESM4 Yes Yes No
HadGEM3-GC31-MM Yes Yes Yes
MPI-ESM1-2-HR Yes Yes No
MRI-ESM2-0 Yes Yes No
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Figure 4.26. The long-term (between 2071-2100 (future SSP5-8.5 scenario) and
1985-2014 (historical) periods) seasonal mean warming differences: a) between sea-
surface temperature and skin temperature of all available GCMs, b) between three
GCMs (CMCC-CM2-SR5, CMCC-ESM2, HadGEM3-GC31-MM) SST and all
available GCM ensemble SST (three GCMs SST increase minus full ensemble SST
increase). The coastal regions exhibit a blocky cooler appearance due to the bilinear
interpolation process from coarse to fine resolution. It was avoided in the
interpolation step of the WRF-preprocess.

Here we perform a ten-year-long simulations over the Caucasus and the nearby
regions for the future period to examine the effects of the differential heating. The
ten-year-long simulations seem sufficient to obtain precipitation change signals at a
quite reasonable level. The simulation is based on the cooling Caspian Sea as much
as the approximate maximum values mentioned above. The SST was still updated in
this simulation, but spectral nudging was turned off. All remaining physics and
dynamic options were the same as in the main simulations. The simulation was
performed between pseudo 1994-2004, and the first year was discarded as a spin-up.
The reference simulation was kept the same between 1995-2004 but cropped over
the region of interest.

The winter season shows the strongest nonlinear reaction in the surface anticyclone
and the near-surface temperature on the land, even though the Caspian Sea was

cooled less than the spring and summer seasons (Fig. 4.27 and Fig. 4.28). The near-
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surface temperature increase on the land approaches up to 2 °C, and a decrease on
the Caspian Sea reaches up to 0.45 °C resulting in the attenuation of the land-sea
temperature contrast. It enhances the surface anticyclone and accordingly reshapes
the low-level circulation (Tuel and Eltahir, 2020). The vertical pressure velocity is
more potent for both directions in all tropospheric levels than in the main simulations
(Fig. 4.21 and Fig. 4.29). The specific humidity decrease is around 0.6 g/kg in the
lower troposphere over the land, while near-surface specific humidity differences are
mostly below to 0.1 g/kg compared to the main simulation (Fig. 4.19, 4.20, 4.30).
However, the dew point depression decreases more than the main simulation and
spreads a more expansive area in the Caucasus and the nearby regions (Fig. 4.28).
Overall, these factors offer the distinctive climatic forces; nevertheless, the
precipitation response of the region’s land areas resembles the main simulation (Fig.

4.15 and Fig. 4.31).
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Figure 4.27. The low-level (850 hPa) circulation (winds as vectors) and SLP
(shadings) change between 1995-2004 and the corresponding pseudo future period
for each season obtained from the WRF simulations for the Caucasus and nearby
regions. The wind vectors are in the units of m/s and sea-level pressure is in the units

of pascal. The reference vector is presented in the upper left.
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Figure 4.28. The near-surface temperature (at the top) and dew-point depression (at
the bottom) change between 1995-2004 and the corresponding pseudo future period
in the units of °C for each season obtained from the WRF simulations for the
Caucasus and nearby regions. The dew-point depression is averaged with the values

between the near-surface and 700 hPa pressure level.
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Figure 4.29. The vertical pressure velocity (omega) change between 1995-2004 and
the corresponding pseudo future period in the units of hPa/hr for each season
obtained from the WRF simulations for the Caucasus and nearby regions. The omega
changes are presented in 200 hPa (in the top), 500 hPa (in the middle), and 850 hPa

(in the bottom) pressure levels.
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Figure 4.30. The near-surface (2-meter; at the top) and low-level (850 hPa; at the
bottom) specific humidity change between 1995-2004 and the corresponding pseudo
future period in the units of g/kg for each season obtained from the WRF simulations

for the Caucasus and nearby regions.
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Figure 4.31. The seasonal precipitation change between 1995-2004 and the
corresponding pseudo future period in the units of mm obtained from the WRF
simulations for the Caucasus and nearby regions.
Cooling the Caspian Sea at 1.1 °C results in around 0.7 °C decrease in near-surface
temperature over that sea in spring (Fig. 4.22 and Fig. 4.28). However, the near-
surface temperature increase over land is much weaker than in the winter. Therefore,

the anticyclonic low-level circulation response is weaker (Fig. 4.27). The mid-
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tropospheric subsidence prevails over the region, while the air ascent is more
prominent in the lower troposphere (Fig. 4.29). The vertical pressure velocity is
stronger in both directions in the upper troposphere. The specific humidity decrease
IS more potent than in the winter and reaches up to 1.5 g/kg in the lower troposphere
over the land (Fig. 4.30). The near-surface specific humidity differences are mostly
between 0.2-0.4 g/kg. The precipitation increase draws a similar pattern with the
main simulation over the highland areas of Caucasus; however, the remaining

regions show a weaker increase or even decreasing patterns (Fig. 4.15 and Fig. 4.31).

The summer season shows a striking reaction against the cooling Caucasus in
decreasing low-level specific humidity and changing the direction of the low-level
wind field (Fig. 4.17, 4.20, 4.27, 4.30). Cooling the Caspian Sea in summer at 0.95
°C has also broken the SLP change balance between that sea and the Black Sea. The
SLP in the Caspian Sea has increased; however, as a nonlinear reaction, the increase
in the Black Sea was more. The specific humidity increase in the lower troposphere
drops to around one-tenth of the main simulation, albeit the drop in the near-surface
not as much dramatic (Fig. 4.19, 4.20, 4.30). The low-level wind field turns its
direction 180 degrees over the northern Caucasus and forms a northerly pattern along
the eastern Caspian Sea. Nevertheless, the wind pattern resembles the main
simulations along the southern Caucasus and the Black Sea. Strong mid-tropospheric
subsidence is taking shape over the region, which is strongly contrary to the air
ascent observed in the main simulations (Fig. 4.21 and Fig. 4.29). The subsidence
even exceeds the expectations of the GCM ensemble (Fig. 4.24). However, there are
still air ascent regions in the mid-troposphere and, more commonly, in the upper-
troposphere, which may explain the precipitation increase in the heights of the
Caucasus (Fig. 4.31). In the additional simulation, this increase mostly does not

exceed 200 mm.

The fall season resembles summer but with a weakening low-level circulation and a
slightly moistening lower-troposphere (Fig. 4.27 and Fig. 4.30). The subsidence
diminishes over the southern Caucasus in the mid-troposphere, serving slightly

increased precipitation (Fig. 4.29 and Fig. 4.31). Nevertheless, the increase does not
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propagate towards the south as in the main simulation. To the northwestern edge of
the Caucasus, the precipitation decrease is more prominent than those in the main
simulation showing the effect of a potent contradiction of the vertical pressure
velocity and the diverging wind field. Tiirkiye’s eastern Black Sea Region coasts
exhibit a substantial precipitation increase, as in the main simulation. Here, the
moisture flux does not diverge from the coast to the sea as in summer, and the mid-

tropospheric subsidence locally vanishes in the region.
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CHAPTER 5

DISCUSSION

We have comprehensively investigated the climatic change over Tiirkiye and large-
scale EMBS across successive and interrelating three studies in the context of this
thesis. The first study showed that higher ECS is present with the CMIP6 GCMs
when comparing their same family counterpart CMIP5 GCMs in parallel with the
literature. However, only one correspondent GCM family (MRI) exists between
CMIPs in the best-performing four-member ensembles. Therefore, the effect of the
high ECS is not seen fairly between ensembles. On the other hand, near-surface
temperature projections spatially resemble each other across the SSP2-4.5 and SSP5-
8.5 scenarios. However, the warming range of the SSP5-8.5 is almost twofold that
of the SSP2-4.5. The spatial resemblance is also present for precipitation, though not
much as temperature. In general, precipitation increase/decrease is more enhanced
with the SSP5-8.5 in terms of percent changes. The mean biases considerably
decrease with the CMIP6 GCM ensemble compared to CMIP5 GCMs, offering a
performance improvement of CMIP6 via better-represented physics with the

parameterization schemes.

The CMIP6 GCM ensemble of the first study shows maximum warming in summer
with a relatively homogeneous appearance. The fall season also shows high warming
values, especially over southeastern Tiirkiye, showing the summer season extension
through the fall season. Summer drying accompanies the warming over the country,
which has a similar extension pattern to the fall season. The summer warming and
drying over the western and northern Tiirkiye are consistent with the findings of
(Barcikowska et al., 2019). In a coarse resolution, the Black Sea Region experiences
a statistically significant summer precipitation decrease (up to 31%) in all future

periods and scenarios. It contradicts the high-resolution simulations which are given
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in the third study. The cause-and-effect relation is discussed in the following parts

of this section.

The winter drying and warming over southern Tiirkiye are consistent with the
findings of (Tuel and Eltahir, 2020), who stated that the anomalous ridge formation
over the Mediterranean (with causes) suppresses precipitation. In a coarse resolution,
the GCM ensemble projects a precipitation decrease of up to 25% and a near-surface
temperature increase of up to 2.5 °C (4.5 °C) under the SSP2-4.5 (SSP5-8.5) over the
southern regions towards the end of this century. At the same time, a winter
precipitation increase of up to 15% (25%) is expected under the SSP2-4.5 (SSP5-
8.5) over the northern regions, particularly the eastern Black Sea Region and
northeastern Anatolia. These findings of the first study are well captured in a high-

resolution simulations of the third study.

The CMIP6 GCMs show a lower inter-model variability for precipitation and near-
surface temperature than that of CMIP5 in the historical period, offering a narrower
uncertainty range. Therefore, more consistent projections are expected with the
CMIP6. On the other hand, the CMIP6 exhibits a higher anomaly in maximum
declines (~2.5%) in the medium term and a lower anomaly in mean declines (~2%)
in the near term in annual precipitation in the coming century. Besides, a higher
anomaly in the maximum increase (~6.5%) in the long term is projected. Moreover,
the higher standard deviation values offer that extreme precipitation and temperature
tendencies will prevail over Tiirkiye in the coming century, according to the CMIP6.
It is more prominent in the smaller spatiotemporal scales, demonstrating the

significance of the regional impact.

The second study conducted precipitation sensitivity tests to prepare for the long-
term PGW runs in a high resolution in the context of the third study. The high
sensitivity of the configurations implies the importance of revealing the best-
performing one to obtain more reliable climate simulations for the region of interest.
The daily precipitation correlation values of the 60 configurations are between 0.51
and 0.65. As for RMSE, this range is between 4- and 5 mm. The resultant best-
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performing configuration was distinguished by correlation values since the error
values can be reduced by the post-processing tools. The validation step of the third
study should not have given the correlation values consistently lower than 0.65 to
make sure that the best-performing configuration works properly. It is the case for
the retrospective simulations (1995-2014) of the third study, which yield even better
results than the best-performing simulation of the second study, except 1999 and
2014. As for RMSE, there is neither prominent performance improvement nor
performance decrease was observed with the simulation between 1995 and 2014.
These are testimony to the robustness of the retrospective simulations of the third

study.

In a high resolution, the third study broadly affirms the findings of the literature and
the state-of-the-art CMIP6 GCM ensemble, which show that the Mediterranean is
one of the climate change hotspots giving strong warming and drying reactions to
the scaling up GHGs concentrations (Giorgi, 2006; Giorgi and Lionello, 2008;
Barcikowska et al., 2018; Tuel and Eltahir, 2020; Baggaci et al., 2021). Nevertheless,
it should be annotated the added utility of the WRF simulations. For instance, the
GCM ensemble (in both the first and third study) shows maximum warming in the
summer season, which has a more homogenous view than the downscaled
simulations. In contrast, the WRF simulations show a detailed appearance of maxima
over the northeastern Anatolian Plateau in winter, whose effect also propagates into
spring. The northeastern plateau is under snow cover in today’s winter and early
spring, which largely vanishes in future simulations. It causes the snow-albedo
feedback to diminish, therefore increasing temperature. Accordingly, it impacts the
snowmelt runoff timing, hence water resources which are of critical importance for
the region (Sen et al., 2011; Yucel et al., 2015). On the other hand, the winter and
spring precipitation climatology is generally well captured with the WRF
simulations. We clearly see the impact of the development of the intense anomalous
ridge in the circulation and precipitation response. Tuel and Eltahir (2020) showed
that the attenuation of land-sea temperature contrast and large-scale upper

tropospheric flow changes have a comparable impact on the development of the
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anomalous ridge resulting in the decline of winter precipitation (as also in the first
study) over the Mediterranean. Here in third study, we did not conduct any
component analysis; therefore, we cannot claim which effect is more substantial.
Nevertheless, we can confirm that the attenuation of the land-sea temperature
contrast yields an anticyclonic environment over the Caucasus and nearby regions.
However, our additional simulation shows that attenuation of the land-sea
temperature contrast does not directly suppress precipitation over the easternmost
coasts of the Black Sea and near inland regions. It is opposed to Tuel and Eltahir
(2020), which shows a substantial decrease in those regions. There are some factors
which may lie behind this controversy. For example, the differential heating of the
Caspian and Black Seas exists between the main and additional simulations, and the
region might give a nonlinear reaction to it. The higher resolution we used in the
third study might be another factor since the region’s topography is extremely
complex. Due to the less SST-sensitivity of these seasons in precipitation change
compared to the summer and fall, it increases our confidence in simulating the future
rain conditions of the region. The parallelism in the WRF simulations and GCM
ensemble shows that the outside the large-scale effect of the anomalous ridge
developed over the Mediterranean, local circulation changes govern the future
precipitation regime more.

Barcikowska et al. (2019) stated that the Etesians and SNAQ's cooling effect unable
to offset the GHGs-induced strong warming over the region encompassing EMBS.
Instead, they claimed that surface warming governs the local atmospheric
circulation, and the temperature and precipitation balance, as the heat-low becomes
prominent. We should note that we did not do any component analysis in the summer
and fall seasons as in winter and spring. Nevertheless, our simulations show that the
Etesian winds intensify in summer, which extends over the fall season with a
diminishing influence, in parallel with the literature. The GCM ensemble used in the
third study also reveals the trace of the SNAO, as Barcikowska et al. (2019)
indicated. These factors may partly offset the existing high warming response of the

EMBS. However, we see the heat low effect in the summer season over the EMBS.
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It not only enhances warming (as also in the first study) but also allows for air ascent
movement more to the extent that subsidence weakens in the tropospheric levels. It
is probably responsible for the slight precipitation increase (as partly in the first
study) over the Anatolian peninsula and southern region since other factors like
increased dew-point temperature and land-sea temperature contrast in the summer
season favour suppressed precipitation. A decrease in precipitation over the
Mediterranean and Aegean coasts of Tiirkiye in the fall season (as also in the first
study) seems related to the diminishing heat-low effect in summer. The region
located in the southern Persian trough shows no remarkable precipitation increase,
which is probably due to the advected air from the Arabian Desert being dry. The
reverse sign in precipitation over the northwestern EMBS, i.e., a decrease in summer
and an increase in fall, is thought to be due to subsidence change differences in the
low and mid-troposphere and the positioning wind pattern change relative to the
mountain range. Moreover, the dewpoint depression increase in summer by nearly 1
°C more than in the fall season. A decrease in precipitation pattern in summer
diminishes over the northernmost Black Sea coast of Tiirkiye in fall season which
seems related to the weakening mid-tropospheric subsidence. The remaining regions,
except northeastern EMBS, show parallelism for precipitation with these two
seasons.

The abnormal appearance of precipitation increase in the summer and fall seasons,
which both contradict the GCM ensemble in the first and third studies, over the
Caucasus and nearby regions directed us to configure the additional simulation.
However, the additional simulation does not directly mean the foolproof climatic
future of the region since some uncertainties exist. For example, the Caspian Sea was
linearly cooled among the seasons, with approximate maximum differences between
long-term SST and skin temperatures. It results in some parts of the Caspian Sea
being cooler, though not by much than the predicted skin temperature increase.
Moreover, the epicentre of the anomalous precipitation increase was cropped, and

spectral nudging was turned off, which allowed the WRF model to evolve freely.
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Therefore, the additional simulation should be perceived as a sensitivity test, albeit

the factors above impact, giving two scenario range between differential heating.

The main simulations and the GCM ensemble (in the third study) show that the
strong anomalous ridge developed over the Mediterranean does not influence
circulation in the Caucasus and the nearby regions in the winter and spring seasons.
However, the same models show that the region is influenced by the heat low
developed over the eastern Mediterranean in the summer and fall seasons. Therefore,
turning off the spectral nudging may explain why the summer and fall seasons'
circulation changes are more dramatic than the other seasons because the flow along
the northeastern Caucasus to the southern boundary of the Caspian Sea reverses.
Outside the large-scale effect, the wind patterns here follow SLP decrease maxima
over the eastern coast of the Caspian Sea and the southeasternmost of the region in
summer. In the fall season, the low-level flow along the region mentioned above has
an anticyclonic appearance. Besides these factors, a dramatic decrease in the low-
level specific humidity in summer and an increase in the mid-tropospheric
subsidence in summer and fall mainly explain precipitation suppression in the region.
As a nonlinear response to the cooling Caspian Sea, land surface warming
enhancement, except in the highlands of the Caucasus, may be another factor in the
suppression of precipitation, as Barcikowska et al. (2019) stated. On the other hand,
the authors’ findings show a strong precipitation increase over the highlands of the
Caucasus in the summer season (their Fig. 7), which conforms with our both
simulations (main and additional simulations in the third study). It shows that the
statistically significant precipitation decreases obtained with the GCM ensemble (in
both first and third study) may be reversed through the added utility of the high-

resolution regional climate models.
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CHAPTER 6

CONCLUSION

This thesis aimed to ascertain the change in the future climatic outlook of Tiirkiye
and large-scale EMBS with the state-of-the-art CMIP6 GCM ensemble in a coarse
resolution and PGW-based dynamic downscaling in a high resolution. The first study
compared the CMIP6 to the CMIP5 to see whether any improvement in the climate
projections becomes prominent for the Tiirkiye domain. The results showed the
outperformance of CMIPG6, particularly for precipitation. The future projections of
CMIP6 vyield higher near-surface temperature values, and the maximum and
minimum anomalies of the individual ensemble members are more prominent than
the CMIP5. Moreover, the CMIPG6 indicates warming acceleration by demonstrating
early near-surface temperature increases in minimum anomalies throughout the near
term. The corresponding substantial precipitation enhancement (~8% higher) of the
CMIPG is present in maximum anomaly increases in this near term. The annual mean
precipitation decreases are generally fewer with the CMIP6; however, the extremes
in the maximum increase/decrease are substantially higher compared to the CMIP5.
As a consequence, the drying pattern is less apparent with the CMIP6 GCMs. The
underestimated precipitation patterns of the CMIP5, which results in a tendency to
the dryer climate conditions, were seen to ameliorate with the CMIP6. The fewer
intermodel variability for precipitation and near-surface temperature of the CMIP6

renders a steadier ensemble.

The winter season precipitation pattern becomes different by showing substantial
precipitation anomalies over the south (a decrease) and north (an increase) of the
Tiirkiye domain. Spring precipitation spatially resembles winter precipitation with
more spread drying, particularly in the long term. These are well captured with the

high-resolution WRF simulations in the third study. As for the summer and fall
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seasons, a huge contradiction appeared between the first and third studies. The first
study showed substantial precipitation decrease over the Aegean and Black Sea
Regions, especially in summer. The decrease was more in quantity over the Black
Sea Region, which shows smoothed seasonality (four-season rainy) compared to the
Aegean Region. However, in the incompleteness of the SSTs of the Caspian Sea, the
main WRF simulations of the first study showed an anomalous precipitation increase
over the northeastern regions, Caucasus and its surroundings, in the summer and fall
seasons. In fact, the winter and spring seasons also had incomplete SSTs for the
Caspian Sea, but they were less sensitive than the other two seasons by locating
outside the large-scale effects. The main and additional simulations of the third study
showed two scenarios for the region's future since the incompleteness of the SSTs
prevented a foolproof view in the SST-sensitive seasons. The first scenario indicated
that if the Caspian Sea were warmer, much as the values mentioned above, the
Caucasus and nearby regions would experience an abnormal precipitation increase.
The second scenario remarked that the precipitation would be suppressed if the
Caucasus and nearby regions were outside the large-scale heat-low effect. In both
cases, the precipitation was expected to increase over the highlands of the Caucasus
and Tirkiye’s eastern Black Sea coasts. The modelling community should be aware

of the SST existence in advance, especially in such SST-sensitive areas.

Now, everything is ready to run a hydrologic model (i.e., WRF-Hydro) to see climate
change effects on the water resources of Tiirkiye in the context of future works. The
flood and drought risks in vulnerable regions can be revealed with the data obtained
in this thesis, and other hydroclimatic risks can be reassessed with the results of
WRF-Hydro simulations. The climatic extremes endangering human health (i.e.,
heat waves) can be searched with the outputs of this thesis. The expected loss of
snow cover areas of the country and its results can also be uncovered. With the
experiences gained in this thesis, individual dynamical downscaling of the GCMs
(providing that the selected GCMs have complete SST information) can be

conducted to support or discuss the results obtained here.
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