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ABSTRACT

IMPACTS OF CLIMATE NONSTATIONARITIES ON
HYDROCLIMATOLOGICAL VARIABLES IN TURKEY

Aziz, Rizwan
Ph.D., Department aZivil Engineering
Supervisor: Prof . Dr . Ksmai |

Y

Co-supervisorAssoc. Prof. DrCey | an Talu Yozgatl égi l

August2018 257pages

Using multipe nonstationary frequency distributions, this study investig#ie
impacts of nonstationarities on yearly and seasonal extremes of hydroclimatological
variables for observatisnand CORDEX projected data of period 265100 in
Turkey. Future streamflowsigenerated using the calibrated HByht hydrological
model. Evaluation of CORDEX models suggests that for precipitation RCMs
originated from GCMs E€EARTH and HadGEMZES and for temperaturé CM
HadGEMZ2ES coupled with RCMCCLM4-8-17 showed better agreemt with
observations. GEV distribution fits observation better than other distributions for all
variables. During historical period generally in Turkey, and particularly in the
eastern part, nonstationarity impacts are positive on yearly as well as aeason
temperature maxima (up to 5°C) and minima (up to 10°C). These impacts are
amplified during the projection period. Fobserved precipitatigrpositive impacts

(up to 50%) are recorded for yearly maxima but many stations, particularly in-South
Eastern Aatolia, Central Anatolia, and Eastern Anatolia, exhibited negative impacts

(up to 40%). Mostly positive impacts are found during the projection period for

\Y



yearly and seasonal precipitation maxima. Some reversal in the impact type also
appeared fronthe currentto the future period. In Upper Euphrates basin, for annual
high flows, four sukbasinsshowedpositive impacts (up to 12%ndfour subbasins
showednegative impacts (up to 30%) however mostly positive impactskaeened

for annual and seasonal nmava of low flows. Biasadjusted RCMs tend to lose the
nonstationarity signal for precipitation. It is suggested that in the operational and
planning strategies of existing and new hydraulic structures, the nonstationarity
approach should be taken into asabto be in the safe side and economical scale.
More precautions shalilbe given to water conservation aslder minimum

temperaturemight contribute to less snowpack in mountainous regions

Keywords: Nonstationarities, @mperaturgPrecipitation, 8eanflow, GCM/RCM,
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T! RKKYE ! ZERKNDEKK HKDROKLKMATOI
DEJKKKENLERE KKLKM DURAJANSI ZLI K
ETKKLERK

Aziz, Rizwan
Doktora,Kn k a a't M¢hendi sl i BO 1l ¢ myg
Tez YoneticisiProf.Dr . Ksmail Yg¢cel

Ortak Tez YoneticisiDo¢.Dr.Cey | an Tallu Yozgatl égi

AJ] u s2018, 857sayfa

¢okl u dur aj anséz daj él ém f on kiss Tuykigen telir é kul
hidroklimatolojik dejikkenlerin yéllék ve m
g6zlem ve 2052010 CORDEX periyodu icia r a ki éné Gted ecek d°nem akeée

edi |l mi-ki BtV hi dr ol oji k model i kull anél ar ak
dejerl endir mesi nEARTHve HadGEMPES den uretiiemRCH @&r ve
secakl ek B17vnRCERLMbddel i i | e dSEM2ES kodelir i | mi K
gOzlemler ile daha vy i bir yakEébB¢téckn gdPesjtiekrkmei nklteirr .i - i n,
daj él éml ardan g%zl emlere daha ivyi uygundur .
de, ve ©°zellikle doju Kkésymél nldéak, hdeumdae] ame\exil

yiéksek (+5 AC e kadar) ve en d¢kek sécakl ek

gel ecek d°nemde g¢-l enmektedir. Gzl enmi K ya
maksi mun i -in kaydesyan, ozelliiketGinep 6 pk atAna o uu,i sC
Anadol u, ve Doju Anadolu da negatif etkiler
s¢resince hem yéll ek hemde mevsi msel yaj éxk
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bul unmuxktur . kuandan egebaezcée kt ezrasmad@n ¢ekt ¢kml etri pden d
Yukareé Férat Havzasénda, -§agzh poeitif etkjfleg fosterdi a k éml ar
(+12 e kadar) ve dort altavza negatif etkiler-8 0 e kadar) gestermi ktir. F
pozitif et kil grel degk¢ keaknemlsdarmén k maksi muml ar é
D¢zeltil mik RCM | er yajék i-in durajansézl ék si
yeni hidrolik yapél ar én pl anl ama akamal ar éenda
yakl akéménén ekedbimi ki aelehak wvein di kkate al énme
d¢kek sécakl ekl ar dajl ek Db°l gelerde kar topl ann

daha fazla 6nlem verilmelidir

Anahtar Kelimeler: Du r a ] a nSseé&zalkd k&, K ,&é mY a JGE&CkM,/ RAC M
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Weather and climate are two important terms used in meteorology, atmospheric
sciences as well as other closely related fields like hydrologywater resources.
Weather and climatdefinethe behavior of atmosphere in response to many factors
among solar radiation being one of the most impoxtast. Weather is the belvior

of atmosphere over shatales of time and space. Weather can vary frem short

time scale like minutes and hours to few months. On the other hand, climate defines
the persistent behavior of atmosphere ower relatively large scale of time and
space. Weather is a combination of different components like sunshine and
temperature, precipitation and its type, flooding patterfmja coversandits types,

wind direction and speed etc. Persistence of these components over longer periods
throughout a region governs the climate of that region. Weather forecasting is done
primaily, to know the condition of atmospheric behavior in near future fadew
minutes hours, days to seasons and it requires more accuracy and reliability.
Climate predictions are done to know the overall picture of weather conditions after
a longer durapn like fifty or hundred years angsually global circulation models

are used for this purpose.

Long-termchange in weathas called climate change. These persistent changes may
occur in one or more components (like temperature, precipitation artt speed
1



etc.) of weather. Solar radiation is onetlo# major governing factosaffecting the
worl dés <c¢cli mate. T h eing-outgeing addiationb(langveeesn c e o f i n
radiations)has been disturbed because of increased concentration levels of aerosols

and greenhouse gases (IPCC, 20Y¥8EB1). Human activities, for example,

modifying the land use patterns by cutting forests alter the carbon dioxide (CO2)

emission levels and surface albedo which results into variations iantbentof
longwaveradiationsf r om ear t hds s,2013, PCE 2013 His alst | et al
interesting to know that the regions, which contribute least towards greenhouse

emissions, are going to be most impacted by climate change. Climate change can be

observed as variations @reasing or decreasing trends) in average values or changes

in extreme eventBecause of climate changbe overall global surface temperature

has been increased and the past decade {2000 has been recorded as the

warmest decade ithe last two centiries. Since 1850, an increase of 1°C was
estimated(WEB?2). Glacier cover and thickness have been reduced in Greenland,

Alaska, and Arctic Canada (Dowdeswell et, d997; Aniya, 1999). Snowfall

decreased, and snow cover narrowed where winter temperatareased (Karl et

al., 1993). Similarly, precipitation patterns have been changes, especially increases

have been found in precipitation amount in #atitudes of the northern hemisphere

(Givati and Rosenfeld, 2013). Globally, there has been an incredssquencies

and intensities oliydroclimatologicakextreme events as the number of cold and hot

days increased during the period between 1951 and 2010. The frequency of intense

heat waves, floods, droughts, and precipitations has increased in thenast c

(Mirza, 2003; Linnenluecke et ak011). The recent magnitude and rate of climate

related changes are more in at least past 2000 years while the spatialahttesge

changesare claimed to be more in at least last 1000 years (IPCC, 2007)raide

with which our Earthds environment changes
natural hazards related to these changes are greater than ever (Montanari and

Koutsoyiannis2014).

These continuous changes in frequencies and intensitiés/dvbclimatola@ical

extremes (like minimum and maximum temperatures, precipitation and streamflow
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extremes) invalidate the assumption of stationarithydroclimatologicalrecords.

With the passage of time, there is a potential for further widening the range between
extremes.

Climate plays a very important role and any change in climate can have an impact on
every component of the hydrological cycle. According to IPCC (2007), climate
change can have its impacts on the hydrological cycle in different ways. Under
changng climate overall water vaporin the atmospheres increased and
precipitation patters (intensities and extremes) are changed. On the other hand,
widespread melting of ice also reduced overall snow cover. Changes in soil moisture
and runoff patterns ardsa observed. The observed data shows that overall global
surface temperature has increased considerably (IPPC, 20@7)varming climate,
extreme precipitation events are expected to intensify due to moistening of the
atmosphere (Donat et al., 2016; dfsr and Knutti, 2015; Pendergrass et al., 2016).
Using observational records, a review of the literature suggests a dependency
bet ween mean and extreme precipitation
increased wateholding capacity of warmer air, aowerned by the Clausius
Clapeyron (€C) relation intensifies heavy rainfall at a rafeapproximately 78 %

per 1€ of warming (Hardwick et al., 2010; Lenderink and van Meijgaard, 2008;
O6Gor man and S E&rigsien bdsed simuldtion@ 8uggested that the
global surface temperature will continue to increase in future, which will eventually
end up with adding ore and more nonstationarities in hydroclimatological
variables. Presence of climate change and land use conditions may change the
probabilities of hydrological extreme events, which further means that the
parameters (of location, shape, and scale) okttyidg distributions may change

with the passage of time and assumptbastationarity becomes invalid

1.2 Problem Definition

Recent developmen($PPC, 2007 Milly et al., 2008 Katz et al., 2002; Salas and
Obeysekera 2014; Mehmetcik Bayazit, 2015 in time series analyse®of

hydroclimatological variables have led us to the opinion that impacts of
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nonstationarities are significant enough to reconsider the idea of traditional
stationary approaches. Stationarity is dead and cannot be revived evanosith
aggressive plans to mitigate the continuous warming (Milly e2@08) and one of
the main reason is believed to be substanti
climate. The anthropogenactivitieschangethe means and extremes of temperature,
precipitation and streamflow rates (IPPC, 2007; Milly et 2008. Traditional
frequency analysemethodsfor differenthydroclimatologicalvariables areinherent

to theassumption of stationarity, i.e. the parameters of underlying distribution and
probability density functionsfdf) of a variable is independent of time (Katz, 1992;
Katz et al., 2002; Salas and Obeysek&@l4; Mehmetcik Bayazit, 2015)he
nonstationarities are bound to alter the frequencies and magnitude of
hydroclimatologicalextreme which are very important in design and planning
procedures. So, it is very important to estimate the impacts of nonstationarities and
incorporate these nonstationarities impacts in design and denisiking process,

like estimation of return levels f@iven return periods etc. This can be achieved by
using nonstationary frequency analysis where parameters of distributions are time
dependentin addition to welknown distributions of GEV and Gumbel used in
nonstationarity analyses, this thesis study alentributes to the methodology of
nonstationarity approach by adding two more distributions namely; normal and
lognormal first time. Tie impacts of nonstationarities can be estimated by comparing
the nonstationary return levels to the stationary retawel$ atany given return
period.Although, many of the previous studies abbydroclimatologicalvariables

have shed light about the presence of nonstationarities however there are not many
studies inthe contextof quantifying the impacts of nonstatioiees in yearly as well

as seasondlydroclimatologicakextremes and identification of regions wherein these
impacts are more significant. So, it is found important and much needed to fill this
scientific gap. Furthermore, to understand the impacts anglications of
nonstationarities in a longer term, it is important to evaluate these impacts in future
projectedhydroclimatologicalextremes obtained from multi-memberensemble of
regional climate model (RCM) simulations.



1.3. Literature Review

1.3.1. Historical Overview of Nonstationary Frequency Analyses

Planning and developments of watelated structures like dams, barrages, and
flood control structures need time series data of temperature, precipit@tion
streamflow. These data contain randess. One of the major causes for this
randomness is that the hydroclimatological processes are natural and it is almost
impossible to understand these processes completely. Probability distribution
methods are used to analyze the problems caused batidismness. For planning

and management of water resources, tails of distributions are the most important
because upper tales are related to floods while lower tales are related to droughts
(Robert M. Hirsch2010). Most of the literature regarding the lpabilistic methods

in designing and planning of water resources follows the basic assumption that
extreme hydrological events are stationarynight be untrue thahe professional
involves never accepted the presence nonstationarity in hydrologicaspesc
however they have opted for the stationary assumption as a reasonable method to
represent the estimates of future states of the system frohistbecal data (Webb

and White,2010). In recent past, many studies (Katz et al., 2002; Milly 2G08S;

Read and Vogel, 2015) have been done, stating the fact that in many areas this
assumption of stationarity, (i.e. the concept of average return periods) can be
problematic because of climate change. They emphagirateed fonew methods

to incorpoate inherent nonstationarity of hydrological extremes in future studies of
hydrology and water resources for a bettederstandingf extremeconditions. For

time series analysis, nonstationary methods can be more helpful especially in the
areas we expernce changes in hydroclimatological conditions (Milly et al., 2008;
Webb and White2010). There can be many other causes for the presence of
nonstationarity in hydrological records for example urbanization, change in

agricultural patterns and deforestattietc.



The concept of return period is of vital importance in the analysis of extreme events
like droughts and floods. This statistical evaluation is based on the Extreme Value
Theory (EVT hereafter), which exists since the 42@dh century, including ta

main families of methods. On the one hand, extreme events can be defined as
maxima per given blocks of time (e.g. a year, a season or a month), described by the
Generalized Extreme Value (GEV hereafter) distribution. On the other hand, in
PeakOverThresold method, extremes are retained values over a properly chosen
high threshold. Return period in streamflow studies can be defined as the time
interval between flood events exceeding a given threshold (Gurh®41). For
example, any flood control structulike a levee can be designed to protect the
vicinity against thet-year flood, where thd-year flood is the flood, which occurs

once int-years In this type of problems, we are interested to know the probability of
occurrence of the flood, which wouttvertop the designed structurehig definition

of return periodfollows the assumption that occurrences probability of an extreme
hydrological event will remain same (stationary) and occurrences are independent
(Leadbetter 1983), that is, the return peds for a given design flood calculated

from observed time series of streamflow wil$oremainthe same irthefuture.

Many researcherfNigley, 1988; Castillo, 1988; Olsen et al., 1998 and Du et al.,
2015) usedthe definition of return period as exped waiting time tothe first
occurrence of an extreme event. Kéit@92 studiedthe hydrological extreme events
underchangingclimateand concluded that climate change can influence the location
and scale parameters, whiconsequentlycan change the itadistribution. This
change can 1) increase extreme events 2) decrease extreme even@ndol)y

shift the extreme events.

This change in hydalimatological extreme events, like extreme precipitation,
temperaturgfloods and droughts can be a mattof big concern for the decision
makers. So, the recent literature has suggested) esery possible method for
better understanding of extremes which are changing over time. Salas and
Obeysekera2014) stated that these methodan be a)probability dstribution
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having trendcomponent b)probabilistic models with canderations of pattern
shifting c¢) using covariates and dge of probability distributions with mixed
components. Mogleii2003 useda pragmatic approach for tackling nonstationary
behavior of hydrological processes by adjusting the peaks of nonstationary
discharges by considering the temporal and spatial variations of land use through
means ofhydrologicalmodel. Salas and Obeysekdf®14) proposed a procedure
which can be used for desiggi the flood-related structures under nonstationary
conditions. They extended the geometric distribution to allow for changing
exceedance probability (probability of failure) with the passage of time. Previous
studies have explained that return periodnestion using stationary assumption can
be quite different than the return period calculated by considering nonstationarity.
The eturn period is the inverse dhe probability of failure. Under nonstationary
conditions, the probability of failure changeghwtime so as the return period.ttie
probability of failure increases with time, the expected waiting time beforedaitur
return period will be lesgOlsen et al 1998). Salas and Obeysekg2014)
explained these changes in design flood in thegmee of nonstationaritiea €ase

of increasing flood extremes over time)Figurel.1 andrigurel.2
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Salas and Obeysekef2014 used nonstationary GEV distribution for a case where
floods are increasing every year. Thewédahown that values of return periods
obtained under nonstationary consideration were less than the return periods under
the stationaryassumption.

The basic idea behind the frequency analysis under nonstationary conditions is to
use nonstationary fregacy models which can account for thtbependent changes

in one or more parameters of a distribution. For example, an upward or downward
trend in temperature extremes can better be represented usimg-@ependent
location parameter which is normally asgted with the mearSimilarly, changing
variabilities of precipitation series can bedded by usingtime-dependenscale

parameter of the parameter that is normally associated with the variance distribution.

1.3.2. Historical Overview of Status of dimate Change in Turkey

In sectionl.], the relationship between climate change and nonstatipaarivell as

the historical developments about investigating the impacts of nonstatjomave
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been discussedsince climate change and nonstationaritieshiydroclimatological
variables are linked, it is important to review the climate change status in Turkey.
For this purpose, a brief review die literature was done and highlights af
literature review about climate change studies are presentethanfollowing

paragraphs.

Tée¢rkek (1996) -tarm mehdg ane dariabiltyein riine of gry and wet
years to examine thepatidemporalcharacteristics of annual rainfall in Turkey for a
period of 19301993. The athor claimed an allaround slight decrease in area
averagedannual rainfall in Turkeyparticularlyin the Mediterranearand the Black
Sea regions. Although, no significant trends in @earaged rainfall series were
recorded using ManKendall tests however lodequency fluctuations were

recorded in annual rafml at many stations.

Kadeéoj] | u (the BahFKendall s tb evaluate the trends in annual and
seasonal mean, maximum and minimum surface air temperature in Turkey for a
period of 19391989. The findings of this study suggest an increase in mean annual
temperature for peod 19391989. They found relatively more significance in
increases of minimum temperature in winter and spring tten maximum
temperatureThe aithor attributed these warming trends in minimum temperatures
to the urban heat island (UHI) effect.

Turkek et al . (2002) studied the trends in
series throughout Turkey for period 192999. Warming trends were recorded in

annual as well as winter and spring mean temperatuoggever stations located in

the northern pat of Turkey and continental inner regions exhibited decreasing
trends. Furthermore, they found increasing trends in minimum temperatures in
different seasons. However, decreasing trends were recorded in most of the stations
located inthe Black Sea, Marmea and Eastern Anatolia region of Turkey in

minimum temperatures of winter and autumn seasons.



Kahya and Kalayci (2004) used four mparametric trend tests (Maiendall,
Seasonal Kendall, Spearman’'s Rho and Sen's T) to investigate the trends in monthly
streamflow series of 26 basins over Turkey. According to their findings, stations
located inthe westernpart of Turkey exhibited a general decreasing trend at
significant at 0.05 or lower level. However, basins located in the eastern part of

Turkey did ot show any significant trend.

Dalfes et al. (2007) investigated the climate trends during the 20th century in Turkey
as well as for future scenarios. In thsiudy, they found some short time trends in
precipitation and thought that these skertn tends can be related longterm
variability in precipitation patterns. They opted ftire MannKendall test to
investigate the trends in seasonal rainfall. Their findings suggested increases in fall
precipitation in northern areas of Anatoli@owever,they also found decreases in
winter precipitation in most of the western part of Turkey. In the sstowy, they

also found considerable streamflow decreases at stations locdkedhiasternpart

of Turkey but significant increases ahumberof stationslocated in northern parts

of Anatolia were also reported.

Ezber et al. (2007) appligde MannKendalltest to minimum temperatures to study
the climate impacts of urbanization in Istanbul. According to their findiags,
significanttrend was found in mimum temperatures. They also used a mesoscale
atmospheric model to explore the effects of urbanizatiothemtmosphereThey

also claimed the presence of more significant increasing trends in minimum
temperatures at urban stations than rural statidms results went on to suggest that

during summer, these urbanization effects are more influential.

Har mancéeojlu et al. (2007) i nvestigated the
two selected river basins (Blyiuk Menderes and Gediz) during thoel d€662000.

According to their findings, significant decreases were foundhérunoffs of

streams in these basins. Therefore, they warned about the potential dwindle of the

problems related to water scarcity and water allocation the study area dfreiady
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According to their model simulations, summer and winters are expected to be

warmer while the precipitation is expected to decrease during all months of the year.

Aksoy et al. (2008) analyzed the precipitation, air temperature, and streamfbow dat
from the European part of Turkey from a climate change perspective. They
investigated randomness, trends, jump as well as the determined thi# best
distribution forhydroclimatologicaldata. According to their findings, there were no
significant trendsor jumps found time series of streamflow data. Based on global
circulation models (GCMs) ECHAM4, HadCM2 and HadCM3, signals of higher air
temperature and lower precipitation were recorded in the 21st century. The authors
also warned about potentigdpatidemporal increases in the frequency and

magnitudes of extremes events like floods and drought in the region.

Fujihara et al. (20D investigated the potential climate change impacts on water
resources in the Seyhan River Basin of Turkey. They tissdlynamic downscaling

method to generate the higbsolution data from GCMs for hydrologicalodeling
purpose. The models suggeste@.2°C increases in average annual temperature
while decreases (15782 mm until 2070) in annual precipitation were estimated.
However, they claimed that as long as the water demand remains the same, the study

area is not expected to experience the water scarcity.

Tayan¢ et al. (2009) usethe MannKendall test to investigate the trends in
temperature and precipitations foperiod of 19502004 in selected cities of Turkey.
They founda cooling periodrom 19601993 and warming trend in the last decade.
Their study suggests lowest temperaturesthia year 19921993 and highest
temperatures in history were recorded in 22002. Tle results of their study were

also evidentf the presencef larger variability in urban precipitation series than the
rural one and they mentioned the possibility of more frequent severe droughts and
floods at urban stations. Spatial analysis of thesulis suggestsa significant
increasing trend in temperature of southern and southeastern part of Turkey. The

results of this study also hinted significant decreases in total precipitatithe in
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westernpart of Turkey. However, some stations the northen part of Turkey

exhibited increases in precipitation.

Ter kek et al . (he Priy8e)m spatioterepsral i variahility df
monthly, seasonal and annual precipitation total series over Turkey. For this
purpose,the Manni Kendall correlation tesand principal component analysis test
was used for period 193002. A general decreasing trend was recorded in winter
precipitation totals and these decreases were found to be more signifidaet in
Mediterranearand the Mediterranean transition regioHewever, their study found

evidence of increasing trends during summer, autumn and spring seasons.

Onol and Semazzi (200%tudied thepotential impacts of global warmingon
modulating the future climate over the eastern Mediterrareaignificant increase
(10%i 50%) in winter precipitatio over the Carpathian Mountairtbe coastof the
Black Sea, Kackar Mountains, ankde CaucasusMountainswere revealed from
regional model simulations. They also fouemidenceof significant decreases and

increases of precipitation and temperat@spectively ovesoutheastern Turkey.

Yél maz and Yazeéecegil (2011) revi ewed t he
water resources of Turkey. They divided the studies about climategehnto two

major groups. 1)Studies investigating the degree of climate change reflected in
observed reaols and2) studies investigating potential future impacts of climate

change on water resources. Their review for most of the studies suggested warming
trends since th&990s According to this review, thmostsignificant changes were

recorded in theMediteraneanregion where temperature and precipitatiare

increased and decreased respectively.

Huseyin Toros (20123ppliedhomogeneity and ManKendall test to investigate the
spatiotemporalvariability of maximum and minimum temperatures throughout
Turkey for the period of 1962008. Overall, the results of their study suggest

significant increasing trends in annual maximum temperature as well as annual
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minimum temperature serie¥he aithor also claimed that temperature started
increasing irthe early 1980s. Furthermore, it was observed that comparatively more
increases were observed in period 12888 than the period 19611984 in nine

selected stations in different geographic regions of Turkey.

Bozkurt and Sen (2@) studied the potential climate chygn impacts inthe
EuphratesTigris Basin with the help of different GCMs and emission scenarios.
The results of their study suggested increases in winter precipitatioestudyarea

and these increases were more apparent in the highlands of nortliens.r&Vinter
surface temperatures are also found to be increasing in the study area. They claimed
that the study area in Turkey and Syria within this basimost vulnerable to
climate change owing to decreases in annual surface runoff. They also whoutd
possible effects of climate change on dam reservoirs and hydropower plants in the

area.

Onol et al. (20%) investigated théaumaninduced climate change over the Eastern
MediterraneanBlack Sea region for th21% centurythroughregional climate mdel
simulations forced from three different global circulation models (GCNikg
authors stated thatvinter runoffincreasesn second half of th1% centuryover
mountainougegions of Turkey. These regions ameimportantsource of water for

the Euplratesand Tigris rivers. The authors also stated that the most probable reason
for these winter increases the acceleration ofthe snowmeltprocess because of

temperature increases.

Ertirk et al. (2014) investigated the potential climate change impactshe
groundwater resour ces -DalyanaMeditenranedn regiant er s h
For this purpose, they quantified the potential climate change impacts on the water
budget components. A combination climate change anduseadscenarios were

used toinvestigate the climate change impacts on water budget in the watershed.
According to their findings, almost all the components water budget equation

showed decreases which might be problematic for future agriculture.
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Kum and Celik (2014) investigatedetipotential impacts of Global Climate Change

in the Adana province of Mediterranean region by using M&mmdall and
Humidex index to carry out trend analysis in temperature, precipitation and humidity
data of the study area. According to their findindy® strongincreasing trend was
found in average and minimum temperatureshé&caseof humidity variables, both
strondy negative and stromg positive trends were recorded. Authors also claimed
the possibility of increases in frequency and magnitudehedt waves. However,

the findings suggested small decreases in precipitation diengnter season.

Yucel et al. (20%) studied the potential climate change impacts on snowmelt runoff
of mountainous transboundary basins of Eastern Anatolia. Thely suggested
significant increases (average 1.3 °C across the stations) in temperature during
period 19762010. The findings of the study also suggested increases in annual
precipitation (average 7.5% across the stations) but the increases are noasignific

in general. The results of this study found evidence of earlier spring melting of snow
packs since the streamflow timings were found to be shifted to earlier days in the
year (9days on average). Authors linked this time shifting with rising temperaiu
recent years. High emissions scendrased climate change simulations suggeated
decline(10-30%) in annual surface runoffs of Aras, Euphrates and Tigris basins in
the region. Authors also discussed the possibility of progression of shifting the

timings of peak flows in future as well.

Ozturk et al. (2015) studied the projections of climate change in the Mediterranean
Basin using downscaled global climate model outputs and investigated the future
projected changes in mean air temperature andpiaodn climatology and int&r

annual variability. They investigated the future changes in annual as well as seasonal
means for projection period (20-2100) and compared the same with the historical
period (197€2000). According to their findings, futusairfacemeanair temperature

of the Mediterranean basin increases. These increases in mean temperature were
most significant during summer and least significant increases were recorded in

winter. The results of their study also suggested decreases ipifaitemmn amounts
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in all seasons. They also claimed that probability density functions of future data
were shifted and flattened for projected data as compared to the reference data.
According to authors, this is linked with the indication of high inteesiaind higher

frequencies of extreme temperatures as well as precipitation events.

Bozkurt et. al (201panalyzed the nojected river discharge in the Euphralagris
Basinusinga hydrologicalmodel forced with RCM and GCM outpufBhe authors
found tha low-resolution GCMs outputs are not goatreproducing the seasonal
cycle of discharge as compared to the GCMs output with higher resolutions. The
authors also claimed about the significant temporal shifts of discharges towards early

days oftheyear

T¢e¢rkek et al . (2016) i nvestigated the
statistical analysis of two consecutive time periods, 1P880 and 198P2010.
Analyss was made on precipitation totals and mean, minimum and maximum
temperatures throughodturkey. They used #neans and hierarchical clustering
methods to obtain surface air temperature and precipitation patterns in Turkey for
both consecutive time periods. Furthermore, to investigate any potential change in
mean and variance of the series I ttransition from one period to the other,
PitmanMorgan (PM) t-test and Paired a mp | e s  $estpdieed-tesd svas t
applied. The results of their study revealed that all three air temperature series
(mean, maximum and minimum) increased aftel80l9 However, the more
significant changes occurred in precipitations as precipitation totals were increased
in the eastern and northern parts of Turkey after 19®@vever decreases in

precipitation amounts were recorded in southern, central and wesgerns.

1.4. Goals and Objectives

The main goal of the study is to quantify the impacts of nonstationarities on yearly
and seasondhydroclimatologicalextremes for observation period using observed
data and future projected data usagqulti-memberengmble of regional climate
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models throughthe application of four different nonstationary frequency

distributions.This goal is achieved by addressing the following scientific questions.

1 How much and what typeof impacts nonstationarities have on
hydroclimatological variables in Turkey during the historical periottit (
precipitation andtemperature throughout Turkey and streamflows of Upper

Euphrates Basin

1 How similar or different nonstationarity impactse as obtained using
different probability digtibutions? Epecially using Normal and Lognormal
as compared to the conventionally used GEV and Gumbel distributions for

norstationarity impact assessment

1 How similar or different nonstationarity impactse as obtained using

historical and projected datisinganensemblepproach

1 How well are ensemble members for their ability to reproduce historical
data?

1 How well biasadjusted RCMs preses the nonstationarity signals?

1 What are the implicationsnd potential consequence$ nonstationarity

impacts?

1.5. ThesisDescription

The 1% chapterprovidesa brief introduction, historical backgroundnddefinition of

the problem, a historical overview of climate change studies in Turkey, objectives
andgoals of the study. Th2" chapterdescribeghe studyarea and da used in this

study. The ¥ chapteroutlines themethodologyadopted for the CORDEX model
performance evaluation, stationary and nonstationary frequency analysis as well as
information about hydrologicamodding. The 4" chapter includes seilts and

discussion about CORDEX performance evaluat®esults and discussism@about
16



nonstationarity impacts on temperature, precipitatsom streamflow are presented
in chapter5, 6 and 7 respectively The 8" chapter contairs the results and
discwssion abouthe comparisorof performancesvaluation asvell as theability of
biasadjusted CORDEX RCMs to preserve the nonstationarity sigridissis
summary, conclusionandrecommendations are provided in Chapter 9.
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CHAPTER 2

STUDY AREA AND DATA

2.1. Study Area

The impacts of nonstationarities on annual and seasonal miAmaximMum
temperature as well as precipitation are investigated throughout Turkey during the
observation period (1972016). For projection period (2021100) impacts of
nonstationarities are investigated for gridded stati(amsgridded station is the
representative grid of observation station on CORDEe6h)locatedin that part of
Turkey which is enclosed within CORDEX EWR domain.The gegraphical
position of Turkey and its surroundings arghownin Figure 2.1 Owing to the
location, diversity of landscapes, irregular topography and the presence of mountain
ranges spread parallel to the sea coasts, the climate of Turkey exhibits significant
variations fromone region to the other. Based on these characteristics, Turkey is
generally divided intsevenbroadergeographicatregions andhey can be seen in
Figure 2.2. These regions are described aMégliterranearregion 2) Black Sea
region 3) Marmararegion 4 Aegeanregion5) Central Anatolia region 6ftastern

Anatolia region7) SouthEastern Anatolia region.
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Figure2.1 Map of Turkey showing the surrounding countries with international
borders, the natimal capital Ankara.
Downloaded fronhttps://turkeyfile.com

TURKEY
Regions Map

®

BULGARIA

LEGEND

Figure2.2 The Geographicalegions of Turkey
Downloadedrom https://www.mapsfworld.com/turkey/geography/

Most of the precipitation in Turkey occurs duritige winter season when there is

very less evaporation sindee meantempeeture is less than 5°CUsually, the

summer precipitation is legs anamountwhichis not consideed enough to remove
20
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water deficit in summer due to increased temperature and evaporation. Climate is
milder in coastal areas while inland plateau of Anatolia experiences limited
precipitation, cold winter and warm summer.Inland plateau of Anatolia is
caegorized as steppe climate while receieelsmited amount of rainfall as rain
clouds are stopped Ithe TaurusMountains Owing to this blockage, most of the

rain clouds drop their water in the coastal areas. Hence rain clouds approaching the
Central Andolia contain very less water, so they have no significant water to
produce rain. The average temperature26€ and 23°C is observed during winter
and summer season respectividgnsoy 2016) Because of higher elevation time
easternpart of Turkey pdicularly in Eastern Anatolia, bitter cold and long winter
with an averagetemperature of-13°C and17 °C during winter and summer
respectively(Sensoy 2016) Snow coveties on the groundfor more than 120 days
(November until April) inthe year The mhimum temperatuseof -30°C to-38°C

are experienced in some areas. The climate of Seatkern Anatolia region is
attributed to hot and dry summer atitk temperatureés above 30°C in summer.
Although the climate in spring and autumn season is genendtlythe occurrences

of sudden cold and hot spells during these seasons are also attributed to this region.
Generally, coastal areas tfe Black Sea region receivéhe greatestamount of
precipitation and categorized as wet and humid whkieeeaveragetemperature of

7°C and 23°C is observed during winter and summer respecti8elysoy2016)

Most of the eastern part of Black sea region receives rainfall throughout the year
which reaches to the annual total of 2200 mm. The coaste Mediterranearand
Aegean region experience cool and rainy winbewever,the summers are hot and
moderately dry. The climate of Marmara regions is moderate wheraverage
temperature is 4°C and 27°C during winter and summer season respectively

however the minimumtemperature can drop below 0°C in win{&ensoy 2016)
Analyses were done for 77 meteorological statmisined from General Directory

of Meteorology (GDM)throughout Turkey. The locatierof these stations along

with StationdDs are shown ifrigure 23.
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Figure2.3 Elevation map of Turkeyhelocationof the meteorologicaktatiors used
along with identification of Upper Euphrates basimdarkred polygon.

For streamflow extremes dhe observéion period, the analysiswas done for the
streamgauge stations of Upper Euphrates bashose location is also shown in
Figure 2.3 To investigate the nonstationgrimpacts for future projection periods
(2051:2100), three subasins were selected whataily streamflowwas generated
using CORDEX RCMs projections of temperature and precipitations into calibrated
HBV-light model. The study area for streamflow analysis (Upper Euphrates basin) is
characterized by a high and mountainous topograpigue2.4). Elevation usually
exceeds 2000 m. The North Anatolia and Caucasus Mountains in the nottreand
TaurusMountains in the south hold the rain clouds, and therefore the study area is
under the influence of the continental climate with long and very waiter, and
frequent heavy snowfall which remains on the ground from. Because of its high
elevation,theratio of precipitation falling as snow versus rain is higher than that in
the other regions of Turkey. The study area constitutes the upper partrohtesp
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River basin which is an important source of waterdoumberof water resources
development projects at different downstream locations, including the Southeastern
Anatolia Project, to produce energy and to irrigate large-seichiplains to the sdh

of the region.

The study is conducted for eight unregulaséeamflows(with standardvatershed

ID 2102,2122,2124,2133,2145,2156,2157 and 21¥4he Upper Euphrates river
basinshown inFigure 2.4. Watersheds with small reservoirs whose effedess

than 10% on the downstream streamflow barassumeds unregulated (Kahya and
Karabork, 2001). In the selection of streamflow stations in the region, the length of

the records and the continuous nature of the data are also considered.
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Figure2.4 Elevation map of Upper Euphrates basin, the stream network, location of
streamflow stations and identification of three selected watersheds (2133,2157 and
2164) for hydrologicaimodeling
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2.2 Data Used

Nonstationarity impacts analysis were performed for minimum and maximum

temperature, precipitatipandstreamflow for observatioandprojection period

2.2.1 Observational Data

The observed precipitation and temperature data were taken for a pefiba0N®
from meteorological stations across Turkey frone GDM. The stations with
missing data more than 5 consecutive years were excludesl.stations with
missing values were replaced with the average valoe information about stations
with missingdata is provided i\ppendixB. Finally, 77 stations werselectedo be
included inthe study. Region wise information about Station IDs, Station names,
latitude and longitude are givenTable 21 to Table2-7. For nonstationary analysis
of streamflowof Upper Euphrates basin, streamflow data was obtainedGemeral
Directory of State Hydraulic WorksGDSHW) for gauge stations across the basin.
The analyses were performed for seleatéght unregulated stations. Information
about the identification maber, name, recortbngth and elevation of the selected

streamflow stations are givenTiable 28.
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Table2-1 Information about meteorology stationstioé Black Sea region

Station ID Station Name Latitude Longitude
17020 BARTIN 41.63 32.33
17022 ZONGULDAK 41.45 31.80
17026 SINOP 42.02 35.17
17030 SAMSUN 41.28 36.30
17033 ORDU 40.98 37.90
17034 GIRESUN 40.92 38.40
17040 RIZE 41.03 40.52
17045 ARTVIN 41.18 41.82
17070 BOLU 40.73 31.52
17072 DUZCE 40.83 31.17
17074 KASTAMONU 41.37 33.78
17078 KARABUK 41.20 32.63
17084 CORUM 40.55 34.95
17085 AMASYA 40.65 35.83
17086 TOKAT 40.30 36.57
17088 GUMUSHANE 40.47 39.47
17089 BAYBURT 40.25 40.23

Table2-2 Information about meteorology stationstioé Marmara region

Station ID Station Name Latitude Longitude
17050 EDIRNE 41.67 26.57
17052 KIRKLARELI 41.73 27.23
17056 TEKIRDAG 40.98 27.55
17062 GOZTEPEISTANBUL 40.97 29.08
17066 KOCAELI 40.78 2993
17069 SAKARYA 40.78 30.42
17112 CANAKKALE 40.15 26.42
17116 BURSA 40.18 29.07
17120 BILECIK 40.15 29.98
17152 BALIKESIR 39.63 27.88
17638 KARTAL-IST 37.27 35.07
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Table2-3 Information about meteorady stations othe Central Anatolia region

Station ID Station Name Latitude Longitude
17080 CANKIRI 40.60 33.62
17090 SIVAS 39.75 37.02
17126 ESKISEHIR 39.77 30.52
17130 ANKARA 39.95 32.88
17135 KIRIKKALE 39.85 33.52
17140 YOZGAT 39.82 34.80
17160 KIRSEHIR 39.15 34.17
17192 AKSARAY 38.38 34.08
17193 NEVSEHIR 38.58 34.67
17196 KAYSERI 38.73 35.48
17244 KONYA 37.87 32.48
17246 KARAMAN 37.18 33.22
17250 NIGDE 37.97 34.68

Table2-4 Information aboummeteorology stations @he East Anatolia region

Station ID Station Name Latitude Longitude
17094 ERZINCAN 39.75 39.50
17096 ERZURUM 39.92 41.27
17097 KARS 40.62 43.10
17099 AGRI 39.72 43.05
17100 IGDIR 39.92 44.05
17165 TUNCELI 39.12 39.55
17172 VAN 38.50 43.38
17199 MALATYA 38.35 38.32
17201 ELAZIG 38.67 39.23
17203 BINGOL 38.88 40.48
17204 MUS 38.73 41.48
17285 HAKKARI 37.58 43.73
17046 ARDAHAN 41.12 42.72
17848 BITLIS 38.40 42.12
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Table2-5 Information about meteorology stationstioé Aegearnregion

Station ID Station Name Latitude Longitude
17155 KUTAHYA 39.42 29.97
17186 MANISA 38.62 27.43
17188 USAK 38.68 29.40
17190 AFYON 38.75 30.53
17220 IZMIR 38.43 27.17
17234 AYDIN 37.85 27.85
17237 DENIZLI 37.78 29.08
17292 MUGLA 37.22 28.37

Table2-6 Information about meteorology stationstloé SouthEastern Anatolia

region
Station ID Station Name Latitude Longitude
17210 SIIRT 37.92 41.95
17261 GAZIANTEP 37.07 37.38
17265 ADIYAMAN 37.75 38.28
17270 SANLIURFA 37.13 38.77
17275 MARDIN 37.30 40.73
17280 DIYARBAKIR 37.90 40.23
17282 BATMAN 37.88 41.12
17978 KILIS 36.72 37.12

Table2-7 Information about meteorology stationstb& Mediterranean region

Station ID Station Name Latitude Longitude
17238 BURDUR 37.72 30.28
17240 ISPARTA 37.77 30.55
17255 KAHRAMANMARAS 37.60 36.93
17300 ANTALYA 36.88 30.70
17340 MERSIN 36.80 34.60
17351 ADANA 37.00 35.33
17984 ANTAKYA 36.20 36.17

27



Table2-8 Information abouthe selecte streamflow stationsf Upper Euphrates
basinand their relevarmgeographicainformation

Station Station Name Longitude Latitude Altitude Area Data Length

ID (°E) (°N) (m) (km2)
2102 MURATNEHRI 3995 38.7 859  25447.2 19712010
PALU
2122 MURAT NE 4277 39.54 1552  5882.4 19712010
TUTAK
2124  TOHMA SUYU 37.44 38.68 1100  1336.4 19712010
YAZIKOY
2133  MUNZUR CAYI 39.53 39.04 940 3284.8 19712010
MELEKBAHCE
2145  TOHMA SUYU 37.69 38.48 935 5822 19712010
HKSARCI
2156 FI RAT NE 3845 39.43 865 15562 19712010
BAJI KTA
2157 KARASU 41.5 38.78 1250  2098.4 19712007
KARAKOPRU
2164  GOYNUK CAYI 40.56 38.8 498 2232 19712010
CAYAJZI

GDSHW and GDMfollow the samebasic principlesof the dataquality control
introduced by the World Meteorological Organization (WMO). Information about
such quality control methods applied to data can beddao Sénmez (2013) and
Gokturk et al. (2008). All measured data (streamflow, precipitatiomand
temperaturg used in this study hava record length of forty years (19742010)
except streamflow station 2157 for whidhirty-seven years (19742007) of
continuous data was available. Further three watersheds @I=8B8and 2164) were
selected for hydrologicahockling to evaluate the ensemble nonstationary impacts
on CORDEX driven streamflow projections. The selection of-lsadins for
hydrological modeling was made considering the availability of representative
temperature and precipitation data stations whiehe#ther within the watershed or

very close to the streamflow station.
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2.2.2 CORDEX Data

The CORDEX (Coordinated Regional Downscalingxperiment) is initiative of
World Climate Research Program (WCRWhich aims to create a coordinated
framework for evluating and improving regional climate downscaling techniques
and creating a new framework of high resolution downscaled climate projections for
different identified domain worldwideThe EURO-CORDEX ( http://www eurc

cordex.net)) is the branch of CORDEX initiative whigbrovides future projection

data for European domain with two different spatial resolutions, the general coarser
resolution of 0.44 degree (EUR, ~50 km)and thefiner resolution of 0.11 degree
(EUR-11, ~12.5km). For future nonstationarity analysis, a series of future
projections were obtained from a lnember ensemble of CORDEX projected
precipitation and temperature frothe EUR-11 domain. Information about each
individual CORDEX data memberssed is provided in Table 29. The future
projected datgd20502100) of temperature and precipitation is also used to obtain
future projected streamflow at three selected-Isadins of Upper Euphrates basin
using calibrated HBMight model. All the RCMs usd are with Representative
Concentration Pathways5 (RCP 8.5).

Table2-9 GCM-RCM matrix of CORDEX ensemble members

Member ID GCM RCM

11 ICHEC-EC-EARTH HIRHAM5
12 CCLM4-8-17
13 RACMO22E
14 RCA4
21 CNRM-CERFACSCNRM-CM5  ALADIN53
22 CCLM4-8-17
23 RCA4
31 MOHC-HadGEM2ES CCLM4-8-17
32 RACMO22E
33 RCA4
41 IPSL-IPSL-CM5A-MR RCA4
42 WRF331F

29


http://www.euro-cordex.net/
http://www.euro-cordex.net/

Figure2.5 EURO-CORDEX domain area surroded by the inner square

For nonstationary analysis of temperature and precipitation throughout Turkey
(within the EURGCORDEX domain see Figure 2.5 as well as streamflow
generation at three selected <dsins, the data are extracted from the most
representative grids for each of the observation statidfiem now on, these
representative grids will be stated agridded station The gridded stations are
obtained using the nearest neighborhood metimoadditionto these 12 RCMs, two
biasadjusted RCMdor precipitation and temperature are also used to evaluate the
performance improvemerdnd the effects of bias correction on nonstationarity

signals of RCM data.
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CHAPTER 3

METHODOLOGY

Impacts of nonstationarities are estimated using stationary and thmmesta
probability distributions. Four distributions (GEGBumbel normal and lognormal)

are used for precipitation analyses. For analyses of temperature and streamflow,
three distribution functionsggéneralized extreme valy&EV), gumbeland normal)

are applied. Analyses of temperature and precipitation ftbe historical period,
observation data is used while CORDEX based projections are used for future
projection period. Before using CORDEX datae performanceof data has been
evaluated. Streamflowrpjections are made using calibrated HByht model with
CORDEX forcing of temperature and precipitation. This chapter includes
information about methodology adapted for CORDEX performance evaluation,
formulation of stationary and nonstationary probapitlistribution used as well as
hydrologicalmodeling Information about data series (rmmax temperature, high

and low flows as well as maximum precipitation) is also present in this chapter. An
explanatory flowchart of the methodologdopted in this thesis is provided in

Figure 3.1.
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Chapter 3

Data Collection

Chapter 4

CORDEX Performance Evaluation

[ 1)-Observation Data ]

2)-CORDEX Data ]

Chapter 7

HBV-Light
1)- Calibration
2)-Validation

’L 3)- Streamflow Projections

y

1)-Extraction of Yearly and Seasonal Min-Max
Values for Temperature and Precipitation

'L 2)- Extraction of Yearly and Seasonal

High and Low flows

Chapter 5,6,7

Nonstationarity Impact Analyses

Figure3.1 Flowchart of Methodology

3.1.Stationary and Nonstationary Distributions

In hydrology and water resou;eextreme value distributions are used to analyze

the pobabilistic behavior of extreme events like floods and droughts. Cooley (2013)
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explained howeturnlevels(Thereturnlevel is stated as a value that is expected to
be equaled or exceeded on average once every interval of time (T) with a probability
of 1/T) and return periods can change under-s@tionaryclimate conditions.
Gumbel and generalized extreme value (GEV) distributions are well known for their
applications in evaluating the frequencies of extreme events. To use these
distributions in nonstathary conditions, parameters thfe distribution are made
time-dependenby incorporating time as a covariate. In teisidy, stationary and

nonstationary forms of GE\gumbe] normaland lognormadlistributionsare used

The cumulative distribution fution of GEV incorporates a location parameter, a
scale parameter, and the tail shape parameter as given in eidéi¢Balas and
Obeysekera?2014; Katz 2013).

Odh— Qwn p - — 3.1a

Where,—representsa et of parameters which includes locatidn),(scale () and
shape {) parameterdNonstationary form of GEV distribution incorporates
nonstationary by using timedepenent locationy, scalel: as given in equation
3.11b (Salas and Obeyseke?814); Katz 2013).

Odh— Qon p - — 3.1b

where—is a timedependent set of GEV parameters which includes time degpend
location i, scalelk and a constant shape paramete®o,in case of nonstationary
distributions, location parameter beconpgs [+ p2*t andscale parametdrecome

0= 18 24 Here,ui () and s (s2) are intercept(slope) valuedor location ad

scaleparametergrespectivelyAlso,it 6 r epresent s expl anat or )
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makesi: andk nonstationary for a given duratiofhe timefito is given as number
of years which variesfrom 1 to the total numbefi.e., (X) in Figure 1.2) of data
years.In other wordsfi t represents the time spéin yeas) during whichwe are
interested tcestimatethe impacts of nonstationayitFor examplejn Figure1.2,a
value of t1,2, 3...(x) yearswill give the inpacts of nonstationarities in 1,2, 3.).(x
years respectivelyTo estimate the impacts of nonstationafir whole data period,

the whole span of data duration yi@ars) isusedin this analysis

The shape parametér i s di fficult t o esti,nitag e
normally modeled as a constar@oles 2001, Katz, 2013. Maximum likelihood
estimation is one of the most widely used parameter estimatgthod where
parameters of distributions are estimated by maximizing théKelihood function.
The likelihaod functions fora stationaryand ronstationary form of GEV distribution

can be expressed Bguation3.2aandEquation3.2brespectively.

G RRMe GaEQ- pB AL - — B aé

- — 3.2a
& b RMb GaEQ- pB Gé - — B aéiD
- — 3.2b

Once we obtain the exceedance probability urtdemonstationarycondition it is
very easy to calculatthe return period of any designeduantile and vice versa.
Exceedance probabilitierresponding to design quantig for stationary ) and
nonstationarypt) cases are given &sjuatiors 3.3a and 33b respectively.
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n p Qon p - —— 3.3a

Rop QR p - — 3.3b

When - approaches to zero, the GEV distribution becomes two parameter gumbel

distribution.

GEV and gumbel distribution have been widely used undée nonstationary
framework. GEV is consided to be better especially for extne value analyses.
However, in this study, performarscef two additional distributions were tested
with nonstationary assumptioifihe normal distribution is applied for temperature,
precipitation and streamflow analyses. In addition to GBwMmnbel and nomal
distribution, for precipitation analyses, lognormal distribution is also applied. The

cumulative distribution function adhenormaldistribution is given by equation 3.4a.

Odh— - p AO%MF: 3.4a

When introducing nonstationarity, teemulative distribution function ahenormal

distribution can be formulated as equation 3.4b.

Odh— - p AOAEM: 3.4b
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Wherethetermfi e r figreferréd as error function and is defined as the probability
of a random variable witthe normaldistribution of mean 0 and variance 1/2 falling
in the range 4, x]. The log-likelihood function of stationary and nonstationary

nomal distribution can be written as equati®Ba and equatioB.5b respectively.

a‘ b, i ) T B T —B o 3.5a

~ ~

a‘ h, Ao -1 T -1 1g*, —B o 3.5b

The cumulative disibution function of the lognormal distribution is given by

equation 3.6a.

Odh— - p AO%EMT 3.6a

When introducing nonstationarity, tikemulative distribution function of lognormal
distribution can be formulated as eqoat3.6b.

Odh— - p AO%ET 3.6b

The log-likelihood function of stationary and nonstationary lognormal distribution

can be written as equation 3.7a and equation 3.7b respectively.
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3.7a

3.7b

The parameters of GEV arglmbeldistributiors were estimated using maximum
likelihood method usindgisme\o (Heffernan and StephensoP012) package in R

programming can be found attps://cran4project.org/web/packages/ismewhe

same procedure was adapted for parameter estimation of normal and lognormal
distribution. The R codes for Normal and Lognormal distributions are provided in
Appendix A. Optimization was done usinthe NelderMead algorithm. Once
parameters of each distribution were estimated, the return values corresponding to
given return levels were calculatdchpacts of nonstationarés for precipitation and
streanflow are quantified in terms of percentage differences betweeryd#fX0
statiorery and nonstationary return values as given in equét&n

0 QI OQEAXMN|T Qi zpmm 38

Impactsof nonstationarities for temperature are quantified in terms of differences
between 10§/ear stationaryand nonstationary return values as given in equation
3.9.

0QQQQT Q WIQO O A WAIGTDAMUOIOA OED A GEDAD A1 3.9

The values of percentage difference may take positive or negative sign. The positive
value will express that nonstationary design discharge values or deggls dee
higher than the stationary ones and vice versa. From now on, positive values will be
stated as positive impacts while negative values will be stated as negative impacts
throughout the discussiorstationary and nonstationary forms of GEyymbe)

normal and lognormal distributions are applied to analyze the impacts of
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nonstationarities for yearly and seasonal precipitation seredsg3-1). Similarly,
Stationary and nonstationary forms of GEgumbel normal distributions are
applied to analyzehe impacts of nonstationarities for ten types of yearly and

seasonal temperaturéable3-2) and steamflow seriesTable3-3).

Table3-1 Information about precipitation series used for nonstationary impact
assessment

Type Precipitation Series Name and Abbreviation

Annual maximum precipitation, yearly AMP

Annual maximum precipitation during Wintébecember
February), Winter AMP

Maximum . —— . . m
Precipitation Ann_ual maximum precipitation during Sprifglarch May),
Spring AMP
Annual maximum precipitation during Sumn{@uné August),
Summer AMP

Annual maximum precipitation during Autumn (Septeniber
November), Autumn AMP

Table3-2 Information about temperaturerges used for nonstationary impact
assessment

Type Temperature Series Name and Abbreviation
Annual maximum temperature, yearly AMTmax
Annualmaximum temperature during Winter (December
February), Winter AMTmax

Annual maximum tempature during Spring (MaréiMay),
Spring AMTmax

Annual maximum temperature during Summer (J&ngust),
Summer AMTmax

Annual maximum temperature during Autumn (Septeinber
November), Autumn AMTmax

Annual minimum temperature, yearhl VA min
Annualminimum temperature during Winter (December
February), Winter AMTmin

Minimum Annual minimym temperature during Spring (Mdritay),
Spring AMTmin

Annual minimum temperature during Summer (Jueust),
Summer AMTmin

Annual minimum temperaturaudng Autumn (Septembér
November), Autumn AMTmin

Maximum
Temperature

Temperature
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Table3-3 Information about streamflow series used for nonstationary impact
assessment

Flow Type Flow Series Name and Abbreviation

Annual maxinum flow, yearly AMF

Annual maximum flow during Winter (DecembEebruary), Winter

High Flow | AMF
Annual maximum flow during SprindMarch May), Spring AMF

Annual maximum flow during Summer (Jumeugust), Summer AMF

Annual maximum flow during Autumn (Septembiiovember),
Autumn AMF
Annual 35th Percentile Value flow, yearly)L &

Annual 35th Percentile Value flow during Winter (December
Low Flow February), Winter AF

Annual 35th Percentile Value flow during Spridgrch May),
Spring ALF

Annual 35th Perentile Value flow during Summer (Jun&ugust),
Summer AF

Annual 35th Percentile Value flow during Autumn (Septermber
November), Autumn AF

3.2.Hydrological Modeling

"Hydrologiska Byrans Vattenbalansavdelning” or simgBV is a model developed
by the SMHI (Swedish Meteorological and Hydrological Institut€he HBV is the
multi-tank semidistributed runoff simulation model and has been widely used in
Sweden anabther pars of Europe (Bergstrom, 1978990; 1992) in recent. There
are many modified verons of HBV present which has been used in around 30
countries across the globe. HBight is relatively newer version developed based
on same water balance equatiars in original HBV. However, HB\ight is
relatively moreflexible to usedue to itsinbuilt automatic calibratioralgorithms
Streamflow projections at three selected-babins (2133,2157 and 2164) Upper
Euphrats basin are made by using regional climate model projections of
precipitationand temperature as inputs into calibrated HRWt model.The model
can be used in serdistributed form by dividing the land use/land covertloé
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whole basin into four different classes. Furthermahe modelhas the capability to
simulate runoff based on different elevation zones. The model mrtsecdaily

timescale

Data required to calibratee modelfor runoff simulation are
1)-Observed daily temperature

2)-Observed daily precipitation

3)- Observed Streamflow data

4)-Land use data and classifications of the basin
5)-Elevation data of thbasin

6)-Estimated monthly avege potential evapotranspiration (estimated by
Thornthwaitemethod

Observed daily temperature and precipitation degse obtained fromthe GDM.
Streamflow datavere obtained fromthe GDSHW. The 25 and coverclassof The
USGS Land Cover Institute  (LCI) was downloaded from

https://landcover.usgs.gov/landcoverdata.pHflevation data with a 90-meter

resolutionof Shuttle Radar Topography Missig®RTM) was used in tls study

which wasdownloaded fromhttp://srtm.csi.cgiar.org/Potential evapotranspiration

was estimated usirtge Thornthwaitemethod

Thornt hwai tedés Met hod for Esti mati on of

A noncorrected potential evapotranspiration can be estimated using Thhoma i t e 6 s

Equation agollows,
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https://landcover.usgs.gov/landcoverdata.php
http://srtm.csi.cgiar.org/

0 0"Y pE — 3.10a

Wherefi t i® themonthly average temperatuaadii | is the Annual Heatindex |
a n do afcbe estimated using Equation 3.10b and Equatidft3espectively.

I ouepm O xgEFPpm 20 pEwgpm 20 M@ WG oW
3.10b

‘OB Q 3.10c

Whereii 0 i s t he kHeatndexaadsanMestmmatéd using Equation
3.10d.

Q - 3.10d

Equation 2.10a gives the uncorrected estimate of potential evapotranspiration
which consider80-daylong month and duration of l#urs of sunshindn a day.
Finally, the corrected potéal evapotranspiration isalculatedor each month sing
the actual number of days month (d) and actual average sunshimeursper day

(N) in arequiredmonth using equatio®.10e.

0 0"YD O"Y z 7z 3.10e
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The model structur@eft panel)of HBV with a descriptionof parameterandmodel
flowchart (right panel)is provided inFigure 3.2. During the simulationthe model
categorizes the precipitation insmow (Ps) andain (Pr). Precipitation is simulated

as sow if the temperatures belowa thresholdtemperature and snow correction

factor (SFCF) is usedbimilarly, if thetemperatures abovea thresholdtemperature

the precipitation is simulated as rainfall. Fenowmeltcalculation HBV usesthe
degreeday method. Water stored in accumulastwpackis calculated in each
elevation zone depending upon the temperature of that elevation zone. Snow melting
is related todegreeday factor (DDF) and the difference between air temperature
(Ta) and melting air emperature (Tm). Soil moisture routine includes runoff
generation by considering the changes in soil moisture state and the soil moisture
routine process are defined by different parameterssiidemoisture state where
evaporation reaches at its potehtigte (LP), soil moisture storage capacity (FC).
After soil moisture routine, there are upper and lower storage zones. Upper zone
accumulates the rain and th&@anwaterleaves the upper zone in three different ways

as J surfacerunoff depending upon ression parameter terflow of percolated

water fromthe upperzone to lower and)3low and gradual base flow of percolated

water from lower zone.

HBV-light software includes automatic calibration using Monte Carlo approach or
by usinga geneticalgoithm. Parameters are estimated within the given rafige.
rangeof HBV-light parameters is given ifiable3-4. The HB\light is calibrated in

a semidistributedway by dividing the basin area into different elevation and land
use classes. Original SRTM B9eter elevation map was divided into ten equal
elevation zones. Similarly, the initially obtained land use map was divided into four
major land use classes described asirbpn area and barren rocks&ricultural

area and other small vegetationf@ests4) lakesand open water bodies.
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SF = Snow
e R Inputs
IN = Infiltration Precip., Temp.
EA = Actual evapotranspiration

El = Evaporation from interception
SM = Soil moisture storage

FC = Maximum soil moisture storage

LP = Limit for potential evapotranspiration
R = Recharge

UZ = Storage in upper response box

PERC = Percolation FC—r= '

CFLUX = Capilary transport ?
El!

LZ = Storage in lower response box

K,K4 = Recession parameters
ALFA = Recession parameter [N ———
Q0,Q 1 = Runoff components

| Evapotrans. H SM. Module I-i

| Interflow —— Q,

Figure3.2 The model structure anmhrameter description (left panel) and flc
chart (right panel) of HBV model.
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Table3-4 HBV parameters and rang8eibert, 199y

Parameter Explanation Minimum Maximum Unit

Snow routine

T Threshold temperature -2.5 2.5 °C

CFMAX Degree-day factor 1 10 mme°C' d'
SFCF Snowfall correction factor 0.4 1 -

CWH Water holding capacity 0 0.2 -

CFR Refreezing coefficient 0 0.1 -

Soil and evap-
oration routine

FC Maximum SM 50 500 mm
LP SM threshold for reduction of 0.3 ]

evaporation
BETA Shape coefficient 1 6

Groundwater and
response routine

Ko Recession coefficient 0.05 0.5 d’

K, Recession coefficient 0.01 0.3 d’

K, Recession coefficient 0.001 0.1 d'

UZL Threshold for Ky-outflow 0 100 mm

PERC Maximal flow from upper to 0 6 mmd”
lower GW-box

MAXBAS Routing, length of weighting 1 5 d
function

Two objective functions 1)Nasl Sutcliffe Model Efficiency Coefficie(NS) and
1)- Log Nadhi Sutcliffe Model Efficiency Coefficie(itNS) are used for parameter
estimations (as suggested in Seibert, 1997). Forionlaf NS and LNS are given

in Equation3.11and Euation3.12,respectively.

6°Y p < 3.11
6°Y p o 3.12
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Where variable 0 is observed dailystreamflow andd  is model simulated
daily streamflowThe objection functiosifor NS and LNS can take value in range of
-b t ,oandYalue of 1depids the peafect agreement between observation and
simulation. HB\fLight is calibrated twice foeach basin. For high flow analyses
calibration was done usinipe objective function of NSwhile LNS was used to
calibrate model forthe low flow aralyses. Alongside the values of objection
functions, the model also prowdes some other performance indicat® like

Coefficient of DeterminatioandKling-Gupta Efficiencyafter each simulation run.

3.3.CORDEX Performance Evaluation

The 122-membes of ensemble CORDEX RCMs for precipitation and temperature
data are used to investigate the status of nonstatiesan future projections A
prerequisite before using regional climate model data is to perform evaluation of
these models (Luhunga et al., 2016) as these simulations are subjeztaariber

of uncertainties because of boundary conditions, fornmaif GCMs and RCMs as

well as size of integration domain (Min et,&013). Performance evaluation of
RCMs can be done by using different performance evaluation indicators however
combineduse of these techniques provide more comprehensive informatioat ab
model 6s ability to mi mi2013p Bosne ofthaWorldn dat
Meteorological Organization (WMO) recommended techniques for model
performance evaluation statistiosclude root mean square erro(RMSE), mean

bias error(MBE), andcorrelation coefficien{CORR) as reported by Luhunga et al.
(2019 and Gordon and Shaykewich (2000). Comparative plots of daily average
values of observation and model simulafias used in Kara et gR016) are helpful

to visualize the ability ofhemodd to emulate the observations especially the annual

cycle of a variable
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For this purpose, data froRCMs were compared with the observations and the
evaluation and quantification afrrorsin these RCMswere done using different
performance evaluatiomdicators. In this study, the performance evaluat@s
done for eaclof the sevengeographicaregiors of Turkey This is achieved by
makinga comparisorbetween regionalljaveragedbsened data and RCMlerived
gridded data (data from the grids contaimg the observation stations). For
performance evaluation of precipitation, mean daily precipitdtiaily evaluation
and mearmonthly totals(monthly evaluationare used for &£ ORDEX reference
period of 19712005. Similarly, for temperature, mean datgmperature(daily
evaluation and mean monthly temperatureglmonthly evaluation are used to
investigate and quantify therrors attachedto each of the individuamembes of
CORDEX ensemble. A brief explanatiah the model performance indicators used

in this studyis presented here.
Common Variables:
M = predicted data values
O = observed data values
n = number of data values
Um = standard deviation of model data values

Uo = standard deviation of observed data values

3.3.1 Root Mean Saquare Error

The Root Mean Square ErrqiRMSE) is defined as the square root of the variance
of the residuals and it is calculated by usthg Equation 3.13 It explains the
absolute fit of the model to the data i.e., how close are the model predicted dat

valuesto the observed data values.
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Root Mean Square Error = 3.13

RMSE can take values in the range from O

the fit of the model to the data. RMSE has the same units as of the response
variables, and it is considered as one of the mosbritapt criteria to evaluate the

accuracyof a model.

3.3.2 Mean Absolute Error

The Mean Absolute Error (MAE) is another criterion used to evaluate the model
performance and is calculated by usthg Equation3.14 MAE is asimplemeasure
and is defied as the mean dhe absolutedifference between model predicted

values and the observed values.

Mean Absolute Error =B 9 0 s 3.14

MAE provides an average magnitude of the errors in a set of prediction in
comparison to a set of observation, without considering their direction. MAE can
take values in the range AErbetterthdfitoftoe D.

model to the data.

3.3.3 Mean Bias Error

TheMean Bias Erroi(MBE) is asimplemeasure to explain the overall modeldais

and is calculated by usinggkation 3.15 MBE is defined as the mean tie
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differencebetween model pdicted values and the observed valuesthencaseof

MBE, signs of the errors are not removed.
Mean Bias Error =B 0 0 3.15

MBE explains the direction of the error bias. MBE can take values in the range from
b t o bD. veAVMBH wlgea ihdicates that the predictions are smaller than
observations. Similarly, positive MBE value indicates that the predictions are larger

than observations

3.3.4.Correlation Coefficient

Correlation Coefficients(CORR) is a measure to explainetrstrength of a
relationshipbetweenmodel and observation. CORR dam calculatd by usingthe
Equation3.16.

Correlation Coefficient = B z 3.16

CORR can take values in the range frehfor a perfectnegative relationship) to
1(for a perfectpositive relationship). Closer the values totHe strongerpositive
relationship is observed between model and observdsitsnSimilarly, the stronger
negative relationship is present if the CORRRue is close tel. A CORR with zero
value indicates no relationship at all betweeodel and observation data.

Once the values of RMSE, CORBhdMAE wascalculated for daily and monthly
evaluation at each region separately, initially each madsiranked(model witha
rankvalue of 1 being the bedbased on RMSE, CORR and MAE Idg N2> andNs,
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respectively Then averaged rankas calculated by taking the average of all these

ranks for daily ad monthly evaluation as given in Equation 3.17.

AverageRank = Average ((N N, Ns)a, (N1, N2 ,N3)m) 3.17

Wher e s whb a oniidgihdte daily and monthly evaluatgynespectively.

3.4.Bias Corrected CORDEX RCMs

Climate impact modelseed to have finer resolution with minimuntiases
However, GCMsand RCMs generallxontain uncertainties and bias. CORDEX
provides the downscaled data at much finer resolutions (for exampl&lBuith
approximately 12km resolution). Bgtill, CORDEX models contain uncertainties
and biases when compared to the okmteym databecause the errors available in
GCMs are transferred to RCMs throughe boundary and initial conditions
Analyss based on mukinember ensemble approach is one way to reduce the effects
of these uncertainties and biases. However, many g@serSunyer et gl2015) of
climate model data apply some form of bias correction and further downscaling to
get better agreement between simulation and observation data. M@@LG
critically reviewed the different bias correction methods and discusked
possibility of alteration of climate change trends and nonstationarity signals after

bias correction.

However,a coupleof bias correction methods are thought to be preservinpige
term nonstationarity signalsDistribution Based ScalingDBS) is thought to
preserve future climate variability produced by regional climate mogdé&sg,

2010)thus improving the usability of RCM data for climate change impact studies.
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Another method Cumulative Distribution Functioffransformation (CDF
transformatioh also consideredo be preservingthe longterm nonstationarity
signals(Vrac et al., 2012WEB3). As one of theobjectives of this thesisstudy, bas
adjusted CORDEX RCM data is evaluated for their ability to reproduce
nonstationarity signals adbtainedoriginaly from RCMs.

Two biasadjusted precipitation models (one with DBS correction method and other
with CDF method) and two bissdjusted temperature models (both with BDS
method)were evaluatedn this studyBias correction was nappliedas pariof this
study since the readily available biadjusted RCM datavere obtained and used,
however,a brief description of these bias correction metha&lprovided here for
understanding.

3.4.1 Distribution Based Scaling (DBS Method)

The dstribution-based scaling (DBS) method (Yang, 2DWasdevelopedo adjust
temperature and precipitation from RCMs to bettatch withobservation.

a) Precipitation Correction

The DBS method of precipitation correction involves two steps.

1)- Spurious drizzles moval to obtain the corrected percentage of wet days.
Percentage of wet daysobtained by introducing a threshold value for each season.
Days with precipitation amount larger than the threshold value are considered as wet

days and all other days as digyd.

2)- Transformation of remaining precipitation to match observed frequency

distribution. There are various theoretical distributions available to describe the
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probability distribution function (PDF) of precipitation intensities. A commonly
used digibution is the gamma distributiaficquation 3.18)because of its ability to

represent the typically asymmetrical and positively skewed.

¥ J.
(x/B)* " exp (—x/B) @ B> 0

fix) : )
Blix) 318

where U is the shape parametdy,is the scale parametand { ( ¥s)the inverse
gamma function. The distributionparameters were estimated using maximum
likelihood

estimation (MLE).Since the distribution of daily precipitation is heavily skewed
towards low-intensity values, the distribution parameters might not capture the
properties of extremes. To tackle this issue, the distribution of daily precipitation is
partitioned into two parts separated by'Q@rcentile value hence making it double

gamma distributin asthe Equation3.19

Ppgs = F (agps. Bobs: FH(P. xerr. BetL)) if P < 95" percentile value
Poss = F~Yagpsos. Bopsos. F 1 (P. acrros. BetLos))  if P = 95% percentile value

3.19

Two sets of par amet er 35 @&)dr@nobservatiomastwelld as
as RCM in reference and then in turn used to correct the precipitation for projection
period. WhereObs denotes parameters estimated from observations Girid
denotes pameters estimated from the RCM output in the control period.
represents the gamma probability distributidm take seasonality into account,

parameterare optimized for each season.
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b) Temperature Correction

Since temperature values are more symigadly distributed the normaldistribution
is used for temperatureith meanu and standard deviatianasEquation 3.20

f(x) l_e_(%)_
ovem 3.20

Mean and standard deviation of temperature are smoothed over reference period
with a 15day moving average window. Temperature time series is conditioned by
the dry and wet state of day to account for dependence betvesapetature and
precipitation and seasonal mean and seasonal standard deviation of temperature are
smoothed using five harmonics Bburier Seriesas Equation 3.21 and Equation

3.22.

K
. Ay, DryWet . . .
g(fm}._,wﬂ) 72" + Z (ak.m}._n,:,,-ﬂ- cos(kwt ) +bgprywe - sin (kwt })

k=1 3.2

) = S22+ S (G- cosCl0r’) -+l rgwer sin (o)),

P 3.2
where @, &, bx, @, ¢, anddk are the Fourier coeffients, t* is the day of the yeaw,
equals 2 /n, where n is the time units per cycle and k stands for tHearmonic
used for describing the annual cycle of adjusted daily temperatvie, The DBS
parameters for temperature were calculated for both observations and RCM
simulated data seriesh@y are denoteddds obdland pcr, criland are used to

scale the daily temperatuusing Equation 3.23.

Tpes = F ' (00bs. tobs: F~(T'reA. oCTL, MOTL))

3.23
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3.4.2 Cumulative Distribution Function Transform (CDF -transform Method)

The main idea behind this approach is to relate the cumeailldistribution function

(CDF) of a variable (temperature, precipitation etc.) at a large scale (RCM) to the
CDF of that variable athe stationor local scale. CDf approach involveshe
applicationof the mathematicatransformation to the largecale CIF andcreates a

new CDF which is supposed to be as close as possible to the CDF of measured
station variableFsh and FShdescribethe CDFsof the variable of interest from the
GCM/RCM andobservationrespectivelypver a historical calibration peridd It is

assumed thatansformation T allowgoingfrom Fehto Fshusing Equation 3.24.
T(FGh(x)) - Fsh{X) 3.24

Replacing x by Fen (u), where u is any probability in [0,1fhe following can be

obtained

T(u) = Fsn(Fg (1)) 3.5

which provides a simple definition of T. Assumingid stationary in time, the
transformation can be applied Eas, the largescale CDF of the climate variable
over a validation or future period f, to generktg the CDF at the station location

for the same period f
T'(For(x)) = Fse(x) 3.2
Which can be written as

Fst(x) = Fep(Fg, (Fge(x))) 3.27
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CHAPTER 4

CORDEX PERFORMANCE EVALUATION

Global circulation models (GCMs) are very useful tools for analysis of climate
change and its variability. GCMs have generally the ability to simulate the general
circulation ofthe atmogphereat the continentalscale(i.e., 1°) but they may not be
able to assess the climate change and its variability at regional and smallét&cale
50 km) (Giorgi et al, 2009; Rummukaingn2010). Because of the coarser grid
resolution, magnitudes andémsity of extreme events (like heavy precipitation) are
usually not realistically captured asmallerscale (Endris et al2013). Toprovide a
solution for these problemsegional climate models (RCMs) are mostly used which
are available at much fingrids. Before usinglata fromthese CORDEX RCMs it is
very important to assess theiccuracyto representhe actual climate conditions.
Different performance evaluatiomdicators are used for this purpose. In this
chaptey the results of performance aduation of 12 different CORDEX RCMs are

presented and discussed for precipitation and temperature.

4.1 Results

4.1.1.Precipitation Evaluation

The performance of each individual RCM is evaluated by different performance
evaluation indicators (RMSE, ME, MBE, and CORR) ona regionalscale using
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regionally lumped observed and CORDEX precipitation data G@RDEX
reference period (1972005). Comparisom are made for mean daily precipitation
obtained from models as well as observations. Plots obtaiosttlie sameGCM,

but different RCMs are grouped together to analymeperformanceof each of
individual GCM. Along with graphical comparisonssumnary tables of model
evaluationstatisticsbasedon meandaily and monthly total precipitatioare given

here. In each summary table, green flag, red flag and yellow brick show models with

good, bad and average performance.

1) Marmara Region

Regionally averaged mean daily precipitation from individual R§¢Mdedstations
against observed mean daily precipda is plotted for the Marmararegion in
Figure 4.1. Model performance statistics are givelhable4-1. Visual inspection of
Figure 4.1 shows that all the RCMs originated from GCMs-E&RTH (i.e.
CORDEXRCMs11,12,13, and 149nd HadGEMZES (i.e. CORDEXRCMs 13,23,

and 33 wereable to emulate the seasonal variation of precipitation in comparison to
the observationsThe ®rrelationcoefficientas given inTable 4-1 for mean daily
precipitation as well as successive monthly precipitatiaas also bette for these
RCMs. The model21, 22 and 2 overestimated precipitation during the late spring
and early days of summer as can be seen from fglbts.model23 and 4 were

able to reproduce the seasonal variations of precipithkienhe observed one$he
mean bias error values for mean daily precipitation as well as successive monthly
precipitation explain that RCMs 11, 14, 31 and 14 have shown slight
underestimation while RCMsith 21, 22, 32 and2Z haveatendencyto overestmate

the precipitation. RMs 21, 22, 32 and 2 havegiven moreRMSE andMAE values
Based orthe average rank values, RCN {(EGEARTH-RACMO22E and RCM
21(CNRM-CM5-ALADINS53 were found to be the best and worst models for

MarmaraRegian of Turkey, respectively.
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Table4-1 Performance statistics summanfyprecipitation for thevlarmara region

Mean Daily Precipitation Successive Monthly Total Precipitatior|
CORDEX IR VSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORRK /&rade Ran

11 0.83 065  -0.18 058 3830 2971  -122 037|— 66
12 0.84 065  -0.04 056 3780 2886 003 037|= 6

13 0.71 055  -001 066| 3805 2019 387 0.35|F28
14 0.79 063  -0.30 062| 3451 2572 531 040|F 32
21 1.34 1.05 066 008| 5654 4405 2237 -0.08[|F 12
22 1.04 0.81 050 045| 4582 3592 1294 0.22|F 10
23 0.76 0.58 010 060| 4062  31.65 557 028f= 54
31 0.89 0.73 013 0.67| 3944 3092 349 046|= 6.2
32 1.02 0.78 040 065| 4156  32.08 1294 050|> 8

33 0.81 064  -0.14 066| 3655 2855  -1.53 045|F 338
41 0.77 059 031 062| 3574 2711  -478 o035 3

42 1.22 0.98 067 042| 5420 4347 2455 0.16[F 11
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2) Aegean Region

Regionally averaged mean daily precipitation from individual RgMdedstations
against observed mean daily precipitati®plottedfor Aegean region ifrigure 4.2.
Model performance statistics are givenTable 42. Visual inspection of jpts given

in Figure 4.2 suggeststhat all the RCMs dxcept CORDEX RCM 12 which
underestimated/overestimdtehe winter and spring precipitation respectively
originated from GCMSEC-EARTH and HadGEMZES were able to reproduce the
seasonal variability obrecipitation better than the RCMs originated from other two
GCMs, CNRM-CM5 and IPSECM5A-MR. So, these RCMs have shown higher
correlationsas compared to other two GCM groups as givenahble4-2. All three
RCMs originated from GCMof CNRM-CM5 have show clear overestimation
during late spring and early summer however durirtgran aml winter these three
RCMs have shown good agreemaunith the observation. The RCM24has shown
distinctive oveestimationthroughoutthe year andt was more evident durinigte
spring and summer. The RCML &agreed well with observation fdhe seasonal
variability of precipitation however this modelhas generallyshown a tendency of
underestimatiorn precipitation. Mean bias error values show that timedels(11,

12 andl14) originatedfrom GCM, EC-EARTH underestimat@recipitation whilethe
model 4 slightly overestimées The positive mean bias error values for all three
RCMs originated from GCM CNRM-CM5 show significant overestimation.
Similarly, RCMs 32 and 4 havethe negative mean bias while RCM4,32 and 2
takes the positive mean bidss it is seenin Figure 4.2andTable4-2, RCMs 41 and

14 have showrthe highest overestimati@nd highest underestimation, respectively.
RCMs 12, 21, and2icontained the higtsstRMSE as well adVIAE values Based on
the average rank values, RCM HadGEM2ES-RACMO22E was found to be the
best model forthe Aegeanregion of Turkey.Similarly, the averaged rank values
showthat RCM 2 (CNRM-CM5-ALADIN53 was the worst modedmorg these

ensembls.
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Table4-2Performance statistics summanfyprecipitation for theAegean region

_ Mean Daily Precipitation Successive Monthly Total Precipitatior]
CORDEX IRMSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORK ¢ 29€ Ran

11 1.04 074 017 068| 4929 3450 544 043|F 44
12 1.41 099  -015 044| 5524 3746  -478 0.34|F 96
13 1.00 0.77 011 070| 5048 3538 339 04lf— 48
14 1.15 079  -030 061| 4734 3041 -939 047|= 5

21 1.78 1.42 073 015| 6691 5311 2227 0.09 [F0E18
22 1.21 0.94 030 056| 5550 4131 916 0.30[® 9.6
23 1.12 0.89 038 067| 5394 3972 1165 04lf= 7.2
31 117 0.86 0.15 063| 4945 3455 318 049)= 7

32 0.99 070  -024 073| 4436 2968  -8.28 0.55|[FN14
33 0.99 0.68 014 075| 4893 3337 322 054[F 24
41 1.15 079  -057 069| 4804 3258 -17.37 048|> 44
42 151 1.21 100 067| 6817 5070 3093 0.34|F 104

61



3) Mediterranean Region

Areaaveragedmeandaily precipitation from individual RCMyridded stationsis
plotted against observed mean daily precipitationtfierMediterranearregion as
shownin Figure 4.3. Model performare statistics are given ifable 4-3. Plots
given in Figure 4.3 show that RCMs originated from GCMBEC-EARTH and
HadGEMZ2ES were able to reproduce the seasonal variability of precipitation better
than the RCMs originated from other two GCMNGNRM-CM5 and PSL-CM5A-

MR. This emulating of seasonal variability of precipitation is also evident from their
higher correlation values. However clear overestimation was obser¥eégure4.3

for RCMs 11, 22, 14, and 3 particularly duringthe winter seasonThe mean Is
errorswhich aregivenin Table4-3, also explain these featurddsual inspection of
Figure4.3 also shows thatlahe RCMs originated from GCMCNRM-CM5 have
shown overestimatioobviously during the late spring and early summer seasons.
However, al three RCMs were found to be in fair agreement with observation
during other seasons. Both RCN1 and 2) originated from GCMof IPSL-
CM5A-MR have also shown fair match with obs#rens however in case of RCM

41, aslight overestimation and underesaition were found during summer and
winter, respectively. RCMs 11, 22 and3 have shown mor&MSE and MAE
values.Based ommean bias error values for daily mean precipitation and successive
monthly precipitation RCMs 11, 13, 22 and 33 have shown significan
overestimation overallSimilarly, the negativesign of mean bias errofdry bias)

with higher magnitude for RCM 12 andl 3suggeststhat these modelshave
tendencies to underestimate overall precipitation. Based on the average rank values
given inTable4-3, RCM 2 (HadGEM2ES-RACMO22E was found to be the best
model forthe Mediterranearregion of Turkey.Similarly, RCM 22 (CNRM-CM5-

CCLM4-8-17) was the worst mod@mongensemblenembers
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Table4-3 Performance statistics summanfyprecipitation fothe Mediterranean region

_ Mean Daily Precipitation Successive Monthly Total Precipitatior
CORDEX IR MSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORK ¢ 29¢ Ran

11 1.77 1.22 0.84 0.76| 79.33 52.14 25.85 0.54|% 9.2
12 1.36 0.95 -0.42 0.60| 58.12 38.58 -13.25 0.44|== 6.6
13 1.39 1.04 0.74 0.74| 69.27 47.02 2252 0.49|= 7.4
14 1.40 0.98 0.29 0.66| 65.25 43.41 856 047" 8.2
21 1.37 1.04 -0.19 0.50| 56.74 41.91 -6.10 0.36||* 8.2
22 1.59 1.29 0.81 055 70.92 53.26 2469 0.35)% 11

23 1.10 0.82 0.21  0.73| 55.67 39.53 6.46 051 4.2
31 1.15 0.75 -0.45 0.74| 51.61 33.58 -15.80 0.56(|F 2.8
32 1.09 0.74 0.22 0.79| 54.68 36.87 424 0588 14

33 1.86 1.27 1.01  0.73| 76.30 50.04 27.94 0.56|® 10.2
41 1.12 0.79 -0.18 0.74| 56.01 37.46 -5.97 0.54|| 3.6
42 1.13 0.87 -0.10  0.70| 55.79 38.83 -351 0.43|— 5.2
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4) Central Anatolia

Regionally averaged mean dagyecipitation from individual RCMyriddedstations

is plotted against observed mean daily precipitation for Central Anatolia region in
Figure4.4. Model performance statistics are give @&ble4-4. Visual inspection of
plots given inFigure 4.4 suggestshat RCMs originated from GCM&C-EARTH

and HadGEMZES were able to reproduce the seasonal variability of precipitation
better than the RCMs originated from other two GCKI8IRM-CM5 and IPSL
CM5A-MR. This ability isalso evidenfrom the comparativelyhigher correlation
valuesin Table 4-4. Plots also show that the&vé RCMs originated from GCNof
CNRM-CM5 have shown overestimation duritite late spring and early summer
howeverthee modelsvere able to fairly mimic the daily mean precipitation during
other seasondn addition,the RCM 23 originatedfrom the sameGCM were able to
explain the seasonal variation throoghthe yearquite well In caseof RCMs
originated from GCMof IPSL-CM51-MR the RCM 4 has shown gnificant
overestimation during winter season while RCM 2 clearly overestimated
precipitation during the late spring and early summer. Positive values of mean bias
errors for daily mean precipitatioméisuccessive monthly total precipitation suggest
that all the RCMs hava tendencyto overeimate mean daily and monthly total
precipitation.FurthermoreRCMs 11, 13, 21 andl3contain relatively higheRMSE
values Based on the average rank valpesvided inTable4-4, RCM 12 (EG
EARTH-CCLM48-17) was found to be the best model fine Cental Anatolia
region of TurkeySimilarly, the averaged rank valushowthat RCM 2 (CNRM-
CM5-ALADIN53 was found tdetheworstmodel out of this ensemble.
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Table4-4 Performance statistics summarfyprecipitation forthe Central Anatoliaegion

_ Mean Daily Precipitation Successive Monthly Total Precipitatior
CORDEX I e ISE (mmMAE (mm) MBE (mm) CORRRMSE (mm)MAE (mm) MBE (mm) CORK  &rade Ran
11 1.32 1.06 0.96 0.64| 47.03 35.75 29.54 0.48|"® 10.2
12 0.85 0.66 0.52 0.70] 34.00 25.02 16.29 0.5218 2
13 1.24 1.01 0.98 0.60| 46.26 35.02 30.26 0.37|1® 9.8
14 0.98 0.76 0.63 0.64| 35.27 27.02 19.60 0.50(|® 4
21 1.24 0.94 0.73 0.24 42.81 32.88 2252 0.14|% 102
22 1.07 0.87 0.82 0.59| 40.21 31.24 2556 0.39|= 7.4
23 0.60 0.45 0.21 0.58| 25.89 19.48 6.99 0.39|I% 22
31 1.06 0.82 0.64 0.61| 38.01 28.35 19.37 0.46|— 6
32 1.07 0.79 0.63 0.54| 38.47 28.27 19.19 042|= 74
33 1.22 0.93 0.79 0.56| 43.57 32.20 24.00 040" 9
41 0.95 0.73 0.53 0.49| 36.36 27.25 16.50 0.31|== 5.8
42 0.91 0.70 0.56 0.55| 33.55 26.21 17.40 0.39(|® 4
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5) Black Sea Region

Regionally averaged mean daily precipitation from individR@M griddedstations

is plotted against observed mean daily precipitaiiorFigure 4.5 for Black sea
region. Model performance statistics are givenTable 45. Visual inspection of
plots given inFigure4.5 shows that RCMs originated from GCM&C-EARTH and
HadGEMZ2ES were able to reproduce the seasonal variability of precipitation better
than those RCMs originated from other two GCK8IRM-CM5 and IPSECM5A-

MR. This emulation of seasonal variability of precipitation is also clear tigm
comparativelyhigher correlation between daily mean precipitation of these RCMs
and observations as givenTable4-5. However,all these seven RCMs have shown
the tendencyof underestimation during the summer seaagsrcan be seen in plots
Also, it is evident from tle plots that all three RCMs originated from GGM
HadGEMZ2ES slightly overestimated the mter precipitation. Two RCMs (2122
overestimatedhe spring and early summer pigitation while the third RCM ()
underestimatedt during same seasonk the caseof RCM 41, there was slight
underestimation observediowever,the RCM was able to explain the seasonal
variability at a fair level. RCM 2 also overestimated the spring and early summer
precipitation. The negative bias errors of all RCMs originatednf GCM EGC
EARTH are evidence of their tendencies of underestimdtordaily mean and
monthly totalprecipitations overall. RCMs2 31 and 2 containhigherRMSE and
MAE valuesfor both daily mean and successive monthly precipitation. It is also
worth mentioning that all the RCA models have shown negative bias errors which
indicated their aptness of underestimationthie Black Sea region. Based on the
average rank valugzovided inTable4-5, RCM 11 (EGEARTH-HIRHAMS) was
found to be the best modebrfthe Black Sea region of TurkeySimilarly, the
averaged rank valuehowthat RCM 2 (CNRM-CM5-WRF331F was found tde

theworstmodel out of this ensemble.
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Table4-5 Performance statistics summani/precipitation for théBlack Sea region

_ Mean Daily Precipitation Successive Monthly Total Precipitatior]

CORDEX IRMSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORK ¢ 29¢ Ran
11 0.95 0.79 017 050| 39.72 3096  -2.90 0.30|F 140
12 0.99 0.82 0.11 045| 4054 3278  -0.94 030|= 5.20
13 1.00 0.82 035 049 4044 3155  -827 0.30|F 340
14 1.05 0.87 043 048] 4015 3228 1053 0.32|F 5.00
21 113 0.90 006 -0.16| 4455 3550 434 -0.12||* 8.80
22 1.20 0.97 073 034 4920 3855 2467 0.17|® 10.60
23 1.04 085  -042 048| 4226 3336 -10.26 0.28|= 5.80
31 1.19 1.00 002 051 4569 3620 241 0.34[* 8.60
32 1.15 0.95 019 053| 4540 3550  7.41 0.35|= 7.20
33 1.11 094  -033 048| 4263 3440 -832 0.30|= 6.80
41 0.98 0.81 032 048] 3988 3198 -7.36 0.30|F 340
42 1.32 1.08 050 0.09| 5047 4020  17.82 0.09|I® 11.80
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6) Eastern Anatolia Region

Plots of regionally averaged mean daily precipitafram individual RCMgridded
stations against observed mean daily precipitasoplotted as givern Figure4.6
for Black sea region. Model performance statistics are givehable 4-6. Plots
given in Figure 4.6 show that most othe RCMsoriginated fromGCMs EC-
EARTH and HadGEMZES were able to reproduce the seasonal variability of
precipitation better than those RCMs originated from other two GCN&M-CM5
and IPSECM5A-MR. This proclivity of reproducing the seasonal variability of
precipitation is ao obvious fronthe comparativelyhigher correlatiorvalues given

in Table 4-6. However,RCMs 11, B, 14 (all originated from GCM EEARTH)
apparently have slight underestimation durthg spring season(seethe relevant
panel in Figure 4.6). Similarly, RCMs 31 and 2 originated from GCM of
HadGEM2ES have overestimation duringhe autumn season. RCM 24
underestimated the mean daily precipitation during winter and overestintated
during latespring and early summer. RCMs 21 aritl show fair agreement thi
observed mean daily predigiion however in case of RCM22overestimationvas
observed duringthe spring season. RCM # was fownd to be overestimating
precipitation during winter, springand autumn seasons while RCM2 4
underestimatedt during springand autumn seasonBurthermore negative mean
bias error value for successive monthly totakjpi¢éation show that three RCMs (11,
13, and 14) originated from GCMEC-EARTH have inclinations towards
overestimatioroverall Similarly, all the RCMs originad from GCMof CNRM-
CMS5 contain positive biasgsvet biases)Mean bias error valueshich aregivenin
Table4-6, also suggest that tHRCM 42 and 4 werefound to be the model witthe
highestamount of overestimation and underestimati@spectively. RMs 22, 23
and 4 contain relatively higher RMSE and MAE for both daily mean and
successive monthly precipitation. Based on the average rank valoeisled in
Table 4-6, RCM 12 (EGEARTH-CCLM48-17) and RCM 2 (CNRM-CM5
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WRF331F were found to be the beanhd the worsRCMs for Eastern Anatolia

region ofTurkey.
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Tabe 4-6 Performance statistics summanfyprecipitationfor the Eastern Anatolia region

Mean Daily Precipitation Successive Monthly Total Precipitatior
CORDEX IR MSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORK ¢ 29¢ Ran

11 0.75 0.59 -0.08 0.66 42.00 31.17 -23.48 047 46
12 0.72 0.57 0.15 0.77| 38.56 28.43 051 054 18
13 0.87 0.68 0.29 0.62 38.47 27.74 -13.91  0.44| 44
14 0.70 0.56 -0.15 0.71 38.97 28.69 -20.69 055 24
21 1.33 1.06 0.58 0.32 53.27 41.67 12.44 0.19|* 098
22 1.52 1.22 1.13 0.71 57.81 42.14 29.29 0.48|"® 9.2
23 1.54 1.15 0.87 0.63 53.60 37.37 10.75 0.42|® 94
31 1.14 0.86 0.57 0.67 48.22 34.84 13.67 047|= 7.2
32 1.06 0.77 0.40 0.60 39.88 28.97 -4.68 0.47|= 6.8
33 0.89 0.67 0.11 0.62 38.73 28.64 -18.68 0.52|=—= 5

41 0.82 0.61 -0.17 0.58| 44.30 32.84  -26.24 0.43|= 6.6
42 3.46 2.81 2.79 0.66 94.12 66.04 58.10 0.45|% 10.8
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7) Souh-Eastern Anatolia Region

Plots of regionally averaged mean daily precipitation from individual Rffided
stations against observed mean daily precipitasagiven in Figure4.7 for South
Eastern Anatolia region. Model performance statistics are giveralie 4-7. As
long as seasonal variability is concernélte visual inspection oplots and the
correlation values given iable4-7, suggest thall the RCMs except RCM 2)
were able to describe it at an equally fair lefg@inilar correlation values are found
for most of the RCMs However, it can also be observed that RCML 1
overestimated the winter and autumn precipitati8mmilarly, RCM 12 slightly
underestimategrecigtation during autumn and winter season. RCM havea
tendencyto underestimate the winter precipitation and slightly overestimate the late
spring and early summer precipitation. Small overestimatarme visible during
autumn seasoin caseof RCM 22 and23. All the RCMs originated from GCM
HadGEMZ2ES foundeviderce of overestimatiorduringtheautumnseason. RCM 2
hassignificantly shown overestimatiothroughoutthe year while the RCM#from
thesameGCM ha underestimation during winter, spring andwann season$/ost
of the RCMs (except RCM 12, 14 andl)4howedpositive mean bias error values
for daily mean as well as successive monthly total precipitation which sugest
bias for morthly total precipitation. RCM 42 and RCM1l4showedthe highes
positive and negative value of mean braspectively. RCMs 1, 21 and42 contain
relatively higher values dRMSE andMAE for daily mean ad successive monthly
total precipitation. Based on the average rank vatwesided inTable 4-7, RCM
11 (EGEARTH-RCA4 was found to be the best model for Sektstern Anatolia
region of Turkey.Similarly, the averaged rank valuedso show that RCM 24
(CNRM-CM5-WRF331F was found tdetheworstmodel out of this ensemble.
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Table4-7 Performance statistics summanfyprecipitationfor SouthEastern Anatolia

_ Mean Daily Precipitation Successive Monthly Total Precipitatior
CORDEX IRMSE (mm)MAE (mm) MBE (mm) CORRRMSE (mmMAE (mm) MBE (mm) CORK ¢ 29¢ Ran
11 1.26 0.86 0.59 0.78 54.68 36.36 18.80 0.59(|* 7.8
12 0.97 0.68 -0.19 0.70 44.56 29.95 -5.41 050 3
13 1.00 0.76 0.19 0.70 46.20 32.02 6.80 052 46
14 0.83 0.56 -0.08 0.79 42.90 29.05 -1.65 056|118 1
21 1.29 0.99 0.03 0.41 51.79 38.45 1.17 0.28|I® 104
22 1.17 0.80 0.25 0.64 54.88 36.29 8.33 043" o9
23 1.08 0.77 0.40 0.74 55.16 36.49 13.10 051|= 7
31 1.06 0.76 0.21 0.70 49.38 34.23 5.14 0.48|— 5.6
32 1.11 0.79 0.22 0.69 49.84 33.67 5.48 0.49|= 6.8
33 1.13 0.81 0.41 0.73 53.48 37.03 11.36 0.51(* 7.8
41 1.01 0.71 -0.39  0.72| 45.02 29.79  -11.76 050(|* 3.4
42 1.66 1.20 1.04 0.69 77.16 51.83 33.39 0.50 1% 116
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Precipitation Evaluation Summary

A summary of performance evaluation of ensemble members is presented in Figure
4.8a and Figure 4.8b.

A summary of performance evaluation of ensemble members is presented in Figure
4.8a and Figure 4.8b. Figure 4.8a provides the regional cormparigperformance

for individual ensemble members while Figure 4.8b provides the-nmbdel
performance comparison of ensemble members in each region in terms of bar plots

of averaged rank values.

The plots suggest that for temperature, the performadrsanee individual ensemble
members remains more or less consistent (good or poor) for different regions. For
example, visual inspection of Figure 4.8a swggehat precipitation models 21, 22
and £ were consistently poor for majgribf the regions whilenodels 13, and 14

and 4 shown better performance in most of the regions. However, few models
shown higher region to region performance variability as Welt.example, in case

of model 11, 12 andZ3 at some regions performance was better but for other

regions, the same models provided poor performance.

Visual inspection of Figure 4.8b suggests that there is muchnmdel variability
present within regions. Within a region, models tend to reproduce historical
precipitation differently. Somewhat silar performance pattern of ensemble
members at neighboring regions is also observable. For example, a performance
variability pattern can be seen in Marmara and its neighboring Aegean region.
Similar pattern can be seen for Eastern Anatolia and its n@igigoSouthEastern

Anatolia region.
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4.1.2 Temperature Evaluation

1) Marmara Region

Regionally averaged mean daily temperature from individual R@ftiedstations
against observed mean daily temperatsrplotted for Marmara region irFigure

4.9. Model performance statistics are givenTiable 4-8. Thevisual inspection of
plots given inFigure4.9 shows that all the RCMs were able to detect the seasonal
variations of temperature fairly well. High correlation valpesvided inTable 4-8
also dpict good agreement between seasonal variability of obsemddR@M
simulated meandaily temperature. But most of the RCMs underestimated
temperature as can be seen in plotsthrchegative signs ohean bias error valse
given inTable4-8. Amongst allthe RCMs originated from GCM EEARTH have
shown larger underestimation whiigclearfrom plots andneanbias values. RCMs
33, 41 and 2 have shown relatively better performance in term&BISE and
MAE. Highest mea bias error was found in RCML3Basal on the average rank
values, RCM33 (HadGEM2ESRCA49 was found to be the best model fitve
Marmararegion of TurkeySimilarly, the averagedank values also show that RCM
13 (EGEARTH-RACMO2E) andRCM 21 (CNRM-CM5-ALADIN53 were found

to betheworstmodelamongensemblanembers
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Table4-8 Performance statistics summanfytemperaturdéor the Marmara region

Mean Daily Temperature Successive Monthly Mean Temperatu
CORDEX I MSE ("CMAE ("C)MBE (°C) CORR RMSE ("CMAE ("C)MBE (°C) CORR |/ /erage Ran

11 1.34 1.16  -0.66 099 2.37 1.92 -065 095 |= 5.6
12 1.43 1.15 -0.89 099 241 1.87 -089 095 [—= 6.4
13 2.83 272 272 099 3.45 298 271 095 |I= 98
14 1.89 1.70 -1.67 099 2.67 220 -167 095 |/ 88
21 2.48 219 -1.98 099 3.18 255 -1.99 096 |I= 9.8
22 1.48 1.19 -0.94 099| 272 213  -0.99 094 ||*= 84
23 1.32 1.07 -0.81 099 243 1.94 -081 095 [= 538
31 1.28 1.05 0.14 099 | 2.48 1.96 0.18 095 (= 438
32 1.84 156 -1.54 099 2.76 213 -150 095 |- 8.2
33 0.94 075 -0.39 0.99| 218 1.73 -035 095 (& 14
41 1.19 095 -049 0.99]| 233 1.79 -050 095 [ 4

42 1.19 095 -0.36 0.99]| 2.47 1.88 -037 094 ([ 5
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2) Aegean Region

Regionally averaged mean daily temperature from individual R@dtiedstations
against observed mean daily temperatsrelotted for the Aegean Seaegion in
Figure 410. Model performace statistics are given ifable 49. The visual
inspection otthe plots given inFigure 410 and correlation valugsrovided inTable

4-9 for daily mean shows that all the RCMs were able to reproduce the seasonal
variations of temperaturappropriately. Also, it is evident from plots rad from the
negative sign of mean bias error for daily and successive monthly mean temperature,
that all models havea tendency to underestimate the temperaturéhese
underestimationsvere more obvious duringhe winter season. RCM 2 has
providedthe maximum negative value of mean bias errble\RCM 3L has shown

the minimum. Overall RCMs originated from GCM HadGE®3 were found to be

in better agreement with observation. HiglRISE and MAE valueswere found

with RCMs aiginated from CNRMCMS5 among which th&CM 21 was worst one

. Based onthe average rank values, RCM HadGEM2ES-CCLM4-8-17) was

found to be the best model fire Aegeanregion of TurkeySimilarly, the averaged

rank values also show that RCMI ITEGEARTH-RCA9 and RCM 21 (CNRM-
CM5-ALADIN5S3 were found tdetheworstmodel out of this ensemble.

82



‘Aayun] Jo uoibl ueabay
10} ameladwal NDY pue paniasqo Ajrep ueaw pabeiane Ajjeuoibal jo uosuedwo) QT oinbi4

Iea, Jo Aeq
19¢ L0E L¥e L8l LZl 19 L

(ZP-X3QH02) d1ecddM
(Ly-X3a"00) vvod ——
suoieAlasqy ——

HN-VYSIND-T1SdI

1es o Aeq
L9€ L0E e 18l Lel 19 3

(€2-X3A¥02) ¥VOd —
(22-X3a¥02) L1-8-PINT0D

(12-X3a"O0D) SNIaYTVY —
suoneAlasqQ) ——

SIND-INEND

0l-

0

ot

0¢

0g

0L-

(D.) ainjeladwsa | ueay AlleQ

(D,) ainesadwa] uesiy Alleq

Jeaj Jo AeQ

L0E Lre L8l Lel 19

—

(£€-X3aH02) ¥VOH
(ze-X3a¥02) IZZONOVH
(1£-X30Y02) L1-8-PINTOD

0L-

(D.) ainjeladwsa | ueay AlleQ

SUOIBAISUD ——
\4\‘\({“/.(5{
S3-ZINFOPEH
les\ o Aeq
L9g Log LT 18l x4} 19 !

(71-X3a¥02) ¥VOH
(€1-X3AYO02) IZZONOVH
(21-X3a402) L1-8-vINT100

(11-X3a¥02) SWVYHYIH

suoieAIasqO

.\.\..{s‘ VA
J

H1dv3-03

ot 0 0L-

0¢

0g

(D,) ainesadwa] uesiy Alleq

83



Table4-9 Performance statistics summanfytemperaturéor the Aegean region.

Mean Daily Temperature

Successive Monthly Mean Temperaty

CORDEX I e MSE (“CMAE ("C)MBE (°C) CORR|RMSE ("CMAE ("C)MBE (°C) CORR|’ /érage Ran
11 240 211 209 099 | 302 251 208 096 |F 34
12 326 308 -308 099 | 38 326 -3.08 095 |— 7.4
13 451 440 -440 099 | 494 443 440 0096 [F94
14 379 362 -362 099 | 426 370 363 096 [F 98
21 536 528 528 099 | 570 530 -528 096 |[F 98
22 362 343 343 099 | 427 370 348 094 |F 96
23 325 305 -305 099 | 38L 326 -3.04 095 |= 6.8
31 213 185 -1.79 099 | 291 229 175 0.96 |[FWNE5
32 341 312 312 099 | 397 324 308 096 |— 6.8
33 240 220 219 099 | 305 250 -215 096 |F3
41 2.77 258 -258 0.99 3.40 282 -258 096 [ 438
42 278 241 239 098 | 340 278 239 095 |= 6
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3) Mediterranean Region

Regionally averaged mean daily temperature from individual R@ftiedstations
is plotted against observed medaily temperature foMediterraneanregion in
Figure 4.11. Model performance statistics ftire Mediterraneamegion are given in
Table 410. Thevisual inspection ofplots given inFigure 4.1 and correlation
valuesprovided inTable 4-10 for daily mean Bow that all the RCMs were able to
explain the seasonal variations of temperature at a fair IeNlever,it is also
observable from plots as well as from the negative sign of mean bias error for daily
and successive monthly mean temperature, that atlelmohavea tendencyto
underestimate the temperaturBhese underestimationsere found tobe more
apparent duringhe winter season. Maximum negaébias error was found in RCM
13 while RCM 3 shavn the least. Similarly, RCMs 13, 14 an@ 8ontained
distinctively higherRMSE and MAE Based on the average rank vwluRCM 3
(HadGEM2ES-CCLM4-8-17) was found to be the best model foe Mediterranean
region of TurkeySimilarly, the averagedank values also show that RCN (EG
EARTH-RACMO2E) werefoundto betheworstmodel out of this ensemble.
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Table4-10 Performance statistics summarfytemperaturdor the Mediterranean reaion

_ Mean Daily Temperature Successive Monthly Mean Temperatuf
CORDEX I RMSE (°CMAE (°C)MBE (°C) CORR| RMSE (°C)MAE (°C)MBE (°C) CORR Average Ran

11 2.34 2.20 -2.20 0.99 2.82 2.37 -2.21 0.97 |I& 22
12 3.03 2.88 -2.88  0.99 3.52 3.00 -2.88 0.96 [=— 5.2
13 4.58 4.45 -4.45  0.99 4.93 4.46 -4.45 0.97 = 11
14 3.86 3.78 -3.78  0.99 4.22 3.81 -3.79 0.97 |I® 10
21 2.96 2.75 -2.75 0.99 3.41 2.89 -2.76 097 || 46
22 3.20 3.07 -3.07  0.99 3.80 3.29 -3.14 096 |== 7

23 3.33 3.24 -3.24  0.99 3.78 3.32 -3.25 097 ||* 8.2
31 2.23 2.00 -2.00 0.99 2.79 2.23 -1.96 0.97 |I& 22
32 3.86 3.47 -3.47  0.99 4.24 3.49 -3.43 097 ||* 84
33 2.63 2.50 -2.50 0.99 3.08 2.58 -2.46 097 || 38
41 3.15 2.96 -2.96  0.99 3.59 3.04 -2.97 0.97 [=—= 5.2
42 3.33 3.14 -3.14  0.99 3.73 3.21 -3.14 097 |== 7.2
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4) Central Anatolia

Regionally averaged mean daily temperature from individual R@dtiedstations
against observed mean daily temperaigrplotted for Central Anatolia region in
Figure 4.2. Model performance statistics for Centfalatolia region are given in
Table 411. Theseplots and mean bias valupsovided inTable4-11 show that all

the RCMs underestimated the temperatures. These underestimations were more
apparent duringhewinter seasonGenerally RCMs were in better agreement during
the summerseason as compared to other seasons. Highest and lowest n@lygjive
biases were found in RCM 13 and RCMI, 3espectively. RCMs originated from
GCM IPSL-CM5A-MR have shown bettergegeement with observation durirtge
winter season as oopared to other GCMs. RCM31lgave maximum values of
RMSE and MAEfor both mean daily and successive monthly mean temperatures.
Accordingto theaverage rank values, RCBL (HadGEM2ES-CCLM4-8-17) was
found to be the best model for Central Anatolia of Turl&nilarly, the averaged
rank values also show that RCM (EGEARTH-RACMOZ2E) werefound tobethe

worstmodel out of this ensemble.
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Table4-11 Performance statistics summanfytemperaturdor the Central Anatolia region

Mean Daily Temperature Successive Monthly Mean Temperatu
CORDEX IRVSE ("CMAE ("CMBE (“C)CORRRMSE ("CMAE (“C)MBE (°C) CORR| " /érage Ran
11 1.85 1.60 -1.36 0.99| 2.92 239 -1.34 095 || 26
12 2.52 2.33  -2.33 0.99| 3.45 281 -232 095 (= 4
13 4.82 457  -457 0.99| 5.44 470 -456 095 [I&= 11
14 4.01 3.77 -3.77 0.99| 4.82 405 -3.77 094 | 96
21 4.22 407  -4.07 0.99( 481 424 -406 095 || 9
22 2.69 243  -243 0.99| 3.72 310 -245 094 [= 6
23 3.07 277  -2.77 0.99| 4.07 336 -277 094 [ 8.4
31 1.52 1.20 -0.63 0.99| 2.83 219 -057 095 |I= 14
32 4.30 3.64 -3.63 0.98| 4.92 385 -358 094 ||= 104
33 2.49 215 -2.12 0.99| 3.55 280 -206 094 |== 5
41 2.91 274  -273 0.99| 3.86 315 -273 095 |== 6
42 2.03 1.68 -1.37 0098 3.17 252 -1.36 094 || 46

90



5) Black Sea Region

Regionally averagethean daily temperature from individual RGividdedstations
against observed mean daily temperaigrplotted for Central Anatolia region in
Figure 4.3. Model performance statistics for Centfaatolia region are given in
Table 412. The visual inspeain of pots and the higher values of correlation
provided in Table4-12 suggestthat all RCMs were able to fairly emulate the
seasonal variation of temperatukéowever,the plots and negative signs of mean
bias errors also suggest that RCMs containsténelency of underestimation of
temperatures in this region as well. Like in other regions, these underestimations
were more obvious during the winter seasbime hghestamount of negativenean
bias error was found in RCM31for mean daily temperature aglwas successive
monthly mean temperatur&imilarly, RCM 31 ha shown the lowest amountf o
mean bias. RCMs 13, 14 and avea distinctively higher RMSE and MAE
Accordingto theaverage rank values, RCM. 3HadGEM2ES CCLM4-8-17) was
found to be the I3 model for Black Sea of Turkey. Similarthe averagedank
values also show that RCM31(EGEARTH-RACMO2ZE) were found to be the

worstmodel out of this ensemble.
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Table4-12 Performance statisticgimmaryof temperaturdor the Black Sea reqion

Mean Daily Temperature Successive Monthly Mean Temperatuy
CORDEX KR MSE ("CMAE ("C)MBE (°C) CORR| RMSE ("CMAE ("C)MBE ("C) CORR]|’ /¢rage Ran

11 1.83 1.56 -1.25  0.99 2.70 2.26 -1.22 094 |[= 3.6
12 2.63 2.49 -2.48  0.99 3.23 2.71 -248 095 ([ 5.4
13 4.74 4.67  -4.67 0.99 5.15 468 -466 095 = 10
14 4.33 4.25 -4.25  0.99 4.79 4.29 -425 095 [& 96
21 3.72 3.52 -3.52 0.99 4.19 3.60 -3.52 0.96 || 8.2
22 2.32 2.13 -2.13  0.99 3.15 2.56 -215 095 [[= 3.6
23 3.06 2.91 -2.91 0.99 3.76 3.13 -2.91 094 = 7

31 1.39 1.07 -0.90  0.99 2.46 1.91 -0.86 095 [ 14
32 3.68 3.39 -3.39  0.99 4.16 3.47 -3.35 095 (&= 9

33 2.86 2.68 -2.68  0.99 3.49 291 -264 095 |== 6.6
41 3.49 3.40 -3.40  0.99 4.05 3.48 -3.39 095 |[=— 7.8
42 2.51 2.29 -2.26  0.99 3.26 2.67 -2.26 094 | 58
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6) Eastern Anatolia Region

Regionally averaged mean daily temperatfrom individual RCMgriddedstations
against observed mean daily temperaigrplotted for Central Anatolia region in
Figure 4.14. Model performance statistics for Centfalatolia region are given in
Table 413. Plots and high values of correlatigimen in Table4-12 suggesia good
representation of seasonal variability of temperature from all REMsever,plots
and mean bias error values suggest significant underestimations. In this region,
RCMs have shown more tendencies of underestimation tharother region of
Turkey. Both RCMs originated from IPSECM5A-MR have shown themost
underestimations and RCM24gave the highest negative mearasb error.
Furthermore, RCMs4, 41 and £ contains the highest amountRMSE and MAE
for both daily mean ahsuccessive monthly mean temperature. Basedeoaverage
rank values, RCM B HadGEM2ES-CCLM4-8-17) was found to be the best model
for the Mediterranearregion of Turkey.Similarly, the averagedank values also
show that RCM 2 (IPSL-CM5A-MR-WRF331) werefound tobe the worst model

out of this ensemble.
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Table4-13 Performance statistics summanfytemperaturdéor the Eastern Anatolia region.

Mean Daily Precipitation

Successive Monthly Total Precipitatio

CORDEX Average RanK
RMSE MAE MBE CORR| RMSE MAE MBE CORR

1-1 2.22 2.00 -1.42  0.99 3.14 2.63 -1.41 097 |I= 28
1-2 3.46 3.29 -3.29  0.99 4.11 3.54 -3.29 097 |I= 26
1-3 5.78 5.59 -559  0.99 6.33 5.67 -5.59 0.96 |=—= 8
1-4 6.36 6.19 -6.19  0.99 6.81 6.22 -6.20 09 |I* 102
2-1 5.07 4.76 -4.76  0.99 5.53 5.00 -4.75 097 |=— 4.8
2-2 3.82 3.58 -3.58 0.99 4.52 3.93 -3.61 09 |I*= 4.2
2-3 591 5.68 -5.68 0.99 6.40 5.75 -5.68 0.9 |I* 9
3-1 2.14 1.86 -1.85 0.99 3.11 2.49 -1.79 0.97 |I& 12
3-2 5.40 5.06 -5.06 0.99 5.86 5.07 -5.00 096 |[|= 7.2
3-3 5.40 5.12 -5.12  0.99 5.86 5.19 -5.06 09 [|== 7.4
4-1 5.97 5.86 -5.86 0.99 6.49 5.90 -5.85 09 | 8.6
4-2 7.54 7.15 -7.15 0.98 7.86 7.20 -7.13 0.95 |I= 12
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7) South-Eastern Anatolia Region

Regionally averaged mean daily temperature from individual R@ftiedstations

is plotted against observed mean daily temperatufégare 415 for SouthEastern
Anatoliaregion. Model performance statistics for SeHisternAnatoliaregion are
given in Table 414. The visual inspection oflgts and high values of correlation
provided in Table 4-14 suggesta good representation of seasonal iadility of
temperature from all RCMd-Hdowever, like most of the other regions of Turkey,
plots and the mean bias error values suggest an overall underestiohafidRCMs.
RCMs 13 and 2 containdistinctively muchhigher negative mean bias errors values
as compared to other regions. RCHhisginatedfrom GCM HadGEMZ2ES show
better agreement with observation during summer as compared to other seasons.
Similarly, RCMs 13 and 2 alsoprovidedthe highestRMSE and MAE for mean
daily and successive monthly meatemperatures. Accordinp the average rank
values, RCM 3 (HadGEM2ES-CCLM4-8-17) was found to be the best model for
Black Sea of Turkey. Similly, the averagedank values also show that RCN\8 1
(EC-EARTH-RACMO2E) werefound tobethe worstmodel ot of this ensemble.
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Table4-14 Performance statistics summafytemperaturéor the SouthEastern Anatolia region.

Mean Daily Temperature

Successive Monthly Mean Temperatu

CORDEX IR VSE ("CMAE ("CMBE (-C) CORR| RMSE (“CMAE ("C)MBE (°C) CORR|”\erage Ran
11 264 243 242 099 | 326 275 242 097 | 46
12 228 205 -2.04 099 | 305 245 204 097 |[F 28
13 427 412 -412 099 | 477 417 -411 0097 |F 96
14 337 324 324 099 | 391 336 -324 0097 |F 76
21 406 393 -393 099 | 451 400 -393 0097 |* 7.6
22 221 203 202 099 | 313 256 -207 0097 |[® 36
23 291 280 -2.80 099 | 357 302 279 097 |= 66
31 161 131 -1.17 099 | 249 190 -111 098 [[FNN3
32 453 394 -394 099 | 495 397 387 097 | 9
33 246 235 234 099 | 304 253 228 0098 |* 38
41 202 278 277 099 | 356 296 277 097 |= 6.2
42 506 492 -492 099 | 544 493 -491 097 [FWE0E
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Temperature Evaluation Summary

A summary of performance evaluation of ensemble members is presented in Figure
4.16a and Figure 4.16b. Figure 4.16a provides the regional comparison of
performance for individual eemble members while Figure 4.16b provides the

intraamodel performance comparison of ensemble members in each region in terms

of bar plots of averaged rank values.

The plots also suggest that for temperature, the performance of some individual
ensemble mebers remains more or less consistent (good or poor) for different
regions. For example, visual inspection of Figure 4.1@mests that temperature
model 13, 14 andZBwere consistently poor f@ll the regions while models 31, 11

and 12 and 3 shown betteperformance in most of the regions. Thar plots also

show that model B is consistently the best model at six out of seven regions for
representation of temperature. However, few models shown higher region to region
performance variability as well. F@axample, in cas of model 21, 22 and24 at

some regions performance was better but for other regions, the same models

provided poor performance.

Visual inspection of Figure 4.16b suggests that there is muchnatda! variability
present within regios. Within a region, few models were able to reproduce
historical temperatures differently. Somewhat similar performance pattern of
ensemble members at neighboring regions is also observable. For example, a
performance variability pattern can be seen inrira and its neighboring Aegean
region. Similar pattern can be seen for Eastern Anatolia and its neighboring South
Eastern Anatolia region.
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4.2 Discussion

The performanceevaluation for each of the individual CORDEX ensemble member
was evaluated using four performance evaluation indicatofBhe ®rrelation
coefficient (especially for mean daily precipitation and temperature) shed light on
the abilityto explainthe seasonalariability of the variable. Mean bias errsrused

to understand the tdency of a model to underestimate or overestimate the variable
values. Mean absolute values are used to estimate the mean departures of model data
from the reference or observation d&amilarly, root meansquare errors are used to
incorporate the effestof large deviations of model data from the reference or
observation data. The variation of performance indicator values of different RCMs
coupled with the same GCM explains the performance variability of RCMs.
Similarly, the sameRCM coupled with differat GCMs explained the GCM related
performance variability.

Visual inspection of plotspfovided for each region), as well as the correlation
values (provided in performance evaluation tables), have suggestedostadf the
regions in Turkey, generall\RCMs originated from GCMs EEARTH and
HadGEMZ2ES were able to emulate the seasonal variability of precipitation better
than GCMs CNRMCM5 and IPSECM5A-MR. Also, correlation values of RCMs
from these two GCMs were apparently higher than the other two GEM®st of
the regionsVisual inspection of plots also suggests tlmtrfiost of the regions in
Turkey, the RCMs originated frosCM CNRM-CM5 unrealistically simulated
higher precipitation during the late spring and early summer. delyss, this model
wasdistorting the precipitation seasonality curféese finding suggest that GCM
has more impact on simulation of seasonal variability and can be concluded that at
the regional scale,the ability of any RCM in reproducing the true seasonality in
precipitions is mainly dependent on the driving GCM. The results also suggest that
these GCMRCM combinationsperform differently for different regions however
based omaveraged ranks, most of the RCMs originated from GOBM&EARTH
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and HadGEMZES performed bett as compared to the RCMs originatedm
GCMs, CNRM-CM5, and IPSL-CM5A-MR. However,both RCMs coupled with
GCM of IPSL-CM5A-MR performed at fair level inthe Mediterraneamegion. In
almost all the regions, the RCMs coupled wiEMs EC-EARTH, andHadGEM2
ES were found to be standing at top two rarfisnilarly, RCMs originated from
GCM GCMs CNRMCM5 and RCM WRF331F coupled with IPSIM5A-MR

were found to be the worst models in most of the regjioiurkey for precipitation.

In case of temperaturbetter performance was observed when RCM CCi8M#

is couple with any GCM (IGEARTH, CNRM-CM5, and HadGEM2ES) as
compared to other RCMs coupled with same GCMs. In most regions, RCM
CCLM4-8-17 coupled with GCM HadGEMES provided the highest valudor
averaged rank, sd is considered as the best model for most of the regions in
Turkey. RCMs RACMOOQO22E and RCA4 coupled with GCM-EBRTH and
RCMs ALADIN53 and CCLM48-17 coupled with GCM CNRMCM5 were
consistently worse for most of the regions in Turkélye negative signs of mean
bias errorshow that most of the models underestimatednperatures in many

regions.
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CHAPTER 5

NONSTATIONARITY ANALYSES OF PRECIPITATION

5.1.Results

5.11. Distribution Fitting Under Stationary and Nonstationary Conditions

Four distributions (GEV, Gumbel. Normal and Logrmal) are used for five
precipitaion indices annual maximum precipitation during whole year as well as
annual maximum precipitation during easkason(Yearly AMPs and seasonal
AMPs) obtained fron observed precipitation data to evaluate the impacts of
nonstationaritiesThe parameters of each distribution were estimateaiibymizing

the Negative Log ikelihood value NLLH). The distributionwith a lower value of
NLLH is considered to be the bettene. The Negative Lebikelihood values of
each distribution for stationary and nonstationagsesare presented here as
boxplots for each of the precipitatiamdices (Yearly AMPS and sesnal AMPS) in
Figure5.1and Figure 5.2Each boxplot contains/Aalues of NLLHcorresponding

to 77 stations used in this study.

It is obsenablefrom Figure 5.1 and Figure 5thatgenerally boxplots representing
NLLH values of each of the distribution foonstationary cases aaebitlower than

the ones for sttionary case. Thisdicatesthateachdistributionhas shownslightly
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better fit when covariate of time was introducekhis shows thatthe fit of
distributionswasslightly improved withthe assumption of nonstationaritit.is also
evident fromthesefigures thatNLLH values for Normatlistributionswere found to

be higher than thBILLH values of other three distributions for both stationary and
nonstationary cases. In most of tpheecipitation indicesNLLH values of GEV
distribution were lower thanall other distributions for both stationary and
nonstationary cases as can be seen from boxplots in almostigueey Among the
distributions with two parameters (Gumbel, Normal and -hogmnal), Gumbel
distributionhas showncompastively lower NLLH values as compared to the other
two distributions in both stationary and nonstationary cases for most of the
precipitation indices. Thegures alsosuggesthat theNLLH values of Log-Normal
distributions were not much higher than Gumbel and GEV distrilaition
Considering the lowest values of NLLH and historically more frequent usage of
GEV in literatureto performfrequency analysis of extremes because of its ability to
show better fit for tails, only GEV distribution will be used for future projedisd
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Figure5.1 Comparison of Negative Lebgikelihood of distributionsfor Yearly
AMPs of observed data
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Figure5.2 Comparison of Negative Lebgikelihood of siationary and nonstationary
distributionsfor (a) Winter (b) Spring(c) Summer and (d) Autumn AMPs of
observed data

Further for an example, therobability density function cumulative probability
density functions and Q@Qlots of this four distribution are plotted for yearly
maximum precipitation of Ankara station as givenFigure 5.3, 54, and 55
respectively From these plots, the variabilityn fitting the distribution canbe
observed. All three plots clearly show that GEV and Lognormal disioitsit
provided better fit as compared to Gumbel and Normal distributions for annual

maximum precipitation of AnkaraVisual inspection of all thredigures also
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suggests that amongst typarameter distributions, Lognormal distribution better

fitted the obsevation.

T T T T T T
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Figure5.3 Comparative plots of probability density functions of GEV, Gumbel,
Normal and Lognormatlistributionsfor annual maximum precipitation of Ankara.
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Figure5.4 Comparative plots of cumulative probability density functions of GEV,
Gumbel, Normaland Lognormadlistributionsfor annual maximum precipitation of
Ankara.
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QQ Plot of Data versus Distribution
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Figure5.5 QQ-plots of GEV, Gumbel, Normahand Lognormadtlistributionsfor
annual maximum precipitation of Ankara.

5.1.2. Nonstationarity Impacts During Historical Time Period (1971-2015)

Four distributions namely GEV, Gumbel, Normal and Lognormal distributions were
usael under stationary and nonstationary assumptions for yearly and seasonal
maximum precipitations as -1yearly AMPs 2) Winter AMPs 3) Spring AMPs 4)
Summer AMPs and 5)Autumn AMPs series obtained frorabserved daily
precipitation. Impacts of nonstatiarties were quantified ashe percentage
difference between nonstationary and stationary return levels ofedOreturn

periods. In thisection the interpolated maps e percentagalifference between
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nonstationary and stationary 1§8ar return legls are presented for each

distribution using yearly as well as seasonal AMPs.

1) Yearly AMPs

Maps of differencebetween 10§/ear nonstationary and stationary return levels of
four distributions for yearly AMPs are shown kiigure 5.6. Visual inspectio of
maps given inFigure 5.6 shows that overall all three distributions have indicated
similar impacts for yearly AMPs with few exceptions. There are some consistent
impact results that are supported by all four distributions in varying magnitude
throughaut the country. Results demonstrated that all four distributions have shown
positive impacts for stations locatedtire Marmararegion, Aegean region and most
part ofthe Mediterraneamegion. In Aegean and western Mediterranean regtbes,
magnitudeof impacts obtained using GEV and Lognorrdatributionsis found to

be morecompaed to the othertwo distributions. Most of the eastern and central
coasline of Black Sea regiorexhikits posiive impacts using GEV an&Gumbel
distributions while Normal and.ognomad distribution show negative impacts at
few locationsof central Black Sea region. Impacts of nonstationarities were found to
be negative at most western part of Black Sea region as simowmapsof all
distribution. Relatively mix kind of impactsas estimated athe Central Anatolian
region. Estimated impacts from all fodistributions were negative athe northern

part of CentraAnatolia and the areas extended to Black Sea region. Similar impacts
are obtained iran easterrpart of Central Anatliia. The border side and towards the
north of the Soutltastern Anatolian regioexhilts negative impacts as explained
by dark green colored region in all four distribution while in the same region
(Hakkari province) there is also strong positive impHadts noted that nonstationary
impact analyss suggest variable impacts irthe EasternAnatolian region where

impacts wergostive at some locations and negative for other locations.
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Percentage Difference Between 100-year Stationary and Nonstationary Return Levels (Yearly-AMP)
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Figure5.6 Percetage Difference between 1Q@arstationaryand nonstationary
return levels for annual precipitation maxima using Ggymbe) normal and
lognormal distributions.
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2) Winter AMPs

Maps of difference between 108§ear nonstationary and stationary return Isvel
obtained from four distributions for winter AMPs are showrFigure5.7. Overall
inspectionat the results for winter AMPs suggests that all four distributions have
shown more or less similar impacts of nonstationarities dutiegvinter season.
The resultsdemonstratéhat mostparts of the Mediterraneamegion have showthe
tendencyof posiive impacts excepts some locations the central part of the
Mediterraneamegion adjacent to Central Anatolia. Aegean reghikits a mixed

kind of impacts ast some location the impacts were negative while at some other
areas were positive. Unlike the other distributigheLognormaldistribution shows
high positive impacts along witthe coastalline of the region. At most of the
Marmara region, impacts e positive. The resultshow that mixed impacts are
present fothe Black Sea region wherthe westerncoast ofthe Black Sea region has
postive impacts while central and eastern Black Sea rep@nshown negative
impacts. Central Anatolia region ar8buth-EasternAnatolia regionsdemorstrate
consisently negative impacts (up to 60 %) according to all four distributions.
Evidence of mixed kind of impactgasfound inthe EasternAnatolian region athe
interpolatedmap shows green as well as red ared® positive impacts are more
significant (up to 60 %) particularly with GEV distribution ovke EasternAnatolia

region.
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Percentage Difference Between 100-year Stationary and Nonstationary Return Levels (Winter-AMP)
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Figure5.7 Percentage Difference between d@arstationaryand nonstationary
return levels for annual precipitation maxima during winter using Gitvhbe)
normal and lognormal distributions.
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3) Spring AMPs

Maps of difference between 10§ear nonstationary and stationary return levels
obtained from four distributions for spring AMRPs givenin Figure 5.8. Results
demonstratehat all four distributions were able to find similar impacts during
spring. There are some persistent patterns of impact types over several regions
throughout Turkey. The results are evident with negative irmpaer the most of
the eastern and centrdediterraneanregion. Howeverthe westernpart of the
Mediterranearregion and the adjacent eastern parthaf Aegeanregion showed
posiive impacts Asian and Europian part of Marmara regexhikits negative ad
posiive impacts respectively. Results have shottie mixed type of impacts
throudhout the Black Sea region andenerally the magnitudesof these impacts (up
to 20 %) were less ampaedto other geographical regions of Turk&imilarly,

the positive and negative impacts were evident thoe easternand western part of
Central Anatolia respectively. All four distribution have showre negative

tendency of impacts at Eastern Anatolia SodithEasterrAnatolia.
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Percentage Difference Between 100-year Stationary and Nonstationary Return Levels (Spring-AMP)

§ 60
] 40
A 20
E 0
§
Q- -20
1 -40
Q- -60
25 30 35 40 45
Longitude
- 60
1 40
S 20
©
2 0
®
—2. -20
1 -40
8- -60
25 30 35 40 45
Longitude
g 60
J 40
0R- 20
o
2 0
®
—o. -20
] -40
Q -60
25 30 35 40 45
Longitude
g Lognormal g 60
1 40
Q
2 Al 20
2 - 0
5
@ -20
] -40
Q- -60
25 30 35 40 45

Longitude

Figure5.8 Percentage Difference between d@arstationaryand nonstationary
return levels for annual precipitation maxima during spring using @ambe|
normal and lognormal distributions
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4) Summer AMPs

Maps of difference between 1@@a nonstationary and stationary return levels
obtained from four distributions for summer AMPs is givenFigure 59. The
results of nonstationary impact analysis during summer demonstrates that overall
relatively more spatial variability is present fture type of impacts throughout
Turkey. Most of the geographical regions contained both positive and negative
impacts. Forexample the results highlight theAlso, it is evident that at some
location one distributiorhas shown posdtive impacts whilearother negative For
example, GEV shows negative impact at western Mediterranean region while others
showa very strongposiive impact. Similarly, results of Lognormdistribution in

some areas located tite southeastof Turkey have shownneggtive impact whie

other three distributions have shown positive impacts. Asian Maramaradjacent

areas of Black Sea region have the negative impacts while all four distribution
suggestpostive impacts at European Marmara. Results digat about diverse
impacts for @ntral Anatolia between GEV and other three distributions. Most of the
distribution have shown positive impacts at South Eastern Anatolia. GEV, Gumbel
and Normal release very strong positive impact at the southeast part of the Eastern
Anatolia. In addition GEV, GumbelandLognormal show strongosiive impact at
eastern Black Sea region. In spite of some diverse impacts from distributions at
somelocations the spatial pattern of nonstationarity effect across the country is

more or less the similar frontl our distributions during summer.
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Percentage Difference Between 100-year Stationary and Nonstationary Return Levels (Summer-AMP)
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Figure5.9 Difference between 10@earstationaryand nonstationary return levels
for annual precipitation maxima during summer using Ggivmbe| normal and
lognorma distributions.
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5) Autumn AMPs

Maps of difference between 1@@ar nonstationary and stationary return levels
obtained from four distributions for autumn AMPs is givenFigure 5.10. The
results of nonstationary impacts analysis from all distributfonsd eviderce that

most of Turkey experienced positive impacts during the autumn season. Especially,
GEV pronounced this feature mondowever there were some areas with small
extent wherenonstatimary 100-year return values were found to be less than t
stationary ones. Fa@axample a few greener spots in Marmara regions hints towards
the negative impact&imilarly, some part of Central Anatolia alsghikits negative
impacts as can be seen from maps obtained using Gumbel, Normal and Lognormal
distributions. This is also more pronounced with Lognormal distribution. Almost all
distributions have showposiive impact over most part of Black Sea region.
Similar were the findings for Aegean regioMediterraneanRegion and South
Eastern Anatolian regionFew greener spots in EasteAnatolia suggest that
impacts ofnonstatimarities were negative at some locations. In terms of magnitude,
lognormaldistribution has given higher impacts as compared to other distributions

across all regions.
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Percentage Difference Between 100-year Stationary and Nonstationary Return Levels (Autumn-AMP)
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Figure5.10 Percentage Difference between f@arstationaryand nonstationary
return levels for annual precipitation maxima during autumn using GEV, gumbel,
normal and lognormal distributions.
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5.1.3. Nonstationarity | mpacts During Projection Time Period (20562100)

Stationary and nonstationary GEV distribution was used to assess the impacts of
nonstationarities on projected precipitation extremes. The only GEV distribution is
used in future projection because it ttee most preferable model in extreme
frequency analyses. Nonstationarity impacts were estimategetoty as well as
seasonal precipitation extremes. Impacts of nonstationarities were estimated in terms
of the percentagdifference between 10@ear stationay and nonstationary return
values(levels). The 12 ensemble members of CORDEX RCMs were used. The
results are presented using the ensemble mean and ensemble thexligmout
Turkey falling within the CORDEX EURO domain. Boxplots of seven regionally
cakgorized individual gridded stations are also presentedfigures. Each box
contairs 12 nonstationarity impact valuesorrespading to each of individual
CORDEX ensemble member. The size of boxpbqgplairs the varialility of results

as obtained from each ofdividual ensemble member.

1) Projected Yearly AMPs

Maps of ensemble meafteft panel)and ensemble mediafright panel)of the
difference between 10§ear nonstationary and stationary return levels obtained
from GEV distribution for yearly AMPsre given in Figure 5.11. From Visual
inspection of these mapstitis evidentthat enemble mean as well as ensemble
median,have shown similar impacts of nonstationarities. The nonstationarity effect
is almost the same for at least half of the ensemble memiblee overall red color
of the map throughout Turkey explains that yearly precipitatioextrermes are
increasing. There were a few gridded stations in Marmara (around Istanbul province)
and western Mediterranean region where estimated impacts were foubd t
negative. Theesluts presented in boxploti® Figure5.12 also explain that most of
the stationghroughout Turkey exhibits positive impacts as bathsemble mean
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and ensemble median valutsdl above the zero reference line. Each box has 12
membersand the greater the box size the muagiakility among the models for
showing the impact type and its magnitude. For example, as the box size gets larger
the mean and median apart from each other and the mean value shows a tendency
towards higher valuesither ina positive or negative impact direction. There have
been few gridded stations (17238 and 17240 in Mediterranean region, 17848 in
EasternAnatolig and 17062 in Marmara where both indicators (ensemble mean and
ensemble median) have shown negaitiwpacts. The mean and median values of all
stations inthe Mediterraneamegion are close to each other and not much deviated
from zero line. However, in all otheegions such statistical values show high
variability among stations and high deviationsnirzero line toward positive values.

Also, there is more tendency to diverge between mean and median values at most of
the stations in regions exceftte Mediterranean The highest positive impact is
obtained at 17220 in Aegean region where almost allhéoisemembers in each box

are above zero line.

Percentage Difference in °C (Ensemble Mean for Yearly-AMP) Percentage Difference in °C (Ensemble Median for Yearly-AMP)
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Figure5.11 Ensemble mean and ensemble mediath@percentagelifference
between 10§/earstationaryand nonstationary return levels for yearly AMPs of
projected precipitation.
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Figure5.12 Boxplots containing nonstationary impact values of 12 individt

CORDEX ensemble members at gridded stations for yearly AMPs. Ensemble

mean poiter (black asterisk) and ensemble median pointer (red asterisk) are
also given

122
























































































































































































































































































































































































































