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ABSTRACT

The Standardized Precipitation Index (SPI) has been recognized as the standard index that
should be used for quantifying and reporting meteorological drought. This study aims to
present the application of the two-dimensional correlation method for determining the spatial
and temporal variability of drought among the SPI series. Heatmaps were used as a new way
of visualizing SPI series which enables visual inspection of dry and wet periods. The
developed method was applied on 13 meteorological stations in Central Anatolia. Significant
variations in drought behaviour were found in the investigated region even for the stations
close to each other.

Keywords: Drought variability, standardized precipitation index, two-dimensional
correlation, drought visualization, Central Anatolia.

1. INTRODUCTION

Drought is an extreme natural weather event posing a threat to available water resources and
it has been associated with human-induced global warming [1]. Together with the slow but
continuous worldwide decrease of total available water [2, 3] and rapidly rising human
population, the intensity and frequency of drought events is likely to increase worldwide.
Droughts can cause devastating impacts on the environment and on society resulting with
higher economic damages than the other catastrophes like earthquakes. Droughts influence
both surface water and groundwater resources, therefore, drought modelling has drawn
attention of researchers in many fields including ecology, hydrology, meteorology and
agriculture [4]. The current research shows that drought will continue to be one of the most
important natural disasters faced by the future generations. This increasing threat of extreme
weather events also increases the requirement for reliable modelling, estimation and
prediction of drought. Accurate evaluation of the existing data on drought allows us to
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monitor and predict changing drought patterns in spatial and temporal scales. There is a
continuous research to understand the behavior of droughts under climate change due to the
changes in spatio-temporal variability of precipitation [4].

Drought contrasts from other natural hazards in that it is difficult to determine the initiation
and the end of drought. The effects of drought are seen in many areas including economic,
social, and environmental processes. Drought has been classified into four groups:
socioeconomic, agricultural, hydrological and meteorological [5]. Generally, the first
observed drought is the meteorological (or climatological) drought, later the effects of
agricultural drought are seen. Socio-economic drought occurs either together with or after
meteorological drought if water supply does not satisfy water demand.

Determination of drought is also a difficult task. Different drought parameters were proposed
by researchers in order to define drought as well as to identify the interactions between
drought and hydrological/meteorological events (e.g. the Rainfall Anomaly Index (RAI) [6],
the Crop Moisture Index (CMI) [7], the Standardized Precipitation Index (SPI) [8], the
Surface Water Supply Index (SWSI) [9], the Percent of Normal Precipitation Index (PNPI)
[10] and the Standardized Precipitation-Evapotranspiration Index (SPEI) [11].

With the aim of detecting, observing and analysing drought events, the SPI has been widely
used by researchers as a well-reviewed and robust index since it has a clear computation
procedure and a multi-scalar character. The calculation of the SPI, the drought index
recommended by the World Meteorological Organisation, requires only the precipitation data
as input [12].

The following are some examples in current literature applying SPI together with other
methods aiming at identification of drought. A comparison of SPI and Palmer Drought
Severity Index (PDSI) was presented by Guttmann [13]. Drought in the south-western United
States was examined using the SPI by Hayes et al. [14]. Keyantash and Dracup [15] used 14
drought indices in United States. Morid et al. [16] used seven meteorological indices which
included the Percent of Normal (PN), the Deciles Index (DI), the China-Z index (CZI), the
SPI, the Modified CZI (MCZI), the Z-Score and the Effective Drought Index (EDI) for the
assessment of drought in Iran. Livada and Assimakopoulos [17] calculated the SPI values by
utilising data from 23 stations in Greece. They investigated drought’s intensity and duration
for a period of 51 years.

A comparison of the Reconnaissance Drought Index (RDI) and SPI was carried out in Iran
by Jamshidi et al. [18]. A study by Jain et al. [19] compared SPI, Statistical Z-Score, EDI,
Rainfall Departure (RD), CZI, and Rainfall Decile based Drought Index (RDDI) in central
India. Bandyopadhyay and Saha used four drought indices (SPI, RAI, Normalized Difference
Vegetation Index (NDVI) Anomaly Index (NAI) and Vegetation Condition Index (VCI)) for
the analysis of drought in India [20].

The previous works generally make use of time series graphs for investigating SPI values.
This paper presents a new approach where matrices and heatmaps are evaluated for revealing
temporal and spatial relationships among SPI series. This approach allows visual and
quantitative comparison of SPI series with different durations and also provides information
on differences of drought behaviour among stations.
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1.1. Drought in Turkey

In a climatological viewpoint, the majority of Turkish mainland has a dry and semi-dry
property and influence of drought has been frequently experienced in the region throughout
history [21]. Even though drought is a serious problem and the severe drought in 1876 had
killed about 200.000 people [21, 22], there is a limited number of scientific studies on drought
in Turkey. Some of the existing research were focused on water supply system and drought
in Istanbul [23]; analysis of spatial and temporal patterns [24] and probabilities [25] of
drought in Turkey based on the SPI; application of meteorological drought modelling for
drought in Turkey [26] and in Central Anatolia [27]; drought analysis in Antakya-
Kahramanmaras Graben [28]; analysis of the 2007 and 2013 droughts in Turkey by NOAH
Hydrological Model [29], trend analysis of precipitation and drought in the Aegean region
[30] and long-term spatio-temporal drought variability in Turkey [31, 32].

The drought document of the Turkish Ministry of Agriculture and Forestry states that drought
occurs in connection with the irregularities in precipitation events [21]. Figure 1 shows that
these significant precipitation variations cause droughts in different severity levels in
widespread or local scales in Turkey which is within the Mediterranean macro climate zone
in the subtropical belt [33]. The figure shows that Central Anatolia is the most vulnerable
region in terms of drought. Therefore, the Central Anatolian Region was selected for the
application of the two-dimensional correlation method [34] for a quantitative identification
and comparison of temporal drought patterns among selected meteorological observation
stations in the region.
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Figure 1 - Areal distribution of drought numbers in Turkey (1940-2010) [32]

1.2. The Study Area and Available Data

The Central Anatolian Region extends over an area of approximately 151.000 km?, which is
the second largest region of Turkey. It consists of four subbasins (the upper Kizilirmak, the
middle Kizilirmak, the upper Sakarya and the Konya basin) (Figure 2). Steppe climate
prevails in the region [27, 35, 36]. In this study, precipitation observations from 13
meteorological stations in the Central Anatolian Region listed in Table 1 were used for
meteorological drought analysis.
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Figure 2 - Central Anatolian Region (adapted from [37])

Table 1 - Spatial characteristics of the investigated stations [37]

Meteorolosical Meteorological Elevation Watershed
Watershed cteorologica Station Longitude  Latitude (m) Area
Stations 2
Number (km?)
Eskigehir 17124 30°35° 39° 47" 786
s[ilgfga Ankara 17130 32053 39°57 891 33.847
Cankiri 17080 33°37° 40°37 751
Konya 17244 32°33° 37° 59’ 1031
Konya Aksaray 17192 34° 03" 38°23° 961 53.850
Karaman 17246 33°13° 37°12° 1023
Upper Sivas 17090 37°01° 39045 1285 6.607
Kizilirmak
Kayseri 17196 35°29° 38°45° 1093
Nevsehir 17193 34° 42’ 38°37° 1260
Middle Nigde 17250 34°41° 37°58° 1211
- 78.180
Kizilirmak Kirsehir 17160 34° 09’ 39°10° 1007
Kirikkale 17135 33°31° 39°51° 751
Yozgat 17140 34° 48’ 39° 49’ 1298
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This study presents the application of the two-dimensional correlation method for
determining the spatial and temporal variability of drought among the SPI series. For this
aim, two-dimensional correlation analysis was performed on SPI-1, SPI-3, SPI-6, SPI-9, SPI-
12 and SPI-24 series which were calculated for all stations. The following chapter provides
a short background information on the calculation of the SPI and the two-dimensional
correlation coefficients. Then, the application of the SPI and the two-dimensional correlation
methods on available data is described. Finally, the results and conclusions are presented
together with some discussion on the new approaches and viewpoints on the investigation of
drought variability enabled by the use of the presented methodology.

2. METHODS
2.1. The Standardized Precipitation Index (SPI)

The SPI was introduced by McKee et. al. [12] with the purpose of determining droughts by
investigating precipitation data. The SPI is a drought index which is commonly used
worldwide [14]. Researchers have been routinely calculating the SPI based on monthly
precipitation totals for various durations including 1, 3, 6, 12, 18, 24, 36, 48, and 60 months
[15]. The SPI is calculated as follows:

_ XiH
SPI == (1)

where x; is precipitation, p is the mean of precipitation and o is the standard deviation.
Probability distribution function for data is calculated by fitting the gamma function [38].
The data sets are organized for various periods. Later, x is presumed as the monthly total
precipitation in the investigated period of time. The gamma distribution function is first fitted
to the data accumulated for various time scales. The probability density function of the
gamma distribution is defined as:

— 1 a-1,x/8
9() = s xle @)

for x > 0 where, x is the amount of precipitation and I'(a) is the Gamma function. The
following equations are used for calculating a, the shape parameter, and P, the scale
parameter.

a=ﬁ(1+ /1+%> (€)
B== 4)

Here, X is the mean precipitation and A is given by:

A=In@) — % Q)
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The following equation defines the cumulative probability distribution:

G() = [y gGodx = oo [T x e/ dx (6)

The gamma distribution is undefined when x = 0, and, when the probability of zero
precipitation q = P(x = 0) is positive, the cumulative probability is calculated as follows:

Hx)=q+(1-q) - GX) (M
The cumulative probability distribution is then transformed into the standard normal

distribution to yield the SPI [32]. The following table shows the drought classification
according to the ranges of the calculated SPI values.

Table 2 - The categories of the Standardized Precipitation Index [12][39]

SPI index values Drought Category
>2 Extremely Wet (W4)
1.50 ~1.99 Very Wet (W3)
1.00 ~ 1.49 Moderately Wet (W2)
0.99~0 Mildly Wet (W1)
0~-0.99 Mild Drought (D1)
-1.00 ~-1.49 Moderate Drought (D2)
-1.50 ~-1.99 Severe Drought (D3)
<-2 Extreme Drought (D4)

2.2. Two-dimensional Correlation

The two-dimensional correlation method assesses associations between matrices in two
directions by making use of the horizontal and the vertical covariances [34, 40]. The approach
is based on the idea that the values of a variable generally have different variances in the
horizontal and vertical directions when placed on a matrix. Before giving the equations for
the two-dimensional correlation, two-dimensional variance and two-dimensional covariance
are defined for a better understanding of the methodology.

2.2.1. Two-dimensional Variance

Variance is the measure of the spread around the average. The following equations show the
calculation of the horizontal and the vertical variance:

_7)2

mxn
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m4on Amn‘H 2
(4) = EmEntmnlo. ©)

Var,
v mxn

In the above equations the averages of the m" row and the n column of the matrix A are
indicated by 4,, and 4,, respectively.

When the column averages in the matrices are more scattered around the overall average, the
horizontal variance takes high values and when the column averages are closer to the overall
average, the horizontal variance decreases in value. The same situation is valid for the row
averages when calculating the vertical variance.

2.2.2. Two-dimensional Covariance

The linear dependence among variables is calculated by covariance which is a quantitative
indicator of the co-variation of the variables. In the calculation of two-dimensional
correlation, the horizontal covariance provides a measure of how changes in the column
averages of one matrix are associated with changes in the column averages of a second
matrix. Correspondingly, the vertical covariance provides a similar information among the
rows of the compared matrices. The association between the compared variables is generally
expected to be high when the covariance takes higher values (positive covariance indicates
direct relationship and negative covariance indicates inverse relationship). The horizontal
and vertical covariances between scalar matrices A and B are defined by the following
equations:

Em Zn(Amn_Am)(an_Bm)

Cov,(A,B) = —= (10)
Zm Zn(Amn_E) (an_ﬂ)

Cov,(4,B) = — (11)

In the above equations, B,,, and B, are the averages of the m" row and the n column of the
matrix B respectively.

2.2.3. Two-dimensional Correlation

Covariance is a scale dependent measure of the joint variability among variables. The
covariance is positive when the higher values of a variable correspond to the higher values
of the compared variable and the same behavior is observed between the lower values of the
variables. Covariance takes negative values when the values of the variables tend to show
inverse relationship (i.e., higher values of a variable correspond to the lower values of the
compared variable). The value of covariance is influenced with the magnitudes of the
compared variables, therefore, its value has to be normalized when there is need for
comparison of associations among multiple variable pairs. For example, it would not be
reasonable to make comparisons of precipitation series by only using covariance because
generally there are significant differences between scales of the observed precipitation series
in different basins of varied climate zones. Correlation coefficient, which should be preferred
in comparisons of variables, is the scaled and normalized version of covariance and it is
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dimensionless. Based on the horizontal and the vertical covariance values, the horizontal and
vertical correlation coefficients are obtained with the following equations:

Covp(A,B)

Th = JVarp(4) Vvarp(B) (12)
_ Covy(A,B)
Ty = Vary(A)Vary(B) (13)

The horizontal and the vertical correlations might also be calculated directly as follows:

_ Ym Zn(Amn—A4m) Bmn—Bm)
= o) _ (14)
\/[Zm Yn(Amn—A4m)?][Xm Xn(Bmn—Bm)?]

r - ZmZn(Amn_E)(an_B_n) (15)
Vo VEmEZn@mn—A) A Em En(Bmn—Bn)?]

In the above equations, r, and 1, are the horizontal and the vertical correlations between the
matrices A and B.

The two-dimensional correlation coefficients provide a quantitative measure of association
between rows and columns of the compared matrices. Here in this paper, the SPI values
obtained for each month of year are located in rows to generate the SPI matrices for all 13
stations. Then, the two-dimensional correlation coefficients are obtained for each year for
each station allowing a quantitative comparison between both the annual drought
characteristics of the stations and the differences between the SPI series when different
durations are considered (1, 3, 6, 9, 12 and 24 months). For example, it is expected that the
SPI series will have different annual averages when the investigated duration varies and
quantitative evaluation of these differences will provide information on differences in
drought behavior among the stations. The two-dimensional correlation method provides tools
for making this deterministic comparison. The details of this process are presented below in
Section 4.

3. RESULTS AND DISCUSSION
3.1. The Standardized Precipitation Index (SPI) Analysis

SPI values were computed for the 13 stations in the Central Anatolian Region, for the periods
of 1,3, 6,9, 12 and 24 months, covering the years 1959-2001 (43 years). As an example, the
relative frequencies of the SPI values calculated for the Cankir1 station for the 1, 3, 6, 9, 12
and 24 months time periods are given in Figure 3. Extreme, severe and moderate droughts
were identified in the basin. Relative frequencies were also calculated. The results obtained
for all stations are displayed in Table 3.

The results of the SPI analysis indicated that a significant change could not be observed
according to the ratios of the dry, normal or wet periods of a single station. However, normal
(mild wet) or mild droughts were more frequently encountered in shorter periods (3-6
months) whereas severe and very severe droughts were observed during longer time periods
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(12-24 months) in the Central Anatolian Region. Both cases can be evaluated in a different
view for various water resources problems. For instance, a drought with a 3 months duration
might have more influence on soil moisture, while underground water resources might be
influenced by a drought with a longer duration. The dryness ratios of the stations under
investigation in the Central Anatolian Region were determined to vary between 55% and
20%, and the wetness ratios were found to vary between 19% and 13% based on their SPI
indices.

40
35 1 Month
30 ¥ 3 Months
25 6 Months
20 9 Months
15 m 12 Months
10 I ® 24 Months
Z —— T I II II II | [ [ -
w4 w3 w2 w1 D1 D2 D3 D4

Figure 3 - Relative frequencies of SPI for the Cankiri Station

Table 3 - The dryness (D) and wetness (W) ratios (%) of the SPI values of the evaluated
stations in the Central Anatolian Region for time periods of 3, 6, 9, 12 and 24 months

3 Months 6 Months 9 Months 12 Months 24 Months

D w D w D \\4 D w D \\4

Eskigehir 47 16 44 18 44 16 41 15 44 16

Upper Sakarya Ankara 50 17 51 16 50 16 51 16 52 15
Cankir 50 18 48 16 49 16 50 14 51 16

Konya 45 15 46 14 48 16 50 14 46 13

Konya Aksaray 48 16 50 17 53 18 52 17 53 16
Karaman 49 17 46 16 46 16 48 15 54 16

Upper

Kizilirmak Sivas 45 16 48 16 51 18 50 17 20 18

Kayseri 50 16 50 17 50 16 50 16 55 18
Nevsehir 46 16 50 16 47 16 46 16 51 16
Middle Nigde 45 17 44 15 46 16 48 15 47 14
Kizihrmak  Kigehir 46 17 48 16 49 18 52 18 47 19
Kinkkale 49 17 49 15 54 17 55 17 52 18
Yozgat 48 15 46 17 48 16 48 15 20 16
Average 48 16 48 16 49 17 49 16 46 16
Range  45-50 15-18 44-51 14-18 44-54 16-18 41-55 14-18 20-55 13-19
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It was observed that the maximum drought duration increased with the increase of the period.
Moreover, when the droughts in the Central Anatolian Region are examined, it has been
determined that the duration of droughts tend to increase. Three months SPI indicated a 13
months of drought duration, while 24 months SPI indicated a 72 months of drought duration.
After the determination of the SPI values for each station for each period, the degree of
relationship between the obtained SPI series were assessed by applying the two-dimensional
correlation method. The assessment is made both in terms of the SPI values of each month
for each year and in terms of the calculated durations (1-24 months) as explained below.

3.2. Two-dimensional Correlation Analysis

For calculating the horizontal and vertical correlations between each station for each year, all
calculated SPI series were located on matrices for each station as shown in the heatmaps
generated by using the SPI series of Ankara and Cankiri stations (Figure 4). In the heatmaps,
the columns for each year start with January and end with December. Ankara and Cankir1
stations were selected to introduce the application of the two-dimensional correlation analysis
on SPI series. The heatmaps for the remaining 11 stations are presented in the Appendix. As
far as the authors know, this representation is used for the first time in literature for the
inspection of SPI series and enables a visual evaluation of drought variation both with time
and with the variation of investigated period. The darker shades of red indicate the periods
with a higher intensity of drought and alternatively, the darker shades of blue indicate the wet
periods. Visual comparison of the SPI temporal variability heatmaps of different stations also
provides clues about the existence, duration and severity of concurrent droughts. For
example, the heatmaps in the Appendix show that a very wet period is observed for most of
the cities in the years 1996 and 1997; while a persistent drought was observed in Eskisehir
in the same years it was neither dry nor wet in Aksaray in these years.

Calculation of the two-dimensional correlations between the SPI matrices of different
stations provides an opportunity to make a quantitative comparison of associations between
the variation of the SPI values both with time and with the evaluated period (1, 3, 6, 9, 12
and 24 months). The two-dimensional Pearson’s correlations calculated between the whole
SPI matrices of all station pairs present an overall evaluation of the degrees of associations
(Figure 5). For a better discrimination of higher and lower associations, this figure uses tones
of red for indicating lower values and tones of green for indicating higher values. The stations
in Ankara and Cankir1 have the highest correlation (0.740) followed by the station pairs
Cankiri-Kirikkale (0.735) and Kayseri-Nevsehir (0.725). These relatively higher correlations
point out that drought shows a similar behavior among the stations. Alternatively, the lower
correlated pairs might have more significant differences in view of drought behavior. For
example, the correlation values obtained for Eskisehir are all close to zero which might
indicate that drought variability in Eskisehir has no significant association with the compared
stations.

Another finding based on the results in Figure 5 is that there are two groups of stations highly
correlated with each other but having lower correlations with the remaining stations. The first
group is Ankara, Cankiri, Kirikkale and Kirsehir stations which are located in the upper
section of the region and the correlations between these stations vary between 0.531 and
0.740. The other highly correlated group includes the stations Kayseri, Nevsehir, Nigde,
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Sivas and Yozgat, which are in the eastern part of the region. The correlations for the second

group varies between 0.588 and 0.725.

SPI HEATMAP FOR GANKIRI

Figure 4 - SPI matrices for Ankara (top) and Cankiri (bottom) stations showing temporal

variability of drought

Cankiri
Eskisehir
Karaman
Kayseri
Kirikkale
Kirsehir
Konya
Nevsehir
Nigde
Sivas

0,237 [ 028 0252 0,280 0,309
0,202 0215 0219 0,229 0,301

0,279

0306 0245 0,265 0,341
0368 0302 0,287 0,341

Figure 5 - Two-dimensional Pearson’s correlations between the SPI matrices of the

stations

The behavior of drought might show variations with the progress of time even though there
is a relatively high correlation between the SPI values of the stations. For example, the
heatmaps for Ankara and Cankir1 show that drought was more severe in Ankara in 1992 while
it was more severe in Cankir1 in 1994-1995 period. Therefore, calculation of correlations at
annual scale enables determination of the differences between the variations of drought
behavior through the investigated duration for the compared stations. Figure 6 shows the two-
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dimensional Pearson’s correlations (r), the horizontal correlations (rn) and the vertical
correlations (ry) between the SPI matrices of the Ankara and Cankir1 stations for each year in
the investigated period. This figure also uses tones of red for indicating lower values and
tones of green for indicating higher values.

Year | 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973
r | 0503 0017 0882 0311 -0,097 0681 0,640 0452 0,616 0,602 0474 0397 0,666 0,538 0,142
. | 0549 -0,059 0,813 0408 0162 0557 0,649 0,594 0,565 0,558 0,675 0,401 0,736 0,516 -0,011
r, | 0416 0151 088 0,378 -0,195 0,757 0,698 0412 0,765 0,661 0469 0417 0,629 0,635 0,150

Year | 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988
r 0,728 0,609 0,396 ‘-0,356‘ 0,754 0,622 0,436 0,678 0,595 0,708 0,885 0,735 0,442 0,567 0,514
r, | 0,725 0,619 0,594 [-0,322 0,675 0,570 0,441 0,578 0,479 0,625 0,902 0,732 0,583 0,581 0,442
r. | 0,737 0,626 0,410 -0,324 0,792 0,579 0,512 0,752 0,708 0,709 0,854 0,695 0,390 0,645 0,570

Year | 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
r | 0863 0328 0743 0898 0712 0279 0609 0844 0849 0841 079 0599 0,752
r |08 0348 0751 0917 0737 0234 0693 0846 0865 0876 0,753 0,756 0,762
r. |0860 0487 0733 084 0736 0321 0462 0,803 0769 0754 0,771 0424 0,669

Figure 6 - Two-dimensional Pearson’s correlations (r), horizontal correlations (ri) and
vertical correlations (r,) between the annual SPI matrices of the Ankara and Cankirt
stations

An overall inspection of the heatmaps and Figure 6 reveals that the SPI matrices are generally
not highly correlated except for a few years including 1961, 1984, 1989 and the 1996-1998
period. It is also seen that there is an inverse relationship between the monthly SPI series for
the compared stations in 1977 (ry = -0.324) and that the SPI-1, SPI-3, SPI-6, SPI-9, SPI-12
and SPI-24 series are also inversely related in 1977 (1, =-0.322). This inverse relationship is
also validated by the Pearson’s correlation for the same year (r = -0.356).

The highest r (0.898) and 1, (0.917) values were obtained for 1992 while the highest r, (0.886)
was obtained for 1961, all of which are much higher than the correlation between the whole
matrices (0.740). All correlations for 1977 are negative (and minimum) indicating an inverse
relationship both in the vertical and the horizontal directions. For some years, there are
significant differences between the values of r, ry and ry. For example, in the year 2000, r, =
0.756 and ry = 0.424, indicating that the row-wise relationship of SPI values are stronger and
that the column-wise relationship is weaker than the association indicated by the Pearson’s
correlation. Alternatively, in 1982, the row-wise relationship is weaker (1, = 0.479) and the
column-wise relationship (ry = 0.708) between the SPI values are stronger. Similar situations
are observed in years like 1993, 1967 and 1995 in which a severe drought was observed in
both stations as also seen in the heatmaps. The correlation values in Figure 6 provide a clear
picture of the variation of the behavior of drought from 1959 to 2001 and show that there are
periods where the relationship is strong and there are periods where the relationship is weak
or even inverse. This situation was also observed in other stations indicating a strong
temporal and spatial variation of drought behavior in the region.

The correlation calculations were made for a total of 77 station pairs, but they are not
presented here because of space restrictions and can be downloaded from the following link:

https://drive.google.com/open?id=1soOtBWN5dcDQ_ QPR1hyYygF 4YJPVVyU
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The results for other stations point out that there are significant variations in drought behavior
through the investigated period and the variations do not follow a similar trend. The obtained
results show that the behavior of drought might show significant differences when
investigated annually even though the compared stations are spatially close to each other and
even their SPI series are highly correlated. For example, the stations in Kayseri and Nevsehir
are very close to each other but through the investigated period of 43 years the correlations
were higher than 0.9 for only 3 years (1976, 1996 and 1998). The average annual correlation
for this pair is 0.67, and in some years (1960, 1990 and 1994) the correlations fall under 0.3.
The correlations do not show a stable behavior in any of the station pairs. Under the light of
the findings of this study, future works might aim at determination of drought frequency and
variation of drought severity by evaluating more recent data.

3.3. The 2DCorr Software

The software used for the application of the presented methodology was developed in the
Visual Studio environment with Visual Basic. The software is an adapted version of the
Corr2D software and accepts SPI data matrices as input. The software will be provided freely
by the authors upon request together with sample input and output files.

4. CONCLUSIONS

In this study, SPI values were calculated by using monthly precipitation values of 13 stations
in the Central Anatolian Region. Two-dimensional correlations were calculated between the
station pairs for investigating variability of drought according to both the annual relationships
and the evaluated period (1, 3, 6, 9, 12 and 24 months). The drought periods in the region
have shown a cyclic behavior as indicated by the long term observation data. Furthermore,
the two-dimensional correlation results have shown that the drought behavior exhibits
significant variations even for the station pairs which are highly correlated.

The two-dimensional correlation method provides an in-depth evaluation of the SPI series.
The main conclusion of the study is that there are significant temporal and spatial variations
in drought behavior in the investigated Central Anatolian Region which is regarded as the
most vulnerable region for drought. The findings indicate that the presented approach might
be reliably used in drought assessment and evaluation. Determination of regional variations
in drought behavior has an important role in the planning and design of water structures.
Therefore, knowledge of drought variability makes an important contribution in making
decisions on drought precautions and provides possibilities for better predictions on future
droughts.

Symbols

Xi : Observed precipitation
0 : Mean precipitation

o : Standard deviation
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I'(a) : Gamma function

a : Shape parameter

B : Scale parameter

Varn(A) : Horizontal variance of matrix A
Vary(A) : Vertical variance of matrix A

Covn(A, B) : Horizontal covariance between the matrices A and B

Covy(A, B) : Vertical covariance between the matrices A and B

Th

Iy

[1]

[2]

[4]

[3]

[6]

[10]

: Horizontal correlation

: Vertical correlation
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Appendix
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Figure Al - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Aksaray station
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Figure A2 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Eskisehir station
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Figure A3 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Karaman station
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Figure A4 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Kayseri station
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Figure A5 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Kirikkale station
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Figure A6 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Kirsehir station
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Figure A7 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Konya station
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Figure A8 - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Nevsehir station
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Figure A1l - Heatmap of the 1, 3, 6, 9, 12 and 24 month SPI series for the Yozgat station
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