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ABSTRACT 

IMPACT OF CLIMATE CHANGE OVER THE VARIABILITY OF 

DROUGHT CHARACTERISTICS OVER 25 BASINS OF TURKEY  

 

 

 

Ersoy, Nuri Erhan 

Master of Science, Civil Engineering 

Supervisor: Assoc. Prof. Dr. M. Tuĵrul Yēlmaz 

 

 

March 2022, 137 pages 

 

Analyzing the effects of drought and making accurate predictions for the future under 

changing climate conditions are of great importance in the agricultural, drinking 

water, industrial and ecosystem policies to be determined. The climate projection 

simulations generated over CORDEX domains are one the most popular datasets 

used today in climate change related studies. In this study impact of climate change 

over the variability of drought characteristics over 25 basins of Turkey were 

investigated using climate projection datasets run over CORDEX domain. Historical 

and future climate projections over Turkey from 56 GCM ï RCM pairs at 0.11o 

spatial resolution for the CMIP5 RCP8.5 scenarios were downloaded from 

CORDEX EUR-11. Accuracy assessments of historical simulations against ground 

observations were performed to eliminate the 14 poor performing models and retain 

42 better performing models. Additionally, bias corrections of GCM-RCM model 

simulations for historical and future simulations were performed using ERA5-Land 

dataset over 25 basins separately. Future drought analyzes were performed using the 
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standardized precipitation index (SPI) calculated using historical and future 

projection datasets over each basin separately. Overall, the precipitation projections 

show a decreasing trend where the rate of the decline increases towards the last 30 

years of the century. Consistent with this trend, the drought analysis made via SPI 

show the drought severity and lengths increase between 2071 and 2100 over all of 

the basins and entire Turkey. Accordingly, the last 30 years of the century are 

expected to show the most severe drought conditions that has not seen before over 

the region.  

 

Keywords: CORDEX, EUR-11, ERA5-LAND, CMIP5, SPI, Drought, Turkey 
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¥Z 

ĶKLĶM DEĴĶķĶKLĶĴĶNĶN T¦RKĶYEôDEKĶ 25 HAVZA ¦ZERĶNDEKĶ 

KURAKLIK KARAKTERĶSTĶKLERĶNĶN DEĴĶķKENLĶĴĶNE ETKĶSĶ 

 

 

 

Ersoy, Nuri Erhan 

Y¿ksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Yºneticisi: Do­. Dr. Mustafa Tuĵrul Yēlmaz 

 

 

Mart 2022, 137 sayfa 

 

Kuraklēĵēn etkilerinin analiz edilmesi ve deĵiĸen iklim koĸullarēnda geleceĵe yºnelik 

doĵru tahminlerde bulunulmasē, belirlenecek tarēm, i­me suyu, sanayi ve ekosistem 

politikalarēnda b¿y¿k ºnem taĸēmaktadēr. CORDEX alanlarē ¿zerinden oluĸturulan 

iklim projeksiyon sim¿lasyonlarē, g¿n¿m¿zde iklim deĵiĸikliĵi ile ilgili ­alēĸmalarda 

kullanēlan en pop¿ler veri setlerinden birisidir. Bu ­alēĸmada, CORDEX alanlarē 

¿zerinden y¿r¿t¿len iklim projeksiyonu veri setleri kullanēlarak iklim deĵiĸikliĵinin 

T¿rkiyeôdeki 25 havza ºzelindeki kuraklēk karakteristiklerine etkisi 

araĸtērēlmaktadēr. CMIP5 RCP8.5 senaryolarē i­in 0,11o ­ºz¿n¿rl¿kte 56 GCM ï 

RCM model ­iftinden T¿rkiye'ye iliĸkin ge­miĸ ve gelecekteki iklim projeksiyonlarē 

CORDEX EUR-11'den indirilmiĸtir. Ge­miĸ veriler ile yer gºzlemleri arasēnda 

doĵruluk deĵerlendirmeleri yapēlarak kºt¿ performans gºsteren 14 model ­ēkartēlmēĸ 

ve daha iyi performans gºsteren 42 model elde tutulmuĸtur. Ek olarak, ge­miĸ ve 

gelecekteki sim¿lasyonlar i­in GCM-RCM model sim¿lasyonlarēnēn hata 
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d¿zeltmeleri, 26 havza ¿zerinde ayrē ayrē ERA5-Land veri seti kullanēlarak 

ger­ekleĸtirilmiĸtir. Gelecekteki kuraklēk analizleri, her bir havza ¿zerinde ayrē ayrē, 

ge­miĸ ve gelecek projeksiyon veri setleri kullanēlarak hesaplanan standartlaĸtērēlmēĸ 

yaĵēĸ indeksi (SPI) kullanēlarak ger­ekleĸtirilmiĸtir. Genel olarak, yaĵēĸ tahminleri, 

azalan bir eĵilim gºstermektedir. Bu y¿zyēlēn son 30 yēlēna doĵru d¿ĸ¿ĸ hēzē artēĸ 

gºstermektedir. Bu eĵilimle uyumlu olarak, SPI ile yapēlan kuraklēk analizleri, t¿m 

havzalarda ve t¿m T¿rkiye'de 2071 ile 2100 yēllarē arasēnda kuraklēk ĸiddetinin ve 

uzunluklarēnēn arttēĵēnē gºstermektedir. Buna gºre y¿zyēlēn son 30 yēlēnēn bºlge 

¿zerinde daha ºnce gºr¿lmemiĸ en ĸiddetli kuraklēk koĸullarēnē gºstermesi 

beklenmektedir. Sonu­lar CMIP5 deneylerinden elde edilen veri setleri kullanēlarak 

elde edilmiĸ olsa da, CMIP6 deneyleri daha y¿ksek sēcaklēk duyarlēlēĵē olan 

modellere sahiptir. Bu nedenle CMIP6 deneyleri i­in bu t¿r ayrēntēlē RCM 

sim¿lasyonlarē mevcut olduĵunda benzer analizlerin yapēlmasē gerekmektedir.  

 

Anahtar Kelimeler: CORDEX, EUR-11, ERA5-LAND, CMIP5, SPI, Kuraklēk, 

T¿rkiye 
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CHAPTER 1  

1 INTRODUCTION  

Climate has been changing over almost entire globe drastically during the last 

century. Global warming has contributed to the increase in natural disasters such as 

flood and drought events as a result of both changing and accelerating climate. Over 

many locations, changing climate manifest itself as increase in temperature and 

extreme event probability (Oruc et al., 2020) while simultaneous decrease in 

precipitation further increases the risks faced as result of extreme events. Among the 

extreme events, drought is an extreme frequentative event that occurs in almost all 

climate regimes with observed warming trends (Zhao et al., 2021), where the severity 

and frequency of drought is significantly impacted (Kim & Jehanzaib, 2020).  

Investigation of droughts as a natural hazard has primary importance for water 

resources management due to several reasons. First, drought is one of the costliest 

natural hazards on a yearly basis which means their impacts are huge and widespread 

that is affecting many economic sectors (WMO & GWP, 2016).  Between 1980-

2011, 16 drought events were tracked in USA, which caused damages that costs 

$210.1 Billion in total (Smith & Katz, 2013). Among those, 1988 drought caused the 

largest loss, which was $86.5 billion (Changnon et al., 2007). Secondly, unlike the 

other natural hazards, the effects of a drought build up slowly, usually accumulate 

over a substantial period of time, and can last for years after it ends. Impact of 

droughts are not precise and are spread over larger areas than that may results from 

other natural hazards. Lastly, the human activities such as over-farming, over-

irrigation, deforestation, and erosion can directly stimulate drought differently from 

the other natural hazards (Mishra & Singh, 2010). Thus, the quantification of adverse 
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effects of drought is much more difficult than for the other natural hazards. As 

climate change is getting more severe, understanding the impacts on drought 

characteristics is highly important in order to improve adaptation and mitigation 

measures.  

The main gap in the literature, on the other hand, is that there is no study investigated 

the impact of climate change over the drought characteristics over different basins in 

Turkey using large number of multi-model ensemble approach at high resolution. In 

this study, the effect of climate change in whole Turkey is investigated and it is aimed 

to analyze drought characteristics of basins of Turkey by using multiple GCM-RCM 

couples (56 GCM-RCM Couples) calculated over CORDEXôs EUR-11 domain.  

This thesis includes five major chapters.  In Chapter 1, the effects of climate change 

and drought on the world and why it needs to be studied in detail are mentioned. The 

purpose of the study and the study area are given. A background and literature review 

about the definitions of drought, advantages and disadvantages of commonly used 

drought indices, and studies made on globally and on Turkey are discussed in 

Chapter 2. Chapter 3 provides the details of the datasets and methods of this study. 

The results of the analysis are discussed in Chapter 4 as four main parts. Finally, 

main findings and results of the study are highlighted, and future recommendations 

are given in Chapter 5. 
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CHAPTER 2  

2 LITERATURE REVIEW  

2.1 Climate Change and Drought 

Drought has significant impacts over various end users of water or bodies that are 

under increased heat stress (e.g. agriculture, society, water resources, etc.) drought 

is a complex concept and therefore, there is no universal or precise definition (van 

Loon, 2015) due to the different characteristics of regions suffering from drought 

(Mishra & Singh, 2010). Mishra and Singh (2010) mentioned eight different drought 

definitions in their review article. While the WMO defines the drought as a long-

term lack of precipitation, UN Secretariat General defines it as a naturally occurring 

trend in which precipitation is significantly lower than normal, causing serious 

hydrological imbalances that negatively affect systems of resource production 

(Mishra & Singh, 2010). In terms of agriculture, FAO defines the concept as the 

percentage of years when crops fail due to a lack of moisture (FAO, 2017). Another 

definition mentioned in Mishra and Singhôs review (2010) is as a prolonged period 

of low rainfall (a season, a year or several years) in comparison to a regionôs 

statistical multi-year mean of a region. Drought as the minimum annual value of 

daily flow is another expression. The seventh definition for drought is as a significant 

deviation from the normal hydrological conditions of an area. Lastly, the drought 

was also defined as a sustained period of time without significant rainfall (Mishra & 

Singh, 2010). Although there are hundreds of definitions, drought is generally 

defined as a natural hazard that is severe deficit of precipitation below the normal 

expected levels which restricts some type of activities and affects the other natural 

systems (Wilhite et al., 2007). 
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Although the definitions vary depending on the variables in regions and needs, in 

general, the droughts are categorized in terms of four basic types (Wilhite & Glantz, 

1985)  listed below: 

a. Meteorological drought: The most common definition of drought is 

meteorological definition. It is generally defined based on the level of dryness 

compared to typical or average amount and the length of the dry period 

(Wilhite & Glantz, 1985). In the meteorological drought, drought is usually 

considered as lack of precipitation compared to average values in a period of 

time (Mishra & Singh, 2010). Studies specified that this analysis is site 

specific since the meteorological conditions vary from one region to another. 

While some regions are characterized by a year-round precipitation regime, 

the others can only be characterized seasonally (NDMC, 2022). 

b. Hydrological drought: Hydrological drought definition is typically concerned 

with the effects of periods of precipitation deficit on surface or subsurface 

water resources (Wilhite & Glantz, 1985). Linsley et al. (1958) basically 

defines the hydrological drought as ña period during which streamflow is 

inadequate to supply established water needsò. For hydrological drought 

analysis, streamflow data have been commonly used (Mishra & Singh, 2010). 

The analysis of the hydrological drought is often on the basis of its influence 

on a basin (Wilhite & Glantz, 1985).  

c. Agricultural drought: As the simplest definition, agricultural drought is a 

period with declining soil moisture and subsequent crop failure (Wilhite & 

Glantz, 1985). Thus, agricultural drought is also called soil moisture drought 

(van Loon, 2015). Definition of agricultural drought links numerous factors 

of meteorological drought to agricultural impacts (Wilhite & Glantz, 1985) 

such as precipitation, temperature soil moisture, soil water deficits and actual 

and potential evapotranspiration (Mishra & Singh, 2010; NDMC, 2022).  
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d. Socioeconomic drought: Definitions of the socioeconomic effects of drought 

may also include the impacts of meteorological, agricultural and hydrological 

drought (Wilhite & Glantz, 1985). The socioeconomic drought is linked with 

the failure of water supply systems so that they cannot meet the water demand 

and thus associating droughts with a balance of supply and demand of 

economic goods (water). When the demand for an economic good is more 

than the supply, socioeconomic drought will occur as a result of a weather-

related shortfall in water supply (Mishra & Singh, 2010). As a result, this 

extreme event impacts the societies willingness to pay  (Aydoĵdu et al., 2021) 

under new dry conditions. 

Although there are new types of droughts that are recently researched such as 

groundwater drought (decreasing in groundwater level and discharge) (Mishra & 

Singh, 2010) and ecological drought (stresses across ecosystem due to the prolonged 

deficiency in natural water supplies) (NDMC, 2022), the literature overall, above 

listed four types of droughts are studied the most so far. 

2.2 Impact of Climate Change over Drought Characteristics and Its Spatial 

Variability  

As temperature rises as a result of climate change, evapotranspiration may rise, 

affecting the spatial and temporal variation of water cycles and raising the 

uncertainty of the spatial and temporal distribution of precipitation. All these changes 

could lead to more severe and recurring extreme drought events (Zhou et al., 2021).  

Gao et al. (2015) found that there is a strong correlation between aridity change 

pattern and precipitation, sunshine duration and diurnal temperature range. Besides 

intensity, duration and frequency of the drought, drought impacts also varies based 

on the spatial characteristics (Wilhite, 2005). Changes in hydrometeorological 
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conditions in terms of precipitation and temperature may result in changes in drought 

spatial extent.  

Droughts are generally regional events and cover large areas. Therefore, drought 

characteristics also varies spatially as well as impacts of climate change on 

hydrological conditions (Wong et al., 2011). Therefore, spatial variability of the 

impact of climate change over drought characteristics should also be studied.  

Understanding the effects of climate change on the potential changes in drought 

characteristics helps to reduce vulnerability and to adopt mitigation and adaptation 

strategies. Drought characteristics in terms of duration, frequency, severity, 

frequency and spatial extent which can be determined by the use of drought indices 

(Mirakbari & Ebrahimi-Khusfi, 2021) can be increased due to temperature and 

precipitation changes resulted from climate change (Ahmed et al., 2018). As 

temperature increases and precipitation distribution changes, the drought risk is 

expected to increase as well.  

2.3 Drought Indices 

The slow characteristics of drought allows the studies to observe the changes in 

temperature, precipitation, and the general situation of surface and groundwater 

resources in a region (WMO & GWP, 2016). In order to analyze drought, there are 

various indicators/inputs to be used such as temperature, precipitation, soil moisture, 

streamflow and snowpack, groundwater and reservoir levels (Mishra & Singh, 2010; 

WMO & GWP, 2016). Based on the indicators of the drought, indices represent the 

severity and duration of the drought by using indicators/inputs in order to draw a 

comprehensive picture for decision making (Eslamian et al., 2017; WMO & GWP, 

2016). There are several indices developed for drought representation, some of 

which perform better over the others in certain conditions although no one has 
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priority (Eslamian et al., 2017). Some of the most common indices are given in Table 

2.1 including their inputs, strength and limitations (Eslamian et al., 2017; Mishra & 

Singh, 2010; WMO & GWP, 2016).  Among them, standardized precipitation index 

(SPI) is one of the earliest proposed  (Mckee et al., 1993) and one of the most 

commonly used drought indices, that is also recommended by WMO (Wood, 2012).  

Mckee et al. (1993) developed SPI based on the frequency, length, and time scale 

relationships of drought. SPI was developed to express a precipitation probability for 

different number of time scales (1 month to 48 months or longer periods) using 

historical precipitation data. The SPI provides a normalized transformation of the 

observed precipitation probability (Doĵan, 2013). 

 

Table 2.1. Common Drought Indices 

Index Reference Input  Timeframe Strength Limitations  

Standardized 

Precipitation 

Index (SPI) 

McKee et 

al., 1993 
Precipitation 

3-6-9-12-

24-48 month 

periods 

* Predicts drought 

before occurrence and 

estimating its severity. 

* Using only 

precipitation data 

makes SPI is very easy 

to use.  

* Applicable in all 

climatic regions 

* Values of input data 

could be changed. 

* Since the only input is 

precipitation, it may 

miss the temporal 

changes to compare 

events of different 

temperature scenarios.  

Palmer 

Drought 

Severity 

Index (PDSI) 

Palmer, 

1965 

Temperature, 

Precipitation, 

Soil moisture, 

Evapotranspir

ation 

Monthly 

Gives a spatial and 

temporal picture by 

historical droughts 

* More suitable for 

agricultural impacts 

* During winter season 

and higher elevations, it 

is questionable due to 

use only precipitation.  

* Slow to respond to 

developing or 

diminishing droughts  
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Table 2.1 (Continued) 
Index Reference Input  Timeframe Strength Limitations  

Surface 

Water Supply 

Index 

(SWSI) 

Shafer and 

Dezman, 

1982 

Reservoir 

storage, 

streamflow 

(for summer), 

snow pack 

(for winter), 

and 

precipitation 

Monthly 

Good measure to 

monitor the impact of 

hydrologic droughts 

due to taking into 

account the full water 

resources of a basin 

* Changes in data 

sources or including 

additional data result in 

the recalculation of the 

entire index. 

* Since calculations are 

based on a region, it is 

difficult to compare 

basins or homogeneous 

regions. 

Crop 

Moisture 

Index (CMI) 

Palmer, 

1968 

Weekly 

precipitation, 

weekly mean 

temperature, 

and the 

previous 

weekôs CMI 

value. 

Weekly 

Possible to compare 

different climate 

regimes. Responds 

quickly to rapidly 

changing conditions. 

* Developed 

specifically for the 

grain-producing regions 

 

2.4 Global Drought Studies  

The drought assessments and understanding of drought characteristics depend on 

drought region, the type of drought, the natural vulnerability in the region, and the 

accessible information in that region (Hasan et al., 2019). Therefore, quality and 

quantity of the information or data defines the accuracy of the study.  

Many studies assessed drought and examined drought characteristics in both global 

and regional scales using different datasets and drought indicators. In order to 

simulate historical and future climate variables, Xu et al. (2019) investigates global 

drought trends by using 18 models from CMIP5 in which precipitation, temperature, 

and soil moisture variables are all available. According to their analyses of SPI, 

Northern hemisphere has under less drought risk than southwestern America, south 

America, a part of Australia, southern Africa, and Malay Archipelego under 1.5 ̄C 
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possible warming. Chiang et al. (2021) reveals an increasing in the anthropogenic 

impacts on global drought frequency, length and intensity by using SPI indices from 

an ensemble of 9 CMIP6 models. On the other hand, Spinoni et al.  (2019) 

investigates the global meteorological drought events by using a new global database 

mostly based on the station-observed data, which are the Global Precipitation 

Climatology Centre dataset of German Weather Service and the Climatic Research 

Unit Time-Series of the University of East Anglia by using monthly gridded 

precipitation data. Finally, they revealed that more than 4500 worldwide drought 

events between 1951-2016 were identified.  

There are also studies investigating drought at regional scales as Europe, Africa, 

America, Mediterranean region etc. Spinoni et al. (2018) investigate the expected 

frequency of drought events in Europe by using an ensemble of 11 bias-adjusted 

simulations from EURO-CORDEX datasets, 6 GCM and 5 RCM couples under RCP 

4.5 and RCP8.5 scenarios. Haile et al. (2020) studied on the impacts of climate 

change on drought patterns over East Africa using an ensemble of 5 GCMs in CMIP5 

under RCP 2.6, 4.5 and 8.5 scenarios. Engstrºm and Keellings (2018) assessed the 

future drought risk in the Southeastern USA by using 32 downscaled GCMs from 

CMIP5 models. In India, Vishwakarma et al.  (2020) investigated of the performance 

of CMIP5 and CORDEX-SA models over the drought-prone region by using 5 best 

GCMs from CMIP5 and their corresponding RCMs from CORDEX. 

In summary, the drought study methods differ in accordance with the aim of study 

including scale, data availability etc. There are studies using datasets obtained from 

meteorological stations as well as using models (CMIP3-5-6, CORDEX, ISIMIP 

etc.). Tens of different GCM model and tens of different RCM models datasets exist 

and openly available to everyone for the climate change related studies. It is seen 

that there is no optimum number of have-to-use couple in the literature. This number 

may differ based on the study area and aim.  



 

 

12 

2.5 Drought Characteristics 

Drought characteristics are described by drought duration (length), severity, intensity 

and frequency. Analyses of drought characteristics are highly important in order to 

construct drought management or risk assessment plans. In order to determine 

drought characteristics, drought indices are generally used for comprehensive 

outlook of decision making (Eslamian et al., 2017). Spinoni et al. (2014) analyzed 

global drought frequency, severity and duration based on SPI calculation in 1951-

2010, like Chiang et al.ôs study (2021) which examines global drought frequency, 

duration and intensity by using SPI and SPEI indices. Afshar and et al. (2020) also 

examined the impact of climate change on Ankara, Turkey. Drought occurrence, 

duration and severity across Ankara, Turkey by SPI calculation.   

According to Mckee et al. (1993), drought characteristics such as frequency, duration 

and intensity are all the time dependent functions. They revealed that drought 

frequency inversely decreases and duration linearly increases with time scale. 

Duration of drought can be explained as the number of months between its start 

(included) and end month (excluded) (Spinoni et al., 2014). Mckee et al. (1993) 

describes the start and end months as SPI value as less than -1 and more than -1, 

respectively. In addition, severity, is defined by the absolute value of the integral 

area between SPI area and horizontal axis from the start to the end month of the 

drought. Intensity, on the other hand, is usually described as the lowest SPI value of 

the drought event (Spinoni et al., 2014). 

The drought characteristics such as severity and duration are interdependent which 

means one is affecting the other. In fact, severity of drought can be calculation by 

multiplication of drought duration and average severity which is average of SPI 

values in a drought period (Afshar et al., 2016). 
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2.6 Drought Studies in Turkey 

In Turkey, the frequency of the drought has been increasing as a result of the 

changing climate. Due to the recent dry conditions, trends of annual stream flows of 

rivers are decreasing for most basins in Turkey (Kahya & Kalayci, 2004).  

Studies have generally analyzed drought based on the basins or regions due the 

different characteristics of basins. While Mehr et al. (2020)  and Afshar et al. (2020) 

investigated meteorological drought in Ankara, Alivi et al. (2021) investigates the 

climate change effects on annual average streamflow in the Euphrates-Tigris basin. 

Akar­ay closed basin (Kale, 2021) and Konya Closed Basin (Duygu et al., 2017; 

Yilmaz, 2017), Ceyhan Basin (¢uhadar & Atēĸ, 2019; Oru­ et al., 2022), Seyhan-

Ceyhan River basin (Gumus & Algin, 2017), Mediterranean Basin  (Bayer Altin & 

Altin, 2021), and Asi Basin (Dikici, 2020) were investigated for the drought 

characteristics, risks, and vulnerability. Poyraz (2018) analyzed the change of 

drought conditions from past to future in the Mediterranean region by using 12 

GCM/RCM couples of CORDEX.  Only a few studies analyzed drought hazard and 

vulnerability over Turkey (Dabanli, 2018; Simsek & Cakmak, 2010; Sºnmez et al., 

2005; Tatli, 2015; T¿rkeĸ & Tatli, 2009). ¥zt¿rk et al. (2017) also investigate the 

precipitation and climatology on the larger region, Central Asia, which also includes 

Turkey. On the other hand, there is still a need focusing drought over entire Turkey 

utilizing datasets obtained from various models.  

Mainly, studies focus on drought in the analyses of instrumental records (monitoring 

stations) (Alivi et al., 2021; Bayer Altin & Altin, 2021; Dabanli, 2018; Eris et al., 

n.d.; Gumus & Algin, 2017; Kale, 2021; Simsek & Cakmak, 2010; Sºnmez et al., 

2005; T¿rkeĸ & Tatli, 2009) or some studies studied with outputs of global climate 

models (CMIP5 etc.) (Duygu et al., 2017; Mehr et al., 2020; Oru­ et al., 2022; Ozturk 

et al., 2017; Sen et al., 2012; Tatli, 2015; Yilmaz, 2017). Baĵ­aci et al. (2021) 



 

 

14 

comparatively evaluate precipitation and temperature derived from CMIP5 and 

CMIP6 GCMs for climate projection in Mediterranean region, Turkey. They 

proposed that simulating of precipitation and temperature with CMIP6 is weaker 

than that with CMIP5 for Turkey. Yet, extreme anomalies are more highlighted by 

CMIP6 over the country.  

In general, studies used limited data of projection model. In 2018, Directorate 

General for Water Management in Turkey, publishes drought management plans for 

the 14 different basins at higher risks (Directorate of Water Management, 2018). The 

analysis includes meteorological, hydrological, and hydrogeological parameters, and 

drought indices. 3 models (HADGEM, CNRM, MPI) and two scenarios (RCP4.5-

RCP8.5) were used to understand the upcoming drought eventsô trend in these 

studies. Drought analyses were conducted over 14 basins which include Akar­ay, 

Antalya, Batē Akdeniz, Burdur, B¿y¿k Menderes, Ceyhan, Doĵu Akdeniz, Gediz, 

Konya, Kuzey Ege, K¿­¿k Menderes, Seyhan, Van and Fērat-Dicle basins. On the 

other hand, there is no study so far investigated the impact of climate change over 

various drought characteristics using extensive number of model simulations. 
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CHAPTER 3  

3 METHODOLOGY  

In this study, SPI-9 values are calculated over entire Turkey and 26 basins seperately 

using 56 different RCM simulations both in the reference (1970 ï 2005) and future 

(2005 ï 2100) periods, where SPI values in the future are adjusted to have consistent 

drought characteristics. The methodology part was examined under 5 main headings. 

Details such as what the datasets used and for what purpose they were downloaded 

are shared in section 3.1. Afterwards, the processes that the downloaded data were 

subjected to before the drought analysis were detailed. How the SPI drought index 

is calculated is shared in section 3.3. Drought characterization was made with the 

outputs of this index. We encountered results that we thought mislead during 

characterization. As a result, Future SPI values were adjusted (Section 3.5). The 

diagram showing the general flow of the analyzes is shared in Figure 3.1. 

3.1 Datasets 

3.1.1 Climate Projections (RCM ï GCM) 

Outputs of general circulation models (GCM) provide coarse resolution (0.75Á-2.5Á) 

projections of the climate for the entire globe, while regional climate models (RCM) 

use the outputs of GCMs and provide projections of the climate at much higher 

spatial resolution (0.10Á-0.5Á) over limited areas. As part of the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) experiment results available since 2007 

for various carbon emission scenarios, where the high-resolution RCM simulations 
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as part of Coordinated Regional Climate Downscaling Experiment (CORDEX) 

(Climate Information, 2021) are currently available for over 14 regions utilizing 

100+ GCM-RCM model couples. On the other hand, high resolution RCM 

simulations utilizing more recent Coupled Model Intercomparison Project Phase 6 

(CMIP6) is not available over most part of the globe utilizing many GCM-RCM 

coupled models. As a result, in this study, only CMIP5 experiment results are used 

over Turkey to benefit from higher resolution projections of the future climate.  

CMIP5 is a standard experimental protocol in order to study the output of coupled 

atmosphere-ocean GCMs to understand climatic drivers and differences in model 

results. CMIP5 provides a framework that supports climate model diagnosis, 

validation, inter-comparison, documentation, and data access (Climate Information, 

2021). In order to analyze the effect of climate change on drought events, simulation 

of GCMs based on the representative concentration pathway climate scenarios is 

commonly used (Giorgetta et al., 2013). There are several RCPs used in literature 

(e.g., RCP4.5 and RCP8.5). RCP4.5 is intermediate stabilization pathways in which 

radiative forcing is stabilized at approximately 4.5 W/m2 by 2100 while RCP8.5 is a 

high pathway for which radiative forcing reaches more than 8.5 W/m2 by 2100 (IPCC 

Data Distribution Centre, 2021). Recent studies (Barredo et al., 2017; Christensen et 

al., 2018; Schwalm et al., 2020) show that the total cumulative CO2 emission value 

is closer to the RCP8.5 scenario. In addition, even taking long-term economic growth 

projections into account, it is stated that CO2 concentrations are at least 35% likely 

to exceed defaults in RCP8.5 by 2100. Therefore, the RCP8.5 climate scenario is 

used in this study. CORDEX is for advancing and coordinating the science and 

application of regional climate models (RCMs) for dynamical downscaling GCM 

results, which provides an understanding of regional climate processes (Climate 

Information, 2021). The CORDEX RCMs for European Domain which includes 

Turkey are conducted at two different spatial resolutions. These are EUR-44 which 

has resolution of 0.44Á (approximately 50 km) and EUR-11 which has the finer 
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resolution of 0.11Á (approximately 12.5 km) (EURO-CORDEX Data, 2021). In this 

study, 4 different CORDEX domains (EUR-11, MENA-22, AFR-22, CAS) were 

evaluated in terms of data availability, resolution, and land coverage percentage. 

Since EUR-11ôs dataset can be obtained at spatial resolution of 0.11Á, which is higher 

than the other ones, and contains more comprehensive dataset, EUR-11 is used as a 

domain of study. Accordingly, all EUR-11 domain datasets are downloaded from 

CORDEX official web page (https://cordex.org/data-access/).  

Overall, in this study, daily precipitation data from 56 GCM-RCM model couples 

simulating RCP8.5 emission scenario utilizing CMIP5 experiments between 1950 

and 2005 (for the historical simulations) and 2006 and 2100 (for the future scenarios) 

were downloaded and used. The daily datasets are initially accumulated to monthly 

sums before their use in the study, accordingly, all analyses in this study uses these 

monthly sums. Although EUR-11 domain does not cover some part of Turkey (Van 

Gºl¿, Dicle and Aras Basins), some couples still have data on those basins. 

Accordingly, these basins (i.e., Dicle, Aras, and Van Basins) still contain some data 

even though they seem to be located outside of the EUR-11 domain. Data availability 

of the models over each basin can be inferred from the Table in APPENDIX-B (i.e., 

NaN values imply the relevant model over the relevant basin does not exist). The 

model pairs used in the study are given in the Table 3.1. List of basins and study area 

with the border of EUR-11 Domain are given in Table 3.2 and Figure 3.2. Even 

though CORDEX also offers corrected precipitation data, the number of GCM-RCM 

couples for such datasets is very low, while it is not clear the corrections are done 

locally (i.e., over Turkey using stations observations collected in Turkey) or 

regionally (e.g., over entire Europe similar correction factors). Accordingly, non-

corrected pr values from CORDEX web page are obtained and these datasets are 

later corrected in this study using a multiplicative correction factor for each month 

separately (Afshar & Yilmaz, 2017). Here, for the calculation of the correction 

factors ERA5-Land precipitation datasets at 0.10Á spatial resolution are used.  

https://cordex.org/data-access/
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Table 3.1. GCM-RCM Couples 

GCM  RCM 

CCCma-CanESM2 CLMcom-CCLM4-8-17 

CCCma-CanESM2 GERICS-REMO2015 

CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 

CNRM-CERFACS-CNRM-CM5 CLMcom-ETH-COSMO-crCLIM-v1-1 

CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN53 

CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN63 

CNRM-CERFACS-CNRM-CM5 DMI-HIRHAM5 

CNRM-CERFACS-CNRM-CM5 GERICS-REMO2015 

CNRM-CERFACS-CNRM-CM5 ICTP-RegCM4-6 

CNRM-CERFACS-CNRM-CM5 IPSL-WRF381P 

CNRM-CERFACS-CNRM-CM5 KNMI -RACMO22E 

CNRM-CERFACS-CNRM-CM5 MOHC-HadREM3-GA7-05 

CNRM-CERFACS-CNRM-CM5 RMIB-Ugent-ALARO-0 

CNRM-CERFACS-CNRM-CM5 SMHI-RCA4 

ICHEC-EC-EARTH CLMcom-ETH-COSMO-crCLIM-v1-1 

ICHEC-EC-EARTH DMI-HIRHAM5 

ICHEC-EC-EARTH KNMI -RACMO22E 

ICHEC-EC-EARTH SMHI-RCA4 

IPSL-IPSL-CM5A-MR DMI-HIRHAM5 

IPSL-IPSL-CM5A-MR GERICS-REMO2015 

IPSL-IPSL-CM5A-MR IPSL-WRF381P 

IPSL-IPSL-CM5A-MR KNMI -RACMO22E 

IPSL-IPSL-CM5A-MR SMHI-RCA4 

MIROC-MIROC5 CLMcom-CCLM4-8-17 

MIROC-MIROC5 GERICS-REMO2015 

MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 

MOHC-HadGEM2-ES CLMcom-ETH-COSMO-crCLIM-v1-1 

MOHC-HadGEM2-ES CNRM-ALADIN63 

MOHC-HadGEM2-ES DMI-HIRHAM5 

MOHC-HadGEM2-ES GERICS-REMO2015 

MOHC-HadGEM2-ES ICTP-RegCM4-6 

MOHC-HadGEM2-ES IPSL-WRF381P 

MOHC-HadGEM2-ES KNMI -RACMO22E 

MOHC-HadGEM2-ES MOHC-HadREM3-GA7-05 
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Table 3.1. (continued)  

GCM  RCM 

MOHC-HadGEM2-ES SMHI-RCA4 

MOHC-HadGEM2-ES UHOH-WRF361H 

MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 

MPI-M-MPI-ESM-LR CLMcom-ETH-COSMO-crCLIM-v1-1 

MPI-M-MPI-ESM-LR CNRM-ALADIN63 

MPI-M-MPI-ESM-LR DMI-HIRHAM5 

MPI-M-MPI-ESM-LR ICTP-RegCM4-6 

MPI-M-MPI-ESM-LR IPSL-WRF381P 

MPI-M-MPI-ESM-LR KNMI -RACMO22E 

MPI-M-MPI-ESM-LR MOHC-HadREM3-GA7-05 

MPI-M-MPI-ESM-LR MPI-CSC-REMO2009 

MPI-M-MPI-ESM-LR SMHI-RCA4 

MPI-M-MPI-ESM-LR UHOH-WRF361H 

NCC-NorESM1-M CLMcom-ETH-COSMO-crCLIM-v1-1 

NCC-NorESM1-M CNRM-ALADIN63 

NCC-NorESM1-M DMI-HIRHAM5 

NCC-NorESM1-M GERICS-REMO2015 

NCC-NorESM1-M ICTP-RegCM4-6 

NCC-NorESM1-M IPSL-WRF381P 

NCC-NorESM1-M KNMI -RACMO22E 

NCC-NorESM1-M MOHC-HadREM3-GA7-05 

NCC-NorESM1-M SMHI-RCA4 

 

Table 3.2. List of Basins 

Basin No Basin 

1 Meri­-Ergene 

2 Marmara 

3 Susurluk 

4 Kuzey Ege 

5 Gediz 

6 K¿­¿k Menderes 

7 B¿y¿k Menderes 

8 Batē Akdeniz 

9 Antalya 
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Table 3.2. (continued)  

Basin No Basin 

10 Burdur 

11 Akar­ay 

12 Sakarya 

13 Batē Karadeniz 

14 Yeĸilērmak 

15 Kēzēlērmak 

16 Konya Havzasē 

17 Doĵu Akdeniz 

18 Seyhan 

19 Asi 

20 Ceyhan 

21 Fērat 

22 Doĵu Karadeniz 

23 ¢oruh 

24 Aras   

25 Van Gºl¿ 

26 Dicle 

 



 

 

22 

 

Figure 3.2. Study Area and The Border of EUR-11 Domain 
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3.1.2 Station-Based Observations 

Total 56 GCM-RCM coupled datasets are used in this study. On the other hand, some 

of these datasets are degraded, which the details of process are given in part 3.2, 

hence poor performing model datasets are frequently discarded from the studies, 

often using ground observations. Accordingly, ground station-based precipitation 

observations are used in this study to eliminate the couples which have the poorest 

performance among the 56 couples.  

Meteorological observing stations have been established in Turkey since the 1920s. 

Based on the precipitation dataset obtained from Turkish State Meteorological 

Service, the number of stations is around 80 in 1950s, it reaches to 245 in 1970s. In 

addition to manual observation stations, automatic observation stations (AWOS) 

have been established since 2003, however, the AWOS observations have started 

accumulating since the beginning of 2008, where their number significantly 

increased after the period 2013-2015. Since the historical RCM data used in this 

study ends in 2005, the stations were selected from manual observation stations. The 

distribution of the stations used in Turkey is given in Figure 3.3. The latitude-

longitude and detail information about the stations are in the MGM stations section 

of the APPENDIX-F. 

Following this ground station observation limitation (i.e., there are more datasets 

available beyond 1970s) and given there are more GCM-RCM coupled historical 

datasets are available, the study period is selected to be between 1970 and 2005 for 

the historical datasets (total 36 years) and 2006 and 2100 for the future projection 

datasets (i.e., total 95 years).  

In this study, the historical GCM-RCM coupled model simulations are reduced from 

56 to 42 by using the monthly correlations between the model simulations and 

observations obtained from 374 observation stations (i.e., not all stations have 36 
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years of historical observations; in such case correlations against those station 

observations are calculated using all available data). Once the poorest performing 

model data is eliminated because of degraded quality simulations, the remaining 

ensemble of datasets for 42 GCM-RCM models are used both in historical and future 

analyses. 

Even though poorest performing models are eliminated from the analyses, there 

could be still consistent bias between the RCM datasets. Therefore, bias correction 

procedures must be utilized before they can be used in water resource research 

(Berhanu, 2018). Here, higher performing reduced 42 model datasets are bias 

corrected using ERA5-Land datasets (detailed information is shared under section 

3.2) so that there is no consistent bias between the model datasets and comparisons 

can be made objectively. Here, over the study domain total of 201*81=16281 pixels 

are used where the number of stations is only 374, hence, the number of stations 

would not be sufficient to represent the variability in the precipitation datasets. 

Accordingly, another gridded by highly accurate product, ERA5-Land dataset, is 

selected as the reference dataset for the bias correction of GCM-RCM coupled model 

datasets. Here ERA5 model benefits from assimilation of much higher number of 

observations and have better representation of the radiative forcing, precipitation, 

and other variables.  Accordingly, the use of ERA5-Land for the correction of RCM 

datasets is both viable and also consistent with the literature (Baĵ­aci et al., 

2021) .Here the bias correction is performed after the poorest performing models 

eliminated. This elimination process is not preferred to be performed after the bias 

correction as monthly correction of the bias would give an artificial skill to the RCM 

datasets (i.e., seasonality information) that is not present in the native products 

(Afshar et al., 2019). Details about the bias correction is given in Section 3.2. 
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Figure 3.3. Distribution of MGM Stations 

 

3.1.3 ERA5-Land 

ERA5 is atmospheric reanalysis of the global climate of the fifth generation ECMWF 

and it covers the period from January 1950 to present. The Copernicus Climate 

Change Service (C3S) at ECMWF produces ERA5 (Sabater, 2019). ERA5-Land is 

a reanalysis dataset that provides a consistent view of land variable evolution at the 

hourly high resolution (0.1Á grid spaces) (ECMWF, 2021) (Table 3.3). ERA5-Landôs 

official document presented by Copernicus and it is updated constantly (ECMWF, 

2021).  
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Table 3.3. Data Description of ERA5-LAND (ECMWF, 2021) 

Data type Gridded 

Projection Regular latitude-longitude grid 

Horizontal 

coverage 

Global 

Horizontal 

resolution 

0.1Á x 0.1Á 

Vertical 

coverage 

From 2 m above the surface level, to a soil depth of 289 cm. 

Vertical 

resolution 

4 levels of the ECMWF surface model: Layer 1: 0 -7cm, Layer 2: 7 -28cm, 

Layer 3: 28-100cm, Layer 4: 100-289cm Some parameters are defined at 2 m 

over the surface. 

Temporal 

coverage 

January 1950 to present 

Temporal 

resolution 

Hourly 

File 

format 

GRIB 

Update 

frequency 

Monthly with a delay of about three months relatively to actual date 

 

In this study, ERA5-Land dataset cropped over Turkey is used for bias correction. 

The available time period starts from 1950 and taken up to the CORDEX datasetôs 

historical time period end which is 2005. However, since, some of the GCM-RCM 

coupled datasets only have historical simulations starting from 1970, the study period 

is also selected as 1970. Accordingly, Available datasetôs periods of ERA5 family 

are given in Figure 3.4. ERA5-Land datasets are also obtained starting from 1970 as 

well (Figure 3.5). 
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Figure 3.4. ERA5 Family Timeline (Giusti, 2020) 

 

 

Figure 3.5. Time Periods of Dataset and Bias Correction 
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3.2 RCM Dataset Post-Processing 

Obtained raw RCM datasets are pre-processed before they are used in drought index 

calculations. Namely, raw datasets are 1) ranked for their accuracy so that poorest 

performing models are eliminated from the analyses, 2) interpolated to have 

consistent grid geolocation information with ERA5-Land datasets, 3) bias correction 

is made for each model at each pixel and month separately, 4) gridded precipitation 

datasets are converted to basin average estimates.  

Initially, raw RCM datasets (total for 56 different GCM-RCM couples) are obtained 

over Turkey, where the study domain is selected to be between 25E and 45E, and 

35N and 43N. Then the number of RCM model datasets are reduced from 56 to 42 

based on their accuracy in the historical period (1970-2005). Given there is a 

mismatch between the nature of RCM and observation datasets (spatially continuous 

gridded vs point dataset), one of them should be converted to the others space. This 

could be performed either by selecting the grids that contain the observing stations 

(i.e., conversion of the model space to the space of stations), or averaging the station-

based observations that fall inside the model grid. The latter methodology cannot be 

implemented as the number of stations is too few compared against the total number 

of grids. Also, following the Figure 10 of the study of Amjad et al., (2020), there is 

no difference between the selection of these methods as long as the ranking of the 

models is concerned. Accordingly, the first methodology is selected here such that 

the RCM values are obtained from the grids that contain the stations. This data 

extraction results in total of 374 time series (i.e., total 374 station-based time series 

are available) for each RCM between 1970 and 2005. 

Once the relevant datasets are retrieved for both the observations and the RCM 

datasets, Pearson correlation is calculated between the station-based observations 

and RCM values to rank the 56 model historical datasets between 1970 and 2005: 
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(1) 

where b is number of basins, r is RCM number, s is station number, t refers to month, 

and CORR refers to correlation coefficient. CORR values are calculated over 27 

regions (26 basins + entire Turkey), (b), 56 RCM couples (r), and 374 stations (s) 

using 432 monthly time series between 1970 and 2005 (i.e., 12 months/year * 36 

years = 432 months total).  

Utilizing the correlations calculated above, the number of RCM datasets used in this 

study is reduced from 56 to 42. There is no unique way to decide about the number 

of poorest performing models to be eliminated. In this study, the threshold 25% is 

arbitrarily selected (i.e., eliminating 50% of the datasets would result in removal of 

too many datasets, where 10% is seemed to be not sufficient). 

There is a difference between the spatial resolutions of the raw RCM datasets and 

ERA5-Land datasets. Once the poorest performing models are eliminated from the 

analyses, RCM datasets are interpolated to have the same geolocation as ERA5-Land 

datasets using nearest neighborhood interpolation method. Accordingly, RCM 

datasets are resampled to have 0.10Á spatial resolution (in horizontal space) from 

their raw 0.11Á resolution. The nearest neighbor interpolation technique is selected 

because of its simplicity and widely usage. As a result, all RCM and ERA5-Land 

datasets are obtained at 0.10Á over the study domain (25E-45E and 35N-43N), with 

a total of 81 pixels in the N-S direction and 201 pixels in the E-W direction. 

Next, pixel-by-pixel bias correction was made separately for each RCM model using 

ERA5-Land dataset, where a separate correction factor was calculated for each 

month: 
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ὅὕὙὙὪὥὧȟȟȟ  ὙὅὓͅὌ ȟȟȟȟ ȡ   Ⱦ  ὉὙὃυὒὥὲὨȟȟȟ ȡ   (2) 

  

ὙὅὓͅὌͅὧέὶὶὩὧὸȟȟȟȟ ȡ  ὙὅὓͅὌ ȟȟȟȟ ȡ ὅzὕὙὙὪὥὧȟȟȟ  (3) 

  

ὙὅὓͅὊͅὧέὶὶὩὧὸȟȟȟȟ  ὙὅὓͅὊȟȟȟȟ ὅzὕὙὙὪὥὧȟȟȟ  (4) 

 

where ὶ refers to the RCM model, ὼ refers to the grid number from the western 

border of the study area (25.0E), ώ refers to the grid number from the northern border 

of the study area (43.0E), ά refers to month, ώ refers to year, ώρ and ώς refer to the 

beginning and ending years of historical RCM datasets respectively (i.e., 1970 and 

2005), ὙὅὓͅὌ and ὙὅὓͅὊ are the RCM precipitation datasets for the historical 

(1970-2005) and the future (2006-2100) periods, ὙὅὓͅὌͅὧέὶὶὩὧὸ and 

ὙὅὓͅὊͅὧέὶὶὩὧὸ are the corrected historical and future monthly precipitation data, 

overbar is an averaging operator  (e.g., ύ is the average of ύ).  

Above given gridded ὙὅὓͅὌͅὧέὶὶὩὧὸ and ὙὅὓͅὊͅὧέὶὶὩὧὸ datasets are used in all 

analyses in this study. However, before drought indices are calculated, the gridded 

precipitation data is first converted into average precipitation estimates over each 

basin by simply taking the average of the values of the grids that fall inside the 

borders of the basins. Once monthly time series over each basin is obtained for both 

RCM and ERA5-Land datasets, then these basin average monthly time series for 

both the historical and future periods are used for the calculation of drought indices 

and remaining analyses.  
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3.3 Standard Precipitation Index (SPI) 

The length of the time series used in SPI calculation do not have to be of a certain 

length. However, in applications carried out to reduce sampling errors, it was 

preferred that the data set cover at least 30 years. Although it is desirable for the 

dataset to be as complete as possible, if there is insufficient data to calculate the SPI 

value, the calculations can deal with this problem by assigning a "null" value (WMO 

& GWP, 2016). 

Only precipitation data is required to calculate the SPI index. Although it is usually 

(also in this study) calculated using monthly precipitation data, SPI can also be 

calculated from daily or weekly precipitation data. Regardless of the time period in 

which precipitation values are presented, the SPI calculation method is the same for 

all time periods. The precipitation SPI values, which can be calculated with the 

precipitation data measured at the stations, can also be calculated for the gridded 

precipitation data sets (for example, satellite or radar precipitation data from remote 

sensing or meteorological model precipitation simulations). Due to the widespread 

availability and computational ease of datasets, the WMO recommended the use of 

SPI as the most essential meteorological drought index mandatory in all countries 

for monitoring drought conditions (Hayes et al., 2011). Due to the given use of ease 

and efficiency about calculating and evaluating drought characteristics, standardized 

precipitation index is used in this study. Recent study made in global scale also 

supports that using SPI for drought analysis over Turkey is better when compared 

with other indices (Afshar et al., 2022) 

Based on long-term precipitation observations, SPI can be calculated for a specific 

region and desired time. For that region and time, the probability distribution suited 

for these long-term observations is found and converted to a normal distribution with 

a mean SPI of "0" and the standard deviation of "1". The gamma distribution is 
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utilized in this study since it is the probability distribution that best fits the climatic 

precipitation data and is widely preferred in the drought literature (Mckee et al., 

1993; Thom, 1958, 1966). 

 

Following steps were applied to calculate SPI (Lloyd-Hughes & Saunders, 2002): 

1. Conversion of the probabilistic distribution function of the raw precipitation 

data to the gamma probabilistic distribution function. 

2. Calculation of SPI values by obtaining standardized precipitation sequences 

using the inverse-standard normal distribution function for precipitation 

probabilities obtained from the gamma probabilistic distribution function 

Figure 3.6. 

 

 

Figure 3.6. Example of conversion of gamma probabilistic distribution function to 

normal probabilistic distribution function 
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Positive SPI values represent precipitation greater than the mean value (wet period), 

and negative SPI values represent drier periods. Since SPI is normalized, wet and 

dry climates can be expressed similarly. 

Although SPI is commonly used to analyze the length and severity of drought 

occurrences, it may also be used to reflect wet periods. When SPI values are 

consistently negative and the lowest value is less than -1, it indicates dry periods and 

it is assumed that the negative period will continue until it reaches 0. Therefore, each 

dry period is defined by an intensity value for the beginning, the end, and each month 

of drought. The absolute value of the total of the SPI values for each month during 

which the drought occurred is defined as drought severity. Recommended threshold 

values for that commonly used in the literature for SPI are given in Table 3.4 

 

Table 3.4 The Standardized Precipitation Index (SPI) Categories 

(Mckee et al., 1993) 

SPI Category 

2.0 and above Extremely wet 

1.5 ï 1.99 Severely wet 

1.0 ï 1.49 Moderately wet 

-0.99 ï 0.99 Near normal 

-1.0 to -1.49 Moderately drought 

-1.5 to -1.99 Severe drought 

- 2.0 and less Extremely drought 
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Calculation of SPI requires precipitation as input, where precipitation information 

could reflect the conditions for a single month (i.e., SPI-1) or an accumulation of 

precipitation for the past 48 months (SPI-48). Depending on the length of the 

accumulation period (i.e., selected between 1 to 48), SPI reflects different types of 

droughts. Longer accumulation periods reflect slowly accumulating dry conditions 

that the adverse impacts last longer while shorter accumulation periods indicate dry 

periods that may occur and disappear relatively in shorter time frames. For example, 

SPI-12 could reflect hydrological or agricultural drought while SPI-1 more reflects 

meteorological drought. While the resemblance between the SPI time series for 

different precipitation accumulation periods is larger for shorter accumulation 

periods (e.g., SPI-1 and SPI-3), the differences are much smaller for longer 

accumulation periods (e.g., SPI-18 and SPI-24). SPI-12 is widely used for 

investigation of slowly accumulating hydrological and agricultural drought events, 

while SPI-6 reflects relatively faster developing events.  

In this study, SPI-9 is selected for the analyses of drought, where this selection is 

also partially arbitrary (i.e., SPI-12 or SPI-6 could have been selected as well). Even 

though this selection is partially arbitrary, here SPI-9 is selected because it represents 

both agricultural and hydrological drought, while the results (i.e., periods with 

significant drought) in general only marginally change between SPI-12/SPI-6 and 

SPI-9. 

3.4 Drought Characteristics 

In the determination of drought characteristics in this study, the method mentioned 

in Section 2.5 of the literature review and in the study conducted by Afshar et al. 

(2020) in Ankara was applied. 
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Figure 3.7 shows an illustration of drought characteristics where D1, D2, D3 and D4 

refer to duration of each drought event. Here, they defined the drought event as the 

series of dry periods (negative SPI) with more than 3-months duration (Afshar et al., 

2020). In this study, the drought analysis is made by examining two drought 

characteristics. First one is drought duration which is basically defined as the number 

of months in dry conditions. Second one is drought severity where the sum of the 

integral area of each event.  

 

Figure 3.7. Definition of Wet and Dry Periods (Afshar et al., 2020) 

3.5 Adjustment of Future SPI Values  

While there is almost a universal agreement for the definition of drought periods 

(i.e., periods that have less precipitation than climatological mean), there is no 

universal definition for the climatological mean. In reality, the climatological mean 
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could be calculated using the precipitation dataset since the last glacier period (i.e., 

occurred between about 120,000 and 11,500 years ago), the last 500 years, 200 years, 

or 30 years (depending on the availability of climatological datasets). Depending on 

the selected time period for the calculation of drought, different values could be 

labelled under different drought conditions. For example, assuming the knowledge 

of 1000mm/year climatological mean for the past 30.000 years, any given year with 

700mm/year is considered very dry; on the other hand, assuming the average 

precipitation has been only 500mm/year for the past 30 years, then the interested 

year that has 700mm/year precipitation is considered to be a very wet year. So, the 

definitions of dry and wet periods are all relative to a reference climatological time 

frame, where there is no unique definition/selection for this time frame. 

Given the number of meteorological observing stations has increased significantly 

during 20th century (in particular during the second half), which enables estimation 

of mean values more accurately as a result of reduced sampling uncertainty. 

Considering this fact, it is viable to select a starting date from the second half of the 

20th century for the calculation of climatological mean.  

While the drought analyses for the past 50-100 years is a trivial task with the 

currently available datasets, we are also interested in future conditions, particularly 

under changing climate. On the other hand, when we ask the question about the 

drought conditions in the future periods, we are intrinsically more interested in the 

information that is relative to the past 50-100 years of knowledge when we are more 

confident about the observed datasets. In other words, we are more interested in the 

change in the future climate with respect to the conditions that we have observed 

during the past 50-100 years. On the other hand, given we expect a change in the 

future climate, the climatology will change considerably, hence calculation of 

drought indices using the climatological mean information that is calculated using 

the future data will be misleading. For example, considering there is a decreasing 
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trend in the precipitation over a certain region in the current climate, calculation of 

a drought index for a time period of 160 years that includes past 80 years and future 

80 years will show past 80 years are under wet conditions and the future 80 years are 

under dry conditions. This interpretation would be correct and consistent with the 

selection of the period that we calculated climatological mean. On the other hand, 

this interpretation would not be intuitive to us: for example, we might have 

experienced a very dry period 15 years ago but the drought analyses using 160 years 

would show the same year (i.e., 15 years ago) a very wet year.  

Historical and future precipitation values (Figure 3.8) shows there is a difference 

between the climatological means obtained from 1970 and 2005 period and 2006 and 

2100 period. The means of historical and future time series are 714 mm and 663mm, 

respectively. Accordingly, any precipitation value below historical mean 

(714mm/year) is defined as a dry period, while the same is true for a reduced 

threshold (663mm/year) for the future period. From historical perspective, the 

precipitation amount of 695mm in year 2000 is considered to be a dry year (i.e., 

684mm is below the average of 714mm), while from a future perspective the year 

2000 is not considered as a dry year (i.e., 684mm is greater than 663mm). 

Accordingly, the selection of reference point makes a big difference in terms of 

definition of any year as dry or wet year.  

Following this difference, the SPI values that are obtained from these two time series 

result in different SPI time series for the same time period (Figure 3.9). Because the 

climatological mean for the historical period is higher than that of future period, the 

SPI values for the same time period (1970-2005) is obtained to be higher from the 

time series of 131 years (gray line) than 36 years (magenta line). Accordingly, the 

drought characteristics (drought duration and severity) of the same period (e.g., 

1970-2005) that are obtained from historical and historical+future time series 

becomes completely different. 



 

 

38 

 

Figure 3.8. Historical (1970-2005) and future (2005-2100) projections of 

precipitation over Turkey obtained from ensemble mean of 42 models 

 

Figure 3.9. RCM simulations of precipitation over Turkey obtained from ensemble 

mean of 42 models run for the historical period (1970-2005) and historical+future 

(1970-2100) period. 
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Above results imply an adjustment becomes necessary for the SPI time series so that 

the drought characteristics for the same period become similar. In Figure 3.10, such 

an adjustment is made as an additive adjustment, such that entire the mean of SPI 

time series for the 131 years (i.e., 1970-2100) converges to the mean of SPI time 

series for the 36 years. 

 

Figure 3.10. Historical (1970-2005) and future (2005-2100) projections of 

precipitation over Turkey obtained from ensemble mean of 42 models 

 

Following above reasoning, climatological means of the datasets should be adjusted 

to be able to obtain a drought information consistent with our current experience 

when future datasets are included. For the analyses including drought indices, such 

an climatological mean adjustment could be done in several different ways; 

calculation of anomalies for the datasets including future projections could be done 

using the climatological mean that is calculated during past 50-100 years that our 

experience and intuition is developed, or alternatively two separate drought index 

could be calculated for the past and historical+future datasets and a simple mean 
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adjustment could be performed to eliminate the difference in the means of the 

drought index values for the same past periods of the two drought indices. 

In this study the second methodology described above is selected. Given historical 

datasets are obtained between 1970 and 2005 (for 36 years) and future projection 

datasets are obtained between 2006 and 2100 (for 95 years), the total length of past 

period becomes 36 years and historical+future period becomes 131 years. More 

specifically, this adjustment is done following below equations: 

ὛὖὍͅὌ ȟȟȡ ȟȡ  ίὴὭὙὅὓ
ȟȟȡ ȟȡ

                                               (5)           

ὛὖὍͅὌὊȟȟȡ ȟȡ  ίὴὭὙὅὓ
ȟȟȡ ȟȡ

                                              (6)           

where HF refers to historical+future combine dataset that has length of 131 years, H 

refers to historical 36 years period, b refers to the 27 regions focused in this study 

(26 basins and Turkey average), SPI_H and SPI_HF are the SPI values for the 

historical and historical+future periods respectively, and spi() is the SPI function that 

calculates SPI using monthly input precipitation datasets. Following above 

calculated two SPI time series, SPI bias adjustment is performed as: 

ῳὛὖὍȟ  ὛὖὍͅὌὊȟȟȡ ȟȡ ὛὖὍͅὌ ȟȟȡ ȟȡ                                        (7) 

ὛὖὍͅὌὊͅὥὨὮόίὸὩὨȟȟȡ ȟȡ ὛὖὍͅὌὊȟȟȡ ȟȡ ῳὛὖὍȟ                          (8) 

Here ὛὖὍͅὌὊȟȟȡ ȟȡ  implies the very first 36 years of entire 131 years SPI time 

series (ὛὖὍͅὌὊȟȟȡ ȟȡ ).  

Here, if the climatological mean difference between the historical (1970-2005) and 

historical+future (1970-2100) periods is equal to 0 then no adjustment would have 

been necessary. If ῳὛὖὍ is equal to zero, then there would be no need for adjustment, 

because the adjusted SPI and non-adjusted SPI would be equal to each other. In this 

study above calculated ὛὖὍͅὌὊͅὥὨὮόίὸὩὨ values are used in all analyses and results.  



 

 

41 

CHAPTER 4  

4 RESULTS AND DISCUSSION 

4.1 RCM Validation and Bias Correction  

Ranking precipitation products and eliminating the 25% poorest performing models 

is the first step implemented in this study. Correlations against observations obtained 

from 374 ground stations are calculated initially, where correlations averaged over 

all 374 stations for all 56 models are given in Figure 4.1. Accordingly, poorest 

performing 14 models (shown in orange in Figure 4.1 at the bottom) are eliminated, 

where y-axis in this figure shows the ID of models that are listed in Table 4.1 and 

Table 4.2.  

Among the models, some of RCM datasets derived from CNRM and HadGEM2 

GCM models are eliminated, while RCM datasets derived from other GCMs are not 

eliminated. Results show the couple with the highest correlation among the models 

is the downscaled version of the Met Office Hadley Center (MOHC) HadGEM2-ES 

global climate model with Institut Pierre-Simon Laplace (IPSL) - WRF381P (ID: 

22). In the correlation with the observation stations, this value is 0.337. It is seen that 

the second model with the highest correlation is Max Planck Institute (MPI-ESM) 

for Meteorologyôs global climate model with Royal Netherlands Meteorological 

Institute (KNMI) ï RACMO22E (ID:29). This model shows a correlation of 0.327. 

Details of all models included and eliminated in the calculations are shared in Table 

4.1 and Table 4.2. 
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Figure 4.1. Correlations of GCM-RCM Couples Over Turkey (model IDs given in 

y axis) 
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Table 4.1. Evaluated Couples 

ID  GCM RCM 

1 CCCma-CanESM2 CLMcom-CCLM4-8-17 

2 CCCma-CanESM2 GERICS-REMO2015 

3 CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 

4 CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN63 

5 CNRM-CERFACS-CNRM-CM5 DMI-HIRHAM5 

6 CNRM-CERFACS-CNRM-CM5 IPSL-WRF381P 

7 CNRM-CERFACS-CNRM-CM5 KNMI -RACMO22E 

8 CNRM-CERFACS-CNRM-CM5 RMIB-UGent-ALARO-0 

9 CNRM-CERFACS-CNRM-CM5 SMHI-RCA4 

10 ICHEC-EC-EARTH CLMcom-ETH-COSMO-crCLIM-v1-1 

11 ICHEC-EC-EARTH DMI-HIRHAM5 

12 ICHEC-EC-EARTH KNMI -RACMO22E 

13 ICHEC-EC-EARTH SMHI-RCA4 

14 IPSL-IPSL-CM5A-MR DMI-HIRHAM5 

15 IPSL-IPSL-CM5A-MR GERICS-REMO2015 

16 IPSL-IPSL-CM5A-MR IPSL-WRF381P 

17 IPSL-IPSL-CM5A-MR KNMI -RACMO22E 

18 IPSL-IPSL-CM5A-MR SMHI-RCA4 

19 MIROC-MIROC5 CLMcom-CCLM4-8-17 

20 MIROC-MIROC5 GERICS-REMO2015 

21 MOHC-HadGEM2-ES CNRM-ALADIN63 

22 MOHC-HadGEM2-ES IPSL-WRF381P 

23 MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 

24 MPI-M-MPI-ESM-LR CLMcom-ETH-COSMO-crCLIM-v1-1 

25 MPI-M-MPI-ESM-LR CNRM-ALADIN63 

26 MPI-M-MPI-ESM-LR DMI-HIRHAM5 

27 MPI-M-MPI-ESM-LR ICTP-RegCM4-6 

28 MPI-M-MPI-ESM-LR IPSL-WRF381P 

29 MPI-M-MPI-ESM-LR KNMI -RACMO22E 

30 MPI-M-MPI-ESM-LR MOHC-HadREM3-GA7-05 

31 MPI-M-MPI-ESM-LR MPI-CSC-REMO2009 

32 MPI-M-MPI-ESM-LR SMHI-RCA4 

33 MPI-M-MPI-ESM-LR UHOH-WRF361H 

34 NCC-NorESM1-M CLMcom-ETH-COSMO-crCLIM-v1-1 

35 NCC-NorESM1-M CNRM-ALADIN63 

36 NCC-NorESM1-M DMI-HIRHAM5 
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Table 4.1 (Continued) 

ID  GCM  RCM  

37 NCC-NorESM1-M GERICS-REMO2015 

38 NCC-NorESM1-M ICTP-RegCM4-6 

39 NCC-NorESM1-M IPSL-WRF381P 

40 NCC-NorESM1-M KNMI -RACMO22E 

41 NCC-NorESM1-M MOHC-HadREM3-GA7-05 

42 NCC-NorESM1-M SMHI-RCA4 

 

Table 4.2. Eliminated Couples 

ID GCM  RCM 

EL-1 MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 

EL-10 CNRM-CERFACS-CNRM-CM5 ICTP-RegCM4-6 

EL-11 CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN53 

EL-12 CNRM-CERFACS-CNRM-CM5 GERICS-REMO2015 

EL-13 CNRM-CERFACS-CNRM-CM5 MOHC-HadREM3-GA7-05 

EL-14 CNRM-CERFACS-CNRM-CM5 CLMcom-ETH-COSMO-crCLIM-v1-1 

EL-2 MOHC-HadGEM2-ES MOHC-HadREM3-GA7-05 

EL-3 MOHC-HadGEM2-ES KNMI -RACMO22E 

EL-4 MOHC-HadGEM2-ES CLMcom-ETH-COSMO-crCLIM-v1-1 

EL-5 MOHC-HadGEM2-ES SMHI-RCA4 

EL-6 MOHC-HadGEM2-ES DMI-HIRHAM5 

EL-7 MOHC-HadGEM2-ES UHOH-WRF361H 

EL-8 MOHC-HadGEM2-ES ICTP-RegCM4-6 

EL-9 MOHC-HadGEM2-ES GERICS-REMO2015 

 

Correlations are at most 0.34 for all models, where these correlations are regarded as 

low. Correlations observed in studies with similar data sets (Aziz, 2018; Poyraz, 

2018) are generally around 0.39-0.55, where the maximum correlations seen in these 

studies are around 0.50-0.60. In places with high correlation, it is seen that the study 

area is generally made according to geographical regions and compared to this study, 

it is done with less couples in smaller scales. Overall, the smaller the number of 

model couples used in the studies, the lower the variance around the ensemble mean. 
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Table 4.3. Monthly Average Correction Factor of Ensemble Mean Over Basins 

Basin 
Ensemble Mean 

1 2 3 4 5 6 7 8 9 10 11 12  Ave 

Doĵu 

Akdeniz 
0.76 0.68 1.38 0.69 0.54 1.49 1.06 1.77 0.82 1.04 0.69 0.88  0.98 

Seyhan 0.89 0.77 1.40 0.82 0.70 1.58 1.21 1.55 1.10 1.25 0.86 1.01  1.10 

Asi 0.66 0.60 1.47 0.65 0.38 1.08 0.88 2.10 0.75 0.78 0.61 0.77  0.89 

Konya 

Havzasē 
0.83 0.69 1.11 0.69 0.70 1.48 1.01 1.23 1.01 1.33 0.80 0.90  0.98 

Batē Akdeniz 0.68 0.57 1.17 0.45 0.35 0.85 0.63 1.38 0.57 0.73 0.53 0.72  0.72 

Burdur  0.75 0.64 1.28 0.45 0.57 1.15 0.84 1.27 0.88 1.43 0.63 0.85  0.90 

Antalya 0.65 0.55 1.11 0.51 0.40 0.91 0.79 1.42 0.64 0.71 0.56 0.72  0.75 

K¿­¿k 

Menderes 
0.84 0.78 1.28 0.71 0.58 0.82 0.60 1.46 0.66 0.74 0.62 0.90  0.83 

Ceyhan 0.80 0.76 1.50 0.80 0.57 1.29 0.98 1.52 0.97 0.95 0.74 0.92  0.98 

B¿y¿k 

Menderes 
0.67 0.69 1.11 0.54 0.41 1.13 0.71 1.19 0.66 0.84 0.54 0.77  0.77 

Akar­ay 0.71 0.65 0.93 0.54 0.64 1.16 0.79 1.00 0.91 1.06 0.71 0.78  0.82 

Gediz 0.68 0.73 1.00 0.57 0.41 0.94 0.59 0.98 0.63 0.84 0.52 0.74  0.72 

Kuzey Ege 0.82 0.84 1.02 0.61 0.51 0.85 0.55 1.25 0.62 0.68 0.57 0.84  0.76 

Marmara  0.97 0.90 0.96 0.79 0.69 1.15 0.92 1.33 0.83 0.82 0.85 0.95  0.93 

Fērat 0.76 0.78 1.81 1.01 0.62 1.31 1.21 1.29 1.23 1.19 0.87 0.94  1.09 

Susurluk 0.78 0.73 0.94 0.62 0.56 1.06 0.82 1.02 0.74 0.78 0.65 0.79  0.79 

Sakarya 0.76 0.75 1.02 0.76 0.58 1.15 0.84 1.04 0.86 0.95 0.70 0.84  0.85 

Yeĸilērmak 1.01 0.96 1.16 0.99 0.78 1.35 1.12 1.14 1.12 1.14 1.02 0.99  1.07 

Doĵu 

Karadeniz 
0.68 0.67 0.82 0.77 0.50 0.82 0.94 0.79 0.74 0.73 0.77 0.66  0.74 

¢oruh 0.68 0.64 0.81 0.73 0.57 1.00 0.86 0.73 0.95 0.79 0.72 0.74  0.77 

Kēzēlērmak 0.94 0.91 1.15 0.97 0.71 1.38 1.02 1.18 1.07 1.12 0.91 0.98  1.03 

Meri­-

Ergene 
0.94 0.88 0.81 0.71 0.66 1.01 0.71 1.29 0.62 0.68 0.73 0.92  0.83 

Batē 

Karadeniz 
0.81 0.74 1.00 0.78 0.58 1.17 1.02 1.10 0.85 0.82 0.73 0.82  0.87 

Turkey 0.74 0.70 1.11 0.68 0.52 1.03 0.84 1.20 0.78 0.86 0.67 0.82  0.83 
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Once above-described elimination process is performed, later gridded RCM products 

are interpolated to have the same horizontal resolution as ERA5-Land product, 

namely 0.10Á. Following this step ERA5-Land dataset is utilized as reference dataset 

to bias correct the RCM dataset using equations 2-4, where the correction factors are 

given below in Table 3.3. Correction factors of each ensemble member are given in 

APPENDIX-B. 

Considering the average correction factors, it is seen that topographic diversity is 

also effective in the correction factors of CORDEX data. In the validation with 

ERA5-LAND data, it is aimed to converge the climate models to the atmospheric 

data. If the validation factor is 1, it means that the ERA5-LAND data and the model 

data are perfectly matched. The further this value is away from 1, the more the raw 

data is corrected. However, it is very important to make corrections to better fit the 

data to basic patterns such as seasonality. In Table 4.3, the correction factors of the 

ensemble mean calculated with monthly average values on the basins are given in 

the form of heatmap. The annual average correction factor of the basin, which has a 

generally smooth land like the Konya basin, is 0.98. In other words, the average of 

atmospheric data and climate models show similarity in this basin. In addition, Batē 

Akdeniz basin is the one with the lowest coefficient of convergence with an average 

correction factor value of 0.72.  

4.2 Trend Analysis of the Corrected Precipitation Datasets 

Corrected and uncorrected precipitation data were analyzed separately in order to 

capture variability (Figure 4.2 and Figure 4.3). Looking at the corrected data, it is 

seen that the variability in the data has decreased. The 130-year average precipitation 

data of the ensemble member in non-corrected data is 745.84mm. After correcting, 

this value was observed as 677.00mm. Average precipitation lines are shown in red 

on the figures. 
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Once the bias correction of the model datasets is performed, the bias corrected 

dataset is later averaged over 27 regions (26 basins and entire Turkey) before SPI 

values are calculated. Given there are 42 different RCM models, here in this study 

the ensemble mean of these 42 models are used to perform trend analysis and 

calculate SPI values. Later these datasets are used in trend analysis to investigate the 

long-term tendency of average precipitation over 27 regions. The trendline, equation 

and mean precipitation lines of reference periods of Turkey are given in Figure 4.4. 

The basin specific details of the trendline (slope and intercept) are provided in Table 

4.4. Annual corrected precipitation projections of basins are in the APPENDIX-A. 

Analyses show that there is a decrease in precipitation values according to the 

RCP8.5 scenario (Figure 4.4), and accordingly there is a decrease in SPI values since 

they are strongly related. Forecasted precipitation shows that the expected decrease 

in precipitation is around 26% until 2100. The number of extreme events (spikes 

through lower precipitation values) are also increase. When analyzed on a basin-

based basis, it is seen that the precipitation trend has decreased in all basins. Looking 

at the basic trendlines, it is seen that the basin with the highest slope is Antalya. The 

higher the negative slope, the faster the precipitation will decrease. If the slope is 

positive, an increase in the predicted precipitation is expected. Looking at the period 

between 1970 and 2005, it is seen that the average precipitation trends of 13 basins 

are positive. Looking at the future periods (2020-2100), all trends have negative 

values. After 2061, it is seen that the rate of decrease in precipitation has increased 

and even in some basins such as K¿­¿k Menderes, the slope has increased by 2 times 

in the negative direction. In other words, precipitation is expected to decrease by 2 

times in this basin. Overall, there is a negative trend in precipitation over almost all 

the basins, perhaps this is as a result of the decrease in the winter precipitation which 

dominates the annual sums. 
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Figure 4.2 Annual precipitation trend of All GCM Couples (42) and Ensemble 

Mean (Non-Corrected). y-axis represents precipitation in mm, x-axis represents years. 

 

Figure 4.3 Annual precipitation trend All GCM Couples (42) and Ensemble 

Mean (Corrected). y-axis represents precipitation in mm, x-axis represents years. 
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Table 4.4. Estimated precipitation trendlinesô parameters of ensemble mean 
(ɓ=Slope, Ŭ=Intercept, ɛ=Mean precipitation (mm/year)) 

Basins 
ERA (1970-2005) RCM (1970-2005) RCM (2020-2060) RCM (2061-2100) 

ɓ Ŭ ɛ ɓ Ŭ ɛ ɓ Ŭ ɛ ɓ Ŭ ɛ 

Doĵu 

Akdeniz 
-2.75 752 703 -0.76 717 720 -2.48 815 624 -3.35 908 549 

Seyhan -1.40 774 750 -0.29 755 764 -1.99 847 694 -2.80 940 640 

Asi -1.82 735 703 -1.20 724 724 -2.66 851 644 -2.90 890 582 

Konya 

Havzasē 
-1.92 446 413 0.01 412 421 -0.88 456 386 -1.22 489 359 

Batē Akdeniz -1.95 773 739 -0.80 753 758 -2.73 865 658 -4.01 1001 581 

Burdur -1.29 513 490 0.18 487 499 -1.36 554 446 -1.90 608 406 

Antalya -2.65 902 855 -0.46 863 875 -2.62 970 764 -4.26 1135 679 

K¿­¿k 

Menderes 
-3.25 776 719 -0.14 721 733 -1.60 799 671 -3.28 978 624 

Ceyhan -0.78 764 751 -0.77 764 769 -2.52 890 696 -2.84 942 639 

B¿y¿k 

Menderes 
-2.01 603 568 -0.15 570 579 -1.59 644 518 -2.38 726 471 

Akar­ay -0.87 475 459 0.11 457 467 -1.04 510 429 -1.47 556 399 

Gediz -2.84 599 549 -0.05 550 559 -1.15 603 512 -2.09 700 475 

Kuzey Ege -4.25 802 728 0.18 724 737 -1.33 794 691 -2.58 935 655 

Marmara -2.94 792 740 0.47 732 749 -1.19 821 724 -1.51 865 705 

Fērat -0.86 671 656 -0.57 666 673 -1.94 775 625 -2.15 818 589 

Susurluk -3.18 725 669 0.37 663 678 -1.19 731 637 -1.78 796 605 

Sakarya -1.66 562 532 0.29 527 540 -0.89 580 508 -1.28 618 483 

Yeĸilērmak -1.35 762 738 0.59 728 749 -1.20 807 717 -1.40 841 692 

Doĵu 

Karadeniz 
-1.01 1540 1522 1.81 1491 1534 -2.37 1656 1487 -1.48 1610 1451 

¢oruh 0.53 957 967 0.09 965 975 -1.60 1057 948 -1.21 1060 926 

Kēzēlērmak -1.65 586 557 0.37 551 567 -0.91 607 536 -1.29 649 512 

Meri­-Ergene -1.98 640 606 0.37 599 612 -0.83 658 590 -1.24 705 573 

Batē 

Karadeniz 
-2.77 1046 998 1.14 978 1008 -1.36 1084 977 -1.54 1115 953 

Turkey  -1.79 746 714 0.08 713 714 -1.62 798 684 -2.17 864 624 
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4.3  SPI Time Series 

The differences between adjusted and non-adjusted monthly SPI time series 

(equations 6 and 8, respectively) are averaged to obtain annual SPI time series that 

are given in Figure 4.5, Figure 4.6 and Figure 4.7 for visual inspection purposes. 

When non-adjusted SPI annual time series droughts are examined (Figure 4.6), it is 

seen that SPI values never go below -1 between 1970 and 2040, when the 

climatology of 131 years (i.e., 1970 ï 2100) is considered. After applying the 

adjustment process (Figure 4.7), the details of which are given in section 3.3, dry 

periods are observed at 2 points in the historical time period (1970-2005). Compared 

to the ERA5-LAND data, the RCM data appears to be largely inconsistent (see 

Figure 4.5)º where consistency represents seeing similar temporal trends (i.e., could 

be perceived as temporal correlation). If an increasing trend is seen in one data set 

and a decreasing trend is observed in the other, implying inconsistent trend is seen 

here. When looking at the points where the ERA5-LAND data peaks positively or 

negatively (when it goes below -1 and goes above 1), it has been determined that the 

RCM data shows the opposite behavior.  

Following the decreasing precipitation trends, it is expected that there will be 

decreases in SPI values in the coming years. Looking at the reference lines given in 

Figure 4.6 and Figure 4.7, it is seen that the period between 2005 and 2020 is mostly 

wet period. Between 2020-2060, it is seen that there is a transition from wet period 

(SPI>0) to dry period (SPI<0) over time. Overall, SPI values are negative for almost 

the entire period between 2060 and 2100, and between -1 and -2 towards the end of 

21st century. Looking at the reference period between 1970 and 2005, it is seen that 

the average wet and dry periods are almost equally distributed (Figure 4.7). 

Adjusted and non-adjusted SPI time series of basins are given in APPENDIX-D and 

APPENDIX-E respectively. Comparison of their adjustments is in APPENDIX-C. 
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Figure 4.6. Annual SPI trend of All GCM Couples (42) and Ensemble Mean (Non-

Adjusted) 

 

Figure 4.7 Annual SPI trend All GCM Couples (42) and Ensemble Mean 

(Adjusted) 
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4.4 Drought Characteristics 

Table 4.5 shows the variability of drought characteristics over different basins for 

the historical and the future time series over each basin, while Figure 4.8 shows the 

average drought conditions over entire Turkey. Table 4.5 shows the length of the 

droughts to be experienced, and the average drought intensities for both adjusted and 

non-adjusted SPI datasets. When the drought frequencies are examined, it is seen 

that the basins in the Mediterranean region will be exposed to longer periods of 

drought compared to other regions. Black Sea and Marmara regions are the regions 

with the shortest drought periods. Following the difference between the historical 

and the future time periods, future droughts will last much longer, more frequent, 

and be much more severe than the historical droughts. When the SPI time series 

obtained representative over entire Turkey is considered (Figure 4.8) increased 

drought severity and length can be easily seen. 

When the average drought lengths over 26 basins are investigated, on average ERA5-

Land and RCM ensemble mean simulations show 22% and 15%, respectively, of the 

time there has been a drought event in the historical period (1970-2005), while the 

drought frequency increased to 29% and 70% between 2020 and 2060 period and 

2061 and 2100 period, respectively. This result shows the near future the climate will 

manifest itself longer and more severe droughts, but towards the end of the 21st 

century the drought lengths and the severities will be significantly increased to levels 

that has not seen during the past 100 years. The drought length variability difference 

between the basins is smaller than the variability difference between the three periods 

investigated in this study (i.e., historical, near future, end of the century). This 

implies the changing climate impacts entire country significantly, where no basin 

will have similar drought characteristics as we observed during historical period. 
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On average, average severity of the droughts is around -1.32 between 1970 and 2060, 

while the drought severity also dramatically increased to -1.81 between 2061 and 

2100.  

Table 4.5. Drought length (months) estimated using ensemble mean of 42 models 

Basins 

Historical  
RCM Future - 

ADJUSTED 

RCM Future -

NONADJUSTED 

ERA 
RCM 

(1970-2005) 

RCM 

(2020-2060) 

RCM 

(2061-2100) 

RCM 

(2020-2060) 

RCM 

(2061-2100) 

L  S L S L S L S L S L S 

Doĵu 

Akdeniz 
78 -1.26 36 -1.03 189 -1.24 431 -1.95 33 -1.27 286 -1.5 

Seyhan 94 -1.33 54 -1.21 177 -1.25 383 -1.83 34 -1.38 276 -1.45 

Asi 95 -1.19 61 -1.17 162 -1.20 400 -1.78 41 -1.06 288 -1.41 

Konya 

Havzasē 
87 -1.28 55 -1.23 161 -1.21 387 -1.80 33 -1.24 291 -1.42 

Batē Akdeniz 103 -1.30 19 -0.94 183 -1.18 430 -1.98 14 -1.04 285 -1.56 

Burdur  93 -1.30 45 -1.08 192 -1.15 418 -1.92 27 -1.09 297 -1.48 

Antalya 101 -1.28 27 -1.01 188 -1.16 416 -1.97 20 -1.21 288 -1.53 

K¿­¿k 

Menderes 
98 -1.31 63 -1.12 135 -1.17 319 -1.82 35 -1.04 245 -1.5 

Ceyhan 99 -1.26 56 -1.33 157 -1.27 385 -1.71 49 -1.16 272 -1.4 

B¿y¿k 

Menderes 
89 -1.39 52 -1.09 182 -1.15 410 -1.85 30 -1.05 270 -1.52 

Akar­ay 99 -1.26 50 -1.18 171 -1.22 389 -1.81 35 -1.18 274 -1.44 

Gediz 87 -1.36 68 -1.14 154 -1.19 363 -1.76 37 -1.17 247 -1.49 

Kuzey Ege 97 -1.26 81 -1.16 147 -1.22 281 -1.70 57 -1.17 225 -1.4 

Marmara  92 -1.27 72 -1.39 92 -1.19 242 -1.53 62 -1.16 189 -1.45 

Fērat 93 -1.30 62 -1.49 122 -1.22 313 -1.56 55 -1.17 254 -1.32 

Susurluk 98 -1.28 73 -1.24 137 -1.24 340 -1.67 54 -1.15 230 -1.45 

Sakarya 100 -1.25 62 -1.32 132 -1.23 352 -1.68 48 -1.18 260 -1.38 

Yeĸilērmak 95 -1.32 74 -1.42 119 -1.19 301 -1.48 67 -1.06 235 -1.33 

Doĵu 

Karadeniz 
108 -1.14 87 -1.31 143 -1.20 232 -1.46 99 -1.04 200 -1.33 

¢oruh 101 -1.20 95 -1.30 130 -1.21 200 -1.45 83 -1.21 170 -1.35 

Kēzēlērmak 96 -1.31 65 -1.40 113 -1.21 323 -1.59 50 -1.14 255 -1.37 

Meri­-

Ergene 
103 -1.18 83 -1.22 111 -1.14 241 -1.48 52 -1.19 192 -1.34 

Batē 

Karadeniz 
82 -1.37 83 -1.37 106 -1.20 243 -1.38 70 -1.11 205 -1.3 

Turkey  96 -1.28 46 -1.38 149 -1.26 377 -1.81 39 -1.21 282 -1.43 

* Dicle, Van Gºl¿ and Aras Basins are excluded since they are not totally covered by EURO11 

Domain 
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CHAPTER 5  

5 SUMMARY AND RECOMMENDATIONS  

The effects of climate change are becoming more noticeable with each passing day. 

With the policies and agreements developed on a global scale, the negative effects 

of drought on sectors such as agriculture, drinking water, industry and ecosystem are 

tried to be minimized. In determining these policies, climatic studies are of great 

importance. For this reason, the outputs of climatic projects, which have a very 

important role in our analysis and analysis of the effects of climate change both 

globally and regionally should be studied well. 

In this study, expected dry periods in Turkey were estimated by using model couples 

under the EUR-11 domain, which has the highest resolution data of CORDEX. These 

periods are presented on a basin basis and as 36 years of historical time and 2 future 

periods of 40 years, in 3 different time intervals (1970-2005 / 2020-2060 / 2061-

2100). In the analysis made with 56 model couples in total, the correlations of the 

station data and these couples were examined. The 14 worst model pairs including 

in which some of have negative correlations were eliminated. Among the 42 models, 

the 2 models with the highest correlation are the model pairs with ID numbers 22 

and 29 (Table 4.1). The highest correlation value is 0.34. 

With the 42 model pairs obtained, precipitation data are presented over ensemble 

mean. In order to avoid systematic bias, bias correction was made with ERA-5 Land 

data. Precipitation data were analyzed in two ways as corrected and non-corrected. 

When the results are examined in both ways, the decrease in precipitation trends is 

at a dramatic level. When the precipitation trends and trendline equations are 

examined, it is seen that the yearly precipitation amount starts to go below the total 
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131 years of average precipitation values after 2036. The rate of decrease in 

precipitation increases between 2061-2100. 

The climatology of the reference (1970 ï 2005) and future (2005 ï 2100) periods 

have difference as a result of the expected change in the climate. Accordingly, the 

drought characteristics for the same periods to not match if the time series with 

different lengths are used to calculate these drought characteristics). Accordingly, an 

adjustment in SPI time series is necessary and implemented in this study as an 

additive correction. As a result, possible future dry periods, their lengths and their 

severity have been revealed. In the study, long-term droughts are expected in Turkey 

particularly towards the end of 21st century (2061-2100). The severity of these 

droughts is seen to be -1.81 (severe drought) on average and to last for an average of 

377 months. The results also show that there will be an increase in the number of 

extreme events in the coming periods.  

On average, 15-29% of the time there has been a drought event between 1970 and 

2060, while this ratio is expected to increase to 70% between 2061 and 2100. 

Analyses performed in this study shows during the near future (2020-2060) the 

droughts will intensify (increased length and severity), while the last 40 years of the 

21st century (2061-2100) will have significantly increased drought length and 

severity values that has not seen during the past 100 years. On the average, the 

changing climate impacts entire country significantly in terms of drought 

characteristics (severity and length), where no basin will have similar drought 

characteristics during the end of the century as we have observed during historical 

period. 

The results obtained in this study can be improved with the CMIP6 experiment 

datasets, which have increased sensitivity to the temperature and are expected to 

have higher accuracy than CMIP5 experiment results. Yet, such a study would 

require higher resolution RCM datasets to be available that are currently unavailable.  
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7 APPENDICES 

A. PRECIPITATION TRENDS OF BA SINS - CORRECTED (Annually 

Average (ensemble mean of 43 models) 
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B. SPI DELTA OF BASINS 
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[1,] 0.46 0.45 0.3 0.45 0.35 0.46 0.4 0.2 0.36 

[2,] 0.54 0.38 0.39 0.25 0.38 0.4 0.41 0.17 0.25 

[3,] 0.31 0.25 0.12 0.3 0.21 0.32 0.18 0.04 0.18 

[4,] 0.1 0.01 0.08 -0.01 0.14 0.07 0.14 0.11 -0.01 

[5,] 0.33 0.22 0.17 0.16 0.32 0.23 0.3 0.17 0.17 

[6,] 0.25 0.11 0.13 0.06 0.28 0.09 0.18 0.06 0.16 

[7,] 0.06 -0.13 -0.04 -0.04 0.17 0.05 0.11 -0.05 -0.06 

[8,] 0.27 0.11 0.21 0.07 0.26 0.14 0.15 0.12 0.21 

[9,] 0.13 0.03 0.13 -0.16 0.14 0.04 0.11 -0.05 0.09 

[10,] 0.48 0.47 0.19 0.45 0.47 0.57 0.48 0.31 0.37 

[11,] 0.61 0.46 0.43 0.28 0.63 0.42 0.56 0.48 0.37 

[12,] 0.24 0.15 0 0.09 0.33 0.21 0.27 0.14 0.07 

[13,] 0.46 0.26 0.19 0.2 0.56 0.47 0.55 0.35 0.2 

[14,] 0.65 0.62 0.67 0.53 0.65 0.54 0.64 0.58 0.62 

[15,] 0.62 0.57 0.58 0.55 0.6 0.59 0.62 0.5 0.54 

[16,] 0.55 0.42 0.5 0.41 0.57 0.45 0.54 0.31 0.43 

[17,] 0.58 0.45 0.55 0.42 0.63 0.46 0.51 0.5 0.44 

[18,] 0.54 0.44 0.59 0.51 0.55 0.49 0.57 0.59 0.49 

[19,] 0.56 0.54 0.48 0.42 0.5 0.37 0.52 0.43 0.49 

[20,] 0.48 0.3 0.2 0.21 0.46 0.31 0.45 0.23 0.26 

[21,] 0.17 0.02 0.24 0.06 0.16 0.16 0.16 0.01 0.08 

[22,] 0.31 0.19 0.09 0.09 0.25 0.1 0.19 0.03 0.1 

[23,] 0.42 0.44 0.37 0.46 0.48 0.53 0.5 0.25 0.39 

[24,] 0.4 0.4 0.35 0.46 0.36 0.43 0.38 0.24 0.34 

[25,] 0.5 0.42 0.44 0.44 0.44 0.47 0.42 0.23 0.36 

[26,] 0.56 0.53 0.45 0.54 0.56 0.42 0.59 0.29 0.45 

[27,] 0.54 0.44 0.32 0.46 0.44 0.54 0.45 0.28 0.33 

[28,] 0.55 0.5 0.47 0.54 0.53 0.54 0.52 0.37 0.49 

[29,] 0.3 0.22 0.18 0.3 0.43 0.38 0.39 0.25 0.17 

[30,] 0.34 0.27 0.25 0.32 0.33 0.43 0.29 0.17 0.22 
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[31,] 0.33 0.26 0.26 0.29 0.4 0.41 0.42 0.2 0.22 

[32,] 0.44 0.3 0.3 0.35 0.53 0.45 0.54 0.31 0.31 

[33,] 0.53 0.53 0.29 0.58 0.46 0.58 0.57 0.21 0.44 

[34,] 0.34 0.28 0.17 0.25 0.39 0.29 0.3 0.14 0.2 

[35,] 0.22 0.14 0.29 0.09 0.33 0.32 0.28 0.13 0.07 

[36,] 0.29 0.29 0.41 0.15 0.48 0.26 0.4 0.42 0.25 

[37,] 0.38 0.23 0.15 0.13 0.37 0.19 0.37 0.19 0.17 

[38,] 0.18 0.07 0.24 0.1 0.28 0.15 0.19 0.1 0.09 

[39,] 0.15 0.02 -0.01 0.05 0.02 0.04 0.05 -0.13 0.03 

[40,] 0.31 0.19 0.28 0.14 0.4 0.18 0.19 0.16 0.21 

[41,] 0.27 0.2 0.29 -0.06 0.37 0.02 0.27 0.07 0.18 

[42,] 0.13 0 0.26 -0.13 0.33 0.04 0.21 0.17 0.12 

Ens. Mean 0.78 0.66 0.63 0.61 0.79 0.74 0.76 0.55 0.6 
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[1,] 0.36 0.19 0.28 0.45 0.24 NaN 0.29 0.2 0.28 

[2,] 0.25 0.05 0.26 0.27 0.22 NaN 0.1 -0.07 0.13 

[3,] 0.18 0.03 0.23 0.33 0.07 NaN -0.02 -0.16 0.17 

[4,] -0.01 0.13 0.1 -0.1 0.11 0.01 0.05 -0.07 0.04 

[5,] 0.17 0.25 0.26 0.09 0.2 NaN 0.14 -0.08 0.2 

[6,] 0.16 0.15 0.17 0.1 0.09 NaN 0.02 -0.02 0.1 

[7,] -0.06 0.07 0.02 0 -0.09 NaN -0.1 -0.33 0 

[8,] 0.21 -0.05 0.2 -0.04 0.16 -0.21 0.13 -0.1 0 

[9,] 0.09 0.16 0.07 -0.14 -0.02 NaN -0.09 -0.31 0.04 

[10,] 0.37 0.06 0.45 0.53 0.35 NaN 0.3 0.18 0.22 

[11,] 0.37 0.1 0.51 0.3 0.51 NaN 0.39 0.17 0.18 

[12,] 0.07 0.04 0.15 0.07 0.08 NaN 0.07 -0.08 0.01 

[13,] 0.2 0.03 0.42 0.3 0.36 NaN 0.35 0.16 0.02 

[14,] 0.62 0.59 0.59 0.46 0.57 NaN 0.52 0.34 0.58 

[15,] 0.54 0.61 0.61 0.56 0.55 NaN 0.47 0.33 0.56 
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[16,] 0.43 0.42 0.41 0.36 0.32 NaN 0.18 -0.01 0.31 

[17,] 0.44 0.55 0.58 0.32 0.51 NaN 0.43 0.21 0.47 

[18,] 0.49 0.41 0.58 0.47 0.59 NaN 0.48 0.3 0.3 

[19,] 0.49 0.23 0.48 0.43 0.49 NaN 0.45 0.29 0.47 

[20,] 0.26 0.08 0.38 0.2 0.32 NaN 0.22 -0.05 0.1 

[21,] 0.08 0.12 0.12 0.04 0.05 -0.17 -0.03 -0.12 0.03 

[22,] 0.1 -0.03 0.15 0.19 0.07 NaN -0.02 -0.07 -0.04 

[23,] 0.39 0.44 0.43 0.51 0.3 NaN 0.23 0.25 0.44 

[24,] 0.34 0.38 0.36 0.47 0.29 NaN 0.21 0.41 0.41 

[25,] 0.36 0.07 0.37 0.48 0.26 -0.3 0.22 0.38 0.16 

[26,] 0.45 0.44 0.41 0.37 0.33 NaN 0.23 0.32 0.41 

[27,] 0.33 0.12 0.42 0.53 0.37 0.25 0.3 0.42 0.13 

[28,] 0.49 0.44 0.48 0.55 0.4 NaN 0.3 0.36 0.42 

[29,] 0.17 0.24 0.33 0.37 0.24 NaN 0.2 0.19 0.15 

[30,] 0.22 0.18 0.3 0.39 0.23 NaN 0.09 0.29 0.16 

[31,] 0.22 0.31 0.34 0.34 0.23 NaN 0.22 0.16 0.27 

[32,] 0.31 0.27 0.42 0.42 0.36 NaN 0.27 0.31 0.15 

[33,] 0.44 0.48 0.39 0.59 0.3 NaN 0.23 0.47 0.44 

[34,] 0.2 0.05 0.28 0.27 0.14 NaN 0.03 -0.03 0.21 

[35,] 0.07 0.04 0.2 0.07 0.12 -0.31 0.14 0.11 -0.13 

[36,] 0.25 0.29 0.4 0.16 0.4 NaN 0.34 0.02 0.31 

[37,] 0.17 0.08 0.28 0.12 0.21 NaN 0.13 0 0.05 

[38,] 0.09 0.09 0.1 0.15 0.03 -0.12 -0.03 -0.18 0 

[39,] 0.03 -0.1 -0.01 0.02 -0.03 NaN -0.16 -0.05 -0.17 

[40,] 0.21 0.22 0.2 0.05 0.14 NaN 0.1 -0.19 0.16 

[41,] 0.18 0 0.17 -0.08 0.1 NaN 0.02 0 -0.03 

[42,] 0.12 0.09 0.12 -0.03 0.09 NaN 0.09 -0.26 -0.07 

Ens. Mean 0.6 0.29 0.7 0.64 0.6 -0.34 0.47 0.26 0.4 
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[1,] 0.31 0.36 0.29 0.14 0.19 0.33 0.39 0.24 0.18 0.4 

[2,] 0.08 0.18 0.31 0.5 0.3 0.37 0.23 0.17 -0.03 0.35 

[3,] 0 0.19 0.12 -0.05 -0.13 -0.02 0.19 -0.08 -0.04 0.17 

[4,] 0.05 -0.14 -0.01 -0.05 -0.06 -0.05 -0.08 -0.1 -0.12 0.06 

[5,] 0.11 0.11 -0.01 -0.03 0.1 0.18 0.01 -0.07 -0.15 0.22 

[6,] 0.1 0.02 -0.08 -0.04 -0.19 -0.09 -0.01 0.04 -0.12 0.12 

[7,] -0.11 -0.1 -0.36 -0.5 -0.23 -0.07 -0.25 -0.34 -0.32 -0.1 

[8,] 0.04 0.05 -0.26 -0.49 -0.34 -0.32 -0.1 0.02 -0.28 0.08 

[9,] -0.11 -0.11 -0.33 -0.33 -0.32 -0.15 -0.32 -0.24 -0.35 -0.06 

[10,] 0.31 0.44 0.38 0.25 0.18 0.07 0.4 0.21 0.28 0.47 

[11,] 0.37 0.35 0.07 0.09 0.05 0.17 0.15 0.21 0.08 0.49 

[12,] 0 -0.04 -0.19 -0.26 -0.1 0.02 -0.09 -0.04 -0.11 0.11 

[13,] 0.23 0.13 -0.13 -0.07 -0.13 -0.01 -0.03 0.28 -0.07 0.33 

[14,] 0.44 0.39 0.43 0.46 0.54 0.61 0.42 0.35 0.33 0.62 

[15,] 0.52 0.5 0.55 0.6 0.49 0.59 0.57 0.4 0.49 0.65 

[16,] 0.19 0.13 0.06 -0.03 -0.17 -0.18 0.15 -0.06 0.01 0.33 

[17,] 0.39 0.31 0.29 0.07 0.36 0.4 0.35 0.23 0.21 0.49 

[18,] 0.5 0.43 0.35 0.31 0.19 -0.03 0.41 0.22 0.37 0.52 

[19,] 0.41 0.25 0.31 0.18 0.32 0.11 0.36 0.47 0 0.44 

[20,] 0.1 0.19 0.05 -0.13 -0.03 0.16 0.12 0.16 -0.13 0.25 

[21,] -0.02 -0.04 -0.08 -0.07 0.11 -0.24 -0.08 -0.14 -0.14 0.05 

[22,] 0.09 0.07 0.08 0.27 0.07 0.07 0.07 -0.12 0.12 0.14 

[23,] 0.34 0.43 0.41 0.35 0.41 0.41 0.43 0.27 0.36 0.5 

[24,] 0.43 0.45 0.58 0.53 0.45 0.47 0.51 0.27 0.53 0.51 

[25,] 0.35 0.42 0.3 0.19 0.16 -0.07 0.37 0.32 0.39 0.33 

[26,] 0.33 0.45 0.46 0.31 0.32 0.43 0.5 0.21 0.49 0.56 

[27,] 0.47 0.51 0.31 0.37 0.27 0.31 0.4 0.43 0.43 0.47 

[28,] 0.44 0.49 0.43 0.32 0.22 0.34 0.48 0.27 0.43 0.52 

[29,] 0.28 0.37 0.16 0.01 0.05 0.17 0.27 0.02 0.24 0.32 

[30,] 0.33 0.34 0.31 0.34 0.02 0.02 0.29 0.04 0.34 0.32 

[31,] 0.21 0.21 0.17 0.31 0.23 0.29 0.17 0.24 0.16 0.38 

[32,] 0.36 0.38 0.15 0.13 -0.1 -0.08 0.24 0.25 0.32 0.4 

[33,] 0.38 0.56 0.57 0.48 0.4 0.32 0.58 0.4 0.53 0.58 

[34,] 0.05 0.14 0.24 0.19 0.23 0.23 0.26 -0.05 0.09 0.24 
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[35,] 0.11 -0.02 -0.12 0.09 0.03 -0.47 -0.06 0.03 -0.01 0.04 

[36,] 0.24 0.12 0.11 0.02 0.29 0.3 0.11 0.07 -0.11 0.33 

[37,] 0.04 0.1 0.06 0.15 -0.07 -0.03 0.11 0.19 -0.07 0.19 

[38,] -0.07 -0.02 -0.01 -0.06 -0.1 -0.16 0.01 -0.06 -0.1 0.02 

[39,] 0.04 0.01 -0.04 -0.04 -0.34 -0.42 -0.06 -0.26 0.02 -0.07 

[40,] 0 -0.06 -0.12 -0.18 0.03 0.06 -0.08 -0.13 -0.28 0.1 

[41,] 0.05 -0.06 -0.04 0.09 -0.05 -0.17 -0.09 -0.07 0.05 0.08 

[42,] -0.08 -0.15 -0.14 -0.14 -0.11 -0.12 -0.23 -0.23 -0.13 0 

Ens. Mean 0.52 0.51 0.34 0.29 0.21 0.2 0.42 0.29 0.26 0.64 
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C. SPI ADJUSTMENTS OF BASINS 
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D. SPI (Annually) - Adjusted 
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E. SPI (Annually) ï Non - Adjusted 
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