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Abstract

Climate change, whose negative impacts are becoming increasingly apparent as a result of human actions, intensifies
the drought problems to dangerous levels. The development of local-scale drought projections is crucial to take neces-
sary precautions for potential risks and possible effects of drought. In this study, drought analysis was conducted in the
Upper Kizilirmak Basin using the standard precipitation index (SPI) method for the near future (2020-2049), mid-century
(2050-2074), and late century (2075-2099). The precipitation data required for the SPI were gathered from the data sets
developed for the SSP climate change scenarios of the four chosen global climate models. Precipitation data has been
made more convenient for local analysis studies with the statistical downscaling method. Forecasts have been created for
the temporal variation and spatial distribution of drought events. The study findings indicate that, under the SSP 2-4.5
scenario, drought-related effects of climate change will decrease until 2100. On the other hand, the number and severity
of drought events, as well as the duration of dry periods, will increase until 2100 under the SSP 5-8.5 scenario. According
to the SSP 5-8.5 scenario, consisting of the most pessimistic forecasts, moderate drought will last 0-60 months, severe
drought will last 0-30 months, and extreme drought will last 0-20 months in different regions of the area in the late cen-
tury. The spatial distribution of droughts will differ based on the SPI index and climate change scenarios. Comparison of
SPI and CZI data showed that both indices are effective in meteorological drought analyses.

1 Introduction

Drought is an extreme climate event that involves meteoro-
logical and hydrological processes with destructive impacts
on water resources, health, economy, energy and food secu-
rity. The rapid escalation of the effects of human-induced
climate change, the rapid decrease of available water
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resources, and the forecasts of water scarcity have increased
the interest in drought studies. The tendency for an increase
in global temperatures is expected to bring about significant
changes in the intensity and frequency of extreme weather
occurrences such as meteorological droughts. While this
change is predicted to decrease in some regions of the
world, it is anticipated that droughts will become severe
in more areas (IPCC 2013). In the Mediterranean climate
zone, which also includes the study area, there is a consen-
sus that there is an increasing tendency for drought events
(Tramblay et al. 2020; Gudmundsson and Seneviratne 2016;
Knutson and Zeng 2018; Kelley et al. 2015). Most climate
models predict that the Mediterranean climate zone will
face an increase in the intensity of droughts and a northward
shift in the region’s temperature regimes due to being one of
the regions most affected by human-induced climate change
(Gomez-Gomez et al. 2022; Bolch et al. 2012).

@ Springer


http://orcid.org/0000-0002-3700-4377
http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-024-04952-4&domain=pdf&date_stamp=2024-4-12

S. F. Selcuk et al.

The fact that the Kizilirmak basin is one of the largest in
Turkey, as well as the fact that the Kizilirmak was formed
in Turkey and flowed into the sea in Turkey, gives the basin
great importance. According to various studies conducted at
the local scale, the regions of Central Anatolia and Eastern
Anatolia in Turkey, including the Kizilirmak basin, began
to experience drought in 2012. In the following years, the
drought intensified and began to affect wider regions (Tiirkes
2019). Tiirkes (2012), applied the Mann-Kendall trend test
to precipitation data for the period of 1950-2010 to exam-
ine Turkey’s precipitation trends and found that there is a
statistically significant decreasing trend in precipitation
during the winter months in the region where the Upper
Kizilirmak Basin is located. Additionally, the study created
a drought index map of Turkey and calculated the drought
index for the region containing the Upper Kizilirmak Basin
to be below 0.65. Accordingly, the area has been defined
as a semi-arid region with an annual water deficit. It is
believed that as the effects of global warming increase,
droughts will become more severe. In their study, Sen et al.
(2012) projected that under the A2 climate change scenario,
the drought in the province of Sivas, which includes the
upper Kizilirmak basin, will have an insignificant tendency
to increase between 2071 and 2100. Selguk et al. (2022)
stated that there was an annual average spatial precipita-
tion distribution of 638-2066 mm in the reference period
(1950-2000) in Sivas province and predicted that precipita-
tion would decrease by 0—8%, 4 — 12%, 0-20%, and 4—26%,
respectively until 2100 under the climate change scenarios
of RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5. Afshar et al.
(2020), conducted a drought analysis in Ankara, which is
geographically close to the upper Kizilirmak basin and has
a similar climate, and estimated the changes in drought
events that may occur under the RCP 4.5 and RCP 8.5 cli-
mate change scenarios. According to the study, there will be
an increasing rise in future drought events. Droughts will
occur for longer durations, and their frequency and sever-
ity will increase. On the other hand, Danandeh Mehr et al.
(2020) predicted future drought events in Ankara based on
the RCP4.5 and RCP8.5 scenarios for the years between
2016 and 2040. According to the study, extreme drought
episodes are not expected in the region under either sce-
nario. However, it is expected that drought events will occur
toward the end of the study period based on the RCP 4.5
scenario, while they are projected to occur throughout the
study period based on the RCP 8.5 scenario. In light of these
studies, it is essential to make drought forecasts in the Upper
Kizilirmak basin based on climate change projections for
addressing issues such as adaptation to climate change, food
security, and sustainable use of water resources.

Global climate models (GCMs) are the most reliable
tools used to predict future conditions in studies examining
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the effects of climate change. In order to use these tools on
a local scale, downscaling methods must be used. There
are two basic downscaling techniques: dynamic downscal-
ing and statistical downscaling. The biggest disadvantage
of the dynamic downscaling technique that limits its use in
climate change studies is its complex design and high com-
putational cost (Corell 2007). In addition, it is not flexible
in terms of expanding or making changes to the work area,
which may require renewal of the entire work (Crane and
Hevidson 1998). Statistical downscaling methods, on the
other hand, have high computational efficiency.

There are many studies that have conducted drought
analysis for the future using climate change scenarios (Dan-
andeh Mehr et al. 2020; Lee et al. 2017; Azizi and Nejatian
2022). However, trend analysis of drought events that are
likely to occur under climate change scenarios and mapping
of these drought events There is a deficiency in the subject.
Trend analysis will provide a better analysis of the effects
of climate change by showing the trend of future drought
events more clearly. In this study, meteorological drought
events that are likely to occur in the future were calculated
using the standardized precipitation index (SPI) and drought
trends were determined with the modified Mann-Kendall
analysis. It is a method that is frequently used in meteoro-
logical drought analysis studies and has proven its reliabil-
ity (Lee et al. 2017; Bong and Richard 2020). Additionally,
World Meteorological Organization has recommended SPI
as the main meteorological drought index that should be
used in monitoring and researching drought events (Hayes
etal. 2011). Time series affected by the influence of seasonal
variables like SPI exhibit autocorrelation. Since the classic
Mann-Kendall method does not effectively address auto-
correlation, it can indicate false trends in these time series.
Many alternative methods to the Mann-Kendall method
have been developed in the literature and tested on differ-
ent data sets (Kisi and Ay 2014; Hamed and Rao 1998; Hu
et al. 2020). In recent studies, the Modified Mann-Kendall
(MMK) test has been highlighted as an appropriate method
to analyze trends in hydro-meteorological data (Lornezhad
etal. 2023).The MMK test’s ability to account for serial cor-
relation and changing variance in data series makes it suit-
able for accurately detecting subtle trends in meteorological
data sets (Hamed and Rao 1998).

The present study analysed the drought events expected
to occur in the Upper Kizilirmak basin under climate change
scenarios. The severity and duration of drought events were
calculated using the SPI method, according to the SPI-3
and SPI-12 indexes. The future climate data used in the SPI
calculation were gathered from the data sets developed for
the SSP (Shared Socio-Economic Pathways) scenarios of
four different global climate models. Statistical downscal-
ing was applied to the obtained data. The temporal variation
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analysis of drought events was performed by interpreting
the graphs of SPI time series and using statistical trend anal-
ysis methods. Chinese z index (CZI) values were calculated
and compared with SPI values and Pearson correlation test
was performed. On the other hand, the spatial distribution
analysis of the drought was made through the spatial distri-
bution maps created by the interpolation method using the
total number of dry months calculated for different periods.
The fact that the study area is already under the impact of
drought, the lack of comparable drought-related forecasting
studies in the region and the scarcity of similar studies con-
ducted under SSP scenarios in the literature contribute to the
importance of this study.

2 Material and method
2.1 Study area

The second largest basin in Turkey, Kizilirmak, is the basin
ofthe country’s longest river, which has a length of 1.355 km
and originates and flows into the sea within Turkish terri-
tory (Ercan and Yiice 2017). The length of the portion of

the river (Upper Kizilirmak Basin) within Sivas province is
roughly 300 km (Sagdi¢ and Kog 2012). The general topog-
raphy of the region causes an increase in height from west
to east (Circi Selcuk and Irmak 2022). Figure 1 shows the
elevation map of the study area and the grids of the CFSR
dataset.

The Upper Kizilirmak region is influenced by the conti-
nental climate characterized by cold, wet winters and hot,
dry summers. The climate in the region varies depending
on the altitude. While the climate is gentler in the lowlands,
the average annual temperature drops as proceeding to the
mountainside. The average winter temperature is below
zero (Sagdi¢ and Kog 2012). Summer months are typically
dry in the region. Most precipitation occurs in spring. While
the area receives a lot of snowfall, the annual precipitation
occurs mostly in the winter months, following the spring
months (Ercan and Yiice 2017).

According to the data of Coordination of Information
on the Environment (CORINE) provided by the European
Environment Agency (EEA), the largest portion (20%)
of the region’s land use/cover consists of sparse vegeta-
tion. The region is mostly utilized for agriculture and con-
sists of 18% non-irrigated arable land and 14% land with
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Fig. 1 Upper Kizilirmak basin
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natural vegetation. The water bodies cover an area of 0.3%
(4252 ha).

2.2 Statistical downscaling method

GCMs are the most reliable tools for obtaining climate data
and predicting future conditions in climate change stud-
ies. GCMs perform reasonably well for simulating climate
variables on a global and continental scale. However, they
fall short in regional or local analysis studies. The present
study employed the statistical downscaling technique due to
its computational efficiency and low cost. Climate Change
Toolkit (CCT) (Vaghefi et al. 2017) software was used to
apply statistical downscaling and error correction to the
data of SSP2-4.5 and SSP5-8.5 climate change scenarios of
BCC-CSM2-MR, GFDL-ESM4, INM-CM5-0, and MRI-
ESM2 global climate models with 0.9 resolution shared by
CMIP6 (Coupled Model Intercomparison Project 6) (Xin et
al. 2019; John et al. 2018; Volodin et al. 2019; Yukimoto et
al. 2019).

SSPs were published for the first time in 2017 in order
to take socioeconomic developments and climate policies
into account while developing climate scenarios. They were
developed by merging the greenhouse gas reduction sce-
narios of the RCP scenarios with the socio-economic devel-
opment scenarios such as population, economic growth,
education, urbanization, and the pace of technological devel-
opment. There are 5 different SSPs defined. These are SSP1
(sustainability), SSP2 (middle of the road), SSP3 (regional
rivalry), SSP4 (inequality), and SSP5 (rapid growth). In
our study, SSP2-4.5 and SSP5-8.5 scenarios have been pre-
ferred because they are more likely to occur, have the same
levels of radiative forcing as the previous scenarios, RCP
4.5 and RCP 8.5, and are more comparable to the literature.
The SSP2-4.5 scenario represents socio-economic develop-
ments with moderate challenges for mitigation of climate
change and adaptation. This scenario predicts that the radia-
tive forcing will reach 4.5 W/m? by 2100. On the other hand,
the SSP5-8.5 scenario depicts socioeconomic developments
in which rapid fossil fuel development will take place, with
high difficulties in mitigation and low-level difficulties in
adaptation. In this scenario, the radiative forcing level is
predicted to reach 8.5 W/m? by 2100 (IPCC 2021).

The downscaling module of the CCT software requires
local measurement data for downscaling. The module uses
the statistical bias correction method, the most commonly
employed statistical downscaling method (Vaghefi et al.
2017). In this method, the data is transferred to this station
by applying bias correction to the grid data of the global
climate model that is nearest to the station whose measure-
ment data is defined. This method has been considered
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satisfactory in various climatological studies (Asong et al.
2016; Dosio and Paruolo 2011; Hagemann et al. 2011).

The software applies a correction factor based on Eq. 1
to the temperature data for monthly periods (Vaghefi et al.
2017).

Tcorrectedij = TGC)W,'J- + (Treferen,cejk - TGCH\'I]';{) (1)

In Eq. 1, T represents temperature, T long-term mean
temperature, and i, j,k represent the day, month, and year,
respectively. For precipitation data, the software uses the
multiplicative correction factor in Eq. 2 (Vaghefi et al.
2017).

PReferem’ﬁ
* - ETEnCCik
Pcorrected,jj = PGC;‘WU I — (2)

Paemy,

In Eq. 2, P represents precipitation, P long-term mean pre-
cipitation, and i, j, and k represent the day, month, and year,
respectively.

There are three local measurement stations within the
borders of the basin where long-time (> 20 years) measure-
ments are taken. Due to the insufficiency of local measure-
ment data in the study area, it was decided to utilize the
CFSR (Climate Forecast System Reanalysis) data set with
a scale of 0.25°, which is frequently and effectively used in
statistical downscaling studies (Timbal et al. 2009; Blanco-
Goémez et al. 2019; Singh and Kumar 2020; Ndhlovu and
Woyessa 2021; Anuchaivong et al. 2017; Selguk et al. 2022).

The CFSR dataset is a third-generation reanalysis prod-
uct developed by NCEP (The National Centers for Envi-
ronmental Prediction). It was designed and executed as a
global, high-resolution, and coupled atmosphere-ocean-land
surface-sea ice system. The global land surface model has
4 soil levels and the global sea ice model has 3 levels. The
CFSR atmospheric model contains observed variations in
carbon dioxide (CO,), together with changes in aerosols and
other trace gases and solar energy. Precipitation data were
obtained from the data set for the 1979-2014 time periods
with a grid resolution of 0.25° and on a daily time scale
(Saha et al. 2010; Dile and Srinivasan 2014). Four global
climate model datasets with a scale of 0.9° are downscaled
to a scale of 0.25°. Figure 1 illustrates the grid structure
resulting from downscaling. In order to be less impacted
by the uncertainties of global climate models, studies were
continued by averaging the data from multiple global cli-
mate models.
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2.3 Drought analysis

The standardized precipitation index (SPI) method, one
of the most utilized methods for analyzing droughts, was
employed in the study. A measurement point must have pre-
cipitation data spanning at least 30 years for SPI calculation.
This long-term precipitation data, which is the only source
of input used in the calculation, is first adapted to a gamma
probability distribution (Eq. 3), and then it is converted to
a standard normal variable (Eq. 4) (Edwards and McKee
1997).

1
ger (@)

g(x) _ 20 le—e/B 3)

In Eq. 3, a represents shape parameter, 3 represents scale
parameter, I'(o) represents gamma function and x represents
precipitation amount.

Tij — x? Jj

gj

In Eq. 4, x;; represents precipitation, X; represents the mean
precipitation and o; represents the standard deviation in
month j of the year i.

This method is used to determine the periods and degrees
of drought or abnormal precipitation events with changes
in precipitation over a long-term scale. The SPI depicts the
deviations of the total precipitation value from the mean for
the analyzed accumulation period. Positive SPI values indi-
cate more precipitation than the average amount of precipi-
tation, while negative SPI values indicate less precipitation
than the average amount of precipitation. SPI values less
than or equal to -1 indicate drought (McKee et al. 1993).
The drought classifications determined based on SPI val-
ues are listed in Table 1. The magnitude of the deviation
from the mean is a probabilistic measure of the anomaly
significance.

In order to determine the prospective effects of the anom-
alies, calculations can be performed for accumulation peri-
ods of 1, 3, 6, 12, 24, and 48 months. Calculations for short
accumulation periods provide an indicator of the effects of
the anomaly on soil moisture, whereas calculations for long
accumulation periods provide an indicator of the effects on
groundwater and water reserves. In the study, calculations
were made for the SPI-3 and SPI-12 accumulation periods.

Table 1 Drought classifications (McKee et al. 1993)

SPI values Drought category
-1.0>SPI >-1.5 Moderate drought
-1.5>SPI >-2.0 Severe drought
-2.0>SPI Extreme drought

The SPI-Generator software developed by the National
Drought Mitigation Center (University of Nebraska-Lin-
coln) was used to determine SPI-3 and SPI-12 values of
12 grids that were generated through downscaling. In the
study area, the general condition of the potential drought
was determined by averaging the data calculated for twelve
separate points. Evaluations are based on the time series
generated by the SPI-3 and SPI-12 drought events for the
near future (2020-2049), mid-century (2050-2074), and
late century (2075-2099) for the SSP2-4.5 and SSP5-8.5
scenarios. Sen’s Slope and modified Mann-Kendall analy-
ses were used to conduct trend analyses on the generated
time series.

Moreover, spatial analysis of potential future drought
was conducted by calculating the total number of months
experiencing drought in moderate drought, severe drought,
and extreme drought classifications based on the SPI-3 and
SPI-12 indexes. The number of drought-affected months
is computed separately for the near future, mid-century,
and late century under the SSP2-4.5 and SSP5-8.5 climate
change scenarios. The spatial distribution maps of the data
were created by applying geographic information system
software and the inverse distance weighting (IDW) method
to these data.

In the study, CZI values were also calculated to verify
the SPI values and make a comparison. Correlation test
was performed for SPI and CZI values. The China Z-Index
(CZI) is a method extensively used by the National Climate
Center (NCC) of China to assess the country’s drought con-
ditions (Wu et al. 2001). In this index, it is assumed that
precipitation data follow the Pearson Type III distribution,
and it is based on the assumption that chi-square distributed
variables are transformed to the Z-score scale through the
Wilson—Hilferty cube root transformation (Kendall and Stu-
art 1977), and it is calculated according to Eqs. 5-7.

)

_ 3
C, = i (zi— ) (6)

6 ; Gst 0 CSf
A4 l1——4+—= 7
Csz,w 5 Score; + . + 6 7

Here, Cy; is the coefficient of skewness for any time scale t
(1,3, 6,9, 12 and 24 months), o is the standard deviation, n
is the observation period.

CZI =
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2.4 Trend analysis

Modified Mann-Kendall and Sen’s Trend Tendency tests are
non-parametric statistical analysis methods that are com-
monly employed to determine upward or downward trends
in hydrological, meteorological, and climatological time
series (Merabti et al. 2018; Zhang et al. 2012; Lornezhad
et al. 2023). These methods were employed in the study to
analyze trends in drought events that were predicted to take
place in the future. Modified Mann-Kendall test statistic is
calculated according to Eq. 8 (Mann 1945; Kendall 1975;
Hamed and Rao 1998).

n-1 n

S = Z Z sgn(z; — ;) (8)

i=1 j=i+1

In the equation, n represents the number of data, and x;
and x; represent x;, ...., X, data. Positive S values represent
upward trends, whereas negative S values represent down-
ward trends. The variance of the S value is calculated based
on Eq. 9, and the standardized modified Mann-Kendall sta-
tistics is calculated based on Eq. 12.

Var(S)=1/18[n(n —1)(2n +5)

m

= ti(ti— 1) (2t +5)] ©
i1
var(srz=»aw<5)£% (10)
S P —
n* N n(n— 1)(71—2) (11)

> (n—k)n—k—1)n—k-2)rf

where ;= represents the correction factor, 7 represents the
lag-k serial correlation coefficient of the ranks, m represents
the number of relative groups in the data set and t; stands for
the connected observations in a series of length i.

e
var(S)
7= 0, S=0 (12)
L §<0
Vvar(S)*’

The trend in drought events was estimated using Sen’s trend
method. According to the method, the estimation of the
mean trend is made using Eq. 13 and Eq. 14 (Sen 1968).

Xj — Xk

Jikfori:L....,N (13)

Qi:
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N=n(n-1)/2 (14)

Here n represents the number of time periods and the data
at times of j and, k provided that x; and x, are j>k. The N
values of Q; are sorted from smallest to largest, and if N is
an even number, Q,,.4 is calculated with Eq. 15, and if N is
an odd number, it is calculated with Eq. 16.

Qmed = Q(N+1)/2 (15)

Qmed = (QN/Q + Q(N+2)/2) (16)

DN —

3 Findings and discussion
3.1 Temporal change analysis of drought

The present study applied statistical downscaling to four
different global climate data sets in order to analyze pos-
sible future drought events in the Upper Kizilirmak basin.
In order to minimize the uncertainties in the small-scale
data sets obtained, they were averaged and converted into a
single data set. On the basis of these data sets, the SPI-3 and
SPI-12 indexes were calculated for the SSP2-4.5 and SSP5-
8.5 climate change scenarios, and drought analyses were
conducted for the near future, mid-century and late century.

For the general drought analysis, data that can represent
the entire study area were created by averaging of the data
from the points in the area where data were collected. Modi-
fied Mann-Kendall and Sen trend estimation methods were
employed for drought event trend analysis, and the results
are presented in Tables 2 and 3. SPI time series were ana-
lyzed with the help of the graphs created in Figs. 2, 3, 4 and
5.

The presence of trends in drought events was evaluated
with the modified Mann-Kendall test at a significance level
0f 0.05. In light of this, it is accepted that when the condition
z>1.96 is met, there is a statistically significant decrease
trend in drought events, and when z<-1.96 is met, there is
a statistically significant increase trend in drought events.
When the SSP2-4.5 climate change scenario is considered,
it is determined that would not be a statistically signifi-
cant trend in SPI values in the analyzed periods (Table 2).
According to the SPI-3 index, if the SSP5-8.5 scenario is
realized, there will be an decreasing trend of drought events
with a Sen’s slope (Q,,.q) value of 0.00205 in the mid-cen-
tury. According to the SPI-12 index, there will be a decreas-
ing trend in drought events with a Sen’s slope (Q,,,.q) value
0f 0.00090 in mid-century (Table 3).



Projections of meteorological drought events in the upper Kizilirmak basin under climate change scenarios

Fig.2 SPI-3 index time series
according to SSP2-4.5 scenario
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Figure 2 illustrates SPI-3 time series created according
to the SSP2-4.5 scenario. Examining Fig. 2 reveals that
extreme drought events will occur rarely, their incidence
will decrease from the near future to the end of the cen-
tury, and the duration of extreme drought will be short. It
is observed that the fluctuations in the created time series
for the near future are quite frequent. In this period, rain-
fall and drought periods will be short. By the mid-century,
the number of months with droughts will decline and the
periods with above-average rains will lengthen. In the graph
for the late century, it can be observed that the SPI-3 val-
ues reached zero near the end of the investigation period. In
this period, precipitation anomalies will decrease to almost
non-existent.
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When the drought analysis is conducted using the SPI-12
index belonging to the SSP2-4.5 scenario, it is observed that
the SPI-12 index responds to changes in precipitation more
slowly compared to the SPI-3 (Fig. 3). The number of cases
where SPI-12 is negative or positive is very few compared
to SPI-3. However, periods of drought and rain are consid-
erably longer. In the near future, the most probable drought
event is expected to last from month 78 to month 105 dur-
ing the analyzed period. During this dry period, the SPI-12
value is predicted to peak at -2.79 and then decline. Similar
to the SPI-3 time series graph, it is seen that the anomalies
occurred in the SPI-12 will decrease considerably as the end
of the century approaches.

Figure 4 displays the graph of the SPI-3 index time series
created by the most pessimistic climate change scenario,
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Fig.3 SPI-12 index time series
according to SSP2-4.5 scenario
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SSP5-8.5. The graph indicates that, in the near future, there
will be significantly fewer drought anomalies in the SSP5-
8.5 scenario compared to the SSP2-4.5. This is due to the
fact that SPI values are calculated as deviations from the
mean precipitation. No significant drought anomalies are
expected, especially until the middle of the near future. On
the other hand, the frequency and severity of drought events,
which began in the middle of the near future, will increase in
the mid-century due to the consequences of climate change,
and there will be more extreme drought problems compared
to the SSP2-4.5 scenario. Moreover, it is predicted that
drought anomalies will occur with an SPI-3 value of -4, the
dry periods getting longer, and the frequency and severity of
which increase considerably in the late century. According
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to research made for the province of Ankara, which is geo-
graphically close to the Upper Kizilirmak basin and shares
similar climatic characteristics, it is reported that the num-
ber, severity, and duration of drought events will increase
(Afshar et al. 2020; Danandeh Mehr et al. 2020). These find-
ings are also consistent with the predictions made for the
Mediterranean climate zone (IPCC 2013).

Figure 5 depicts the SPI-12 time series graphs created
for the SSP5-8.5 scenario. Similar to the SPI-3 time series,
calculations based on SSP5-8.5 indicate that there will be
fewer drought anomalies in the SPI-12 in the near future
compared to SSP2-4.5. Furthermore, it has been predicted
that the number and severity of drought anomalies that are
likely to be experienced in the mid-century and the length
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Fig.4 SPI-3 index time series
according to SSP5-8.5 scenario
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of drought periods will increase. Examining the graph that
was created for the late century reveals that there will not
be a significant drought anomaly for a long period of time
(until the 94th month), which is rather remarkable. After this
non-dry period, a drought anomaly is predicted to last for
approximately 22 months and peak at SPI-12 value —2.60.
This anomaly represents the most important drought event
predicted by the SPI-12 index. Sen et al. (2012), accord-
ing to the SPI-12 index, anticipated that between 2071 and
2100, Sivas will experience a non-significant increase in
drought under the A2 climate change scenario. SSP5-8.5
can be compared to climate change scenario A2 as their val-
ues are similar. It is predicted that the trend analysis created
for the relevant period and conditions in our study will not
reveal a statistically significant increase. However, based
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on Fig. 5, the fact that SPI-12 values are mostly negative
beginning in the 73rd month suggests that there will be an
increase, although this is not statistically significant.

SPI-3 is used to capture short-term drought events and is
generally associated with agricultural drought. The analysis
conducted in the Upper Kizilirmak Basin shows that short-
term drought trends according to the SPI-3 index are sensi-
tive to seasonal variations. Especially, an increase in drought
events during the summer months has been detected, which
can be attributed to a decrease in precipitation during this
period. SPI-3 effectively captures these short-term changes,
providing important information for agricultural planning
and water resources management.

On the other hand, SPI-12 evaluates longer-term drought
trends and is generally associated with hydrological drought.
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Fig.5 SPI-12 index time series
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Table 2 Trend analysis results for the SSP2-4.5 scenario

SPI-12
Near

SPI-3

Late Century

Mid-Century

Mid-Century Late Century

Near Future

Future
0.05

0.05

0.05

0.05

0.05

0.05

Alpha
n/n"

3.2051
0.3307

no

5.2417
0.4216

no

4.6808
0.9226

1.4761 2.8201
no

0.4744
-0.3465

no

-0.2322

no

-0.3399

no

Z-stat

Trend

0.000393

0.000718

-0.000287 -0.000265 0.000936

-0.000125

Sen’s slope

pringer
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Table 3 Trend analysis results for the SSP5-8.5 scenario

SPI-3 SPI-12
Near Future Mid-Century Late Century Near Future Mid-Century Late Century
Alpha 0.05 0.05 0.05 0.05 0.05 0.05
n/n" 1.5742 0.4988 0.6617 2.9958 0.3153 2.4735
Z-stat 0.7965 4.2674 0.2570 1.5768 10.8803 1.0353
Trend no yes no no yes no
Sen’s slope 0.000429 0.00205 0.000137 -0.00270 0.00090 -0.00048
Table 4 Pearson correlation coefficients
SSP2-4.5 scenario SSP5-8.5 scenario 3.3 Spatial distribution of drought
SPI-3 and CZI-3 SPI-12 and SPI-3 and SPI-12
CZI-12 CZI-3 and Spatial distribution analysis of possible future drought
CZI-12 events in the study area was conducted over the spatial dis-
0.997081 0.999289 0.99543 0.999107

Our SPI-12 analysis reveals that long-term drought events
in the Upper Kizilirmak Basin occur on a broader scale and
generally span multiple hydrological years. This indicates
the pressures on the long-term water cycle in the basin and
potential stresses on water resources. SPI-12 is of critical
importance in water management and planning, especially
for dams and water storage facilities.

3.2 Comparison of SPIl and CZI values

SPI and CZI, calculated based on precipitation data, are
two significant indicators widely used in drought research.
While SPI measures the normalized deviation of long-term
precipitation data for a specific time period at a location,
CZI determines the intensity of drought considering the
skewness of the precipitation distribution. Both indices offer
effective tools for defining and categorizing meteorological
drought conditions.

In the study, SPI and CZI values were calculated from
precipitation data obtained from the same measuring sta-
tion to validate the accuracy of SPI data comparatively with
CZI. This validation process aims to enhance the reliability
of the drought analysis used in the study. A Pearson cor-
relation test has been performed to statistically establish the
similarity between the calculated SPI and CZI values. The
computed Pearson correlation coefficients are presented in
Table 4. Coefficient values being very close to + 1 indicate
an almost perfect positive linear relationship between SPI
and CZI values. Furthermore, Figs. 6 and 7 provide the time
series of SPI and CZI values. The figures demonstrate that
SPI and CZI data exhibit similar trends and can produce con-
sistent results. This similarity proves that both indices are
reliable tools for determining drought conditions and clas-
sifying drought severity. Moreover, the comparison between
SPI and CZI is a significant step in enhancing the accuracy
and comprehensiveness of drought risk assessments neces-
sary for drought management and water resources planning.

tribution maps of the number of experienced dry months.
Separate maps were created for moderate, severe and
extreme drought events.

Figure 8 shows the spatial distribution maps of the num-
ber of experienced moderately dry months based on SPI-3
and SPI-12 on different periods and climate change scenar-
ios. Under the SSP2-4.5 scenario, according to the SPI-3
index, a drought of 30-35 months will be experienced in
most of the study area in the near future, while a drought
of 35-40 months will be experienced in the region where
Kizilirmak originates in the east of the basin. In the mid-cen-
tury, it is expected that the region will experience a drought
that will last for 25-30 months. In the late century, it is
expected that the region will experience a moderate drought
that will last for 30-35 months in the western part of the
study area and 2025 months in the eastern part. In the near
future, the SPI-12 index indicates that droughts will last for
15-20 months in the northwest, 30—35 months in the east,
and 20-25 months in the remaining center region. Drought
events, expected to be experienced for 10—15 months in the
center region in the mid-century, are expected to increase
towards the eastern and western ends. It is predicted that
there will be a moderate drought of 30-35 months at the
western end of the area and 20-25 months at the eastern
end. In the late century, it is anticipated that there will be a
moderate drought lasting 30—35 months in the southwestern
region and 35-40 months in the region comprising around
70% of the remaining study area.

According to the SPI-3 index, the SSP5-8.5 scenario pre-
dicts a moderate drought lasting 0—10 months in the west-
ern region, 10—15 months in the central region, and 15-20
months in the eastern region in the near future. The study area
is expected to experience a drought lasting 30—35 months in
the mid-century, and the region will have a drought last-
ing 30-35 months in the late century, with some areas of
the central region experiencing a drought lasting 3540
months. According to the SPI-12 index, a drought lasting
0-10 months is expected in the entire study area in the near
future. It is predicted that, in the mid-century, there will be
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Fig.6 SPI and CZI index time
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a spatial increase in drought events spreading from west to
east, and the eastern region will experience drought lasting
for 45-50 months. Across the study area, a 50-55 month
drought is predicted in the late century; in small areas in the
north and east, this value decreases to 40-45 months, while
in a small area in the west, it increases to 55—-60 months.
Figure 9 shows the spatial distribution of the number
of months experiencing severe drought. According to the
SPI-3 index, the total duration of severe drought, which is
expected last for 15—-18 months in the western half of the
study area in the near future, increases to 21-24 months in
the eastern half under the SSP2-4.5 climate change scenario.
In the mid-century, it is predicted that there will be a drought
of 12—15 months in general at the eastern and western ends,
and a general drought of 9-12 months in the middle part. A
severe drought is predicted to last for 12—15 months in the
northern region of the study area and 15—18 months in gen-
eral in the remaining regions in the late century. According
to the SPI-12 index, on the other hand, it is predicted that
there will be a drought lasting 21-24 months in the central
part of the area in the near future. This value tends to decline
in the eastern and western parts of the area, decreasing to 15

@ Springer

to 18 months. In the mid-century, the area will experience
a drought of 6-9 months, 9—12 months in the eastern end,
12—15 months in some regions, and 3—6 months in some
regions in the west. In the late century, it is predicted that
the eastern half of the region would experience a drought
lasting 9—12 months and the western half will experience a
drought lasting 12—15 months.

According to the SPI-3 index, the SSP5-8.5 scenario pre-
dicts that the entire region will experience a 3—6 months
drought in the near future. It is anticipated that there will be
15—18 months of drought at the eastern and western ends of
the region throughout the mid-century and 18-21 months of
drought in the remaining central part. In the western half of
the region, drought is predicted to last for 21-24 months in
the late century, whereas in the eastern half, drought is pre-
dicted to last between 18 and 27 months in certain regions.
According to the SPI-12 indicator, 0 to 3 months of drought
are predicted for the entire region in the near future. It is
interesting that in the mid-century, the regions in the middle
of the region that experience drought for 21-24 months will
comprise a large area, and the number of dry months in the
eastern and western parts will decrease by 12—15 months. It
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Fig.7 SPI and CZI index time

series according to SSP5-8.5
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is noteworthy in the mid-century, the regions in the middle
of the region that experience drought for 21-24 months will
comprise a large area, and the number of dry months in the
eastern and western parts will decrease by 12—15 months.
Figure 10 depicts the spatial distribution of the number
of months that will experience extreme drought Under the
SSP2-4.5 scenario, the SPI-3 index predicts an extreme
drought lasting 10—-12 months in a strip-shaped area in
the center of the region and 8—10 months in the remain-
ing region. In the mid-century, a small area in the west will
experience a drought lasting 2—4 months, while the entire
region will be affected by a drought lasting 46 months. On
the other hand, towards the late century, 810 months of
drought are predicted in the eastern part of the region and
6—8 months in the remaining region. According to the SPI-
12 index, a more severe drought is predicted. In the near
future, approximately one-third of the region is expected
to experience droughts lasting 16—18 months, one-third
will experience droughts lasting 14—16 months, and the
remaining portion will experience droughts lasting 10—14
months. While the eastern half of the region is predicted to
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experience a drought lasting 4-6 months in the mid-century,
there are regions that are predicted to experience drought
on a varying scale, such as 2—-10 months in the western
half. While most of the region is predicted to experience a
drought of 0—4 months in the late century, it is noteworthy
that this value increases to 12—14 months at the western end.

Under the SSP5-8.5 scenario, according to the SPI-3
index, extreme drought is expected to last 2—4 months in the
northern and eastern ends of the area and 4—-6 months in the
rest of the area in the near future. In the mid-century, it is
predicted that there will be a drought lasting 10-12 months
in the north end, 6-8 months in the east end, and 8-10
months in the remaining part. In the late century, it is antici-
pated that the western region will experience 18—20 months
of drought, and the remaining regions will experience
14-18 months. In the near future, the SPI-12 index predicts
that the entire region will experience a drought lasting 0-2
months. It is expected that in the mid-century, wide-ranging
droughts lasting 6 to 18 months will occur in various parts
of the area. While a 14-16 months drought is predicted for
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Fig. 8 Spatial distribution maps Near Future Mid-Century Late Century
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Fig. 10 Spatial distribution maps Near Future
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most of the area in the late century, it is notable that the
western end will experience an 18-20 month drought.

4 Conclusion

Within the scope of this study, a prediction was made for
drought events in the Upper Kizilirmak basin that may
occur under the SSP 2-4.5 and SSP 5-8.5 climate change
scenarios. Precipitation data from the CC-CSM2-MR,
GFDL-ESM4, INM-CM5-0, and MRI-ESM2 global cli-
mate models were subjected to statistical downscaling and
error correction using the CCT software. SPI-3 and SPI-12
indexes were calculated for the years 2020-2100 using the
recently acquired data set. Time series graphs were gener-
ated for SPI indexes for the near future (2020-2049), the
mid-century (2050-2074), and the late century (2075—
2099), and drought events were subjected to trend analysis.
Spatial distribution maps were created by the interpolation
method utilizing the total number of dry months in order
to examine the spatial distribution of the predicted drought
events. These maps were created and evaluated separately
for the classifications of moderate drought (-1.0 SPI > -1.5),
severe drought (-1.5 SPI > -2.0), and extreme drought (-2.0
SPI).

According to the trend analysis results, there will be no
statistically significant trend in drought events in the SSP
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2-4.5 climate change scenario. In the SSP 5-8.5 scenario,
there will be a statistically significant decreasing trend in
drought events in the medium future according to SPI-3 and
SPI-12 indices.

Based on the interpretation of the SPI time series graph-
ics, it has been determined that the SSP 2-4.5 climate change
scenario will experience the most severe drought events in
the near future, while precipitation anomalies will decrease
as the end of the review period approaches. According to
the SPI-3 index, in particular, SPI values will become near
0 and remain in the range of -1 < SPI< 1, and precipitation
anomalies will become essentially nonexistent in the final
months of the investigation period. There will be no signifi-
cant drought anomalies until the half of the recent period.
However, starting from the middle of this period, the num-
ber and severity of precipitation anomalies and the duration
of dry periods will increase.

Comparison of SPI and CZI data showed that both indi-
ces are effective in assessing drought conditions and mete-
orological drought analyses. This comparative analysis
makes a significant contribution to improving the accuracy
and reliability of methodologies used in drought research.

Spatial distribution analysis revealed that moderate
drought events will exhibit a spatial distribution ranging
from 0 to 60 months throughout different examination peri-
ods. In both climate change scenarios, moderate drought
events will last longer than the SPI-3 index compared to
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the SPI-12 index. Moderate drought events will be more
effective in the SSP 5-8.5 scenario in the late the century.
According to the SPI-3 index, which offers an indication of
the influence of drought on soil moisture, while the central
parts of the basin will be more affected by this condition, the
eastern and western ends will be less affected. According
to the SPI-12 index, which is an indicator of the impact of
drought on water reserves, the drought’s impact area will be
larger than SPI-3, affecting roughly 80% of the area. Severe
drought events will exhibit a spatial distribution on a scale
varying from 0 to 30 months. Under the SSP 5-8.5 scenario,
the most effective droughts will occur in the late century.
According to the SPI-3 and SPI-12 indexes, the spatial dis-
tribution scale of drought events is similar throughout this
time period. The region most affected by the drought events
will be at the western end which will make up 20% of the
study area. Given that this region is where the Kizilirmak
river originates, the potential meteorological drought will
impact the entire river flow. Moreover, extreme drought
events will exhibit a spatial distribution ranging between
0 and 20 months. Under the SSP 5-8.5 scenario, the most
effective drought events will occur in the late century.
According to the SPI-3 index, drought events will last lon-
ger than SPI-12 during this period. Both indexes indicate
that the western end of the study area will experience the
longest duration of drought.

This study emphasizes the predicted changes in meteo-
rological drought anomalies in relation to the effects of
climate change. In light of these projections, future stud-
ies should focus on the dangers that drought events pose
to agriculture, food security, and the sustainable use of
water resources, as well as the preventative measures that
can be taken. However, the study acknowledges that the
climate models, scenario assumptions and methodological
approaches used when presenting projections of meteoro-
logical drought events under climate change scenarios have
their own uncertainties.
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