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ABSTRACT

DROUGHT ANALYSI S USING CORDEX SIMULATIONS OVER THE
MEDITERRANEAN CLIMATE REGIONS OF TURKEY

Poyraz, Aneél Yélderem
M.Sc., Department of Civil Engineering
Supervisor: Prof.Dr.rKs mai | Y ¢ cel
April 2018,154 pages

Drought has been a significant result of climate change that causasceaon
precipitation regimes. Mediterranean region is one of the hotspots of the world in this
respect. Dry summers and rainy wintetre characteristic of this climate typaakes

this region more vulnerable to the effects of climate change. Hereé@npartant to
monitor drought considering the increasing population and economic facilities in the
regions thatreunder Mediterranean climate conditions in Turkey. This study aims
to assess the trends in drought by applying the Standardized Precipitdga(SPI)

for 5 timescale$ from 1 month to 12 months. The model grid data that corresponds
to meteorological stations distributed from south to west within the study area was
obtained from 12 different Global Circulation Model / Regional Climate Model
couplings of CORDEX project. Observed and medelpredictiondata were
compared for reference period (19Z005) in order to detect the most reliable
models. Afterwards, modified Markendall trend test was applied on the SPI and

annual precipitation values for the entire period (19722100). The trends were



estimated by linear regression for the locatiamswvhich MannKendall results
indicated a significant change. In conclusion, a persistent increasing droeglak tr
was det ect e dvestemAntdlya paltsssuctathatlall models are coherent.
On the other hand, the divergence of the trends for some regions according to
different models signifies the discrepancy of models. Besides, the drought trends are
decreasing for some regions (espélgi Southern Marmara) as the timescale

increases.

Keywords: Climate change, drought, Standardized Precipitation Index

Mediterranearlimateregion CORDEX project
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CORDEXSKM! LASYON VERKLERK KULLANILARAK T! |
AKDENKZ KKLKM BY¥L GERAKRKNDEANALKZK

Poyraz, Aneél Yélderem
Yuksek LisansK nk aat M¢hendi sl iJi B° 1l ¢ m,
Tez Yoneticisi. Prof.Dr.rKs mai | Yg¢cel

Nisan2018,154 sayfa

Ya]j €k rejimlerinde dejikimlere sebep ol an
biri de kwemakl BRtl@gresi Abdi a- édan D¢nyadaki

Bu iklim tipinde yazlarén kur ak, kékl ar é
etkilerine daha a-€ék ho©le getirmicktir. B
alténdaki a°nl gregd fews nde akovonomi k et kinlik
kurakl éjé& incelemek olduk-a °nemlidir. E

Kndeksi ( SPI) 1 aydan 12 aya kadar 5 z am:

trendler dejerlendielimirtirncédaRenhankaBEBan
bat éséna yayél mék meteorolojik g°zlem i st
verileri CORDEX projesinden alénméxteér. E
referans donemi (1972005) i -in g°zVvemi ver mokat kgha®r

Ardéndan, d ¢ z eKehdallrtesti tikm dbniem icilMA972h00) SPI ve
yéell ék yajéek dejeriKemidmd luy@esltammaeak taar .a mi

e t tnoktalaricin lineer regresyonyontemiyletrendle h e s a p | aSoméa t €r .

Vil



Mujla ve Baté Antalya 1i-in kurakleéekta t¢gm m
ol duju ciddi bir arték trendi tespit edil mik
sonu-I|larén -exitlilifji, noedi rer iAyr fank |l &l¢iank
Mar mara bakta ol mak ¢zere bazé b°lgelerde zat

azal ék s°zkonusudur .

Anahtar kelimelerKk |l i m dej i ki kl i| axkt éradl|adedskd k , St anda
Akdeniz iklim bolgesi, CORDEX projesi
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CHAPTER 1

INTRODUCTION

1.1. Introduction

Water moves in a cyclen the earth and in the atmosphere. It evaporates from the
surface of he earth, cools and condenses as it rises into atmosphdré&lls again
to the surface in different forms of precipitatidEB1).

Climate is the typical and averaged weather of a region or a city over many years.

Climate characteristics consist of many attributions from seademapeature
differences to precipitation regime3hanges in climate talseveral yearsdecades

centuriesand evemmillennials (WEB2).

Frequent and precise measurements of any form of precipitation is indispensable
determine changes in and mak additoo tbel s
observations, lanate modelseproduce observed features of recent climate asid pa
climate changes blyenefiing well-established physical principles fi@andall et al.,
2007) A General Circulation Modefalso known as Global Climate Model and
abbreviated assCM) can provide reliable prediction information on big scales
(around 1000 by 1000km) while Regional Climate Modelglied over a limited area
and driven by GCMsan provide information on much smaller ss§WEB3). This
Improves assessinghe changes in precipitation regimasmany vulnerable regions

of the world.

of



Turkey is a country thahas a climatic diversity though it is situated in large
Mediterranean location. Thdiversityof climatic conditions isnainly due todiverse

nature of the landscap&he nountains in the south ambrth coastrun parallel to

the seashore and therefore marine climate cannot penetrate to the interior parts. Only
the western partare relatively more open to marine effects since the mountaens a

not parallel to the shore, bpérpendicular

The climatic differences between regions of Turkey can be figured out by
geographicatlistribution of annual precipitatiop

Figurel) Annualrainfall along Mediteranean Sea anegeanSeavaries from 580

to 1300 millimeters, depending on locatievhilst Black Sea coasteceives the
highest annual rainfal{Sensoy et al.2016§. The amount of rainfall decreases
graduallyto theinland. Only a small part from the easbf the countryreceives

precipitaton as much as coastline.
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Figurel. The distribution of anual precipitation for Turkey based on the period
1981-2010(Downloaded fromMWWEB4)



The increasing concentration of greenhouse gasestieadtmospher® be warmer

as a resulof trapped solar energy.his phenomenoiis called@lobal warming

whichrefers toglobal tempeature risedor longtermwh er eas o6cl i mat e ch
broader term that indicate®t only the changes in averages but also increases in
occurrence of extremevents like foods, drought and heatwavesobianges in rain

and snow patternr&VEB2).

Droughtis abit latentphenomean comparing to otheextremeweatherevents since
it is notasinstantaneouasfloods thatemergein minutesor heatwaves thavokes
itself immediatelyHowever, it is such an event that h@adespread antbng-termed
effects to nature and societfEven mass migration of people is one of gteking
results othese effectgRaleigh et al.2008) The cosbof droughtmustalsobe taken
into accountat evaluaton of its damage.The estimation of the cost & four-year
droughtthat hit California is 2.7 billiorldS Dollarsin 2015 according to a study
from University of CaliforniaDavis (WEB5). At the beginning of 2018nincrease
in electricity price wasdiscussed due to decreaseseiectricity production of

hydropower plantén consequence of drougint Turkey(WEBBG).

Since precipitation is a vital componenidter cycle, the changes in climate directly

affect the spatial and temporal distribution and quantity of precipitafissessing

the changes and trendsprecipitatiorandconcludingabout droughis an arguable

issueas well as essentialhis compleiy arises from theproblem of defining
droughtRedmond2002)e x pl ai ns dr ought stiompnheye té i nneseudf s
following a discussion on theapproaches to the phenomendrhis definition

highlights the importance of both the supply and the demand sides of the subject
(Redmond, 2002)

Wilhite and Glantz (1985¢ndeavoredo categorize the drought. Theategorized
the definitions iho four: meteorologicglhydrologica) agricultura)

andsocioeconomic



Meteorologicaldefinitions arethe most common andefine droughtusually basel

on the degree of dryness and the duration of the dry period. Definitions of
meteorological drought must be considessgarately for every regiosince the
meteorologicalconditions that result in deficiencies of precipitation are highly

irregularfrom region to region.

Agricultural drought associates numerous characterigpicscipitation shortages,
soil water deficits etc.pf meteorological drought to agricultural impacésuseful
definition of agricultural drought should consider the variableeqitguility of crops

at different stages of crggowth

| Natural Climate Variability

Precipitation deficiency High temperature, high winds, low
(amount, intensity, timing) relative humidity, greater
| sunshine, less cloud cover

Reduced infiltration, runoff, I

Meteorological
Drought

deep percolation, and Increased evaporation
ground water recharge and transpiration
|
T e -
2 I Soil water deficiency ™
= L e
g [ =
5 1 53
A Plant water stress, reduced 292
@ biomass and yield o0
£ <
L i | —_ -
Reduced streamflow, inflow to Tg
reservoirs, lakes, and ponds; 'EmE
reduced wetlands, o g’
wildlife habitat o0
Tao
T 3
________________ _i___________l_________-
Economic Impacts | I Social Impacts I I Environmental Impacts

Figure2 Classification of drought depending on duration and eff@asvnloaded
from WEB?7).



Hydrological drought is linked with the effects of duration of precipitation shortfalls
on suface or subsurface water suppWEB7). This type of droughts is mostly out

of phase with both meteorological and hydrological droughts since it takes longer to
show up precipitation deficiencies on hydrological system components such as soil

moisture, streamflow, and groundter and reservoir levels.

A variety of indices havéeen proposed and used to assess drought up to now.
However, developing an index to assess drought is an inseparable matter from
defining drought. Thus, quantifying drought by indices is a difficeloghysical
endeavor Standardized Precipitation Index(SPI) is a meteorological drought index
that is widely used to detect drought for different timesc#legantash and Dracup
(2002)finds out that SPI is the most successful inthexeasuring droughitght after

rainfall deciles. They analyze 14 types of indices from all drought forms
(meteorological, hydrological and agricultural) based on six criteria: robustness,
tractability, transparency, sophistication, extendability, and dimension8Ry.is

also distinguished with its ability to measure the severity of drought and selected to

measure drought in this study owing to all these features of it.

1.2. The Significance of the Study

The main goal of this studg to investigate the drought conditions from past to the

end of21% centuryin Mediterranean climate regiar Turkey that is mostulnerable

to the effects of climate change because of the increase in temperature and decrease
in precipitation(Da b an | & elopcueet al., 201@Theldiought analysegere
performed by calculating the wédhown SPI values for drought at 1, 3, 6, and 12
months timescales, assessing the impact of drought at diffeesets,| i.e.
meteorological, hydrological and agricultural droughts. Ensemble modeling
approach releases 12 GCM/RCM pairs from CORDEX (the Coordinated Regional
Climate Downscaling Experiment) projegasused to make drought predictions not

only for the pasbut also future period till the end of century. First, in reaching the



main goal of this study, the performance analyses of the GCM/RCMs pairs in
estimating monthly precipitation that are usede¢ove SPI indicesveremade at 46

grid locations correspwling to meteorological stations distributed to the study area.
Second, the Mann Kendall trend testsapplied to SPI values calctda through the
period from 19720 2100 for each model pair. Finally, the assessment of drought at
various magnitudesvas performed at locations where drought is statistically
significant from multimodel system over entire study area. As a result, the
consistency of drought that appears within the region by the end of cevasry
documented with the support of ensemble mageroach.

1.3. Literature Review

IPCC reports (2013) revead that decreases in soil moisture and increases
agricultural drought are likely in presently dry regions by the end 8fc2htury
according to the projectiorfsom regional to global scale dar RCP8.5 scenario.
The drying in soil moisture is also consistent with projected changes in Hadley
circulation (Figure 3) and surface temperature increases in Mediterranean,
Southwestern US and Southern Africagions(IPCC, 2013. In addition to this,
Giorgi (2006 highlighted the vulnerability ofMediterranean and North Eastern
European regions by defining them the climate changesats.

An extensive research that was conductedCbgpk et al. (2016)nvestigated the
drought for the whole region around Mediterranean Sea. They analyzed the drought
variability for 900 years (11602012) in the OldWorld Drought Atlas (OWDA), a
spatiotemporal tree ring reconstruction of the Jimlg-August seHcalibrating
Palmer Drought Severity Index. The outcomes indicated amasstcoherence in
drought on multidecadal and centennial timescales. Howevermn#tgsas results of
Levant region (Cyprus, Israel, Jordan, Lebanon, Palestine, Syria, and Turkey)

indicated that recent dry extremes are extraordinary during the last millennium. This



provided a support to studies claiming that the anthropogenic climabgelmeas a

significant effect(Cook et al., 2016)

Polar cell

Ferrel cell- —/)
&/
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enature

Figure3. lllustration of Hadley CirculatiofHeffernan, 2016)Dry zones are

extending as Hadley celt shifing polewards.

Many studies have been done based on Wiaduationof the performance of the

climate models and making predictions dependipon them The followings

provide a summary of the results of some of these studies.

Giorgi andLionello (2008)determinedhat GCM and RCM simulations are generally

similar to each dter at large scale. Though, it svpointed that precipitation change

signal produced by RCMasotake irto the orographically effects account



Leng et al. (2015)nvestigatedclimate change impacts on drought in Chifbey
deteced the different response of same modeladGEM2ES and MIROGESM-
CHEM) for different drought types. Bdicting more extr@e droughts than mean
droughts $ anothesignificantresult of their study.

Osuch et al. (201&nalzedSPland rainfall trend$or Poland with RCMprojections

from ENSEMBLES projeciTheseanalygswereconducteddr a period that consists
both historical and future dath9712099 Bias correction was applied to model data,
though, the trends in SPI slightly changed afteorrection. Considering the
consistency of the model$was detected that the results airailar for some models

for the study areaModified ManrrKendall test was used for trend detection in this
study Lee et al. (2017dletermined the influence of climate change and possible rises

on drought conditions for Hwanghae Plain in Korea with regionally downscaled data.

Stagge et al. (2015)vestigateduture meteorological drought based on CORDEX
datafor RCP 4.5 and RCP 8.5 scenaridhey highlighedthe conflicting results of
previous studies on dught severity even thougtheir corsistency on regional
hotspots anCORDEX projecd s ¢ a p a c i tthe reliallityandhgpmnsisteney
of the analyses since the projectitniasve beeprocessed at a much finer resolution
The results of this study indit significant increases in meteorological drought
frequency and severity for Mediterranean regidnle arealextensionsverelikely

for Atlantic coast and Southern Europecording toperiod 19731200Q It was also
detected that the changes in the oanee of moderate and severe droughts and the
affected areavereregardless of the loAgerm emission scenarios for thear term
(2011:-2040). Addiionally, the increase scenarios droughtare consistentaround

Mediterranearfor both scenarios.

Kara et al. (2016)nvestigated climate change impacin extreme precipitation of
Omerli catchment n Kst anbul by using ensembl e
of daily precipitation time series fno 15 different RCMs driven by 5 different GCMs
under A1B climate change projectioabtained through EAENSEMBLES project

for two periods: reference (19d®90) and future (2072100). An increase in

c |

mat e



extreme precipitation in winter, spring and summer seeied while a decrease in
autumn is likely according to the resulifiey also used the geographically weighted
regression (GWR) method to doweade climate change impacts to thesall
catchment and GWR provided significant modifications to these changesgreed
on the direction of change from RCMs.

There are many studies dedicated to analyze the drought for entire Turkey and certain
basinsof Turkeg s Medi t er r an e an.Sonmezretak (2005pwnd) i 0 n
out that drought vulnerability of Turkdgr varying time steps portrayetiverse but
consistent gture. Their study also revealedrying trends for different regions in
terms of drought severity and duration. While the southeastern and eastern parts of
Turkey are more open to moderate droughts@attdsimescales, the impact would be
anticipated less at the coastal part since the droughts are only effective at longer
durations and occur at moderate levels. Nevertheless, coastal and interiarguarts
tendto occursevere droughts. These facts bnrgative consequences for different
sectors that needs water for varying periods of the year. Interior parts will suffer from
agricultural drought whilst hydrological drought will occur at longer time steps at the

coastal parts.

T ¢ r k e K re{e&lddbtiedly) the effects of climate changea study that examines
the observed and projectelought and desertificatiom Turkey. The effectsof
global warmingwere consideredvith evaluating the changes in extresin this
study It is important that the resultsased on a modified standardized precipitation
indexXMSPI) showed increase in drought severity for the regions under
Mediterranean climatic conditions and the inland parts of the country which is
neighborto this climate regionThe vulnerability of Turkeyvith respect tantensive

and broad winter drought@hich arerelated tchigh positivemodesof North Atlantic

Oscillation is critical as well

Unlike the other studies that atedicated to determirtbe effects of climate change,
T¢r ke 'H e alsoiaduitedif¢hg dirhaée of Turkey is really changimga stug



that compare two consecutive time periods: 193080 and 1982010. They
deteced some variations in the present geographical patterns of climate regions.
Increasing precipitation amounts in the northern and eastern regions in contrast to
decreasing ammts in the west, central and southern regiwa® serious outcomes

of this study.

G¢ m¢ K and A bexgnéined thé 2etatloid petween meteorological and
hydrological drought for Seyha@eyhan River Basinsusing SPI and SDI
(Streamflow Drought Index)rhey found that a meteorological drought demonstrates
hydrological drought for the following yeaiThis result is crucial for water
managementith more frequent and severe droughts.

1.4. Description of Thesis

In the first chaptepof the thesis, a brief information about climate change, GCM
RCM simulations and drought imms are given The previous studieare also
mentioned in this chapter. Details about data, study area and mateedplained

in the following chapterThe thid chapter presents the results of analy&he results
arediscussed in chaptdr. The last chapter provides the summary, conclusions and

recommendations.
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CHAPTER 2

DATA, STUDY AREA AND METHODS

2.1. Data and Study Area

2.1.1.Study Area

Mediterranan climateis a majorclimatetype of the Kdppen classificatioand
characterized by hot, dry summers and cool, wet winters. The regions which under
this climatic condition are located between about 30° and 45° latitude north and south
of the Equator androthe western sides of the continefisttek et al., 2016)Figure

4 shows five Medigrranean climate regions on the Earth.

This region presents several aspects of interest, such as its importardnniizir
variability in precipitation and temperature, and the severe economic
damages and losses of life due toutyats, flooding events or heat or cold waves
occurred in the last decades, together with an increase in population and infrastructure
(Easterling et al., 2000)In this study, the climatic conditions weraimly taken into
consideration at determination of study area rather than other identifiers like regional
or provincial borders. Climate frontiers are not very certain and differ a bit from one
map to other for Turkey. Still, the maps are consistent irrgenClimate regions
showed in

Figure5 were taken as a basis at determination of study area in the thesis. Only a

small part consisting of the north and east coast of the Marmara Sea was not studied.

11



Figure 4. Mediterranean climate regions tive Earth(Downloaded fromWEBS).

L

A K D E N | z

~ Terrestrial Climate [ Temperal Oceanic Cli. . [% Mediterranean Cli.

Figure5. Climate map of TurkeyDownloaded frorWEBD9).
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2.1.2.Observation Data

Observed precipitation data foronthly rainfall was obtained from MGMTurkish

State Meteorological Service) for 46 statidasvaluae the performance of model
data(Tablel). This evaluation periordwassab cal | ed O ywhitheeference pe
to the period 197005 The stations were selectbdmogeneously for the whole

study areas much as possib{Eigure7).

2.1.3.Model Data

Model datawas selected from EurlTomain (Figure 6), that indudes data in
0.11degree {12.5 km) resolution. Thisis the highest resolution produced in
CORDEX project{WEB10).

Figure6. EURO-CORDEX domain area surrouadby theinner square (Stagge et
al., 2015)
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Tablel. Location of the observation stationsgignifiesthe locatiors whichwere

only studied inprojectior)

Station Name |Latitude | ongitude | Station Name Latitude  |Longitude
BANDIRMA 40.35 27.97 KARAKSAL | 37.27 35.07
AYVALIK 39.32 26.70 MANAVGAT 36.78 31.43
DKKKLK 39.07 26.88 ERDEML K 36.62 34.30
AKHKSAR| 3892 27.85 CEYHAN 37.03 35.82
KUk ADASI| 37.87 27.25 DORTYOL 36.85 36.22
DKDKM* 37.48 27.27 I SLAHKYE | 37.03 36.63
BODRUM 37.05 27.43 GAZKPAKA | 36.27 32.32
DALAMAN 36.75 28.78 YUMURTALIK 36.77 35.78
ANAMUR 36.08 32.83 SAMANDAJ | 36.08 35.97
SKLKFKE/|36.38 33.93 ACIPAYAM 37.42 29.33
KSKENDE]| 36.58 36.17 TEFENNK 37.32 29.77
FKNKKE 36.30 30.15 GEMLKK* 40.44 2915
KAK* 36.20 29.65 KARACABEY* 40.13 28.33
SALKHL K | 38.48 28.13 MUDANY A* 40.37 28.90
SEFERKHI} 38.35 26.83 M. KEMAL P4 40.04 28.40
¥ DEMKK 38.23 27.97 AYVACIK* 39.61 26.40
NAZKLLK|37.92 28.32 OSMANIYE* 37.08 36.25
ELMALI 36.75 29.92 ALANYA* 36.55 32.025
MUT 36.65 33.43 MANISA 38.62 27.43
KARATAK | 36.57 35.38 IZMIR 38.43 27.17
*MENEMEN 38.58 27.07 AYDIN 37.85 27.85
FETHKYE| 36.62 29.12 DENIZLI 37.78 29.08
MARMA RK { 36.85 28.27 MUGLA 37.22 28.37
BURHANK] 39.50 26.98 ANTALYA 36.88 30.7
MKLAS 37.32 27.78 MERSIN 36.8 34.6
YATAJAN]|37.35 28.13 ADANA 37 35.33
KOZAN 37.45 35.82 ANTAKYA 36.2 36.17
DATCA 36.75 27.67 BALI KESKF 39.63 27.88
K¥YCEJK]36.97 28.68 CANAKKALE 40.15 26.42
KORKUTEI 36.75 30.20 BURSA 40.18 29.07

14



Model data was obtained fd2 models from CORDEX project @ble 2). RCM-

GCM couplings was made of 4 different Global Climate Models (in other words
Driving Models) and 6 Regional Climate Models. The producers of the RCMs were
stated for infomation purposes.

Table2. Model datdist. dModel n@dnumberingwas given tgrovide a convenience

throughout the thesis

Model No GCM Institute RCM
1-1 DMI HIRHAM5
1-2 CLMcom CCLM4-8-17

ICHEC-EC-EARTH
1-3 KNMI RACMO22E
1-4 SMHI RCA4
21 CNRM ALADIN53
22 CNRM-CERFACSCNRM-CM5 CLMcom CCLM4-8-17
2-3 SMHI RCA4
31 CLMcom CCLM4-8-17
32 MOHC-HadGEM2ES KNMI RACMO22E
33 SMHI RCA4
41 SMHI RCA4
IPSL-IPSL-CM5A-MR

4-2 IPSL-INERIS WRF331F

The model data was eattited for 60 locationg-{gure7) from CORDEX data grids.
46 of these were used in performance analysis selable data could be obtained
for 46 observation stations. On the other hand, all of 60 locatioresanalyzed for
future projectionRCP 8.5- the scenario of highest greenhouse gas emissian

consideredor futurein the study
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Figure7. The locations of model data for projection period

2.2. Methods

In this part, the procss of analysis was introducedEstimation methodthat were
applied to precipitation datand SPI values are stated as wWeitjure8 describes the

analysis steps.
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Figure8. The step®f the study based on the data and operations used.
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2.2.1.Standardized Precipitation Index

The Standardized Precipitation Index is a meteorologicalgttoindex that was
introduced by Mckee et al.(1993). It interprets observed precipitation as a
standardized departure with respect to a rairgedlbability distribution function
(Keyantashand Dracup, 2002) The calculation of SPI value for desired period is
based on the lonterm precipitation recordsuttman (1999jecommends at least 50
yeas of data fora reliable calculation

The calculation of SPI begins withodeling the monthly precipitation time sexie

using different statistical distributioifsloyd-HughesandSaunders, 2002 he first
is the gamma distribution, whose probability distribution is defined as

Co —@ AT A0 n (1)

where U> 0 is shape parametéry 0 is scale parameter, and x > 0 is the amount of

monthlyprecipitation.t(U) is the gamma function, which is defined as

. 1A
3] IOEI N

Kk U AAU @

%

Fitting the distribution tahe monthly precipitation data requires estimatirandb.
Edwads and McKee (1997 suggest using the approximation Bfiom (1958)to

estimate these parameters as follows:

p T! 3
I =P P - 3)

%)
1

[ (4)

18



where, for n observations

7 ()

The expression otumulative probability G(x) of an amount of precipitation
occurring for a given month and timescaeyielded by integrating the probability

density function with respect to x and inserting the estimat&sntlb:

Substituting t fox/*b reduces Equation (6) to
. p "
g — O A AO (7)
3]

which is the incomplete gamma distribution function. Since the gamrrébdigon
is undefined for x = 0, and g = P(x = 0) > 0 where P(x = 0) is the probability of zero

precipitation, the cumulative distribution becomes
(@ N p N' @ (8)

The cumulative probability distribution is then transfied into the standard normal
distribution toobtainthe SPIvalue This process is illustrated Figure9. The first
panel shows the empirical cumulative probability distribution f8faonthaverage
DecembeirJaruaryi February (DJF) of precipitation over the south east of England
for the period 190i199. Overplotted is the theoretical cumulative probability
distribution of the fitted gamma distribution. The second piadétates thestandard
normal cumulative pradbility. To convert a men precipitation levelto its
corresponding SPI value, first locatee precipitation valuen the abscissa of the

left-hand panel, draw a perpendicular, and locate the point of intersection with the

19



theoretical distribution. Themroject this point horizontally (maintaining equal
cumulative probability) until it intersects with the graph of standard normal
cumulative probability. The intersection between a line drawn vertically downward
from this point and the abscissa determites3PI value (1.1 in this exampte 77

mm precipitatioh

The above approach is naactical for calculating the SPI for large numbers of data
points.The approximate conversion providedAlyramowitz and Stegun (1966an
beemployed as an alternative followikgiwardsandMcKee (1997)

30 ) A_AO AO EF© (973 m™ 9
) O A6 RO KO ( ©)
30 ) A_AO AO El 1@ %)
) o AO AO AO (2 »p (0
LRV o s B e e 1.0 T T T T
I N
r |4
0.8} - 0.8 -
g |
£ o6r . 061 -
<} i
% _ /4
= 04} - 0.4
E L
3 |
0.2-— 1 0.2+ E
%02 a0 e 8o 100 e I i 2 3
Precipitation (mm) SPI

Figure9 Example of arequiprobabilitytransformation from a fitted gamma
distribution to the standard normal distributigtughesandSaunders, 2002)
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In this thesis, the index values were obtained via a MATLABecthat is stated in

Appendix A

McKee and others used a classification system based on SPI values to define drought
intensitiesas shown imable3 . It extends from extremely wet to extremely dry.

Table3 SPI value inerpretationMckee etal., 1993)

[Extremely wet 2.00 or more
Very wet 1.50 to 1.99
Moderately wet 1.00 to 1.49
[Near normal 0.99 to —-0.99
Moderately dry —-1.00 to —-1.49
Severely dry -1.50 to —-1.99
Extremely dry —2.00 and less

The SPI can be computed for any chosen timescales from 1 month to 48 months. This
flexibility is a powerful feature of the SPI that provides useful information unless we
have a clear idea of the desired intervals. In this study SPI alagated for five
intervals (1,3,6,9 and 12 months) for given periods. Afterwards, trends of SPI values

were evaluated for these five intervals consecutively

It should be noticed that SPI values were shown and analyzed since 1972 instead of
1971.This difference arose from the nature of SPI calgafa To obtain the SPI 12

value the former 12 months precipitation data is requikedanely, the first SPI 12

value was calculated for the first month of 1972. Then, the SPI values at shorter

timescalesverealso assessdtbm 1972to provide consistency with SPI 12.
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2.2.2.Modified Mann-Kendall Test

Mann Kendall tes{Mann, 1945; Kendall, 197% is one of the widely used nen

parametric tests for detecting trends in time series. The Mandall trend test is

derived from a rank correlation test for two groups of observations proposed by

Kendall (1975) The corelation between the rank order of the observed values and

their order in time is the key partof Makhe ndal | trend test. However
Manri Kendall test has been developed in order to avoid problems with
autocorrelation(Hamed and Ramachandra Rao, 1998fhe MannKendall test

statistics S calculated from the following equation:

PEB @ 1
3 oOCP o MTEM @ ™ (12)
PEB @ 1

Wherg number of data is nAdditionally, the correction ratio nénis introduced
during the calculation of a variancétbe S statisticsataccount for an effect of serial

correldion.

OAQG OA:OT_Z (12)
! S i ET Epl E
T P I 5T ¢ P (13)

where J s denotes thautocorrelation function.

Since we are detecting the trend in SPI values, it is important to use such a modified
trend test that considers serial correlation. This test was also applied to annual

precipitationin order to detect any relatiomth drought.The significance level was
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taken0.05(95% confidence levelpr the all trend tstsperformedin this study.The
MATLAB code that was used in @llation is stated g&ppendix A

2.2.3.Linear Regression

The slopes of the trendlines were obtained by linegressionThis linear approach

modes the relationship betweenrasponsevariable y (SPI and rainfalfnd one or

moreexplanatoryariables (years) denoted Kince negative values of SPI denotes

dry conditionshegative slopeneans increasing drought.

FigurelOillustrates

how a regression line is fitted to variablése predicted values

ofyared e n o t avblosebeyuati®n includes two constaiitercept (w) and slope

(wa).

y (response variable)

\

(14)

¥=wy+wx

.

w;, (slope)
=Ay [ Ax

vertical offset

[¥-vl \‘

dy
4._—-—

(xil Y|)
w, (intercept)

v

X (explanatory variable)

Figure10 Obtaininglinear regression line
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2.2.4. Statistics Used for Measuring Model Performance

Root mean square erroRNMSE) values of the model precipitation data were
estimated for reference period to analyze the reliability of the models. It is one of the
methods that are used to measure the closeness of model data to real values along
with correlation coefficienf{ CORR).Schaller et al. (20118valuate clima models

by ranking their RMSE and CORR values. They use an updated version of the model
ranking performed bfReichlerandKim (2008)

RMSE is calculated by following equation which is based on the difference between

observed and model data values:

B
2-3% = (15)

where, O denotes amount of observed precipitation whitkenotes predicted

precipitation and n denotes number of data.

The correlation coefficient of two random variables is a measure of their linear
dependence. If each variable hascalar observations, then the Pearson correlation

coefficient(r) is defined as

. B @ U U
o) (16)
B @ @ B U U

where, @ and U arethe single sample@bservation and model valuesidexed

with i; @andUare the sample means.
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CHAPTER 3

RESULTS

3.1. Performance of the Models

In the first step of analysis, the obseraed model precipitation data werempared
for the reference period 192D05.The averages of daily and monthly precipitation
were comparedt the same time dsng term statisticaverecalculatedand evaluated.

3.1.1.Daily Evaluations

The dots in Figurell denonstratethe mean precipitation of each day of year for
reference period. In additiorBl-days moving averagewere plotted for both

observation and model data.

Daily averages of model1 well correlatedwith observation mean@-igure 11a).
However, summer and autundaily meansslightly underestimate observation as
well as partiallyunderestimate observeddaily mean precipitatiofior winter and
spring seasondlodel 1-2 divergedfrom obserationaverages foalmostthe entire
year(Figurellb). This model overestimataibservation for spring arshimmer days
while underestimateth autumn and winteModel 1-3 correlatedwvith observation
for autumn(Figurel1ic). Still, the daily averages of spring overestindaibservation.
Summer and winter atbetwo seasons which daily averages of modaldartially
overestimatd and underestimatieobservationSummer, autumn and winter Hai
means of model-# divergel from observation & well asmodel correlatedwith

observation mearsverall(Figure11d).

25



Model 21 and 22 greatlydivergal from observed meanFigure 11e andFigure
11f). Bothmodels overestimatiesummer precipitatiorOverestimatiorcarriedon for
model 22 autumndaily meansvhile model 21 underestimatdobservation winter
daily averagesModel 23 well correlatd with observation though it is forced by
same GCM with model-2 and 22 (Figure11g). Besides, the mean values are very

close to observation at modeB2

Model 31 correlatd with observationd some exten{Figure 11h). Despite, it
overestimatd observation means for winter, spring and autumn seabtode| 3-2
greatly overestimatd observationfor winter, spring and summer seasqRgure
11i). Model 33 (Figure11j) well correlatedwvith observation like models-4 and 2
3 which are forced by same RCM: RCAZhough, model 8 underestimated

observation daily means fortammn andwinter seasons.

Model 41 underestimatéobservation daily averages for entire y@aigure 11k).
The divergence igreaer for winter and spring seasoiodel 42 dd not correlate
with observation as &ll as the model daily meagseaty overestimatd observation

for spring andsummer seasarfFigure11l).
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d) Model: 1-4
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g) Model: 2-3
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Figure11( cont 6d)
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j) Model: 3-3
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Table4 shows CORR and RMSE valufs moving averagebased on daily means

of the models.Predictions othree models (L, 23, 1-4) arewell correlatel with
observed valueaccording to statisticaily mean values of modet3 predictions
arenot far from observed means while correlation is relatively low for this model.
For model 41, analysis of dailymeans revealedpposite situation: The values
differedgreatly for all days of the year whilellowedsimilar seasonafariationwith
observed values-{gurellk andTable4).

Table4. Correlation coefficient(CORR) and Root mean square error(RMSE) values

for moving averages of daily means

Rank Model No | CORR | Model No | RMSE
1 11 0.9923 2-3 0.27
2 2-3 0.9908 11 0.31
3 1-4 0.9795 1-3 0.45
4 4-1 0.9734 1-4 0.46
5 3-2 0.9565 3-3 0.49
6 3-1 0.9458 1-2 0.56
7 1-3 0.9349 3-1 0.63
8 3-3 0.9264 4-1 0.76
9 1-2 0.8908 2-2 0.79
10 2-2 0.8895 4-2 0.82
11 4-2 0.8663 3-2 0.87
12 2-1 0.5198 2-1 1.08

Table 5 and Table 6show the CORR and RMSE values for monthly data. 420
monthly precipitation values (from 1971 to 2005) were ordered and analyzed
successivelyd obtain the outcomes fable5. These monthly values wegeouped

seasonally and analyzed to obt&mble 6as well. Since correlation coefficients are
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relatively low for a reliable evaluation, RMSE values have been discussed rather than
CORR values.

Table5. Correlation coefficient(ORR) and Root mean square error(RMSE) values

for successive monthly

Rank Model No | CORR | Model No | RMSE
1 3-2 0.3976 4-1 72.58
2 2-3 0.3900 1-4 73.62
3 1-1 0.3881 2-3 74.87
4 3-3 0.3857 1-2 76.62
5 1-4 0.3828 1-3 77.10
6 4-1 0.3768 3-3 78.89
7 3-1 0.3647 1-1 79.02
8 1-3 0.3242 3-1 83.87
9 1-2 0.2946 2-1 84.90

10 2-2 0.2434 2-2 85.00
11 4-2 0.2148 3-2 88.10
12 2-1 0.1434 4-2 90.23

Seeingthe RMSE ranking imable5, the difference of RMSE values betwemamk

7 and 8 can beonsideredasa threshold. The values incredsdmostwith a 1.00
mm/month interval till ' ranked model while a 4.00 mm/moritisrease occuedat

8" rank.Models1-1, 1-4, 23, 3-3 and 41 are distinguished from these 7 top models
in RMSE ranking along witkheir highranks in CORR ranking.

Outcomes of daily means statistics indichb®th consistency and divergentor
different models. Models-4, 2-3 and 33 showved consistency with observation

values according to daily meanswasll as they are in top ranks in RMSE analysis
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(Figurelld, Figurellg, Figurellj andTable4) . However, it should be noticed that

a few models from top ranka Table 4 diverged from observation daily means
especially for spring seasoRMSE values forspring monthsalso indicatd this
divergency models 1-1, 1-2 and 13 ranks at7", 11" and &' place for spring
respectively(Table §. However, the seasons can be ordered as autumn, spring,
summer and wintein terms ofthe CORR valuesf models The modelgprojected

the best performance duringtamn and the worst in winter.
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Table6. Correlation coefficient(CORR) and root mean square errors(RMSE)
analysis for seasonally grouped months

Winter Spring

Mo Mod
Rank M,‘\’lge' CORR | del | RMSE M[‘\’lge' CORR | el | RMSE

No No
1 2-3 0.1056 2-1 | 102.61| 2-3 0.1974 | 4-1 60.36
2 31 0.1046 | 2-2 | 102.61 1-1 0.1568 | 2-3 62.01
3 3-2 0.0806 | 4-1 | 102.76| 3-3 0.1401 | 3-3 62.93
4 2-2 0.0795 1-2 { 103.02| 4-1 0.1320 1-4 63.54
5 2-1 0.0699 1-4 | 104.75 1-4 0.1202 | 3-2 64.52
6 1-4 0.0585 | 2-3 | 105.04| 3-1 0.11% 3-1 65.88
7 1-1 0.0546 | 3-1 | 109.41| 3-2 0.1033 1-1 65.99
8 3-3 0.0448 1-3 | 109.83 1-3 0.0945 1-3 69.25
9 4-1 0.0431 | 4-2 | 113.29| 2-2 0.0932 | 2-1 69.50
10 1-2 0.0091 | 3-3 | 113.73 1-2 0.0536 | 2-2 72.28
11 1-3 -0.0242 | 1-1 | 115.61| 2-1 0.0388 1-2 72.32
12 4-2 -0.0375 | 3-2 | 124.26| 4-2 0.0282 | 4-2 77.04

Summer Autumn
Rank | Model | copg del | Rmse | M | corm | el | Ruse
(o] No

No No
1 2-1 0.1613 1-3 | 25.09 3-2 0.3136 | 4-1 69.81
2 31 0.1324 1-1 | 25.13 3-3 0.3055 1-4 70.99
3 1-3 0.1230 1-4 | 26.16 2-3 0.3021 1-3 74.17
4 3-2 0.1082 | 4-1 | 29.31 1-1 0.2859 | 2-3 74.19
5 1-2 0.1080 | 3-3 | 29.40 1-4 0.2642 1-1 74.67
6 4-1 0.0906 1-2 | 32.04 4-1 0.2629 1-2 74.93
7 2-2 0.0867 | 3-2 | 32.16 1-3 0.2516 | 3-3 78.61
8 1-1 0.0867 | 2-3 | 33.11 31 0.2294 | 2-1 79.07
9 4-2 0.0850 | 3-1 | 39.38 4-2 0.1904 | 2-2 88.04
10 23 | 00828 |22 6633 12 | 01896 | 42 | 88.70
11 1-4 0.0519 | 4-2 | 66.85 2-2 0.1895 | 3-1 96.44
12 3-3 0.0296 | 2-1 | 68.96 2-1 0.1448 | 3-2 97.78
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Table7 indicates the trenda annual rainfall for five locatias for reference period.
Thesdocatiorswere selected since they avell representing the study arddodels
1-1, 22 and 42 predicted significant trend for few stations though no significant
trend was detected according to observation and rest ofdtlelsn This resulcan

be considere@dsa negative outcomen reliability of these three model$hough,

Table7 indicates that the models are generally trustable in trend analysis.

Table7. Trends in annual precipitation for referengeriod (197422005) ¢ denotes

negative sl ope, 2Z de menodtespositiveslopet gni f i car

Obs| 11|12 |13|14(21|22|23|31|32|33|41]|42

Adana | 2 z z z z z z z z z z z v

Antalya | 2 z z z z z z z z z z z z

Bal éf z z z z z z z z z z z z z
Kz mi| 2z Wl z z z z z z z z z z z
Muj || z Wz z z z Wz z z z z z

Table 8 and Table 9 show the mean and standard deviation values of daily
precipitation simulated by different GCMIRM pairs for pend 197122100. These

two tables enable comparing the initiative effects of GCMs and RCMs.

The mean standard deviation of various RCMs with the same GCM model is 1.804
(Table 8) while the mean deviation value of different GCMs with theeda@M is

1.644 (Table 9). This implies the greater impact from RCM models than that from

GCM models on daily precipitation. The uncertainty that comes from RCM models

is higher than that from GCM models in daily precipitation simulation during period
1971-210Q
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Table8. The statistics o€oupled models for projection period

Model mean of | standard [ mean s.d. of
GCM RCM mean
No means | deviation | of s.d. s.d.
1-2 CCLM4-8-17 1.697 1.491
ICHEC-EC-
1-3 RACMO22E 1.913 1.708 1.727 0.129572
EARTH
1-4 RCA4 1.515 1.516
1.804
31 CCLM4-8-17 2.193 1.932
MOHC-
3-2 RACMO22E 2.526 2.160 2.329 0.263024
HadGEM2ES
3-3 RCA4 1.761 1.832

Table9. The statistics for coupled models for projection period

Model mean of | standard | mean s.d. of
GCM RCM mean o
No means | deviation | of s.d. s.d.
1-2 ICHEC-EC-EARTH 1.697 1.491
CNRM-CERFACS CCLM4-
2-2 2.348 2.079 1.546 0.240143
CNRM-CM5 8-17
31 MOHC-HadGEM2ES 2.193 1.932 1644
1-4 ICHEC-EC-EARTH 1.515 1.516 '
CNRM-CERFACS
2-3 RCA4 1.796 1.691 1.544
CNRM-CM5 0.174796
33 MOHC-HadGEM2ES 1.761 1.832

3.1.2.Monthly E valuations

Figure 12shows boxplots of monthly precipitation from all models and observation
for each seasortach box includegalues from & locations for reference period. In
addition to this, he mean othe models for monthly precipitation values including
whole stations were shown kigure 13. The bars around model meaadenote the

standard devi#gons of 12 model pairs.
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Seasonally Grouped Monthly Precipitation
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Figurel1l2 Seasonally grouped boxplot of monthlyepipitation for entire area
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The ensemble mean of monthly precipitation values is very near to observation for
most of the monthsHigure 13). However, monthly rainfalpredictionsof a few
modelscauséd a signifiant divergence of model means from observation sean

the months January, FebruaWay, June and December.

Monthly Mean Precipitation
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Figure13. Plot of monthly precipitation means of observation and models. The bars

on model mean linehow thestandard deviatiogapof 12 models.

It can be distinguished which models calisach a divergence at model me#ys
Figure 14. Modeb 21, 22 and 42 overestimatedsummer rainfalls while -4
underestimate winter rainfalls. 32 overestimateé autumn andwinter rainfalls as
well. Models 21, 22, and 42 yieldedhighly meaningless monthly precipitation from
winter months to summer onths when they we compared with observed

precipitation.
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3.2. Effects of Time Duration in SPI Analysis

The plots inFigure15 showthe successive SPI values for 5 timescales and trendlines
obtained by linear regression for model predictions between the years 12700

on Muj | a Thisdcatotwasconsidered at this step since modified Mann

Kendall test results poietl a sgnificant change in trends for all timescald@he

negative slope in SPI signifies increase in drought as negative SPI values mean dry
conditions. Thus,theseplots indicatei ncr easing drought condi
Further, thamagnitudeof trendlineslopeincreass in negative direction as timescale
increases.This can be interpretedhs the drought increase is not limited at
meteorological scale

The significance of dry and wet periods within the evaluation period is more evident
with increasing time dation from tmonth to 12 monthin SPI valuegFigure15).
Fluctuations in SPI with wet and dry values are reduced and they become more
compact. For example, with the longer duration the drought condition chasge
phase (level) from meteorolmal to agricultural drought and finally it may reach to

the level ofhydrologicaldrought. If thedrought with its magnitude and duration is
persistent, it may be referrad agricultural to hydrologicarought (SPI1 9 and?2).
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Figurel5, SPI values for Muj |-&apredictans{(197/8 accor di ng
2100). The linear regression equation is onright hand corner.
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Figure 5.( cont 6d)

3.3. Modeled trend analysis of SPI-3, -12, and annual precipitaion at selected

stations

Table10 demonstrates the trend analysis results for 5 stations from different parts of
Mediterranean climate region of Turkey. This tabldicatesthe consistency and

divergency of mdel predictions.

There is no significant trend in drought and annual rainfall according to four of the
models on Adana location. The forcing effect of Global Climate Models can be
inferred since three of these four modelsl(2-2, 23) are forced byame GCM
(CNRM-CERFACSCNRM-CM5). Model 42 prediced no significant change at

trend for this location.
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Almost all models predied an increase in drought and decrease in annual rainfall
for AntalyaandMu ] loaations while the analysis results are diesit for other
three locationsOnly model 42 divergel from rest of the moels since no significant
trend wa detected or Muj | a.

Bal ekesir i nswhithhredativélyoveetiet condans are expected. The
models didnot predict an increasing draduigfor both 3monthly and 12monthly
scales except 3 of them-21 31, 41). Further, model-2 prediced an increase in
SPI 12 that signifies wetter conditions.

The increase in drought at Kzmir -{flocation
1-3 and 22. However, modsl1-2, 1-4, 2-3, 31, 3-2, 33 and 41 prediceda negative

slope at SPI trendline for not onlyrBonthly but also 12nonthly scale. Lastly, a

decreasing annual rainfall accompany the increasing drought according tbthalf o

models Model 42 predictedvetter conditions unlike the other 11 models.

Table10 also enables deteawat) the forang effect of Regional Climate dtlels.This
case is prticularlyobvious atBa | € k e si r a n dMoHlet JRi(forced iyc at i o n
CCLM4-8-17 RCM) predioedd r i er condi tions for Bal ekesi
models whichare forced by same GCM: ICHEEC-EARTH. IPSL-IPSL-CM5A-
MR GCM is alsosusceptibldao RCM effect. The results are totally differemt 4of

5 locations for 2 models:=-4 and 42.

The prediction divergence of the modelskoz nmisr s i mi | sice'Modelsl- Bal e k e
2, 14, 23, 31, 32, 33 and 4-1 prediced drier conditionso n Kz mi r | ocat
considering SPI 3 and SPI 12 trends togethbe forcing effect of RCA4 RCMs
significantsince slope of all predictiorisrced by this RCMare at the same direction

no matter which GCM is forcindModel 42 predicedwetter conditions in contrast

to other1l models.
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Table10. Trend change table for 5 statiogsd enot es negative sl ope,

no significant trenda denotes positive slope.

Model No

C
o Analysed
T
S trendlines | 1-1 | 1-2 |13 |14 | 21|22 |23|31|32|33|41]| 42
-

SPI 3 w w w w 5 5 w w w w w 5
©
c 7 7 -
_cg SPI1 12 w z z z z w w w w z
< p p p p

Annual w W W W z z z w w w w z

SPI 3 w w w w w w w w w w w w
©
>
< SP| 12 w w w w w w w w w w w w
8
[
< Annual w w w w w w w w w w w w
; SPI3 |z w7 wlz |z |z wolz |z wol oz
c_u SPI 12 z w Z Z z z z W z W z
o Annual A W Z Z Z Z z z z z W z
—_ SPI 3 W w w w 7 w w w w w u
=
N SPI 12 A W Z W Z Z W W W W u
x.

Annual A W Z W 7 Z W W z W W u
_ SP| 3 W w w w w w w w w w w 2
(— ”
3 SPI 12 w w w w w w w w w w w 5
= Annual w w w w w w w w w w w 2

Stacked line plots show the magnitude of fluctuations betweans yad the trends

along with the periodRigure 16). The upper lines in the-gxes show the higher

variability between the years and towards the origin the lines follow smoother curve.

These plots help us to idéfly the models, which indicate the largest and smallest

inter annual variability in precipitation and their general trend tendency along the

years. For example, these two features, general trend tendency and level of inter

annual variability among modetéppeaedd i st i nctly i n Fhgwe al ya and

16b and 1@ respectively).
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3.4.The Slope of Trend Analysis of SPI and Annual Precipitation From

Ensemble Model Results

Following the methodology and methods presented in previous chapter, future
changes in drought and rainfallere analyzed. The corresponding data X#
CORDEX models was extracted for 60 locatiemkich have the same locations with

the observation stations of theuntiesin the study area. SPI indices were analyzed
for 1,3,6,9 and 12 monthly timescales based on the predicted morgblipifation
values between 1972100 Afterwards the trends @&PI indicesand annual rainfall

for each location we tested in terms &6 significancdevel Lastly,the trend slope

of each SPAnd rainfalltime series which referred a significant change according

to modified ManrKendall testwas obtainedwith linear regressiorhe slope values

for each model and locatiamerealso presented in Agmdix B.
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Figurel7 The study area with province names
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In the mapping of the trendgelts,only the provincesovered in the study aresere
visualized Figure 17. A red or bluecirclewasfixed up depending on slope direction.
No circle was fixed up for the locationsn which the significant trendwas not
detectedThus, all the circleg the mapsverefixed upfor only the locations were

a significant trendwas detected and the resultgere interpreted noticing this

situation.

3.4.1.5PI 1

Trend analysis ofsuccesive SPI lvaluesis important to deteathanges in short term
droughtas wdl as it is susceptibleto seasonality effects.On the othe hand,
examination of trends for this timescasenecessary to observe any tendency to
meteorological droughtFollowing paragraphsnterpret the outcomes otrend
analysigresuts for SPI 1showved inFigure 18 The legend indicated in Figure 18a is

valid for all SPI trend maps in the thesis.

Mode 1-1 predictednegative slope ir8PI 1 trendline fomll the locations which
modified MannKenddl test detected significant change(Figure 1&). The
magnitudes of slopes werelativelygreateion thepointswhicharelocated inrMu j | a
and Adana provinceendwestern Antalya as welknother modeWwhich is forcedoy
same GCM (model-2) predictedsimilar results to model1 (Figure 1&). However,
Denizli is the only province which a significant trewdas notdetectedfor any
locationaccording to moel 1-1 while model 12 indicatedno significant trend for

the locations ironly Bursaprovince(Figures 18 andl18b).

Though both of the other two modéis3 and 14) from ICHEGEC-EARTH GCM
predicted only negative slope in SPI 1 trendlines, the geographical wtistnilof
significant changes iBmited to a smaller area comparing to model$ &nd 12
(Figures 18a, 18b, 18c and 18d). Modified Md¢endal test results depending on

model 13 predictions revealed no significant trend in SPI 1 values for Bursa,
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Bal ékesir and Osmaniye provinces and easterr
trend result map of modet4d is like model 13 result map in terms dhe locations

with highest droughincrease trend, model4lalso projected negative slope in SPI 1

trendline for two provinces from northern part of study a@a | ékesir and Bur s:é
(Figure 18d).

The expected drought increase is considerably limitedegian according to models

forced by CNRMCERFACSCNRM-CM5 GCM (Figures 18e, 18f and 18g). Model

221 predicted negative slope for | ocations ex
(Figure 18e). Still, there are three locations in which a drought incrnesssexpected

from eastern part of study areat least for onenonthly timescale. This model

predicted significant trend in SPI 1 values for none of the locations from Canakkale,

Bal ékesir and Adana provinces. Omch t he ot her

positive slope was detected from each of two provinces: Bursa and Mersin.

Model 22 predicted greater slope magnitude for the locations in which metlel 2

projected negative slope (Figure 18in addition to this, the location in which

drought decrase was expected from Bursa province is same with meiigbgt

slope magnitude is smaller. Thus, it can be interpreted that médpt&dicted drier
conditionsthanmodet2 pr edi ct ed. Bal ékesir and Adana ar

in which both modelsnedicted no significant trend.

The area in which highest drought increase trends are likely to occur according to

model 23 is similar to model A and 22 (Figures 18, 18f and 18g). This area

includes locations fr om Mutaha.aHowevegothis nce and w
model predicted negative slope in SPI 1 trendline for locations from Adana province

whereas other two models from same GCM did not predict significant trend. In

addition to this, no significant trend was detected for any locationegh@&yn pr ovi nc e

as distinct from model-2 and 22 (Figures 18e, 18f, and 18g). The divergence of

these trend results for SPI 1 indicated the effect of RCA4 RCM which forces model

2-3 as well as a high probability of drought increase for certain parts of sted.
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Model 31 predicted negative slope in SPI 1 trendline for locations from all provinces
covered in study area (Figure 18h). Particularly, the slope magnitudes are greater at

S 0 me | ocations from Mujl a, Deni zl i, Bu
geogaphical distribution of negative slope is relatively limited according to model

3-2 and the magnitudes are smaller (Figure 18i). This model did not predict any
significant trend for locations from Bursa province and northern parts of Canakkale

and Binaswdl.e s

The drought increase trends are highest around Adana and Hatay provinces according

to model 33 (Figure 18j). There is no location in which mode8 Jredicted
significant trend fr o3whidhisdogced bpgame\RCM:c e | i k
RCAA4.

Model 41 diverged from rest of the models owing to greater slope magnitudes that

all indicated a significant negative trend for SPI 1 (Figure 18k). Though, the highest
drought 1increase tr endsAnalyaendaddaoddatay) t wo r
which are partially common with rest of the models (Figure 18). This model also
diverged from the other model couplings which are forced by same RCM (RCA4) in

terms of the wideness of significant trend locations (Figuce 18y, 18 and 18k).

The other mdel 42 which is forced by same GCM (IPSBSL-CM5A-MR) is the

only model that predicted positive slope in SPI 1 trendline for many locations (Figure
18l). Aegean coastf r om Ay d én - is the gad wherk Hraught decrease
expectations at its highelevel. On the other side, negative slope was obtained in SPI
1 trendline for some locations from southern part of the study area which are common

with rest of the models (Figure 18).

55



a) Model 1-1 / SPI 1

Legend for trend slopes
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Note: Red circle denotes negative slope
Blue circle denotes positive slope

Figure18 The geographical distribion of trends for SPI.IThe legend is valid for

rest of the SPI trend maps

56



S = S e

a2 P < .

S 5T

== P S {
[~ 4

S ) - —

b) Model 1-2 / SPI 1

NN ( // )
® @ s el
e fﬂ P Ty ol /q -
Ty A N s i g : Ve
e 3 p- ) S ) \/\ _ /\j L A R $7
= N ~ e K L2 @ ~ B
é \ —— '\r’/ S {
=3 - > < X
-y % . Y
o
c) Model 1-3 / SPI 1
- /:_?;)l/d\ \‘;’iyﬁfgl/ﬁ;"
= ¢ (
: ST . W
- ;?/Mi.‘“\ &
S T
r} (:f \ f’>
DAL N
N /\/\v e y BN o \J:/\) r// Af‘
#; ~— S (—/\ \"F\JV\‘ /‘\\\\ ‘VK\ /ij —~
Codgl Ofe ~ D A (a7
o N < - N
ey 1~ . T 3 /\L\‘“*/@\\f D
/,f</f\'w \f\% f Srk "\\ z\ W‘;\N g //“‘ g . 5 ) (“ T
SV - \ < P 2 < i _/\\1
L y

Figure 18.

57

(cont 6d)




e o
S 2 o e o s
s Ty
. N~ /
3 U < ) {
P2 \
<{ P N~ F—?
| g “~
(@ i
%,M( o ,
o
§ o=

d) Model 1-4 / SPI 1

R
\/2 Q;_;: ) ]L\f\/'/\\/ !
. \A\}‘/,W {:“/ r/ ?/
h = o ks @ =y S
. / ! . = Pz
T & N 3 sy
i‘) \- 5 PR \/\ //43 L A P ¢
‘./r\ivf-;? /“( ﬁj//w‘r B e \'Q )\L__NZ R “
&= Oy [JJ o S T el
¢ { N, N & i
¥ | W \ A~ < |
o
e) Model 2-1 / SPI 1
o = = .
7 N\ Se——8 /
a M < X {
o .y —
A T N
= //\/\’\_/\\ ﬁ//\
< \ N
S \}
) ,,/
<:>§f_;3 _\\_‘\ JLJ*\J/\\ //‘\
s /\"\‘, s 7 > ;,/
#/’W - {\‘—'\s' ~\ r'\r
L~ Y, oed o il FZ
o & N ) ) ~
P L We's PR | g T Nen Tl
a2 @\ A N 3 AAA N
P ag @ T K AT e
\4\/_/“_} \j\/an/\f’ | .|

Figure 18.

58

(cont 6d)




f) Model 2-2 / SPI 1
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h) Model 3-1/ SPI 1
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[) Model 4-2 / SPI 1

Figure 18. (contdd)

Considering the effect of GCMs/ comparing the model coupling®i same RCM

is also another airof this study. There are three RCMs which coupled with different
GCMs CCLM4-8-17, RACMO22E and RCA4T@able2). Model 1-:2, 22 and 31 are
the models which are forced by CCLA8417 RCM but different GCMs respectively:
ICHEC-EC-EARTH, CNRM-CERFACSCNRM-CM5 and MOHCHadGEMZ2ES.
The number of significant trend detected locati@tsording to moel 2-2 which is
forced by CNRMCERFACSCNRM-CM5 GCM is lessthan model 12 and 31
detections(Figures 18, 18f and 18h). The expected drought increaseea is
relatively limited for model 23 in comparison to other models forced by RCA4 RCM
(Figures 18, 18g, 18}, and18k). On the other handhe trend analysis map$modes
1-2 and 31 (forced by CCLM48-17 RCM) are similarto each otherRigure 1& and
18h). This similarity is also valid between models-3 and 32 (both forced by
RACMO22E RCM) andetweenmodels 14 and 33 (both forced by RCA4 RCM)
These matchings highlight thdistinctnessof CNRM-CERFACSCNRM-CM5
GCM from other two GCMs(ICHEC-EC-EARTH and MOHCGHadGEMZ2ES)

62



which were consideredn this comparisonlPSL-IPSL-CM5A-MR is also amore
impact GCM since model 4 projectsa quite wider drought increase area with
greater magnitudes thanodels 14, 23 and 33 predictwhich are forced by same
RCM: RCA4 (Figures 18, 18g, 18 and 18k).

3.4.2.5PI1 3

Significant tend in successive SPI 3 values dam interpreted a first step to
agricultural drought. Inhis part the trends in SPI 3 reeinterpreted comparing the
models and SPI 1 trend results.

Considering model -1, two different behavior on SPI trendsccured for the

locationsin whicha signifcant trendvas detectetbr SPI 1values(Figure18aand

19a). Slope magnitudes bewe greateat this timescaléor most of the locationi

which a negative slopwasdetectedn SPI 1 trendline whereagnificant trend did

not exist anymore for some of then®n the other hah positive slope in SPI 3
trendlinewasdetected for foulocationsf r om di f f er ent provinces
Antalya and DenizliStill, the highest drought increasxpectations accordirto SPI

3 trendsare on the same areaith S P | 1: Mug dnc Adana mThisafdcty

indicateda tendency to agricultural droughtrease.

Though significant trendisappearetbr a few locations from northern Aegean coast,
rest of the locations which a negative slopwas estimatedor SPI 1 signiled a
greater magnitude for SPI1f8r model 2 (Figure 18b and19b). This projection
pretty much fittednodel 1 projectionin terms oftendency to agriculturalrdught
However, the drought increasirexpectationsbecane evident for a regiofrom
west ern An taadlMegrain ténd to ke drier conditions rather than Adana

as a distinction from model1 (Figures 18 and19b).
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There are new locations in which a significant trend (negative slope) for SPI 3 was

detected from southern part ¢let study area according to mode3 IFigure 19c).

Two locations from Manisa did not signify a significant trend at this timescale

anymor e. The drought Il ncrease expectation ag
Antalya according to this model considering thereasing slope magnitudes on

negative direction. Yet, the significant trend detected locations for SPI 3 are relatively

limited for model 13 in comparison to other models from same GCM (Figures 19

19b, 19c and 19d) his variation was also valid f@PI 1 trendsKigure18a, Figure

18b, Figure18c andFigure18d).

Model 1-4 (Figure 19§l predicted greater slope magnitudes on negative direction for
SPI 3. The drought increase expectation is most likely for an area extending from
western Antalya to Kzmir. Besides, there are

was detected from Mersprovince.

The significant trend detected locations are even more limited for SP1 3 than SPI 1
according to model-2 (Figure 19e). However, the slope magnitudes increased on
both negative and positive directions comparing to SHigute 18e). This fact is

also valid for model 2 (Figure 18f and 19f). There is also one new location with

positive slope from Bursa province.

There is no location with significanttrendore gat i ve direction for SPI
Denizli and Osmaniye provinces as distinct from SPI 1 for moee(FAgure 18y

and 19q). This model predicted wetter conditions for southern Marmara considering

4 locationswi t h positive slope from ¢anakkal e, B a
Though, the negative slope magnitude increas:
Gaziantep.
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a) Model 1-1/ SPI 3

Figure19. The geographical distribution of trends for SPI 3
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e) Model 2-1/ SPI 3
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g) Model 2-3 / SPI 3
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i) Model 3-2 / SPI 3
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k) Model 4-1 / SPI 3

[) Model 4-2 / SPI 3
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Model 31 (Figure 19h) predicted negative slope in SPI 3 trendlines for allmrewi

except Bursa. The | ocations with greatest
Antalya, Denizli, Hatay and Gaziantep at this timescale. The drought tendency is not

limited at meteorological level for almost whole study area according to this.model

The drought increasing expected locations shifted southernly according to model 3

2 considering the differences between SPI 1 and SHFHgBire 18f and 19f). Six

|l ocations from Mani s8al BEkmsiradddAegeéasig
SPI slope at thremonths timescale as well as new locations with negative slope

came out from Antalya, Mersin, Adana and Hatay provinces. Besides, a positive slope

was detected for four locations from southern Marmara.

The magnitudes of slopes in SPI 3 trendlines increased overall for meilel 3
projections comparing to SPI 1 (Figures 18j and 19j). Additionally, Manisa and
Denizli cover locations with negative slopes at this timescale. In general, the slope
magnitudes 1@ close to each other for southern part of study area (along

Mediterranean coastline).

The geographical distributions of SPI 3 trend results are almost same with SPI 1 trend
results for model 4 and 42 (Figures 18k, 18I, 30and19l). However, the slogs
sharpened in both directions like rest of the modetgufe 18 and 19).

The regions in which drought expectations aggregated according to SPI 1 trendlines
(Mujl a, western Ant al y aistiaah3PI 3fadveelHiglre keep t
18 and 19). This fact can be interpreted as a transition from meteorological drought
to agricultural drought. However, the disappeared drought increasing signs for some

locations shold be noticed (particularly for northern parts of the study area).
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3.4.3.SP1 6

Considering the trendlines for SPI 6, the results of all models tend to predict drier
conditions for almost same areas with SEFigures 19 ad 20). However, all models
indicated greater slope magnitudes for both negative and positive directions. These
facts signify a tendency to hydrological drought for the locations which agricultural

drought increase likely to occur.

Mujl a and western Ant al ypmojectdroughhiecreese gi on whi c|
at6-monthly timescal¢Figure 20. Model 42 and hree model$2-1, 2-2, 2-3) forced

by CNRM-CERFACSCNRM-CM5 GCM diverge from rest of the models since
they do not predicdrier conditions for Adana province as much as the others
prediced (Figures 2@, 20f, 20g and20l). The northern parts of study area (Southern
Marmara) are likely not to live @r conditionsat this timescalaccording to most of
the models. HoweveK mir is the proince which model projections dimbt fit each
otherwidely. Model *1, 1-2, 1-3, 1-4, 31, 32, 33 and 41 predicteda negative
slope in SPI 6 trendlindsr more than one location from this provingggure 20.

On the other &nd, models-A and 22 predictedirier conditions for only one location
from Kzmir -®and42aid mbpdeditd negati2e slope for any location

i n  KREguwes20e, 20f, 20g and 20l
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a) Model 1-1/ SPI 6

Figure20. The geographicalistribution of trends for SPI 6
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e) Model 2-1 / SPI 6
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k) Model 4-1 / SPI 6

[) Model 4-2 / SPI 6
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3.4.4.SP19

Though the trend result mafig SPI 9 resenibs SPI 6result mapsthereare some

locations which slope directiochanged at this timescalEigures 20 ad 21).

There aresevennew locationsin which a significant trendvas detectedior SPI 9

according to model-2 (Figure 2D). All of them are fom northern part of study area

from Bur s a,

Bal &€ k e s i One lacatbn ibra Buask is bkélye

to live wetter conditions at this timescale whereas thearestrier.The rest of the

trend result map®r SPI 9 did not change lotfrom SPI 6 compared tonodel 11

and 22 (Figures 20a, 20b, 21a and 218till, the sharpening slopes should be noticed

for these models.

a) Model 1-1/ SPI 9

Figure21. The geographical distribution of trends for SPI 9
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b) Model 1-2 / SPI 9
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d) Model 1-4 / SPI 9

e) Model 2-1/ SPI 9

Figure21l( cont 6d)
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f) Model 2-2 / SPI 9
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Figure21( cont 6d)
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h) Model 3-1/ SPI 9
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j) Model 3-3 / SPI 9

k) Model 4-1 / SPI 9

Figure21( cont 6d)
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l) Model 4-2 / SP1 9
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3.4.5.SP1 12

Evaluating trends in SPI 12 values is important sgrg@ess for 12 monthsdicate

a serious tendenday hydrological droughtThe geographical distribution of regions

which expected drier and wetter conditioaggregatedor SPI 12is same with SPI

9, SPI 6 and even SPI(Bom Figurel9to 22). Muj | a

and

w eissstille r n

the most vulnerable regido drought increaserherea northern part of study area

(southern Marmarais likely to live wetter conditiongFigure 23. However,trends

for different timescalesre not persistent at some locatioRsur locationsfrom

Bursa and Canakkale provincesich signaleda significant trendht negative slope

for SPI 9 disappeared at-h@onthly timescaleccording to model-2 (Figures 2b

and22b).
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a) Model 1-1/ SPI 12

b) Model 1-2/ SPI 12

Figure22. The geographical distribution of trends SPI 12
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c¢) Model 1-3/SPI 12




e) Model 2-1 / SPI 12

f) Model 2-2 / SPI 12

Figure22( cont 6d)
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g) Model 2-3/ SPI 12

h) Model 3-1/ SPI 12
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k) Model 4-1 / SPI 12

I) Model 4-2 / SPI 12

Figure22( cont 6d)
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Kzmir s houl discussedn seenp af coatinuity oy #nds for proceeding

timescales. Models-1 and 32 predicted negative slopg¢f e wer | ocations from |
for SPI 12 than SPI 9 and modellZ/ice versa (Figures 21a, 21i,222a, 22i and

22e) This fact indicated a discrepancy between models for cdotzations.

3.4.6. Annual Precipitation

Detecting trends in annual precipitation daother part of this study. Relations
between drought anginfall amount can be examined owing to this analysis. In this
part, the geographical distributimf annual rainfairendswas discussedith trends

in SPI.

Model 1-1 (Figure 23&) predicteda decrease in annual rainfall for the locations which

are sensitive to drought increases accordingto SPItehdg. | a and western Ant a
is the most sensitive region while a decreasing trend is waddidg with whole

Mediterranean coastHowever, neither rainfall decrease accomgad drought

increase at every locatiomor rainfall increaseaccompanieddrought decrase at

every location(Figures 22 and23a). Model 1-2 is like to model 11 in terms of

drought and rainfall trend consisten@@igures 2B and 23b). Nondheless, annual

rainfall decrease expectations is more common according to maétptdjection

Not only Mediterranean coast but also Aegean region is likely to receive less annual

precipitation.

Model 1-3 (Figure 28) predicted annual rainfall decrease for a smaller area than most

of the models predicted. Mujla and western /
increases almost followed rainfall decreases. The locations which are most likely to

receive less annual raalf according to model-2 is same with rest of the models

(Figure 23. On the other hand, the vulnerable locations across entire study area like

model 22 (Figures 2B and23d).
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The parts of the study area which signaled trends in annual rainfall ayst aame

for models 21, 22 and 23 which are forced by CNRM ERFACSCNRM-CM5

GCM (Figures 28,23f and23g). These models predicted rainfall increase for at least
one | ocation from Bursa province. Il n addi
and Canakkale are likely to receive more annual rainfall according to meglel 2
(Figure 23g). Model 4 predictel decrease in annual rainfall across the entire study
area like model 2, 1-4 and 41 (Figure 23). Model -2 is forced by same RCM
(CCLM4-8-17) with model 31 while models ¥4 and 41 are forced by RCA4 RCM.
Mediterranean coast is likely to receive lesauwal precipitation rather than Aegean
coast according to models23and 33 (Figures 23i and 23)). Additionally, drought
increase accompanied precipitation decrease in most of the locations for model

predictions discussed in this paragraph.
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a) Model 1-1 / Annual Precipitation

Note: Red circle denotes negative slope
Blue circle denotes positive slope

Figure23. The geographical distribution of trends for annual rainfall
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b) Model 1-2 / Annual Precipitation
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d) Model 1-4 / Annual Precipitation
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f) Model 2-2 / Annual Precipitation

~

j =94
A

A
J
= 2
N R W
= X 1. A
= . )\)\ 4_“"'\/\‘\,(/
\(,r' ¢ ‘L\
L 2|
9
g) Model 2-3 / Annual Precipitation
O i T
VJ.’ (,
a § / e
= .
B s
ERAST N - .
SN 7 —~—\‘; z, i3
/ R /7 - h <
A ‘\ S D 5 A { — A~
—e "\ 5 B — ‘\ o PN
Y e o ) Q. " \ < i N g ‘*"'
= J N - ~ < S
- < o NS } J

Figure23( cont 6d)

97
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j) Model 3-3 / Annual Precipitation
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[) Model 4-2 / Annual Precipitation

Figure 23. (contdd)

Model 41 predictedrainfall decrease for almost all locations like itgeglictionson

drought trendsKigure 2%). Model 42 (Figure 23) divergedfrom rest of the models

considering its projections which sigadlrainfall inaease almost entire Aegean

coast and some other parts like eastern Antalya.
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3.5. Changes inthe Frequency of Drought Between the Mid and End of the
Century

Changes in intensity of drougitereanalyzed and mapped in this stepha study.
The pojection period is divided into twperiods 1972-2050 and 205R2100.Then,
the frequency ofoccurrenceof three droughtseverityclass(moderate, severe and
extreme)depending on SPI valuegs calculatedhrough divided periodfor 3 and
12 monthly scals. The proportion of frequencies wabtained at the final stegs

shown in Eq. 17

_ (17

where r is the ratio ofrequenciedor each drought severity class is number of
occurrencedor a severity class within 1972050 periodp. is the same as within

20512100 periodn; and rarenumber oftotal monthswithin each period

In the mapping of theatios a base map prepared with provincial borders was
practiced. Though some provinciarders do not entirely fit to the study area since
they extend inner parts of the country, this mismatch was partly eliminated owing to
the implied interpolation method: Natural neighbor. This method was firstly
introduced bysibson (1981)and ArcGIS softvare was used in practice of this study.
Thelimits at legends of the maps meconstituted with the highest valuecbianges
concerning demonstration of the divergence between motadstesult maps were

presented ifrigure 24

The most significant redt of this analysis is théequencyincreasen the second
half of the centuryor severe and extrenagoughtsconsistently foalmostall models
and timescalegFigure 24. To clarify, thedrought gets more often as the intensity

getsbigger. More freqant droughts are more possible for southern provinces, either.
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The geographical distribution of ratios is consistent with trend analysis results.
Southern parts of study areselikely to occur more intense drouglesidesthe
geographical distributionf the ratios of frequency igquite homogeneous for SPI 3
compared to SPI 1#r all models The highest ratios aggregatecertain parts of
studyarea(especially southwestern parts) considering changes in drought frequency
according to SPI 12 valueBor example, the ratiexceeds 62imes for model #4
(Figure 24 under extreme drought severity conditmmsidering SPI 12
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