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ABSTRACT

The differences in duration and amount of precipitation significantly affect the drought due to global climate change
in the last decades. Therefore, drought is one of the parameters to be considered for sustainable water resources
studies. In this study, firstly, by using historical precipitation records between the years 1975-2010, the drought indices
of 3-, 6-, 9- and 12- months of Canakkale, Bozcaada, and Gékgeada stations were determined with the standardized
precipitation index (SPI). Then, gene expression programming (GEP) models were developed in which the drought
values of Bozcaada and Gokgeada stations were selected as input parameters for the drought prediction of Canakkale
province. In addition, W-GEP models were developed using a sub-series of the same inputs produced with wavelet
transform (W). Examining the developed models, the determination coefficients (R2) for the 6-, 9- and 12-months
periods were generally higher than 0.80 for GEP and W-GEP models. In contrast, the R? value for the 3- month period
was approximately 0.657 and 0.704, respectively. The highest R? value was determined as 0.868 for the W-GEP
model during the 6- month period. As a result, the GEP and W-GEP approaches were found to be successful in the
estimation of drought.
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Dalgacik-Gen ifade Programlama ile Meteorolojik Kuraklik Tahmini:
Canakkale Ornegi

0z

Son yillardaki kiresel iklim degisikliginden dolayi, yagis miktari ve suresindeki farkliliklar kuraklik tGzerinde blyuk
etkiye sahip olmaktadir. Bu nedenle, surdurulebilir su kaynaklari ¢alismalarinda kuraklik dikkate alinmasi gereken
parametrelerden biridir. Bu ¢alismada, ilk olarak, 1975-2010 yillari arasinda bulunan tarihi yagis kayitlari kullanilarak
Canakkale, Bozcaada ve Gokgeada istasyonlarinin standart yagis indisi (SYi) ile 3-, 6-, 9- ve 12- aylik kuraklik indisleri
belirlenmistir. Daha sonra, Canakkale ilinin kuraklik tahmini i¢cin Bozcaada ve Gékgeada istasyonlarinin kurakhk de-
gerlerinin girdi parametreleri olarak secildigi gen ifade programlama (GEP) modelleri gelistirilmistir. Ayrica, ayni gir-
dilerin dalgacik dénisimu (D) ile Uretilen alt serileri kullanilarak D-GEP modelleri dretilmistir. Gelistirilen modeller
incelendiginde, 6-, 9- ve 12- aylik dénemlere ait belirleyicilik katsayilari (R?), GEP ve D-GEP modelleri igin genel
olarak 0,80'den ylksek bulunurken, 3- aylik dénem igin R? degerleri yaklasik olarak sirasiyla 0,657 ve 0,704 elde
edilmistir. En ylksek R? degeri 6- aylik ddonemde D-GEP modeli icin 0,868 olarak belirlenmistir. Sonug olarak, GEP
ve D-GEP yaklasimlarinin kuraklik tahmininde basaril olduklari goérilmustur.

Anahtar Kelimeler: Canakkale, kuraklik, GEP, SYi, dalgacik dénligtimi
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INTRODUCTION

Meteorological drought caused by the decline of pre-
cipitation values below average is one of the main risk
factors in developing effective use policies for the ex-
isting water potential. The drought, which has a large
impact due to global warming and climate change,
makes itself seem like a meteorological risk. It causes
hydrological drought with decreased groundwater and
surface freshwater resources and melting glaciers. As
a result of these two serious drought processes, agri-
cultural and socio-economic droughts also may occur
(Sen, 2003; Sen, 2009). The Standard Precipitation In-
dex (SPI), frequently used in meteorological drought
studies, was first used by McKee et al. (1993). Many
researchers prefer this method because only the pre-
cipitation parameter is needed (Tsakiris et al., 2007,
Efe and Ozgiir, 2014; Aksever, 2019). Gimds et al.
(2016) made a drought analysis with SPI using the 78-
year precipitation data of the Sanliurfa station and de-
termined the time intervals in which different drought
categories were observed. Arslan et al. (2016) made a
drought analysis with SPI using 60-year precipitation
data for eight stations in the Kizilirmak Basin. They
stated that as the period duration increased, the maxi-
mum drought durations were also extended. Bacanli
and Kargi (2019) conducted a drought analysis with
SPI after examining the trend of precipitation data for
five stations in Bursa with linear regression. They ex-
amined the frequencies of drought classes in short and
long periods.

Since hydrological models containing complex param-
eters are nonlinear, modelling them with traditional
methods is very difficult and time-consuming. Artificial
intelligence methods, which facilitate the solution of
such problems, have been used by many researchers
in drought modelling. In addition, models combined
with Wavelet Transform (W), one of the pre-processing
techniques, are frequently used in hydrology applica-
tions to increase the prediction performance of these
methods. Wavelet transforms provide useful decom-
positions of the main time series. Thus, wavelet-trans-
formed data improves the performance of the predic-
tion model by capturing useful information at various
resolution levels (Dadu and Deka, 2016). Belayneh et
al. (2016) developed drought models with W, Artificial
Neural Networks (ANN), and Support Vector Regres-
sion (SVR) after determining drought indices in differ-
ent periods with SPI for the Awash River Basin in Ethi-
opia. They stated that the W-ANN model gave the best
results in 3- and 6- months periods. Djerbouai and
Souag-Gamane (2016) compared ANN and W meth-
ods with stochastic models for drought prediction in Al-
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geria. They said that the W-ANN model gave good re-
sults in short periods. Gene Expression Programming
(GEP), one of the other artificial intelligence methods,
was proposed by Ferreira (2001). Abbasi et al. (2019)
conducted a drought analysis using SPI and Standard
Precipitation Evapotranspiration Index (SPEI) for the
Urmia station in Iran at different periods. They mod-
elled these drought indices with GEP and obtained the
highest correlation coefficient for SPEI in the 48-
months. Solgi et al. (2017) developed models with
SVR and GEP to estimate daily and monthly flow val-
ues of the Gamasiyab River in the Navahand Region
of Iran. Then, they determined the most compatible
signal of each input with the output by wavelet trans-
form and obtained models with higher predictive per-
formance with W-SVR and W-GEP. In particular, they
stated that W-SVR hybrid models are more suitable for
the region. Shoaib et al. (2015) developed models to
estimate the flow data by using the precipitation and
flow data of the stations selected from different parts
of the world stated. They found that the W-GEP mod-
els developed with the Dmey wavelet are better than
the GEP models. Karimi et al. (2016) have tried Auto-
Regressive Moving Average (ARMA) and different ma-
chine learning methods to estimate Filyos River flows
in the West Blacksea region in Turkey. They stated
that W-GEP models are suitable for long- and short-
term flow estimation.

This study aims to analyze the meteorological drought
and develop the drought estimation model of the re-
gion by using precipitation data from three stations for
Canakkale province and its surroundings in the semi-
arid region. The lack of a drought estimation model de-
veloped with wavelet analysis and GEP methods for
this region provided the motivation for the study. First,
the drought indices were determined using SPI for Ca-
nakkale, Bozcaada and Goékgeada stations. For the
drought estimation model of Canakkale province, GEP
models were developed using the drought indices of
Bozcaada and Gokgeada stations. Then, to increase
the performance of GEP models, W-GEP models were
created by decomposing the input parameters into
sub-series with wavelet transform. The performances
of the models were examined using some statistical
parameters. The formula for the most suitable model
was extracted.

MATERIAL AND METHODS

The Study Region and Data

Canakkale, as the determined area of this study, is in
the northwest of Turkey, including Bozcaada and
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Gokgeada stations, and covers a total area of 9737
km?2 over the continents of Asia and Europe. It is lo-
cated between 25° 35'- 27° 45' latitude and 39° 30'-
40° 45' longitude (URL-1, 2021). Canakkale has a
semi-humid climate with a long-term mean precipita-
tion height of 591.5 mm. The highest daily measured
precipitation height is 137.8 mm (URL-2, 2021). Boz-
caada and Gokgeada districts are two islands located
in northeast of the Aegean Sea. Bozcaada is cool and
dry in the summer months, warm and rainy in the win-
ter months, and influenced by the Mediterranean cli-
mate. Gokgeada is hot and warm in the summer
months and rainy and cold in the winter months and
shows the characteristics of the Mediterranean climate
in the south and the Marmara climate in the north. The
map showing the study area is given in Figure 1.
Monthly total precipitation data for Canakkale,
Gokgeada, and Bozcaada stations used in the study
were obtained from the Turkish State Meteorological
Service between 1975-2010. Before drought analysis,
precipitation data should be subjected to a homogene-
ity test. Taylan et al. (2021) carried out a homogeneity
test for these stations with the double mass curve
method on the precipitation data of these stations.
When the changes in the curve slope were examined,
no breaks were observed in the slopes of the three sta-
tions.

B

Figure 1. The study region

Standardized Precipitation Index

In 1993, the standardized precipitation index (SPI) pro-
posed by McKee et al. was determined according to
the deviation of precipitation data from the mean. The
negative values of the series obtained by standardized
precipitation data of at least 30 years indicate arid pro-
cesses, while positive values indicate rainy processes.
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Negative processes occur in periods when there is no
precipitation or when it is less than average. These
negative and positive processes are classified by
McKee et al. for different intervals; severe drought (-2
>), moderate drought (-1.99 ~ -1.50), mild, severe
drought (-1.49 ~ -1.00), normal (-0.99 ~ 0.99), mild se-
vere precipitation (1.00 ~ 1.49), moderate precipitation
(1.50 ~ 1.99) and heavy precipitation (2 <). Equation
(1) is used to obtain nondimensional series.

SPI = (R 1)
Where ¥x; indicates the precipitation data of the month
in which the index is calculated, Xor is the average of

precipitation data for long-terms, and o is the standard
deviation of the precipitation data (McKee et. al, 1993).

Wavelet Transform

Wavelet analysis is a multi-resolution analysis that de-
pends on the number of repetitions and time. It is of
great importance for Fourier transforms. The wavelet
function () is the main wavelet that can be reduced
to zero. It can be defined as fqu; () dt = 0. Pap(t)

can be obtained by compressing and expanding y(t)
(equation (2)):

Yap® =17y (2)beRacRaz0 (2)

Where R is the set of real numbers, y,,(t) is the se-
guential wavelet, a is the scale or frequency factor, b
is the time factor. If Y, (t) satisfies equation (2), the
sequential wavelet transform of f(t) for finite energy sig-
nal or time series f(t) eL2(R) is defined as in equation

@A).
Wy f(@b) =< f, Yap 2 [al 2 [fO T (Dde ~ (3)

where ¥ (t) are complex conjugate functions of w(t).
Equation (3) means the decomposition of f(t) under dif-
ferent resolution levels (scale) of the wavelet trans-
form.

A successive wavelet is usually a discrete structure. If
a =aj ve b =kbya) (a, > 1, bo€R, K, j) are integers,
the discrete wavelet transform of f(t) can be written as
equation (4):

WyfG.k) = a;% JfOB(ag't — kbo)dt  (4)
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If a0 = 2 and bo = 1, equation (4) becomes the binary
wavelet transform (equation 5):

Wy f(, k) = 27972 f() §(27t—Kk)dt  (5)

W f(a,b) or Wf(j,k) can simultaneously show the char-
acteristics of the original time series in frequency (a or
) and time domain (b or k). If a or j decreases, the fre-
quency resolution of the wavelet transform is low, but
the time-domain resolution is high. If a or j increases,
the frequency resolution of the wavelet transform is
high, but the time-domain resolution is low (Wang and
Ding, 2003).

Gene Expression Programming

Genetic algorithms, one of the evolutionary ap-
proaches that facilitate the solution of complex prob-
lems, have been used in many fields in recent years
(Mehdizadeh et al., 2021; Mehr, 2018; Thakur and
Manekar, 2022). Genetic algorithms (GA) are search
and optimization methods based on natural selection
principles. Firstintroduced by John Holland, genetic al-
gorithms have successful applications in function opti-
mization and machine learning. Genetic algorithms
containing probability rules need a particular part of the
solution set according to the objective function. Thus,
while solving in a shorter time by doing effective
searches, they simultaneously examine the population
consisting of solutions (Emel and Tagkin, 2002).

Genetic Programming (GP), proposed by Koza (1992),
is a search technique that includes computer programs
such as mathematical expression, decision trees, pol-
ynomial structure, and logical expression (Goldberg,
1989). Gene expression programming (GEP), such as
GA and GP, uses the populations of individuals to
make a selection according to their suitability. It is sim-
ilar to the genetic algorithm to introduce genetic varia-
tion using one or more genetic operators (Aytek and
Kisi, 2008). The main difference between these three
algorithms is due to the nature of the individuals. While
individuals consist of nonlinear entities of different
sizes and shapes in GP, they consist of linear strings
of fixed length (chromosomes) in GA. In GEP, individ-
uals are encoded as expression trees and fixed-length
linear strings (Ferreira, 2002). An example expression
tree showing the genetic information encoded in chro-
mosomes is given in Figure 2.

364

012345678901
*-/0Ob+b+aaab

Figure 2. An example of the expression tree

However, owing to simple rules determining the struc-
ture and interactions of expression trees, it is pos-
sibleto infer the phenotype from a set of genes and
vice versa. This bilingual and imprecise system is
called the Karva language (Ferreira, 2002).

FINDINGS AND DISCUSSION

In the study, after performing meteorological drought
analysis with standard precipitation index (SPI),
drought estimation models were developed for Canak-
kale province with gene expression programming
(GEP) using the meteorological drought values of Boz-
caada and Gokgeada stations as input parameters.
Then, sub-series were obtained from the standard se-
ries of Bozcaada and Gokgeada stations by wavelet
transform (W). These sub-series were modelled using
GEP to estimate the standard series of Canakkale
province, and W-GEP models were created.

Firstly, for meteorological drought analysis, the SPI
values for 3-, 6-, 9- and 12- months periods were cal-
culated using 36-year precipitation data of these three
stations between 1975-2010. For the standard series
calculated for each station in different periods, the cor-
relation values between the stations are given in Table
1 to see the compatibility of Canakkale province with
Bozcaada and Gokgeada. From Table 1, correlation
values show a good relationship between the drought
values of the stations. In this context, it was found ap-
propriate to estimate the drought values of Canakkale
station, which was selected as an output in the model-
ling phase with GEP and W-GEP, by using the drought
values of the other two stations.
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Table 1. The correlation values between Canakkale
station and other stations

Periods Bozcaada Gokgeada
3- month 0,64 0,70

6- month 0,81 0,85

9- month 0,83 0,85
12- month 0,82 0,86

According to the historical record, the first 80% of the
data is used as a training set in GEP and W-GEP mod-
els, and the remaining 20% is reserved as a testing
set. While developing the models, the SPI values of
Bozcaada and Gokgeada stations were used in the ter-
minal (input) set, which is the first of five basic steps.
In the second step, which is the determination of func-
tions, arithmetic, exponential and logarithmic opera-
tors suchas *, /, -, +, V, *, In, 10%, and log were tested.
In the third step, the head length is eight, and the num-
ber of genes per chromosome is 3 in the chromosome
architecture. Total (+), the connection function type, is
selected in the fourth step. In the fifth step, the chro-
mosome number is 50; the mutation rate is 0.044; the
single point recombination ratio is 0.3; the recombina-
tion ratio at two points is 0.3; the gene recombination
rate was taken as 0.1 and the gene transfer rate as
0.1. After applying these steps, the suitability of devel-
oped drought prediction models was determined using
the determination coefficient (R?) and root means
square error (MSE) values. The R? and MSE values of
the training and testing sets of the developed GEP and
W-GEP models are given in Table 2. When Table 2 is
examined, the high R? values have been obtained for
models in 6-, 9- and 12- months periods, in which
mainly seasonal changes can be observed.

Table 2. The drought estimation models

Training set Testing set
Models
MSE R? MSE R?
GEP 0.594 0.470 0.481  0.657
3- month
W-GEP 0.681 0.304 0.444 0.704
GEP 0.486 0.716 0.350 0.856
6- month
W -GEP 0.491 0.710 0.334 0.868
GEP 0.488 0.731 0.375 0.846
9- month

W -GEP 0.525 0.689 0.409 0.815
GEP 0.476 0.754 0.494 0.789
W-GEP 0.499 0.729 0.649  0.636

12- month

The highest R? values in both GEP and W-GEP mod-
els were found as 0.856 and 0.868 for the testing set

in 6-month drought models, respectively. Also, espe-
cially in 3- and 6- months models, the performance im-
provement was observed for testing sets after applying
wavelet transform, while a decrease was observed in
9- and 12- months models. A decrease was observed
in MSE values as consistent with the increase in model
performances. For the 6-month GEP and W-GEP mod-
els, the scatter plots of the training and testing sets and
the time series showing the compatibility of models
with SPI values for the testing set are given in Figures
3, 4, and 5, respectively.

Similar to this study, Terzi et al. (2019) developed the
drought models of Canakkale for 3-, 6-, 9-, 12- and 24-
months periods with data mining. They found R? value
of the drought model developed for the 6-month period
as 0.808 for the test set (Terzi et al., 2019). In this
study, it was seen that the preprocessing technique in-
creased the model performance with the W-GEP
model.

Training set

]
T
o
€
o
w
©
6- month SPI
Testing set 2 7 3 %
[ ]
)
]
o
E r 1
2 2
U]

_2 .
6- month SPI

Figure 3. The scattering diagrams of 6- the month
GEP model
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Training set

Testing set %o

W-GEP model

6- month SPI

W-GEP model

_2 J
6- month SPI

Figure 4. The scattering diagrams of 6- the month W-GEP model

2,5 —— Canakkale SPI

Drought values

++--m-+- GEP model

W-GEP model

2 Time (month)

Figure 5. The time series of 6-month GEP and W-GEP models for the testing set

The equations obtained for 6- month GEP and W-GEP
models developed using the GEP, which provides the
advantage of obtaining mathematical expression and
expression trees, are given in equations (6) and (7),
respectively.

D¢ = (Dg + Dg) + (—Iny e®P5+Pe)) (6)

Where D¢, Ds and De show the drought indices of Ca-
nakkale, Bozcaada and Gokgeada, respectively.
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D =Wl + W2, + W35 +
log‘{/e(w1+wz)3—(w1+W2+W3)G + logVeW3s @)

In Equation 3, W; (i = 1,2,3) values represent the sub-
series obtained by wavelet transform for each station,
and the indices of B and G indicate Bozcaada and
Gokgeada stations. Also, expression trees of 6- month
GEP and W-GEP models among the developed mod-
els are given in Figures 6 and 7, respectively.
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Sub-expression 1

Sub-expression 2

Figure 6. The expression tree of the 6-month GEP model

Sub-expression 1

Sub-expression 2

Figure 7. The expression tree of the 6-month W-GEP model

Mehdizadeh et al. (2021) modeled the standardized
precipitation evapotranspiration index (SPEI) for the
SPEI-3, SPEI-6 and SPEI-12 periods from six meteor-
ological stations in Turkey. They stated that W-GEP
performed better in estimating SPEI-3 and SPEI-6
compared to GEP model. Belayneh et al. (2014) devel-
oped ANN, SVR, W-ANN and W-SVR models to esti-
mate SPI (6- and 12- months) values for Awash River
Basin of Ethiopia. They said that W-ANN model has
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higher accuracy than other models. According to Me-
hdizadeh et al. (2021), Belayneh et al. (2014), Karimi
et al. (2016), Solgi et al. (2017) and Terzi et al. (2019),
it was shown that the use of artificial intelligence mod-
els together with preprocessing techniques improves
model performance. In addition, all W-GEP models
provide superior performances compared to stand-
alone GEP. Wavelet transform is a procedure that re-
moves the trend component and periodicity by decom-
posing the original time series data into subseries.
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Therefore, wavelet, which is a successful prepro-
cessing technique, is useful to improve model perfor-
mance in developing a predictive model.

CONCLUSION

Meteorological drought is one of the fundamental stud-
ies in planning water resources and predicting hydro-
logical and agricultural droughts that may occur over a
long time by using meteorological data. In the study,
firstly, drought indices using SPI for Bozcaada,
Gokgeada, and Canakkale stations in 3-, 6, 9- and 12-
months periods were determined for the meteorologi-
cal drought analysis of Canakkale, which has a climate
between the Mediterranean and the Black Sea climate.
Then, GEP and W-GEP models were developed using
the SPI values of Bozcaada and Gokgeada stations to
estimate the drought indices of Canakkale province.
According to the results, there was an increase in the
performances of models where seasonal changes
could be seen in the long term. Among the GEP mod-
els, the drought series obtained with the model devel-
oped for the 6- months period provided the closest
drought predictions. However, a decrease was ob-
served in the 3- months period.

Similarly, W-GEP models developed by using wavelet
transform, one of the pre-processing techniques used
to increase the performance of estimation methods,
obtained the highest performance for 6- month period.
In general, it has been observed that the wavelet trans-
form method improves the performance of the estima-
tion model. When the data mining models developed
for the same region in study of Terzi et al. (2019) were
compared with the GEP and W-GEP models in this
study, it was seen that both GEP and W-GEP models
gave higher performance. Also, GEP models, which
can be used in drought prediction, have an advantage
according to other artificial intelligence methods be-
cause they can show the relationship between varia-
bles with expression trees or mathematical correla-
tions. Wavelet transform, which is seen as an advance
in signal processing, can reliably eliminate artificial in-
telligence model shortcomings.
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