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Abstract: In many regions of the world, and particularly in the eastern 
Mediterranean region, there is a general precipitation decrease tendency 
according to the global circulation model (GCM) and the regional climate 
change models (RegCM). Dry spells and their temporal occurrences as 
droughts affect water resources, and hence, agriculture and food securities may 
be endangered in such region. It is, therefore, necessary to foresee the future 
drought characteristics based on the historical records. Although the Standard 
Precipitation Index (SPI) provides dryness classifications, it cannot reflect the 
basic drought characteristics in the original hydro-meteorological records. The 
main purpose of this paper is to propose improved SPI (ISPI) approach for 
quantitative drought characteristics calculations. In order to support the 
insufficiencies in the classical SPI, a comparative study is presented with the 
ISPI method on the bases of drought duration, amount and intensity concepts. It 
is shown that especially the risk calculations have wide discrepancies, but the 
ISPI provides actual results. The application with objective results is presented 
for Istanbul European side, Turkey, meteorology station monthly precipitation 
records. 
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1 Introduction 

Since time immemorial in the history, civilisations strived for water resources and fresh 
water edges such as lakes and rivers, which were the only settlement locations for human 
survival. The necessary precautions are taken based on daily experience against natural 
events such as floods and more importantly against extensive dry spells, i.e., droughts. 
Recently, global warming and climate change effects increased the frequency and 
intensity of extreme events, especially floods and droughts. These are well-known, 
because the anthropogenic activities play significant role in such extremes (IPCC, 2001, 
2007, 2013). Accordingly, new methodological approaches are needed for drought 
severity measurement to take precautions against its destructive consequences 
(Almazroui et al., 2017; Mohorji et al., 2017). Many researchers sought different 
methodological droughts assessment among whom are Heim (2002), Redmond (2002), 
Mishra and Singh (2010) and Vicente-Serrano et al. (2012). 

In order to specify the dryness degree McKee et al. (1992, 1995) suggested a simple 
and straightforward measure under the name of Standardized Precipitation Index (SPI). It 
is based on the conversion of the underlying probability distribution function (PDF) of a 
given hydro-meteorological record series into a standardised normal (Gaussian) PDF. 
Most often two-parameter Gamma PDF is employed for the basic data and then it is 
transformed to standardised normal (Gaussian) PDF. It can be used for any time duration, 
annual or monthly, but most often monthly periods are common in the practical 
applications, because of the agricultural activities’ seasonality. 

There are other meteorological drought severity measurements such as the Palmer 
Drought Severity Index (PDSI), which considers dry and wet spells from water balance 
point of view (Palmer, 1965). Subsequently, PDSI is modified (PMDI) to deal with  
real-time use. Guttman (1998, 1999) compared PMDI and SPI for a set of time durations 
starting from monthly basis (Heddinghaus and Sahol, 1991). Finally, they recommended 
that SPI provides easy and simple use in practice, and therefore, its use can be considered 
as the primary drought index. 

The application of the SPI methodology is not restricted only for precipitation, and  
it has been used directly or indirectly by many researchers for different  
hydro-meteorological studies (Hayes, 2000; Lloyd-Hughes and Saunders, 2002; Karavitis 
et al., 2011; Bonsal et al., 2012). The SPI became widely applied for precipitation 
dryness classification in many countries and WMO (2012) advised its use officially. 

The main purpose of this paper is to suggest that although the SPI is simply and 
capable to classify the dryness degrees into five sub-classes, but it fails to describe the 
actual drought characteristics as they are in the original hydro-meteorology records time 
series. An improved SPI (ISPI) methodology is suggested for actual drought 
characteristic calculation. Among the drought characteristics drought duration, amount 
and intensity are very significant quantities, which can be objectively calculated from the 
original hydro-meteorology series. The application of the ISPI and drought characteristics 
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calculations are presented for Istanbul City, Turkey European side meteorology station 
monthly precipitation data from 1980 to 2018, inclusive. 

2 SPI methodology 

In general, drought indices are developed for precipitation, runoff, evapotranspiration and 
other hydro-meteorological variables to assimilate data to reflect the possibility of dry 
spell indices. Standard Precipitation Index (SPI) provides classification standards as 
‘normal dry’, ‘slightly dry’, ‘moderate dry’, ‘very dry’, and ‘extremely dry’. Hence, a 
qualitative measure is obtained and it helps decision makers better than the raw data. 
Although, there are many drought indices in the literature, but the most frequently used 
one is SPI, which is also recommended by WMO (2012). SPI is suggested first by 
McKee et al. (1993) based only on monthly precipitation records and then it is used by 
numerous researches in various applications and also with various versions and 
modifications. The classical SPI classes are given as in Table 1 for any standardised 
hydro-meteorology data. 

Table 1 SPI drought classes 

Class SPI value Classification 

1 0.00 to –0.50 ‘Normal dry’ 

2 –0.50 to –0.99 ‘Slightly dry’ 

3 –1.00 to –1.50 ‘Moderately dry’ 

4 –1.50 to –2.00 ‘Very dry’ 

5 <2 ‘Extremely dry’ 

The main idea behind the SPI methodology is first to find the best matching PDF to 
hydro-meteorology data at hand, and then its conversion to a standard normal (Gaussian) 
PDF. The classifications in Table 1 are all based on such a standard normal PDF. If SPI is 
calculated on short time durations then it reflects closely the soil moisture, whereas for 
long time durations groundwater and reservoir storages are considered. Most often, the 
hydro-meteorology data are fitted typically to a two-parameter Gamma or  
three-parameter Gamma (Pearson) PDFs. In order to quantify the effects of each drought 
type, various indices are suggested in different publications (Gibbs and Maher, 1967; 
McKee et al., 1993; Narasimhan and Srinivasan, 2005; Palmer, 1965; Steinemann et al., 
2005) such as the SPI, Rainfall Anomaly Index (RAI), Decile Index (DI), Drought Area 
Index (DAI), Surface Humidity Index (SHI), Stream Drought Index (SDI), Soil Moisture 
Deficit Index (SMDI), Evapotranspiration Deficit Index (ETDI) and PDSI. Drought 
indices are expected to have universal acceptability, versatility and easy interpretations. 

3 ISIS and drought characteristics 

The ISIP is based on the probability correspondences of the classical SPI classifications 
given in Table 1 for the original data PDF. For this purpose, the probability 
correspondences of the classical SPI levels (0.0, –0.50, –1.00, –1.50 and –2.00) are 
considered on the original data PDF. Figure 1 represents a hypothetical  
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hydro-meteorology record time series as X1, X2, X3, …, Xn with a threshold level, TL, 
which may assume any value between the extreme values (maximum and minimum) of 
given hydro-meteorology time series. 

Figure 1 Objective drought quantities 

 

In this figure, TL may represent any classical SPI level probability reflection in the actual 
data series. In general, it is taken as the arithmetic average in practical applications, but in 
this paper to compare the results with the classical SPI basic level is adapted, which is 0.0 
corresponding to the median value. A given time series and threshold level are enough to 
define the drought characteristics, because the threshold level divides the whole time 
series into two groups as surplus and deficit. Those over the threshold level are wet spells 
(surpluses) and the others less than the threshold level are for dry spells (deficits). 
Furthermore, within the wet and dry spells, a set of drought characteristics may be 
defined. Herein, three of them are dry periods (deficit periods), dry amounts and 
intensities. The following steps provide the quantitative definition of each drought 
characteristic. 

1 For objective drought characteristics identification, preliminarily important features 
are up- and down-crossing points determinations. Practically, up-crossing number is 
equal to down-crossing number. For a given time series, the up-crossing  
(down-crossing) points appear when Xi > XT (Xi < XT). 

2 At ith time instant, a wet spell may occur provided that the hydro-meteorology record 
is below the threshold level, (Xi < TL). The difference Xi – TL < 0 corresponds to a 
deficit, 

3 A sequence of the above-mentioned uninterrupted sequence of dry spells constitutes 
a dry duration (length), i.e., and it is limited in the beginning, say at ith instant, and at 
the end by jth (j > i) by wet spells, and hence the dry (deficit) duration (drought 
duration) is DD = j – i. 

4 The summation of all the deficit amounts along a dry period is referred to as the 
drought amount, DA, which is calculated according to the following expression, 

   j
A L K K L

k i
D T X X T


    (1) 

There are several drought amount values along a given threshold level, and hence, it 
is possible to search for their PDFs and statistical parameters, if necessary. 

5 The drought intensity, DI, is defined as the drought amount per drought duration, and 
its mathematical definition is simply as, 
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The drought amount is equal to the area under any drought period as shown in Figure 1. 
In the following section, only PDFs are taken into consideration for the SPI and drought 
characteristic comparison purposes. 

4 Application 

The application of methodology is presented for meteorology station on the European 
side of Istanbul City at Bakırköy, Turkey, location with its 38 years of monthly 
precipitation records [Figure 2(a)]. Figure 2(b) presents the empirical non-exceedance 
probability scatter points, which are in good agreement with the two-parameter Gamma 
PDF according to chi-square and Kolmogorov-Smirnov tests. The same PDF function is 
used almost invariably in drought classification systems by SPI procedure. In Figure 2(c), 
the corresponding SPI one-month graph and the classifications are given for the same 
meteorology station. 

Figure 2 Istanbul Bakırköy meteorology station monthly precipitation, (a) time series records  
(b) precipitation Gamma PDF (c) SPI one-month graph (d) SPI Gamma PDF  
(see online version for colours) 

  

(a)     (b) 

  

(c)     (d) 
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Comparison of Figures 2(a) and 2(c) indicates obvious difference between the two time 
series, although in the former there is bias towards lower values, but there appears a 
balance in the latter one. The first order serial correlation coefficients are 0.29 and 0.64 
for actual precipitation amounts and SPI, respectively, which indicates that SPI destroys 
the serial correlation coefficient of the original precipitation records. 

In order to compare the actual precipitation amount with the SPI values, the  
up-crossing numbers are compared between the two cases in Figure 3. For this purpose, 
each time series range is divided into a set of truncation (threshold) levels, and the results 
indicate the relationship between the truncation levels and the up-crossing numbers. 

Figure 3 Istanbul Bakırköy meteorology station up-crossing numbers, (a) monthly precipitation 
data (b) corresponding SPI data (see online version for colours) 

  

(a)     (b) 

Figure 4 Istanbul, Bakırköy monthly precipitation record crossing numbers (see online version 
for colours) 

  

These are reflections from the PDFs and they are different from each other, again 
skewness can be seen clearly in Figure 3(a), whereas Figure 3(b) has more or less 
symmetric appearance, which is due to the conversion to a standard normal (Gaussian) 
PDF as a result of classical SPI procedure. 

The comparison of the drought characteristics are provided for classical SPI and 
newly suggested ISPI methods in Figures 4–8 for drought duration, drought amount and 
drought intensity, respectively. For comparison purposes, corresponding to the SPI graph 
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zero level (statistically arithmetic average median mode) and probabilistically 50% 
probability median value, in the actual precipitation case ISPI value is equal to 41.75 cm. 
All the graphs on the left-hand side (on the right-hand side) are for the ISIS (SPI) 
monthly precipitation records. 

Figure 5 Istanbul, Bakırköy monthly precipitation record deficit durations (see online version  
for colours) 

  

Figure 6 Istanbul, Bakırköy monthly precipitation records and SPI deficit durations 

 

In order to make the difference more obvious, in Figure 6 both drought durations 
theoretical PDFs are shown on the same graph with SPI risk values in the parentheses. 
The SPI graph yields over-estimation of actual drought duration, which means that longer 
drought durations are generated from the transfer of the original PDF to standard normal 
(Gaussian) PDF. 

Figure 4 indicates that as for the crossing numbers, in the ISIP and SPI time series, 
have more or less the same patters, in that they follow three-parameter Gamma (Pearson) 
PDF with parameters that are practically close to each other. Additionally, in each graph 
a set of risk levels are given and they are also close within practically acceptable 10% 
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relative error limits. Hence, as for the crossing number there is no significant numerical 
difference between the ISPI and SPI time series. 

In Figure 5, the appearance of drought durations in two graphs along the 50% 
truncation level shows significant differences (see Figure 5). They have similar Weibull 
PDF, but with different parameter values. Especially, drought duration risk levels are 
very different from each other, and the ISPI values are advised for use in applications, 
because they come out from the actual data. 

Figure 7 presents the empirical and theoretical drought amounts PDFs for ISPI and 
SPI time series. Again, although the PDFs are of the same type in both cases, but they 
have widely different parameter and risk values from each other. 

Figure 7 Istanbul, Bakırköy monthly precipitation record deficit amounts (see online version  
for colours) 

  

Finally, drought intensity PDFs are given in Figure 8, which have similar PDFs as  
three-parameter Gamma (Pearson) PDF again with different parameters. 

Figure 8 Istanbul, Bakırköy monthly precipitation record deficit intensities (see online version 
for colours) 

  

Figure 8 explanations have indicated that although SPI is a simple and useful measure for 
drought classification, but for drought characteristics actual representation, it needs some 
adjustment. 
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5 Conclusions 

Dry spells and droughts are very important hydro-meteorological events that affect water 
resources distribution and management studies. Especially, global warming and climate 
change effects drive such events to more extreme conditions, and therefore, their 
objective and fine assessments have significance for mitigation and adaptation studies to 
reduce the danger of hazards. In the literature, there are two distinctive ways for drought 
assessments. On the one hand, drought indices help to classify hydro-meteorological 
records into various classes. For instance, SPI provides five classes as ‘normal dry’, 
‘slightly dry’, ‘moderate dry’, ‘very dry’, and ‘extremely dry’ categories. Since SPI is the 
transformation of the original variable PDF to a standard normal (Gaussian) PDF, it 
cannot reflect the drought characteristics properly among which are drought duration, 
drought amount and drought intensity. This paper suggests ISPI procedure for drought 
characteristics calculation and provides a comparative study between the SPI and ISPI. It 
is concluded that although the classical SPI is useful for standard drought classifications, 
but cannot reflect actual drought characteristics. The applicative numerical comparative 
conclusions are presented by considering monthly precipitation records in the European 
side of Istanbul City, Turkey. 
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