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Drought has become a recurrent phenomenon in Turkey in the last few decades. Significant
drought conditions were observed during the late 1980s and the trend continued in the late
1990s. The magnitude of drought related losses and impacts in the agricultural sector and
water resources indicate continuing vulnerability of the country to drought. In this study, the
[frequency and severity of meteorological droughts in Turkey have been investigated in relation
to vulnerability concept using the Standard Precipitation Index (SPI). Frequency of drought
events at different severity categories and critical threshold rainfall data are computed at
different time scales to identify drought climatology. The study found that drought occurrences
portray a very diverse but consistent picture with varying time scales. At the regional scale,
southeastern and eastern Anatolia are characterized with moderate droughts at shorter time
scales, while the occurrence of severe droughts at shorter time scales are typical at non-coastal
parts of the country. A similar picture was observed with very severe drought variability. That
ledus to conclude that while the central parts of the country are more vulnerable to agricultural
drought with faster depletion of the soil moisture, the coastal parts and eastern regions will
suffer from hydrological drought, with consequent loss of water resources. In this study,
critical threshold rainfall values were also computed to identify areas which must receive at
least some amount of rainfall to avoid from drought conditions. The critical threshold values
exhibited rising numbers during the growing season at the 3-month scale in the southeastern
Anatolia, which is a significant result considering the presence of large irrigation projects in
the area. In general, rainfall amounts required for non-drought conditions decrease from the
coast toward the interior with increasing time scales.
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INTRODUCTION

Drought is one of the most damaging climate-related hazards to impact societies. Although
drought is a normal part of climate, it can develop as an extreme climatic event and can have severe
impact on local people and water-dependent sectors. Therefore, itis of a great importance to develop
measures of drought severity both at spatial and temporal scales. Most definitions of drought are
based on expression of deficiency of precipitation that results in water shortage for some activity
related to use of water (Wilhite and Glantz, 1985; Dracup et al., 1980). In general terms, drought
usually is perceived to be a prolonged period without precipitation resulting in moisture deficiency
which produces a hydrologic imbalance between precipitation and evapotranspiration in a particular
area. Although precipitation is the primary controlling factor of the drought, other climatic factors
such as high wind, high temperature or low relative humidity can contribute to amplify its intensity.
The severity of the drought depends upon the degree of moisture deficiency, the duration, and to a
lesser extent, the size of the affected area. Impacts of drought are usually first apparent in agriculture
through decrease in soil moisture and high evapotranspiration but gradually move to streamflows and
groundwaters.

Drought affected large areas of Europe during the 20th century and is not restricted to the
Mediterranean region alone as it can occur in high and low rainfall areas and in any season (Lloyd-
Hughes and Saunders, 2002). Drought is still a major concern in parts of Turkey where the rainfall
is low and highly variable. The combination of rainfall deficiency with other climatic factors, in
particular high temperatures, creates serious vulnerability to drought in the central and southeastern
parts of the country where agriculture is the main economic sector (Komuscu, 1998). The impacts
of drought in the low and variable rainfall regions of the country can be widespread, affecting such
diverse sectors as agriculture, irrigation, and energy. In fact, drinking water supplies dropped
drastically in major urban areas during the early 1990s due to severe droughts and led to initiation of
several rain enhancement projects to meet the demand for water (Komuscu, 2003). Severe and
prolonged droughts experienced in the last decade directed the attention to the country’s vulnerability
to this natural hazard and therefore highlighted a need for better identification of the drought at
varying time scales and severity.

In this study, the drought climatology of Turkey has been investigated using the Standard
Precipitation Index (SPI), a relatively new meteorological index developed by McKee et al., 1993.
The study aimed to address the multi-natural aspects of the drought with respect to frequency of
drought occurrence in intensity and its spatial extension to identify drought-prone areas and drought
vulnerability. The study also aimed at treating the drought occurrence from a different perspective
by analyzing threshold rainfall values by which a minimum amount of rainfall can be established for
non-drought conditions. However, it should be noted that because of the complexity of the issue of
vulnerability, assessments sometimes can be complicated and are not well understood. Downing and
Bakker (2000) argue that vulnerability is a relative measure, and therefore critical levels should be
defined.

BACKGROUND

Drought is arecurrent phenomenon in Turkey over the last several decades. A warming trend that
began in the early 1990s has continued in recent years despite some cooling (Figure 1). The annual
mean temperatures have remained above average since 1995. A significant drought is observed
during 1999 and 2000, which was associated with a lack of precipitation during the winter and spring,
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Figure 1. Long-term precipitation anomalies of Turkey.

normally the wettest seasons. Almost two thirds of the country, mainly the southeastern part and
central Anatolia experienced severe drought in 1999, and the drought continued in 2000 with slight
differences in areal coverage. The country has recovered from drought conditions in recent years with
increasing rainfall.

With respect to rainfall characteristics, most central and southeastern parts of Turkey are
considered to be semiarid, and to some extent parts of the central Anatolia around Tuz Lake portray
arid conditions with 300 mm/year rainfall. Based on the classification using the P/PET ratio as
suggested by the UNCCD, arid and semiarid regions can be identified, especially in the central and
southeastern parts of the country (Komuscu, 2002).

Namias (1985) argues that drought is associated with persistent or persistently recurring
atmospheric circulation patterns. Changes in the North Atlantic Oscillation (NAO) are believed to
be an important factor that controls rainfall variability in Turkey (Cullen and deMonecal, 1999).
During the positive phases of the NAO, the North Atlantic westerlies that provide much of the
atmospheric moisture to North Africa and Europe shift northward, resulting in drier conditions over
Southern Europe and the Mediterranean Sea (Hurrell, 1995). It has been observed that during positive
NAO years Turkey becomes significantly cooler and drier. Figure 2 shows a correlation between
annual rainfall and NAO indices over the last three decades. It has been shown that the dry periods
correspond well with the positive phases of the NAO, and similarly humid conditions prevail during
the negative phases of the NAO. Considering the country receives most of its rainfall in winter and
spring, winter droughts in Turkey can be attributed to positive NAO anomalies. This also means that
the country will be more vulnerable to drought during the negative phases of the NAO.

USE OF STANDARDIZED PRECIPITATION INDEX (SPI) FOR DROUGHT
ANALYSIS

Precipitation is the primary factor controlling the formation and persistence of drought along with
other variables such as evapotranspiration. It has been found that indices based solely on precipitation
data perform well when compared with more complex hydrological indices (Oladipio, 1985).
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Figure 2. Relationship between long-term rainfall anomalies of Turkey and NAO Index.

Several indices have been developed and adopted to measure drought or wet spell intensity.
Generally, they are based on the deviation of precipitation for a given period from historically
established norms. Among these indicators, the ones that have been most used are: Percent of Normal,
Deciles, SPI, Palmer Drought Severity Index (PDSI), Crop Moisture Index (CMI) and Surface Water
Supply Index (SWSI).

The impact of rainfall deficiency on water resources varies on a temporal scale. While soil
moisture responds to precipitation anomalies on a relatively short scale, most other water storages,
such as groundwater, streamflow, and reservoir storage, reflect longer-term precipitation anomalies.
McKeeetal. (1993) developed the Standardized Precipitation Index (SPI) to quantify the precipitation
deficit for multiple time scales, which reflected the impact of precipitation deficiency on the
availability of the different water suppliers. The different times scales (seasons) for which the index
is computed address the various types of drought: shorter seasons for agricultural and meteorological
drought and longer seasons for hydrological drought, etc. with those in the PDSI. Guttman (1997)
concluded the SP1 is better able to show how drought in one region compares to drought in another
region. Analysis of extreme drought events showed that the SPI provided a better spatial standardization
than the PDSI (Lloyd-Hughes and Saunders, 2002).

Besidesits advantages, practical applications of the SPI revealed several disadvantages; firstbeing
the assumption that a suitable theoretical probability distribution can be found to model the raw
precipitation data prior to standardization (Hayes et al., 1999). Another limitation of the SPI emerges
from the standardization process of the index itself; namely that extreme droughts (or any other
drought threshold) measured by the SPI will occur with the same frequency at all locations when
considered over a long time period.

In this study, the computed values of the SPT have been tested against corresponding precipitation
data for some selected stations. Figure 3 presents comparison of SPI and precipitation for Konya
station at 3- and 12-month time scales for 1981-2001 period.
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Figure 3. Comparison of computed SPI values and precipitation data for Konya station at 3 and 12
month time scales for the period of 1982-2001.

CALCULATION OF THE SPI

The SPI computation is based on the long-term precipitation data for the desired time scale. It is
calculated by taking the difference of the precipitation from the mean for a particular time scale, and
then dividing it by the standard deviation.

X, — X
o

SPI =

(1)

The SPI is a dimensionless index where negative values indicate drought; positive values, wet
conditions. Drought intensity, magnitude, and duration can be determined, as well as the historical
data-based probability of emerging from a specific drought. The calculations, however, take a more
complicated form when the SPI is normalized to reflect the variable behavior of the precipitation for
time scales shorter than 12 months. The long-term data is fitted with a gamma probability density
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function to a given frequency distribution of precipitation totals for a station. The gamma probability
density function parameters are estimated for each station, for each time scale of interest (3 months,
12 months, 48 months, etc.), and for each month of the year. The resulting parameters are then used
to find the cumulative probability of an observed precipitation event for the given month and time
scale for the station in question. The cumulative probability is then transformed to the standard normal
random variable Z with mean zero and variance of one, which is the value of the SPI. The method
of computation the SPI may be found in Guttman (1999). The normalized series of SPI values
represent wetter and drier climates in the same way. McKee et al. (1994) defined the criteria for a
“drought event” for any of the time scales, and classified the SPI to define various drought intensities
(Table 1). Given the advantages of the index standardization, the SPI has been largely used
operationally to monitor climatic conditions across different locations.

Table 1. Drought Categories Defined for SPI Values

SPI Values Drought Category
0to0-0.99 mild drought
-1.00 to -1.49 moderate drought
-1.50 to -1.99 severe drought
<-2.0 extreme drought

In this study, we have developed a computerized version of the SPI in the Delphi programming
language and added some features to make it practically usable for drought assessment and producing
critical threshold rainfall values at corresponding drought severities. The program has capabilities of
calculating and displaying SPI values at 3,6,12, and 24-month time scales both in ASCI and graphical
formats, displaying charts of equiprobability transformation from the fitted Gamma distribution to
the Standard Normal Distribution, illustrating cumulative probability versus precipitation, and
displaying drought categories at the selected time scales as percentage of drought occurrence.

The monthly precipitation time series are modelled using different statistical distributions. The
probability distribution function is determined from the long-term record by fitting a gamma function
to the data. The gamma distribution is defined as:

1 _
g(x)=———x""e"?  for x>0 D)

BT (@) @

where 0> 0 is a shape parameter, 3> 0 is a scale parameter, and x> 0 is the amount of precipitation.

I" () defines the gamma function. Detailed procedures of the calculation of the above parameters can
be found in Gutmann (1999) and Hughes and Saunders ( 2002).

Integrating the probability density function with respect tox and inserting the estimates of o and
B yields an expression for the cumulative probability G (x) of an observed amount of precipitation
occurring for a given month and time scale:

G() :Ig<x>dx=ﬁa+m)gx‘“e‘“ﬁdx 3)

Since the gamma distribution is undefined for x = 0, and ¢ = P(x = 0) > 0 where P(x = 0) is the
probability of zero precipitation, the cumulative probability becomes:
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H(x)=q+(1-q)G(x) (4)

The cumulative probability distribution is then transformed into the standard normal distribution
toyield the SPI. This process is illustrated in Figure 4. The first panel shows the empirical cumulative
probability distribution for a 3 month average December—January—February (DJF) of precipitation
at Zonguldak station on the Black Sea cost. Over-plotted is the theoretical cumulative probability
distribution of the fitted gamma distribution. The second panel displays a graph of standard normal
cumulative probability. To convert a given precipitation level to its corresponding SPI value, first
locate the precipitation amount on the abscissa of the left-hand panel, draw a perpendicular, and
locate the point of intersection with the theoretical distribution. Then project this point horizontally
(maintaining equal cumulative probability) until it intersects with the graph of standard normal
cumulative probability. The intersection between a line drawn vertically downward from this point
and the abscissa determines the SPI value. In Figure 4, 307 mm rainfall corresponds to 0 (zero) SPI
value, which means that at least 307 mm is needed at Zonguldak during J-F-M period to avoid
drought formation. It is important to remember that the SPI values below 0 represent drought
formation and as the number goes down the severity of drought increases.
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Figure 4. Equiprobability transformation from the fitted Gamma distribution to the Standard Normal
Distribution, illustrating cumulative probability of SPI versus precipitation.

DROUGHT ANALYSIS

In this study we presented an analysis of drought variations in Turkey using drought frequency
information at varying time scales (i.e., 3,6, and 12-month) and drought severity categories and
threshold rainfall values below which a drought can be expected for different drought categories. The
drought analysis has been made at a total of 101 stations distributed across the country and covers the
1951-2001 period (Figure 5).

Drought Occurrence

In this study, drought occurrences in Turkey have been identified based on the frequency of the
events for each drought category at different time scales. Then the frequencies were mapped to
analyze their spatial distribution. In other words, drought events have been categorized based on their
frequency for varying drought categories at 3,6, and 12, and 24-month time scales and then were
analyzed on aregional basis. The aim here was to identify areas vulnerable to drought at comparable
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Figure 5. Geographical distributions of the stations used in the analysis.

time scales based on their occurrence frequencies. A sample table describing the above analysis is
given below for Konya station located in a central part of the country where semiarid climate
predominates (Table 2).

We initially examined occurrences of moderate droughts and found that they tend to occur in
eastern and southeastern Anatolia at a 3-month time scale, while the coastal areas are characterized
by the lowest frequencies at the same temporal scale (Figure 6). In other words, from the historical
perspective, a majority of the droughts that occurred in eastern and southeastern Anatolia were
moderate over short time scales. As the time scale increases to 6 months, no major changes are
observed at maximum frequencies, rather there is a shift in the low drought occurrences toward
interior parts of the country. At a 12-month time scale, moderate droughts occurred more often
covering nearly two-thirds of the country. The moderate droughts exhibit more variable behavior
when the time scale increases to a 2-year period, and no large areas are identified with moderate
droughts at this scale. At a station level, most southeastern and eastern Anatolia stations are
characterized with moderate droughts at shorter time scales while the stations in central Anatolia
exhibit lessening frequencies at the same time scales.

The occurrence of severe droughts at shorter time scales is typical at non-coastal areas of the
country. Especially parts of the eastern Anatolia bordering Armenia and Iran and the European part

Table 2. Drought Occurrence in Konya Station

Pl Drought Category | 370000” | “gmonth | 12-manth
0 and -0.99 Mild drought 31.7 30.5 28.1
-1.00 and -1.49 Moderate drought 8.6 9.2 9.2
-1.50 and -1.99 Severe drought 4.1 3.6 6.2
<-2.0 Very severe drought 3.0 3.4 2.3
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Figure 6. Moderate drought occurrences at 3,6, and 12-month time scales.
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ofthe Marmara Region exhibit maximum frequencies (Figure 7). This severe drought characterization
totally changes at longer time scales. Except for central Anatolia, a majority of the country has low
occurrences of severe droughts at a 12-month time scale. It can be concluded that severe droughts
in Turkey have more seasonal behavior than a long-lasting character. Ata 2-year scale, no extended
severe drought areas are identified, rather few localities display high severe drought occurrence.
Another interesting result is that while the interior parts of the country are characterized with severe
drought at shorter time scales, coastal areas experience severe drought at longer-time scales at higher
frequencies. This means that while the central parts of the country are probably affected by
agricultural drought with faster depletion of the soil moisture, the coastal areas and eastern regions
will suffer from hydrological drought, with consequent loss of water resources.

Very severe drought occurrences, on the other hand, are more typical both in coastal and interior
parts at shorter time scales, except eastern Anatolia where drought occurs at low frequencies (Figure
8). As the time scale increases, frequency of severe droughts increases as well, especially along the
Mediterranean coast and some localities in the central parts. At a 2-year time scale, severe drought
occurrences extend to other coastal areas and parts of central Anatolia where maximum drought
frequencies are observed. Interestingly, eastern Anatolia experiences the lowest occurrences of
prolonged droughts at longer time scales, as well as the parts of the Black Sea region. That means
atlonger time scales hydrologic drought is likely to occur at the coastal areas while the interior suffers
from agricultural drought under severe drought conditions.

In this study we also briefly looked at how severe drought evolved over time in its spatial extent.
In this respect, we looked at the number of stations which exhibited severe drought conditions over
the given time scales between 1951 and 2001. The idea here was to see persistence in the areal extent
of the drought based on the station data over time (Figure 9). Four severe drought periods have been
identified in the last 50 years; namely 1953-1959, 1972-1977, 1989-1994, and finally 1999-2001. At
the 24-month scale, those periods were better identified. As the time scale increases, the total number
of stations which experience severe drought increases while the number is relatively low at shorter
time scales. The results also indicate thatrecovery from drought conditions at longer durations is also
slower as compared to those of the short duration.

Critical Rainfall Analysis

One of the advantages of the SPI model developed in this study is that it provides not only the SPI
fora givenrainfall total but also computes critical rainfall values (threshold rainfall) for corresponding
drought categories. In other words, we can determine the minimum amount of rainfall that is required
to avoid drought formation at different severity categories and varying time scales. In this respect, we
calculated the critical rainfall values for an SPI value of zero, defined as the threshold at which
drought begins to form. As stated previously, the SPI values below zero indicate a drought
occurrence, and as the values descend below zero the severity of drought increases. After computing
the critical rainfall values for each station, they are mapped to see their geographical distribution to
identify areas that must receive a minimum amount of rainfall for a drought event not to form.

Inorder to relate the rainfall requirement with a practical application, the analyses first were made
at 3- and 6-month time scales to correspond to the growing season when the soil moisture demand
ismaximized and can be related to the drought conditions. The critical threshold values that exhibited
rising numbers during the growing season at a 3-month scale are generally located in southeastern
Anatolia (Figure 10). That means a maximal demand for rainfall to avoid drought conditions in the
region. This is a very significant result considering presence of large irrigation projects developed in
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Figure 7. Severe drought occurrences at 3,6, and 12-month time scales.
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Figure 9. Number of stations experienced severe drought at 6,12, and 24-month time scales.

the area. Rainfall demand for no-drought occurrence increases from west to east, and in general the
central parts will be least affected from a drought event during growing season.

At a 6-month scale covering the winter-spring period, threshold rainfall values for non-drought
conditions reach their maxima in southeastern Anatolia and parts of the Mediterranean and northern
Black Sea coasts (Figure 11). In general, rainfall amounts required for non-drought conditions
decrease from the coastal areas toward the interior. This is not a surprising conclusion considering
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the fact that the coastal areas, mainly the Mediterranean coasts, receive most of their rainfall during
the winter-spring period. The results also indicate that the areas that have higher rainfalls on average
are affected by a drought event more severely as compared to another region, which receives lower
rainfall.

Interestingly, critical threshold rainfall values at a 12-month scale exhibit a similar behavior to
those observed at the 6-month scale, except the area of higher rainfall demand moves to the northern
Black Sea region (Figure 12). The figure also shows that threshold values exhibit sharp differences
in their geographical distribution. For example, nearly 2000 mm of rainfall is needed to avoid a
drought in the Northern Black Sea region, while the rainfall amount required for a non-drought
condition drops to as little as 300 mm in the central parts and in the eastern border with Iran.

Ata24-monthscale, rainfall threshold values reach their maxima in the northern Black-Searegion
(Figure 13). The coastal areas still exhibit higher values as compared to the central locations where
rainfall demand for non-drought conditions is minimal. Similarly, neighboring regions with Iran and
Armenia are characterized with the least rainfall demand required to avoid drought conditions. In
general, rainfall demand decreases from the coastal areas toward the interior if a drought event is to
be avoided. Considering the fact that the coastal areas usually receive higher rainfall than the interior
regions, it is likely that they will be more vulnerable to long-term droughts at 2-year scale.
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Figure 10. 3-Month critical rainfall values for March-April derived from the SPI.
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Figure 11. 6-Month critical rainfall values for March-April derived from the SPI.
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RESULTS & DISCUSSIONS

This study assessed overall meteorological drought variability in Turkey by reconstructing
historical occurrences of drought at varying time scales and drought categories. The assessment
further included analysis of critical threshold rainfall requirements for the occurrence of non-drought
conditions. It is our thought that an improved understanding of drought climatology (frequency,
intensity, and spatial extent of drought patterns) helps to identify the hazard associated with the
drought. Although using varying time scales and drought categories complicates the analysis a bit to
arrive at precise conclusions about drought vulnerability in Turkey, we believe the study offers some
new insight into drought phenomena in Turkey, especially with regard to variability at varying time
scales.

It is obvious that drought will create a vulnerable environment for the agricultural and water
resources sectors in Turkey considering spatial and temporal impacts. However, the impacts vary
greatly when we insert the idea of time scale. While the southeastern and eastern parts of the country
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Figure 12. 12-month critical rainfall values for December through January derived from the SPI.
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Figure 13. 24-month critical rainfall values derived from the SPI.
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are more vulnerable to moderate droughts at short time scales, the impacts is relatively less at the
coastal areas where drought is only effective at longer durations and at moderate drought levels. A
similar picture has been observed with severe droughts. On the other hand, the coast and interior are
more vulnerable to severe droughts as opposed to the eastern Turkey where drought frequencies
lessen. That leads us to think that at longer time scales hydrologic drought is likely to occur at the
coastal areas while the interior will suffer from agricultural drought under severe drought conditions.
In this study we also conduct a critical rainfall (threshold) analysis to determine the minimum amount
of rainfall required to avoid drought formation for different severity categories and varying time
scales. It has been found that at a 3-month scale, the rainfall requirement for non-drought conditions
decreases from west to east, and in general the central areas will be least affected from a drought event
during the growing season. The maximum rainfall requirements at this scale are usually concentrated
in southeastern Turkey. As the time scale increases, the area of maximum rainfall requirement shifts
to the north. It can also be concluded that areas that have normally higher rainfalls are affected by a
drought event more severely as compared to another region, which receives lower rainfall. It can be
concluded that the increase in the drought hazard may result from an increased frequency and severity
of meteorological drought, which may then lead to increased societal vulnerability to drought.

The conclusions reached in this study can be an essential step toward addressing the issue of
drought vulnerability in the country, and can serve as a guide for drought management strategies for
mitigation purposes. I[dentifying regional vulnerabilities can lead to adjustment in practices in water-
dependent sectors and can help decision makers to take drought into account from the hazard
perspective and include the concept of drought vulnerability into natural resource planning. Since the
impacts of drought vary significantly between locations because of differences in economic, social,
and environmental characteristics at the micro and macro scales, further research is needed to
determine how the vulnerability concept can be applied in practice to specific regions and different
water-dependent sectors.
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