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ASSESSMENT OF DROUGHT IN A FUTURE CLIMATE OVER TURKEY
WITH COSMO-CLM

SUMMARY

Many physical processes interact to create a region's climatic conditions. Climate
parameters may change over time as a result of human-caused or natural factors.
Changes in climate parameters have occurred as a result of the greenhouse gases and
geographical changes caused by climate change. However, the sources of human-
caused climate change are becoming more numerous. Climate models are used to
forecast the future effects of climate change. Drought is also affected by expected
changes in climate parameters. Drought indices can be used to examine dry and
humid periods that occur on a regular basis. These indices, which can be calculated
using a variety of periods and variables, provide information on the frequency,
severity, and duration of drought. Information about future dry and humid periods
can be obtained by calculating the drought index using future simulations obtained
from climate models.

In this study, drought analysis was carried out with the help of COSMO-CLM
climate simulations and data projected according to the RCP8.5 scenario and drought
indices. This study aims to examine how the current temperature and precipitation in
the reference period will be in the future and the expected changes in the dry period
and values with the effect of climate change on temperature and precipitation. In the
study, NEWA-WRF and ERA5-Land were used for bias correction. Since the SPI
and SPEI values calculated with ERA5-Land are more accurate after the bias and
correlation calculations, the COSMO reference period and future corrections were
made with ERA5-Land.

The method used in bias correction is Quantile Mapping (QM), which is used in
many studies. The transformation method, which is a variant of this method, and
which uses non-parametric and empirical variables, which gives more accurate
results, especially for variables that are nonlinear such as precipitation, was used.

Afterward, SPI and SPEI indices were selected as drought indices. These indices
have been chosen because they are two methods that are used quite frequently and
they are easy to calculate. SPI and SPEI have the same index values, with positive
values meaning "moist" and negative values meaning "dry". First, calculations were
made between 1989 and 2018 with ERA5-Land, WRF, and station observation data.
Similar results were obtained in each data set. Subsequently, each data set was
studied temporally. Similar distributions and values were obtained for SPI and SPEI.
However, longer dry periods were investigated in the SPEI.

Furthermore, the ERA5-Land and COSMO data between 1989 and 2005 were
adjusted to apply bias correction to the future simulations, and the future simulations
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were made more accurate with this correction. Different methods were tried, but the
most efficient result was obtained by performing non-parametric transformations.

Additionally, corrected with precipitation and temperature future drought index
values were calculated. Since SPI only uses precipitation data, the effect of
temperature with SPEI is also considered. The indices were examined and evaluated
spatially and temporally. In the results obtained, a decrease in precipitation and an
increase in temperatures are expected in the general framework. While the expected
increases may cause meteorological, agricultural, and hydrological problems in the
short term, they may cause significant damage to the socio-economics as a result of
all of them in the long term.
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TURKIYE UZERINDE COSMO-CLM (CCLM) iKLIM SIMULASYONLARI
ILE KURAKLIK ANALIZI

OZET

Bir bolgede iklim kosullari, pek ¢ok fiziksel siirecin bir araya gelmesi ile olusur.
Cevresel veya dogal faktorler etkisi ile iklim parametrelerinde zaman iginde
degisimler meydana gelebilir. Iklim degisikliginin etkisi ile ortaya ¢ikan sera gazlari
ve cografi degisiklikler ile, iklim parametrelerinde de degisiklikler meydana
gelmistir. Bununla beraber, insan kaynakli iklim degisikligi kaynaklar1 artarak devam
etmektedir. Gelecekte de iklim zorlamalar1 etkisiyle meydana gelecek etkiler iklim
modelleri yardimiyla tahmin edilmektedir. iklim parametrelerinde meydana gelmesi
tahmin edilen degisikliklerin kuraklik {izerinde etkisi de bulunmaktadir. Dénemsel
olarak meydana gelen kuru ve nemli donemler, kuraklik indeksleri yardimiyla
incelenebilmektedir. Farkli periyotlar ve degiskenler ile hesaplanabilen bu indeksler,
kurakhigin frekansi, siddeti ve siiresi hakkinda bilgi sahibi olunmasini saglar. iklim
modellerinde elde edilen gelecek simiilasyonlar1 ile kuraklik indeksi hesabi
yapilarak, gelecekte beklenen kurak ve nemli donemler hakkinda bilgi sahibi
olunabilir.

Bu ¢alismada, COSMO-CLM (Consortium for Small — Scale Modelling — Climate
Limited — area Modelling) sinirli alan iklim modeli yaklagik 10-12 km ¢oziiniirliikle
Tiirkiye itizeri i¢in kosturulan ve RCPS8.5 senaryosuna gore projelendirilen veriler
yardimiyla kuraklik analizi yapilmistir. Bu ¢aligma, referans dénemdeki mevcut
sicaklik ve yagisin gelecekte nasil olacagini ve iklim degisikliginin sicaklik ve yagis
tizerindeki etkisi ile kurak donem ve degerlerde beklenen degisiklikleri incelemeyi
amaclamaktadir.

Iklim modelleri, iklim sistemlerinde meydana gelen fiziksel olaylar1 simiile ederler.
Iklim modelleri yardimryla, gelecek iklim simiilasyonlar1 olusturulabilmekte ve iklim
degisikligi hakkinda calismalar yapilabilmektedir. Fakat modellerde yapilan
hesaplamalar veya 6l¢ek kiigiiltme islemleri sonrasinda model ¢iktilarinda yanlilik
meydana gelmektedir. Bu sebeple model ve gézlem verileri arasinda, ayni1 donem ve
bolgeye ait verilerde farklar ortaya c¢ikmaktadir. Gelecek simiilasyonlarinin
sonuglarini daha dogru irdelemek i¢in, model ¢iktilarinin referans donemleri gozlem
verileri ile karsilagtirilarak yanlilik diizeltmesi yapilir. Yanhilik diizeltmesi i¢in
kullanilan pek ¢ok yontem bulunmaktadir. En ¢ok kullanilan yontemlerden birinde,
modelin referans donemi ve ayni1 doneme ait gozlem verileri arasindaki fark alinarak
gelecek model ¢iktilarina uygulanir. Burada referans donem gozlem ve model
arasindaki iliskinin gelecekte de aymi oldugu varsayilmaktadir. Diger oldukg¢a sik
kullanilan yontem ise Kuantil Haritalamadir. Bu yontem de daha once pek c¢ok
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calismada kullanilmis ve verimli sonuglar elde edilmistir (ThemeBl vd., 2011, Lafon
vd., 2013, Rajczak vd., 2016). Ayn1 zamanda kuantil esleme veya kiimiilatif dagilim
fonksiyonu esleme gibi isimleri de olan bu yontemde model ¢iktilarina ait dagilim bir
fonksiyon haline getirilir. Bu g¢alismada parametrik olmayan ampirik kuantiller
doniistimii kullanilmigtir. Parametrik olmayan ve ampirik degiskenlerin kullanildigi,
ozellikle yagis gibi dogrusal olmayan degiskenler i¢in kullanigl bir yontemdir.

Calismada oncelikle, referans donem ve gelecekte kurak ve nemli dénemlerin
belirlenmesi amaciyla kuraklik indeksleri ile hesaplamalar yapilmistir. Elde edilen
indeks degerleri, alansal ve zamansal ortalamalar1 alinarak incelenmistir. ERAS-
Land, NEWA-WRF ve gozlem verileri kullanilarak SPI ve SPEI hesaplamalari
yapilmistir. SPI, yani Standartlastirilmis Yagis Indisi, uzun dénem yagis verileri
kullanarak, farkli periyotlarda hesaplanabilmektedir. Burada, yagis verileri gamma
dagilimma uydurulduktan sonra standartlastirilir. Elde edilen sonuglar pozitif ile
nemli degerleri; negatif ise kurak degerleri gosterir. Ote yandan SPEI hesaplarken,
yagis verisinden potansiyel evapotranspirasyon ¢ikarilarak su acigi elde edilir ve bu
degerler kullanilir. Ayrica, gamma yerine log-lojistik dagilim kullanilmaktadir. SPEI
yani Standartlastirilmis Yagis ve Evapotranspirasyon Indisi, sicakhigin etkisinin de
incelenmesini saglar. Ik olarak 1989-2018 yillar1 arasinda ERAS-Land, WRF ve
istasyon goOzlem verileri ile hesaplamalar yapilmigtir. Her veri setinde benzer
sonuglar elde edilmistir. Daha sonra, her bir veri seti alansal ve zamansal olarak
incelenmistir. SPI ve SPEI i¢in benzer dagilimlar ve degerler elde edilmistir. Ancak,
SPEI'de kuru dénemlerin SPI’ye gore daha uzun oldugu tespit edilmistir. Hesaplanan
SPI ve SPEI degerleri ile gozlem verileri arasinda korelasyon incelendiginde, ERAS-
Land verilerinin daha dogru sonuglar verdigi goriilmiistiir. Bu sebeple de yanlilik
diizeltmesi yapmak i¢in ERAS-Land verisi kullanilmistir.

Iki farkli tiirde yapilan diizeltmeler sonucunda, yagis ve sicaklik degerleri, ERAS-
Land verisine daha yakin hale gelmistir. Yagislarda pozitif yanliligin yaninda
sicakliklarda negatif yanlilik mevcuttur. Diizeltme sonucunda elde edilen yagis ve
sicaklik verileri ile 1989-2005 aras1 referans donem icin indis hesaplamalar
yapilarak yanlilik diizeltmesinin etkisi incelenmistir. Alansal olarak incelenen
sonuglarda, diizeltme yapildiktan sonra ERAS5-Land ile benzer dagilimlar elde
edilmistir. 1989-2005 aras1 sicaklik ve yagis dagilimlarina bakildiginda, kuantil
haritalama ile yapilan diizeltme sonucunda yagislar diger tiir yanlhlik diizeltmesine
gore daha cok diigmiistiir. Sicakliklarda da kuantil haritalama sonucunda daha
yiiksektir. Diizeltmeler sonrasinda 2030-2100 aras1 gelecek verisine uygulanmistir.
Diizeltme uygulanmis referans donem ve gelecek farki alindiginda, 2075 sonrasinda
yagislarda glineyde %50’ye varan azalma beklenmektedir. Genel olarak her bolgede
yagislarin azalmasi beklenirken, Dogu Karadeniz’de artis beklentisi mevcuttur.
Sicakliklarda ise 2030 sonrast her dénemde artis beklenmektedir. Ozellikle 2075
sonrasinda, 5 dereceye kadar artis beklenen bodlgeler mevcuttur. Bazi periyotlarda
farkliliklar olsa da yagislarda lilke genelinde azalan; sicakliklarda ise artan bir trend
mevcuttur. Zamansal olarak yagislar incelendiginde, 2030’lu yillarin basinda
modelde nemli bir donem beklenmektedir.

Sonrasinda, 2030-2100 aras1 kuraklik indisleri ile incelenmistir. 2030-2050 arasinda
yagislarin artmasinin beklendigi giiney kisimlarda nemli degerler elde edilmistir.
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Onun haricinde her periyotta daha kurak degerler baskin olmustur. Ozellikle
sicakligin hesaba katildigt SPEI sonuglarinda, 2075 sonrasinda siddetli kurak
degerler elde edilmistir. Kuantil haritalama ile elde edilen sonuglarda degerler daha
diisiiktiir. Zamansal olarak incelenen indis sonuglari ile 2100’e yaklastik¢a kurak
donemlerin frekansinda, siddetinde ve siliresinde artislar beklendigi sonucuna
varilmgtir.

Elde edilen sonuglar 1s18inda, iklim degisikligi ve gelecek kuraklik beklentileri
hakkinda bunun yaninda, daha dogru sonuglar elde edilmesi amaciyla yanlilik
diizeltmeleri ile ilgili caligmalara devam edilmelidir.
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1. INTRODUCTION

Droughts are events that have socio-economic effects and include a series of
meteorological, hydrological, and biophysical processes (Yves et al., 2020; Wilhite
& Pulwarty, 2017). The drought process generally begins with a dry period, with low
precipitation and high temperatures, which are meteorological parameters. With the
continuation of this process, decreases occur in water resources, and in the next step,
agricultural and ecological life is adversely affected. Drought, which continues for a
certain period, causes problems in socio-economic activities such as agriculture and
fishing, along with a lack of water. On the other hand, the physical events that cause
drought can be highly non-linear and have feedback, and may affect each step
differently and unequally (Lloyd-Hughes, 2014). For these reasons, drought is a
difficult parameter to determine and measure. Moreover, it can be divided into four
classes according to the time it occurs and the environment it affects. According to
Wilhite and Glantz, there are meteorological, hydrological, agricultural, and
socioeconomic drought types (1985). In addition, the duration, severity, and
frequency of occurrence are characteristics of drought, and drought situations in any
given region can be determined by these characteristics.

Climate change which is caused by the increase in greenhouse gases also causes
changes in drought processes. According to the latest IPCC report, anthropogenic
climate change has already brought about many damages to climate and weather
events, and unless serious measures are taken in CO, emissions, the global average
temperature is expected to exceed at least 2°C before the 21st century ended (IPCC,
2021). This warming will cause feedbacks that will enhance global warming more,
and also trigger extreme events. Extreme precipitation events and longer duration of
dry periods are also among the expected results. Besides, regional changes are
expected in drought parameters because of these anomalies occurring as a result of

climate change. For the Mediterranean basin, including Turkey, more severe and



long-lasting droughts are expected in the future, with increasing temperatures and
longer dry spells (Yves et al., 2020). The expectation of drought due to climate
change is the first thing that comes to mind. However, as a result of changes in
atmospheric circulations, changes in regional climatic characteristics may cause
drought effects (Trenberth et al., 2014). As a consequence of the increasingly
negative impact of climate change on the region, agricultural activities, which have a
significant share in the economy, will suffer and will be challenged by productivity

losses.

To understand the potential changes in the future climate and to provide future
climate strategies, it is very important to examine the current drought situations and
forecasts made with the help of climate models. Estimation of the frequency or
severity of dry and humid periods is very important to take regional or country-wide
measures for the problems that may arise as a result of climate change. Problems that
may occur in environmental factors in the short term may cause risks for larger areas

and socioeconomic disruption the long term.

Drought definitions and examinations have been revealed in many studies. In these
studies, droughts were analyzed by using drought indices to examine, classify and
take precautions in the study areas. There are many indices for different purposes, as
well as many definitions for drought (Niemeyer, 2008). Whereas, in previous studies,
calculations are made with various indices according to the purpose of use and
region. The most widely used drought index is the Standardized Precipitation Index
(SPI) (McKee et al., 1993). It is an index that can be calculated for the desired time
interval using the single parameter of precipitation. Positive values indicate humid
climatic conditions and negatives correspond to dry conditions. Another frequently
used index to determine meteorological drought is the Standardized
Evapotranspiration-Precipitation Index (SPEI) (Vicente-Serrano et al., 2010). In
SPEI, the temperature variable is taken into account in addition to the precipitation
variable. Here, the temperature is used to estimate evapotranspiration. Thus, the
effect of temperature on drought is also considered. Apart from these indices, Palmer
Drought Severity Index (PDSI) (Palmer, 1965), which is frequently used in
agricultural drought estimation, and many other indices such as Self Calibrated PDSI
(Wells et all., 2004) are used in studies.



Through the temporal data obtained by calculations made with drought indices,
information about drought duration, frequency and severity can be obtained. In
addition, in light of this calculated information, drought forecasts can be made. Some
studies predict drought in regions through various statistical methods such as
regression analysis or linear stochastic models. For example, Stagge et al. (2015)
examined drought effects on Europe using logistic regression and drought indices,
and Meng et al. (2016) conducted a drought study in East China with the same
method. Mishra and Desai (2006) compared linear stochastic models like ARIMA
with neural networks for drought forecasting using SPI time series data of
Kangsabati River Basin. Han et al. (2013) estimated drought with ARIMA models
and using SPI. In another study, Bacanli et al. (2009) used the Adaptive Neuro-fuzzy
Inference System (ANFIS) for drought forecasting while using SPI.

Many important studies on drought indices and future climate change exist. Tatli
(2015), for example, used the model output statistics (MOS) method to investigate
the effect of future climatic conditions on drought. Another study, Tatli (2021), aims
to discover a new drought index, and it is suggested that this index be used with other
weather variables other than precipitation. The new Conditional Standardized
Precipitation (CSPDI) method aims to monitor drought. Drought persistence in
Turkey was investigated using detrended fluctuation analysis (DFA), as well as a
study using the Palmer Drought Severity Index (PDSI) (Tatli and Dalfes, 2020).

Climate models are one of the most important tools in terms of examining the
climate change that may occur in the future. There are many studies on climate
change and future simulations in Turkey. Onol and Semazzi (2009), Unal et al.
(2010), Bozkurt and Sen (2011), Bozkurt et al. (2012), Onol and Unal (2014),
Demircan (2014), SYGM (2016), Yiiriik (2016), Yiiriik and Unal (2016), Yiiriik and
Unal (2017) and Unal and Yiiriik (2017) are the investigations on expected climate
change over Turkey. In these studies, projections for Turkey were made by using
SRES and RCP (Representative Concentration Paths) emission scenarios and
different climate models determined by the Intergovernmental Panel on Climate
Change (IPCC). Hydrostatic Regional Climate Model (RegCM) developed by ICTP
was used in most of the studies mentioned above. On the other hand, the COSMO-
CLM (Consortium for Small-Scale Modeling - Climate Limited - area Modeling)

climate model has also been used in recent years. Yiiriik (2016) has run the COSMO-
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CLM model for Turkey. Yiiriik (2016), Yiiriik and Unal (2016), Yiiriik and Unal
(2017), and Unal and Yiiriik (2017), used the COSMO-CLM model forced by the
MPI-ESM-LR (Max Planck Institute — World System Model — Low Resolution and
estimated the model biases over Turkey. For COSMO-CLM simulations coupled
with MPI-ESM-LR, the mean annual precipitation bias at 48 TSMS observation
stations is 1the drought is more severe 77.8 mm. Also, the annual mean bias for 48
monitoring stations in temperature is -0.49°C. These studies indicate that COSMO-

CLM produces a drier and colder climate over Turkey.

Even high-resolution regional climate models are biased when compared with
observations corresponding to the simulated period. Outputs of GCMs and RCMs
cannot be used directly in research due to bias. Especially in regions with a complex
topography and land-sea contrast, such as Turkey, it is imperative to correct the
model outputs to accurately represent regional features. Therefore, many methods,
from simple methods to distribution mapping, have been used for bias correction. By
using the statistical features of the observation data in the same period, the biases in
the model outputs are corrected. In this way, regional climate model outputs also
develop. (Lafon et al., 2013, Moghim & Bras, 2017). For this reason, bias correction
should be made in these datasets before using them in studies. Statistically, bias
correction is based on determining the relationship between the model and the
observation statistically in the same historical time interval and using it for other
periods. One of the important statistical bias correction methods is the delta change
method (Ines & Hansen, 2006). The quantile mapping method is also a frequently
used method, in which the model data is approximated to the CDF distribution of the
observation data. (Moghim & Bras, 2017; Panofsky & Brier 1968; Cayan et al. 2008;
Hayhoe et al. 2004; Maurer & Hidalgo 2008). As it is used in many fields, artificial
neural network structures, which are nonlinear systems, are also frequently used for
bias correction. It has been examined in studies that it has better results than
traditional methods, especially in non-linear systems such as climate parameters (Li
& Zheng, 2013). For example, Hsu et al. (1999), in their study in Japan, estimated
precipitation from remotely sensed data with ANN. In addition, ANN has been used
to improve the predictions of many meteorological parameters such as temperature,
wind, and precipitation ((Marzban, 2003; Kretzschmar et al., 2004; Roebber et al.,
2003).



Drought is an important phenomenon that should be examined for the measures that
can be taken, especially when climate change is considered. Using bias-corrected
data in drought examinations and index calculations is necessary for the results to be

accurate.

This study aims to examine the current drought situation with the drought indices in
Turkey and to examine the possible dry and humid periods with the help of the
climate model in the future with the effect of climate change on climate parameters.
Using ERA5-Land, NEWA-WRF datasets, and TSMS station data, the dry and
humid periods that occurred in the reference period are examined temporally and
spatially. In addition, with the help of these data, the future drought index values are
investigated with the COSMO-CLM regional climate model, which is bias-corrected
with one of the widely used methods, QM and delta change bias correction. This
study has focused on the expected dry periods between 2030 and 2100 and the results
that may occur in the short and long term as a result of these predictions. This thesis
is structured as follows. Information about ERA5-Land, NEWA-WRF, COSMO-
CLM, and TSMS station data, which are the datasets used in the study; Afterwards,
the definitions and formulations of SPI and SPEI indices, as well as the bias
correction methods are introduced in section 2. Baseline drought values, bias
corrections applied to future projections, and future drought expectations are
presented in section 3. Finally, the outcomes of the study are summarized in

conclusion section 4.






2. DATA & METHODOLOGY

2.1 Data

The following sections briefly present features of the different data sets used in this
study. They are station observations, reanalysis dataset, and climate data for present

and future periods.

2.1.1 Observation data

In this study, meteorological station data for the years 1989-2018 were used to
validate the simulations. Daily data of mean temperature and total precipitation is
obtained from the Turkish State Meteorological Service (TSMS) stations. The
records of 80 stations were selected according to the criteria that imposes no more
than 20% of the station observations being missing within the study period. The
locations of the retained stations are shown in Figure 2.1. In this study, monthly
average temperature and total precipitation are calculated and their distribution

throughout Turkey is analyzed.
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Figure 2.1: TSMS meteorological stations.
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2.1.2 ERA5-Land

ERAS5-Land is a land surface dataset from 1981 to the present produced at a higher
resolution (9 km) and forced by ERAS5 atmospheric parameters. ERAS is the fifth-
generation atmospheric reanalysis dataset of ECMWF (Muiioz-Sabater et al., 2021).
This dataset was created by masking the ERA5 ocean data. In order to use this data
set in this study, monthly total precipitation and average temperature data for the
years 1989-2018 were downloaded from the Copernicus Climate Change Service
Climate Data Store (Figure 2.2).
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Figure 2.2: The topographic map of the ERA5-Land domain.

2.1.3 NEWA-WRF

NEWA stands for New Europe Wind Atlas project and this project is aimed to obtain
high-resolution mesoscale wind conditions with new downscaling and validation
methods. NEWA-WRF data were obtained by using the Weather Research and
Forecasting (WRF) model with a 3 km resolution within the scope of the NEWA
project. WRF’s initial and boundary conditions are taken from the ECMWF ERA5
re-analysis (Figure 2.3). The monthly precipitation and temperature data cover the
years of 1989 —to 2018.
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Figure 2.3: The topographic map of the NEWA-WRF domain.

2.1.4 COSMO-CLM (CCLM)

COSMO (Consortium for Small-Scale Modelling) is a non-hydrostatic limited area
model which is developed by the CLM (Climate Limited-area Modelling)
Community using the Local Model of German Meteorological Service for numerical
weather prediction and different researches on meso-f and Meso-y scales that are the
limits for the beginning of the nonhydrostatic effects in the atmospheric flows
(Steppeler et al., 2003; Rockel et al. 2008). The model comprises primitive hydro-
thermodynamical equations defining non-hydrostatic compressible flow in a moist
atmosphere without using scale approximations. It uses terrain-following (-)
coordinate system (Schir et al., 2002). The model simulations are carried out during
the project entitled ‘Adaptation Potentials of the Marmara Forests to Climate
Change’ and part of the thesis of Yiiriik (2017). Earth System Model simulations of
Max Plant Institute Earth System Model (MPI-ESM-LR) from CMIP5 is downscaled
over Turkey by following two steps to reach 0.11degree resolution. First, climate
information at roughly 50 km (0.440) is obtained over a domain including eastern
Europe and entire Turkey, and then 12 km (0.110) over Turkey (Figure 2.4). The low
resolution (0.44° resolution, 50 km) simulations are acquired for present day climate
conditions and future projections under RCP8.5. In this first nesting step, MPI-ESM-
LR global data fed to COSMO-CLM with 6 hourly time steps and 1.9J (~200 km)
spatial resolution. The model has 40 vertical levels in the atmosphere. In the second
nesting step, 0.44J resolution simulations are used to force the CCLM to produce

regional climate at 0.11J grid resolution. The parametrizations for microphysics and



deep convection and also the number of atmospheric levels are kept the same as

0.44J resolution simulations.
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Figure 2.4: The topographic map of the 0.44° and 0.11° resolution COSMO-CLM

domain.

The COSMO-CLM simulation data used in the study are monthly precipitation and
temperature data with a resolution of 0.11°. The first two years of the previous
simulations are discarded by assuming that the model reaches to an equilibrium
during this warm up period. The configuration of the COSMO-CLM is given in
Table 2.1. Therefore, the 1989-2005 period is taken as the reference period, and for
future simulation analysis, the temperature and precipitation projections under the

RCP8.5 scenario corresponds to the period between 2030-2100.
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Table 2.1: Configuration options for COSMO-CLM for 0.44° and 0.11° resolutions.

CONTENT DOMAINS
Horizontal Resolution 0.44° 0.11°

Grid Cell ie=79, je=50 ie=175, je=107
Vertical Levels 40u level 40u level
Time Interval 240 sec 90 sec

SST Type MPI-ESM-LR CCLM_044
Data Set Type MPI-ESM-LR CCLM _044

Microphysics Scheme

2-category Ice Scheme

2-category Ice Scheme

Convection Scheme

(Tiedtke, 1989)

(Tiedtke, 1989)

Radiation Scheme

(Ritter and Geleyn, 1992)

(Ritter and Geleyn, 1992)

Vertical Turbulent
Diffusion Scheme

1D TKE-based

1D TKE-based

Surface Transfer TKE-based TKE-based
Scheme
Land Surface Scheme TERRA-ML TERRA-ML

2.2 Drought Indices

2.2.1 Standardized precipitation index

SPI is a drought index in which designed by McKee et al. (1993) and shows water
deficit for different time scales (Hayes et al. 2002). It is based on long-term
precipitation records and requires at least 30 years of data. Before the calculation of
the index, precipitation records are fitted to the gamma distribution and then
normalized. After that, the mean of the dataset is set to zero (Zargar et al., 2011). As
in Table 2.1, the positive values of the index show wet periods while the negative
values show dry periods. One of the biggest advantages of the index is that it can be
computed for 3, 6, 9, 12, 24- and 48-month time scales (Hayes et al. 2002) and it is
only based on a single meteorological variable of precipitation. The calculation of

SPI is shown in Equation 1.
YOO 0 07, 2.1)

where P, P*and o correspond to standardized precipitation with 3-,6- or
12-month lag, mean precipitation and standard deviation of precipitation,

respectively.
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Table 2.2. SPI drought index categories (Hayes et al. 2002).

SPI Values
-2.0 to and less extremely dry
-1.5t0-1.99 severely dry
-1to-1.49 moderately dry
-.99 t0 .99 near normal
1t01.49 moderately wet
1.51t01.99 very wet
2.0 to and above extremely wet

2.2.2 Standardized precipitation evapotranspiration index

SPEI differs from SPI by including temperature data while measuring drought
severity (Vicente-Serrano et al., 2010). The calculation of SPEI is similar to the SPI
but this formula uses an additional parameter of precipitation to estimate Potential
Evapotranspiration (PET) by using Equation 2. So, the warming effect of climate
change is included in the drought calculation and it is one of the major advantages of
this index. The computation of SPEI can be seen below (Vicente-Serrano et al.,
2010). The first step is calculating the differences between precipitation and PET
values (Eqg. 2).
O 0 00" (2.2)

The most suitable statistical distribution function based on most extreme values is

Log-logistic distribution. The probability density function of Log-logistic distribution

and parameters shown as:
0 | — p — (2.3)
The o, B, v are scale, shape, and origin parameters, respectively and according to

Vincente-Serrano et al (2010). These parameters are calculated by the probability-

weighted moments method.
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By Log-logistic distribution, the probability distribution function of D is:

‘ |
06 S
PaT 2.4)

SPEI can be calculated as standardized values of F(x) and classical approximation of
SPEI can be seen below (Vicente-Serrano et al., 2010; Abramowitz et al., 1965):

YO 'O"@

(2.5)

where @ ¢l 1o

for P<0.5, P being the probability of exceeding a determined D value, P=1-F(x). If
P>0.5, P is replaced by 1-P and the sign of the resultant SPEI is reversed. The
constants are: Co=2.515517, C1=0.802853, C>=0.010328, d1=1.432788, d>=0.189269,
dz=0.001308. Because SPEI is a standardized variable, the average value is 0, and the

standard deviation is 1(Vicente-Serrano et al., 2010).

2.3 Bias Correction Methods

2.3.1 Delta Change Bias correction

Climate models are used to simulate events that occur in climate systems, physical
processes with the energy and mass exchanges, and circulations between the
atmosphere-land-ocean. Additionally, with the help of future simulations, studies on
climate change expectations can be carried out. There are differences between the
outputs downscaled by regional climate models and the observation data obtained
from the measurement stations in the same regions. General circulation models
(GCMs) are downscaled using regional climate models (RCMs). Generally, there are
differences between simulations and observations (Soriano et al., 2019). Differences
between model and observation, namely biases, cause misconceptions and errors in
spatial and temporal analysis. Because there are many methods of bias correction,
different methods can be used depending on the data type and region. In the Bias
Correction (BC) approach, the difference between the reference period observation

and model data is taken and subtracted from future simulations (Figure 2.2). In this
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approach, it is assumed that the reference period model-observation relationship
remains the same in future simulations (Navarro-Racines et al., 2015; Hawkins et al.,
2013).

ORer Mazc
A — Correction —,
MRgege Mgraw

Figure 2.5: Schematic of BC, Future period corrected by the differences (A) between
historical reference data from the model and observations. (Orer = observations in
the historical reference period; Mrer = Model output from the historical reference

period; Mraw = raw model output for the historical or future period; Mgc = bias-
corrected model output.) (Navarro-Racines et al., 2015; Hawkins et al., 2013)

In this study, the general form of this method given in equation 6 is used to consider
the temporal variation and not only the mean depending on the observations

(Navarro-Racines et al., 2015; Hawkins et al., 2013; Ho et al., 2012).

0 o 0 (2.6)

where omrer and corer represent the standard deviation in the reference period of the

model data, here COSMO output, and observations, respectively.

2.3.2 Quantile mapping

Quantile Mapping (QM), which is one of the methods used in many studies with
efficient results (ThemeBl et al., 2011, Lafon et al., 2013, Rajczak et al., 2016, etc.),

is also used to mitigate biases in the simulations.

Quantile mapping (QM), also known as quantile matching, Cumulative Density
Function (CDF) matching, and quantile-quantile transformation, basically allows
equating the distribution of the model output with the observation data. The equation
used for QM is:
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®w O 0O (2.7)

where X, is observed data and Xm is modeled data, Fr is the CDF of Xm and Fotis

the inverse CDF (or quantile function) of Xo.

Non-parametric quantile mapping with empirical quantiles was used as the QM
approach in this study. The empirical CDFs are approximated using tables of
empirical percentiles, and values in between the percentiles are approximated using
linear interpolation, according to Boe et al. (2007). If the new model values are
greater than the training values used to estimate the empirical CDF, the correction

calculated for the training period's highest quantile is applied.

In this study, both the BC and QM methods are applied to present and future
temperature and precipitation data to reduce the biases in the simulations. For
correction, monthly ERA5-Land data between 1989-2005 and for QM, cumulative
distribution function matching were made with COSMO-CLM data, and then the
correction was applied to future simulations. The ‘gmap’ package of R programming

was used for analysis (Gudmundsson, 2016).
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3. ANALYSIS AND RESULTS

3.1 Reference Period

In this section, SPI and SPEI analyzes are performed using monthly total
precipitation and monthly mean temperature data obtained from NEWA-WRF,
ERAS5-Land, and TSMS observation data between 1989 and 2018. The SPI and SPEI
can be used to monitor conditions on a variety of time scales 3-, 6- and 12-month.
Analyzes for each time scales are carried out spatially by averaging over ten-year
periods. In addition, the temporal variation is analyzed by taking the spatial averages

of the indices.

3.1.1 Spatial analysis

The average values of SPI calculated over 10 years for ERA5-Land, NEWA-WRF,
and station data are shown in Figure 3.1. The columns correspond to the duration of
SPI calculation while rows reveal the SPI distribution for different decades. The
results illustrate that generally similar SPI patterns are obtained for all three datasets
for 3, 6, and 12-month durations. In the first period of 1989-1998, drier conditions
are dominant in the northeastern and western parts of Turkey, while the southeastern,
Marmara, and central regions are more humid (first row of each figure). On the other
hand, dry conditions preside generally in all regions between 1999-2008, except for
the Eastern Black Sea region. Especially over the central area, the drought values are
lower than the surroundings, around -1 in the 12-month run. Considering the period
between 2009 and 2018, usually, positive values predominate in the country

indicating more humid conditions.
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Figure 3.1: Spatial analysis of SPI-3, 6, and 12 ERA5-Land, NEWA-WRF, and TSMS station data, respectively.
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SPI and SPEI are calculated for all datasets used in the study for the reference period.
The 10-year average values of SPEI for ERA5-Land, NEWA-WRF, and station data
are shown in Figure 3.2. The general structure of the figures is similar to the SPI
figures. Similar results are obtained for all three data sets for SPEI. When the first
period, that is, between 1989 and 1998, is examined, dry values are dominant in
Turkey's northeastern and western regions, while the southeast, Marmara, and central
regions are more humid. This humidity condition showed higher values than the SPI
index because the index does not consider the dryness effect of temperatures. On the
other hand, dry values are dominant in all regions, except for the Eastern Black Sea
region, between 1999 and 2008. Similar values are obtained for SPI and SPEI in the
second period. Especially in central Anatolia, the drought is more severe than the
surrounding areas, with index values around -1 in the 12- month runs. The biggest
difference between SPI and SPEI occurs in the period between 2009-2018. While
there are quite humid values in the SPI maps (Figures 3.1), the SPEI index values
obtained in the central Anatolia and in the eastern Turkey indicate that dry conditions

are corresponding the majority.
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Figure 3.2: Spatial analysis of SPEI-3,6 and 12 ERA5-Land, NEWA-WRF, and TSMS station data, respectively

20



3.1.2 Temporal analysis

In the first group, the graphs were created by taking the temporal average of the 3-,
6- and 12-month index values of the SPI (Figure 3.3). In the graphs, positive (humid)
values are shown in blue, negative which indicates dry values are shown in red, and
values less than -1.5 mean 'very dry' in the graphs. As seen in the previous spatial
analysis section, similar distribution results were obtained between three data sets.
Looking at the 12-month charts, very dry values are calculated for all three data sets
for the period 2008-2009. While the models produce an extremely dry climate

between 2000 and 2002, very dry values are obtained in the observations. In 2014,

extreme dry values are prominent in both models and observations.
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Figure 3.3: Temporal analysis of SPI-3,6 and 12 ERA5-Land, NEWA-WRF, and
TSMS station data, respectively.

Second temporal analysis by averaging the 3, 6, and 12-month index values of the
SPEI (Figure 3.4). As with SPI, values less than -1.5 on charts mean 'very dry'. The
12-month runs in Figure 3.4 indicate that very dry climatic conditions are calculated
for all three data sets for the 2000-2002 and 2008-2009 periods. For example, in
2014, extremely dry values are obtained both in the model outputs and in the
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observation. Although drought periods are similar to SPI in the SPEI index, drought
periods are longer than SPI. In addition, SPEI means lower, that is, drier values
compared to SPI between 2016-2018. The reason for these cases is the calculation of

potential evapotranspiration with temperature data in the SPEI calculation.
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Figure 3.4: Temporal analysis of SPEI-3,6 and 12 ERA5-Land, NEWA-WRF, and
TSMS station data, respectively.

3.2 Future Periods

SPI and SPEI indices from COSMO-CLM future simulations are calculated and the
drought situation between 2030-2100 was investigated spatially and temporally.
Before conducting this analysis, bias correction was applied to the model outputs.
Bias correction methodologies are based on the QM method and the BS method.
First of all, corrections for the reference period between 1989-2005 are performed
and the same correction is applied to the temperature and precipitation data of future
simulations by assuming that the future period simulations have the same systematic

biases. Then, SPI and SPEI indices are calculated by using these data.

3.2.1 Bias correction

ERAS5-Land and NEWA-WRF are used for bias correction to represent the true state
of the atmospheric variable. Before applying the bias correction methodology, the

root means square errors and standard deviations between these data sets and station
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data at 80 sites are calculated in order to analyze how these data sets are representing
the station observations and to answer the order of the biases for the COSMO-CLM
climate simulations. As it can be seen in Table 3.1, when the precipitation data are
examined, WRF gives less RMSE and bias values than ERA5-Land in winter and
spring. On the other hand, in summer and autumn seasons, ERA5-Land gives more
accurate values. On an annual basis, it is concluded that the difference between the
WREF and the observation data is less than the others. If the comparison is carried out
in terms of variables, good results are obtained in both data sets in temperature
values. WRF simulations produce more accurate results than ERA5-Land, both
seasonally and annually. 2.60 mm/day RMSE and approximately 2.17 mm/day biases
are obtained between the COSMO-CLM and the observation data in the same period.
There is an average of 2°C of error and bias per year.

Table 3.1: Annual and seasonal root mean square error and bias values of ERA5-
Land, NEWA WRF, and COSMO-CLM.

ERAS5-Land WRF COSMO

RMSE Bias RMSE Bias RMSE Bias

DIJF 1.01 0.95 0.81 0.62 3.13 2.28
Precipitation | MAM 0.95 0.90 0.67 0.52 3.23 2.19
(mm/day) JJA 042 -020 064 050 263  1.27
SON 0.36 0.05 0.68 0.48 3.21 2.37
Average | 0.69 0.425 0.7 0.53 3.05 2.03

DJF 1.92 -1.91 0.96 0.96 4.30 -4.28
Temperature | MAM 1.54 -1.53 1.01 0.99 3.78 -3.65
(°C) JIA 143 -142 111 1.10 096  0.39
SON 1.55 -1.55 0.93 0.91 1.21 -0.82
Annual 1.35 -1.89 0.99 1.20 2.03 -1.8

ERAS5-Land data is used to reduce these differences in temperatures and
precipitation. Precipitation and temperature bias corrections are made using ERA5-
Land data with the help of QM. QM types are divided into parametric and non-
parametric. As a result of the experiments, especially in precipitation data, better

results are obtained with empirical quantiles and non-parametric transformation. This
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is due to the non-linear nature of precipitation data. Better results are obtained when
the same method is used for temperature.

As a result of the bias corrections, the precipitation values in the COSMO-CLM data
gives total daily precipitation of 4.5 mm on an annual basis, while this value
decreased to 1.9 mm as a result of the correction. COSMO-CLM data, which has a
negative bias in temperature, give a lower value due to the ERA5-Land being colder
annually and decreases to an annual average of 1.84(C which is shown in Table 3.2.
But the distribution of temperature between seasons corrected by these methods.
When the general distribution is examined, decreases and increases in temperature

and precipitation show regional differences.

The other method used for bias correction is BC. In the results obtained according to
this method, the annual bias of precipitation decreased from 2 mm to 1.1 mm. On the
other hand, cooling in temperature was higher than in QM, and the annual average of
2.3 (T colder values is estimated.

Table 3.2: Annual and seasonal root mean square error and bias values of COSMO-
CLM, COSMO corrected with QM and COSMO corrected with BC.

COSMO COSMO-QM COSMO-BC

RMSE Bias RMSE Bias RMSE Bias

DIJF 313 228 086 065  1.97 0.90
Precipitation | MAM | 323 219 088 059  2.02 0.89
(mm/day) TIA 263 127 078 051 234 0.99
SON | 321 237 150 141 252 1.78
Average | 3.05 203 101 079 221 1.14

DIJF 4.3 -4.28 2.5 -2.5 3.84 -3.75
MAM 3.78 -3.65 244 -2.32 2.6 -2.6

Temperature
0) JJA 0.96 0.39 0.54 -0.5 0.34 -0.26
SON 1.21 -0.82 1.15 -1.18 1.55 -1.5
Annual 2.03 -1.8 2.1 -1.84 2.41 -2.27
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Figure 3.5: Mean 12-month SPI of 1989-2005: a) ERA5-Land, b) non-corrected COSMO-
CLM, c) COSMO corrected with QM, d) COSMO corrected with BC.

Following the bias corrections, the SPI was calculated with the bias corrected
COSMO-CLM simulations. In the calculations, 12-month values were taken and the
average is calculated for the period 1989-2005. In Figure 3.5a, the averages of the
SPI values calculated with the ERA5-Land monthly total precipitation values are
given. In Figure 3.5b, the SPI values calculated with the precipitation values are
mapped before the bias correction is made. As can be seen, the distributions on the
map are quite different. That is, while drier values are dominant in the northeastern
and inner regions in ERA5-Land, humid values are dominant in these regions
according to COSMO-CLM. SPI values calculated according to the monthly
precipitation data obtained from the QM result and from the BC result are mapped in
Figure 3.5c and Figure 3.5d, respectively. The maps show an increased similarity to
ERA5-Land after correction. In all maps of Figure 3.5a, ¢, and d, the effect of
negative values on the mean is higher in the eastern of the country. In the western
parts, more humid conditions are obtained in the calculated SPI values with a 12-

month lag between these years.
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Similarly, SPEI is calculated with corrected precipitation and temperature values. By

taking the average of the 12-month SPEI values, the values are obtained as in Figure

3.6. The averages of the SPI and SPEI values reveal similar distributions. Likewise,

after the correction, the values for both corrections become close to ERA5-Land.
According to both SPI and SPEI, BC produced more humid values than QM.
Although they have similar distributions, SPI and SPEI values calculated with BC

are higher.
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Figure 3.6: Mean 12-month SPEI of 1989-2005: a) ERA5-Land, b) non-corrected
COSMO-CLM, ¢) COSMO corrected with QM, d) COSMO corrected with BC.

The SPI and SPEI values calculated by using COSMO-CLM with bias corrected
using ERA-LAND data, ERA5-Land and WRF are correlated with the observations

received from the stations over Turkey and their standard deviation ratio to the

station observations are estimated. These results are summarized via the Taylor

diagram. As it is clearly seen that the standard deviations around Turkey’s geography

are close to 1 for all data sets. The results suggest that the variability of the calculated

SPI and SPEI values are consistent for all data sets even though they have biases at



each grid points. However, the correlation are estimated approximately 0.6 for WRF,
0.65 for COSMO-BC , 0.7 for COSMO-QM, and 0.75 for ERA5-Land in SPI (Figure
3.7). For SPEI, these values increased by 3-5%. The reason for this is that the
temperature values have less variability due to their nature and increase the
correlation. As a result of these correlations, ERA5-Land used for bias correction of

future scenarios.
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Figure 3.7: SPI and SPEI Taylor diagrams.
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3.2.2 Reference Period

In this section, the temperature and precipitation distributions of the reference period
of the COSMO-CLM data, which have been bias-corrected in two different ways, are
examined. First, the spatial distribution of TSMS station data is plotted in Figure 3.8.
In this figure, the annual average temperature values of the existing 80 stations
between 1989 and 2005 can be seen. While there are 8-10 °C degrees in the center of
Turkey and 12-14 °C degrees in the Marmara region, these temperatures are between
16-20 °C degrees in the south and Aegean region. In the east and the eastern Black

Sea region, temperatures vary between -2 and 2 °C degrees.

Mean Temperature: 1989-2005 (Station)
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Figure 3.8: 1989-2005 annual mean temperature of station data.

In Figure 3.9, the annual average temperature values of the data sets used in the study
are plotted on the maps. When the ERA5-Land temperature values in Figure 3.9a are
examined, it has a similar distribution to the observation data, but there are regions
that are not well represented in Figure 3.8 due to the low number of points belonging
to the observation data in some regions. Figure 3.9 shows the temperature
distribution without bias corrected COSMO simulations. Compared to ERA5-Land,
it can be seen that COSMO has warmer values in most areas. For example, in central
areas, ERA shows values between 12-14 °C, while COSMO gives values between
14-16 °C. In the southeast, which is the hottest part, COSMO reaches up to 20 °C,
while ERA reaches a maximum of 18 °C. COSMO temperatures also decreased in

corrections due to colder in all areas. In particular, as a result of the correction with
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BC, which is also shown in Figure 3.9d, annual average COSMO values of up to 2
°C are calculated. In Figure 3.9¢c, on the other hand, in the temperature data corrected
with QM, the temperatures in the eastern Black Sea are increased; In the Aegean,

Central Anatolia, and the south-eastern parts, it is seen that the temperatures

decrease.
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Figure 3.9: 1989-2005 annual mean temperature: a) ERA5-Land, b) COSMO-CLM, ¢) COSMO-
QM, d) COSMO-BC
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The precipitation data, which is another parameter used in the calculations, is
examined. In Figure 3.10, the annual total precipitation values of station data
between 1989-2005 are shown. While values between 200 - 400 mm are taken in the
central regions, values of 1000-1200 mm are found in the coastal areas. The
maximum precipitation is plotted to map at around 2200 mm in the Eastern Black

Sea Region.

Total Precipitation: 1989-2005 (Station)
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Figure 3.10: 1989-2005 annual total precipitation of station data.
Furthermore, as in temperature, the values obtained as a result of ERA5-Land,
COSMO, and corrections are compared. It is seen in Figure 3.11a that the ERA5-
Land annual total precipitation values are lower than the COSMO precipitation
values in Figure 3.11b. For example, 200-300 mm total precipitation in ERA5-Land
central regions is dominant in a wider area. However, in COSMO, precipitation is
generally between 600-800 mm. The results obtained as a result of the correction
with QM are shown in Figure 3.11c. As can be seen in the maps, precipitation
amounts have decreased in all regions. In addition, although there was an increase in
precipitation in the central region and eastern Anatolia in the correction made with
BC, there was a decrease in precipitation in all other areas. Additionally,

precipitation decreases in coastal areas are greater on the QM map than in BC.
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Figure 3.11: 1989-2005 annual total precipitation: a) ERA5-Land, b) COSMO-CLM, ¢) COSMO-
QM, d) COSMO-BC
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3.2.3 Future Period

In line with the results obtained, the corrections applied to the reference period of the
model are applied to the future period as well. Using the precipitation and
temperature values obtained as a result of these corrections, SPI and SPEI values are

calculated.

Before calculating the index, precipitation and temperature values were compared
with the uncorrected version. Future scenarios are examined in 3 periods 2030-2050,
2051-2075, and 2076-2100. In both correction methods, precipitation decreased in
future scenarios. Especially in QM correction, the decrease is more than BC. For
example, in the Eastern Black Sea region, while the annual total precipitation before
the correction reached around 3000 mm, this value becomes between 1500-1800 mm
after the correction with QM which is more in a line with the observations around the
region; In the correction made with BC, it decreased to around 1800-2000 mm. The
precipitation, which is around 600 mm before the correction in the central regions
after 2075, decreased to around 200-300 mm after the QM correction. The BC result
is approximately 400 mm.

Then, the annual total precipitation of COSMO-QM and COSMO-BC was compared
with their reference periods (Figure 3.13). For COSMO-QM, precipitation is
expected to decrease by around 10-20% in the first period. An increase of 5-10% is
expected in some parts of the south coast only. In the second period, it is estimated
that there will be decreases of around 20-25% in each region in general. In addition,
after 2075, reductions of up to 50% are expected in the Mediterranean region. There
is an increase of close to 5% only in the Eastern Black Sea region. There is a
decrease in precipitation of around 30% throughout the country. On the other hand,
the amount of reduction is less for COSMO-BC. An average of 10% less reduction is
expected for each period and region. In addition, the expected increase in the eastern
black sea coasts after 2075 is around 10%, unlike the QM. The results suggest the
importance of the selected bias correction methodology. In addition, the map is
shown in darker colors in regions where the rainfall is less. For example, in the

countries located in the southeast of Turkey, where the annual rainfall is already very
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low, a very small increase compared to the reference period is reflected on the map

as a relative increase when viewed as a percentage.
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Figure 3.12: 2030-2100 annual total precipitation of COSMO-CLM, COSMO-QM, and COSMO-BC.
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Figure 3.13: Precipitation difference percentages between future and reference periods.
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Following the precipitation analysis, future temperature projections, another
parameter used in the calculations, are evaluated. Temperatures decreased in the
2030-2100 data corrected with QM and BC compared to the uncorrected state, as in
the reference period in both corrections because COSMO-CLM produces warmer
conditions than the observations during the reference period. When Figure 3.14 is
examined, temperatures in the general distribution have decreased after correction,
except for an increase in temperatures in the Eastern Black Sea, some eastern, and
the central area. In the correction made with BC, on the other hand, each region on
the map cooled linearly concerning its pre-correction state. When QM and BC maps
are compared, after 2075, QM reaches values between 18-20U C in the center,
whereas BC typically reaches values between 14-16 °C. Each period has a
temperature difference of about 1.5 - 2 °C. The differences are greater in the east,

reaching up to 4 °C, as temperatures rise in QM and fall according to BC.

Subsequently, the temperature differences between the reference period and the
future are examined. The maps shown in Figure 3.15 are obtained by subtracting the
future and reference period temperature values calculated by both methods. As a
result, each period warms in comparison to the reference period. A 1.5 — 2 °C
warming is expected as a result of the QM correction made after 2030. According to
BC, the temperature is around 1 °C. After 2050, the QM will range from 3°C to the
north to 3.5 — 4 °C to the southeast. In general, BC temperatures range between 2.5
and 3 °C. After 2070, both corrections have temperature differences of 4°C or
greater, with values approaching 5.5 — 6 °C in the southeastern. Based on these
findings, it is concluded that the difference between the reference and future period
QM is greater than the difference between BC. Except for the Eastern Black Sea
Region, the differences in other regions are greater than in BC'. The reason for this is
that in the correction with BC, the temperatures in the future period decrease more
than QM. Furthermore, in the second period, there is more warming in the west in
QM, but less warming in the east than in BC. According to QM, the change in the
Eastern Black Sea region after 2075 is 3 degrees Celsius, whereas this value is 4

degrees Celsius in BC. Similarly, the west warmed more in QM than it did in BC.
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Figure 3.14: 2030-2100 annual mean temperature of COSMO-CLM, COSMO-QM, and COSMO-BC.

38



COSMO-QM Temperature Difference

2030:2050
| \.\/“I
-
=y -
=
]
[ .o
g
-1 k7
g =
T T T T
2051:2075

7 6 5 43 -2 101 2 3 45 6 7

COSMO-BC Temperature Difference

2030:2050

o<

T T T T
e e are
2051:2075

7 6 5 4 -3 -2 -1 01 2 3 45 86 7

Figure 3.15: Temperature differences between future and reference periods.
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The temporal variation of precipitation and temperature data, which had previously
been analyzed spatially, was shown. The study analyzes the reference period 1989-
2005 as well as the future period 2030-2100. When the precipitation values, whose
areal averages are obtained by taking only the values on land, are analyzed on the
graph in Figure 3.16, a humid period in the early 2030s is predicted in the COSMO-
CLM' future period. While total precipitation of 700 mm is expected in this period
before the correction, it is closer to 550 mm in BC and closer to 450 mm in QM. In
the reference period, the yellow ERA5-Land is located in the middle of the two
correction values. In other words, some QM periods have decreased more than they
should have. Furthermore, in BC, it produced higher values than ERA5-Land in
some durations while producing lower values than uncorrected COSMO-CLM.
There is a decreasing trend in precipitation, with the lowest precipitations calculated
especially around 2090. These 300 mm precipitations, according to BC, are around
220-230 mm in QM.

COSMO-CLM PRECIPITATION : 1989-2100

— — COSMO-CLM
700 [ —— QM-Corrected
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600/,

Annual Total Precipitation

2000 2020 2040 2060 2080 2100
Years

Figure 3.16: 1989-2100 COSMO-CLM precipitation temporal variations.
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When the temporal distribution of temperature is examined, it can be seen that it has
been increasing since the reference period. BC provides closer values to ERA5-Land
on an annual basis. BC has lower values than QM in all periods. While QM is
between 12 and 13 degrees Celsius in the reference period, BC is between 11 and 12
degrees Celsius. As a result of increasing values closer to 2100, QM approached 19
°C and BC approached 18 °C.

Although there are fluctuations in annual average temperatures between years, as
shown in Figure 3.17, they are on the rise over the long term. Furthermore, even if
temperatures fall after 2030, they will still be higher than in the reference period. It
denotes more frequent, longer, or severe dry periods with falling precipitation, as
shown in Figure 3.16. Index calculations were performed using these variables to

determine the dry or humid periods.
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Figure 3.17: 1989-2100 COSMO-CLM temperature temporal variations.
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In the final section of the study, future precipitation and temperature data are
corrected in two ways (QM and BC), and SPI and SPEI are calculated for three, six,
and twelve months. When the calculations are limited to the period between 2030
and 2100, a relative result is obtained because the effect of the reference period
cannot be observed. In other words, between 2030 and 2050, humid values are in the
majority, while increasingly dry values are common all over Turkey. The calculation
are done by adding its reference period to the beginning of the future period in order
to examine the relationship between today's conditions and the future and to examine
the dry periods more accurately or in reference to today’s climate. The reference
period is then removed, and the results of the future projections are examined. The
SPI and SPEI values obtained in Figure 3.18 are spatially analyzed. The first column
displays the SPI values calculated using COSMO data and corrected with the QM.
Dry values predominate throughout the period beginning with the first period. Dryer
values are obtained even in the Black Sea region, where precipitation is low, during
the first period. In contrast, values near zero are obtained in areas where precipitation
increased in the south. Drought values in each region fall further after 2050. After
2075, dry values predominate, with the exception of the Eastern Black Sea Region,
which is expected to remain humid in comparison to other places and to experience
an increase in precipitation. The south coast has the lowest values, which are close to
-1.5. According to SPI, this value denotes "severely dry," and in the long term, it
may cause significant socioeconomic damage in these areas in addition to its
meteorological and hydrological effects. The SPEI values calculated with the
temperature considered are shown in the second column for the same data. Drier
regions have more occurred than SPI as a result of the effect of rising temperatures.
For example, after 2030, SPEI values in the center, west, and east become lower than
SPI values. Furthermore, after 2070, values around 1.5 will be found in larger areas.
SPI and SPEI are then calculated using COSMO-BC. Higher values, indicating a
more humid state, are obtained when compared to QM. SPI analyses indicate that the
Eastern Black Sea Region goes into the slightly humid climatic conditions after
2075. Moreover, drought values in other regions exceeded QM. In SPEI, a similar
situation exists. Although the values are lower than the SPI, they are higher than the
QM SPEI except for the last period. Only in the final period, there appear drier

values in the central region and wetter values in the eastern Black Sea region.
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It is examined especially after 2075 on the maps, in the Mediterranean region, where
the precipitation falls the most around 40% and 50% for some regions and 4-5°C
temperature increase, has caused very dry or extremely dry values in both indices in
drought values. Changes in general atmospheric circulation and atmospheric forcing
are expected as a result of the observed and expected effects of climate change.
Many studies predict a decrease in precipitation due to climate change, particularly in
the Mediterranean basin, which is one of the places where the effects of climate

change are noticeable.
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Figure 3.18: Spatial analysis of 2030-2100 SPI and SPEI with COSMO-QM and COSMO-BC.
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The temporal average of the SPI and SPEI values for the future period is calculated
and analyzed. Figure 3.19 depicts the temporal variation of the 3,6 and 12-month SPI
and SPEI values. In the early 2030s, relatively humid conditions are obtained in all
indexes. However, dry values are expected to continue and dominate the region until
2040. Following that, while humid values for SPI exist in 3 and 6-month runs, dry
values predominate in 12-month runs. Although values for SPI in 12-month runs
range from -1 to -1.5 in both data sets, the drought value reached -2 around 2080.
Because -2 and lower values indicate "extremely dry™ climate, these periods in 3 and
6 months may cause significant damage to agricultural and water resources, as well
as significant damage to underground water resources, environmental life, and
socioeconomic activities in 12 months and longer time scale. Furthermore, COSMO-
BC has more humid periods than QM. When SPEI is examined, although a humid
period in the early 2030s is obtained, long-term dry period results are obtained for all
three runs. Rising temperatures and decreasing precipitation had the greatest impact
on both datasets after 2075. Long-term and close to -2 dry periods have been
obtained as a result of very few and weakly humid periods, particularly in 12-month
outputs. In the SPEI values calculated with COSMO-BC, the initial humid period is
not only higher than in COSMO-QM, but it is also longer as a period. However,
long-term dry values similar to COSMO-QM have been obtained in the

last future period.
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Temporal analysis of 2030-2100 SPI and SPEI with COSMO-QM and COSMO-BC.
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In the examination, completely opposite situations are encountered in some regions
in the same periods in SPI and SPEI maps. As a result, SPI-12 and SPEI-12 are
examined as shown in Figure 3.20, by choosing two years in which the precipitation
is similar and the temperature difference is significant. In the maps obtained, the
annual average precipitation is around 520 mm in 2056 and 2084. However, while
the average temperature was 16.3°C in 2056, it was calculated around 17.5°C in
2084. While the SPI-12 maps are similar in terms of distribution, significant

differences are obtained between the SPEI-12 maps.

SPI-12 vs SPEI-12 (COSMO-QM)
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Figure 3.20: Spatial analysis of SPI-12 and SPEI-12 for 2056 and 2084.

Figure 3.21 depicts the COSMO-QM reference period and future period SPI-12 and
SPEI-12 values for temporal comparison with the review's baseline period. Although
there was little difference in the reference period, the difference between SPI and
SPEI gradually increased. It is also understood that there are values in SPEI that
range from -2 to -2 from the values highlighted with standard stubs. Figure 3.22
depicts a similar graph for COSMO-BC. It can be seen that the COSMO-QM values
are drier, especially around the 2070s.
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Figure 3.21: COSMO-QM temporal analysis of reference and future period.
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Figure 3.22: COSMO-BC temporal analysis of reference and future period.
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4. CONCLUSIONS

The purpose of this study is to calculate SPI and SPEI with future projections by
correcting COSMO-CLM regional climate simulations with gridded data using
different bias correction methods. As a result, places and time periods that are
expected to be more dry or humid in the future have been identified. COSMO-CLM,
ERA5-Land, NEWA-WRF, and TSMS station data were used in this study.

First, ERA5-Land, WRF, and observation data for 1989-2018 were calculated, and
SPI and SPEI are calculated and spatially and temporally analyzed. Following that,
the bias of the COSMO-CLM data with 0.11° resolution is corrected using non-
parametric quantile mapping with empirical quantiles and the bias correction method
with ERA5-Land for the reference period 1989-2005. The same corrections are then
applied to the future period which years between 2030 and 2100.

The reason for using ERA5-Land data for the correction is that the correlation
between SPI and SPEI values calculated for 3-,6- and 12-months during the reference
period is higher than that of NEWA-WRF. As a consequence, the operations were
resumed with this data set. As a result of bias corrections, COSMO-CLM data with a
high precipitation bias had lower precipitation values. Although the temperature
values for both datasets were negative, the temperatures decreased as a result of both
corrections because the ERA5-Land was lower. When the correlation between the
corrected data was calculated, the QM results were found to be more accurate. When
the reference period and future temperatures and precipitation are compared, QM
predicts precipitation decreases of up to 45 % after 2075. Temperature differences of
up to 2.5 degrees Celsius were calculated. The corrected future data is then used to
analyze Turkey’s drought conditions via SPI and SPEI. The intensity and duration of
the dry values are increasing in both datasets. COSMO-QM, on the other hand, is
produced lower and drier values. Except for the east of the Black Sea region, all
datasets after 2075 had SPI values of -1.5 and SPEIs of -2. Humid periods are almost
non-existent at 2080 12-month values, particularly in SPEI values.
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In a conclusion, the results obtained in this study, it is expected that dry periods will
be more frequent and longer, but also more severe, as a result of the expected
changes in both precipitation and temperature after 2030, based on the drought index
values. Regional differences emerge as a result of different correction techniques.
Precipitation decreases excessively in some regions after using the precipitation
quantile mapping method. Similarly, when the delta change bias correction method is
used for temperature, the amount of annual bias slightly increased but seasonal
differences reduced. However, both types of adjustments produced positive results in

terms of forming an opinion about the future period based on the reference period.

The results could be explained by changes in circulation caused by climate change,
such as the North Atlantic oscillation and the South Asian summer monsoon (Kim et
al., 2019). In addition, there is an expectation that the tropical circulation will expand
towards the poles and that the intensity of the circulation will decrease. As a result, it
is expected to cause changes in jet streams, precipitation and temperature patterns.
Such large-scale effects of climate change create differences in regional climates.
This expansion may lead to drier climatic conditions for the Mediterranean basin
(Reichler, 2009).

While the short-term effects of these drought values are the reduction of earth's water
resources and damage to agricultural products; in the long run, the decrease in
groundwater resources and serious decreases in agricultural activities cause more
damage in terms to the tourism sector and socio-economic aspects. For these reasons,
it is important to increase the studies on drought forecasting, to make more accurate

corrections in future climate models, and to take regional measures for expectations.
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