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ABSTRACT

In the conditions of rising air temperature and changing precipitation regimes in Central Europe over the last two decades, it is necessary
to understand methods for determining drought. One of the most commonly used drought indices is the Standardized Precipitation Evap-
otranspiration Index (SPED). Several parameters can be modified in different steps of the calculation process of SPEIL In this article, we
analyze the influence of the choice of a statistical distribution for fitting climatic water balance in the calculation process on the extremes of
SPEL The results show the underestimation of extremes in the case of using Log-logistic distribution and the occurrence of a few unrealistic
extremes when using the Pearson III distribution. Based on our analysis, we recommend using the Generalized Extreme Value distribution.

The normality test of SPEI can be used as a tool for the detection and elimination of highly skewed indices.

INTRODUCTION

Increasing temperature, rising evaporation, and changes in precipitation patterns also lead to alterations in the occurrence of drought. An
increase in drought frequency, duration, and severity is expected for the Central European region as a direct consequence of climate change.
According to Trnka et al. 2016 who studied drought trends over the Czech Republic, Slovakia, and part of Austria between 1961 and 2014,
the drying trends were most pronounced during the April-September period and in lower elevations (where the impacts on agriculture and
forestry also tended to be the most intense). On the other hand, locations at a higher altitude exhibited in most cases wetting trend through-
out the year (Trnka, Balek, et al. 2016). However, monitoring of drought in Slovakia since 2015 indicates a water deficit in recent periods
even in higher elevated locations, where it was not common before (Rozkosny, Ivanikova, et al. 2022). An example can be the year 2022,
when extreme drought occurred in July in more than half of the territory of Slovakia, including higher elevated areas (Turka, Ivandkova, et
al. 2023). The consequences of this drought event were evident: lack of drinking water in some districts, drying up of some water reservoirs
and streams, loss of agricultural production, wilting of vegetation and increased activation of secondary biotic pests in forestry, lack of ani-
mal feed, loss of hydropower production, etc.

Given that such events are likely to occur more frequently in the future, it is necessary to understand methods for determining drought.
Currently, there is a large number of drought indices from the perspectives of various fields such as meteorology, hydrology, agriculture,
and socio-economic consequences. From a meteorological standpoint, one of the most commonly used drought indices is the Standard-
ized Precipitation Evapotranspiration Index (SPED. This index assesses whether the current conditions of the climatic water balance (the
difference between precipitation and potential evapotranspiration) for a given location are normal or exceptional compared to the climatic
water balance for a chosen reference period (at least 30 years long). The positive values represent wet conditions while negative indices
are associated with drought.

Several parameters can be optional in different steps of the calculation process of SPEI. We can for example modify the accumulation pe-
riod length of the index, reference period, method of potential evapotranspiration calculation, statistical distribution of the climatic water
balance, etc. According to Laimighofer and Laaha the observational window (reference period) and the choice of the distribution are the
most important sources of uncertainty. They account for 53% and 17% of the overall uncertainty of SPEI (Laimighofer and Laaha, 2022). In

this article, we analyze the influence of statistical distribution choice on the determination of extreme drought values. We have two research

questions:
1 Does the choice of statistical distribution of water balance influence the number of SPEI extremes?
2) Would eliminating indices that do not follow a normal distribution—indicating a poor fit between the chosen statistical distribution

and the climatic water balance—improve the accuracy of extreme estimates, reducing the occurrence of unlikely extremes?

METHODS

Methodology of SPEI calculation

Index SPEI was calculated for two stations: Hurbanovo (Slovakia) and Vienna (Austria) for the period 1971-2020. The potential evapotranspi-
ration, which, along with precipitation totals, serves as an input parameter for calculating the SPEI, was calculated using the Penman-Mon-
teith method. Three accumulation periods for climatic water balance were used: 1-month, 3-months, and 6-months, and therefore as a result
we obtained indices with given accumulation lengths. Indices with all three accumulation lengths were calculated on a daily basis and retro-

grade, i.e., the 1-month index corresponding to 30 January represents the conditions for 30 days from 1 January to 30 January, the 1-month
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index for 31 January belongs to the conditions from 2 January to 31 January, etc. Indices with three different statistical distributions of the
water balance were compared. Specifically, the Log-logistic distribution (recommended by the authors of the SPEI (Begueria, Vicente-Ser-
rano, et al. 2014)), the Generalized Extreme Value distribution (recommended by (Stagge, Tallaksen, et al. 2015)), and the Pearson Type III
statistical distribution. In this way, for each analyzed statistical distribution, we obtained approximately 18,250 (365 days x 50 years) monthly,
three-monthly, and six-monthly indices for both analyzed stations. The whole studied period (1971-2020) was used as a reference period.

The entire SPEI calculation process was made with the ,SCI“ package in the R-programming language (Gudmundsson, Stagge 2016).

Analyses of the statistical distribution of water balance and SPEI extremes

According to the index definition, values above 2 (wet conditions) and below -2 (dry conditions) are considered extreme. In the first step,
we counted the number of indices exceeding these threshold values (| SPEI|> 2) for the three analyzed statistical distributions. Additionally,
we examined whether our time series also included indices surpassing the values |SPEI|> 3 and |SPEI|> 6.

Since the entire analyzed period was used as the reference period, the resulting index series, according to the SPEI definition (Vicente-Ser-
rano, Begueria, Lopez-Moreno 2010), should follow a normal distribution. Given this, analogously to the 20 deviation of a normal statistical
distribution, approximately 4.6% of indices should be below -2and above 2 ( |SPEI|>+2). Beyond the range of +30 (|SPEI|>%3), there
should be approximately 0.3% of data, while extremes with values of |SPEI|> 6 should occur roughly twice every billion years. Values of
| SPEI |>6 are considered unlikely, and if they occur (potentially multiple times in the analyzed period), they are likely to be incorrectly
estimated extremes.

In the next step, we used the Shapiro-Wilk (S-W) normality test to check the normality of the calculated SPEI. A series of indices that did
not meet the criteria for a normal distribution were removed. Subsequently, we counted the number of extremes using the same method
as in the previous step.

According to previous studies it is possible to use a test for the normality of the final index values instead of more complex goodness of
fit tests for the input parameter-climatic water balance (Stagge, Tallaksen, et al. 2015; Yimer, Schaeybroeck, et al. 2022). If the climatic water
balance was appropriately fitted by the chosen statistical distribution, the final index values should have a normal distribution. However, if
this is not the case, the selected statistical distribution probably does not accurately capture the distribution of the climatic water balance and
thus the results may be biased. With this step, we aimed to determine whether a simple test for the normality of the resulting SPEI values

could eliminate extreme values that are not correctly estimated, and therefore, unrealistic.

Data

The study was based on meteorological data from two Central European weather stations located in two different countries: Hurbanovo
station (115 m ams)) in Slovakia and Wien Hohe Warte station (198 m amsl) in Austria. Both stations have a long historical observation series
of data since the end of the 19th century, with observations at the same location persisting until the present day. Data from both stations are
therefore often used for various climate analyses, or even a description of the climate and climate change in a given area region.

The daily data for both stations were obtained from the ECA dataset (ECA&D - series of daily observations from meteorological stations
throughout Europe and the Mediterranean). For this study, a datasets of surface air temperature, precipitation, maximum temperature,
minimum temperature, mean temperature, mean sea level pressure, precipitation amount, mean snow depth, mean cloud cover, sunshine
duration, mean humidity, mean wind speed, maximum wind gust, wind direction, and global radiation series in the period 1971 to 2020

have been used to calculate SPEIL

RESULTS AND DISCUSSION

The number of extremes before excluding indices that do not meet the normality assumption

As we can see in Figure 1, the lowest number of extreme index values (1.5%) occurred when using the Log-logistic distribution, both in
the case of the negative (1.27% for Hurbanovo and 1.14% for Vienna) and the positive (1.85% for both examined stations) extremes. Since
the values |SPEI|>2should, analogously to the +20 range of a normal distribution, account for approximately 4.6% (2.3% above 2 and
2.3% below -2), there is a suspicion that the Log-logistic distribution underestimates extremes. The underestimation of extremes with the
Log-logistic distribution, in comparison to the other two analyzed distributions, is evident on the Q-Q plots of the final indices (Figure 2),
too. Q-Q plots are a graphical method used for comparing two probability distributions by plotting their quantiles against each other. In our
case, the quantiles of the theoretical normal distribution were compared to the quantiles of the SPEI samples.

On the other hand, using the Pearson Type III distribution, we obtained a few SPEI index values smaller than -6. Such events should occur
roughly 1-2 times in a billion years, indicating a high probability of inappropriately estimated extremes. At the same time, in Table 1, we
can see that when using the Pearson III distribution, there was also a higher number of |SPEI|>3 extremes. Such extremes should occur
approximately in 0.3% of cases. However, since the total number of indices for one statistical distribution and one accumulation length is
approximately 18,250 (365 days x 50 years), despite the seemingly higher count of |SPEI|>3 values in the case of the Pearson III distribu-

tion, these values do not significantly deviate from the expected values.
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Figure 1: Percentage of SPEI greater than 2 (blue) or lower than -2 (orange) for three studied statistical distributions for stations Hurbanovo (left) and Vienna (right)
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Figure 2: Normal distribution Q-Q plots for three studied statistical distributions: 1) Log-logistic, 2) Pearson Ill, 3) GEV distribution, considering three accumulation lengths of the index: a)
1-month, b) 3-months, c) 6-months). A twist of the sample line above (below) the theoretical line in the lower (higher) part of the plot, as observed in Log-logistic plots, indicates that the
upper extreme values in our data are not as extreme as those in a theoretical normal distribution. We present graphs only for the Hurbanovo station, but even with the data from Vienna,

there were graphs of the Log-logistic distribution of the same nature. On the x-axis there are theoretical quantilles, on the y-axis are the sample quantilles.

Soiltype Field capacity (-) r(°) c(kPa) Ks (m/day)
Crystalline 0.2 38 0 20
Unconsolidated Deposits 0.2 37 1 20
Unconsolidated Deposits with Forest 0.2 37 1 700
Limestone to Marl/Flysch 0.3 37 3 20
Limestone to Marl/Flysch with Forest 0.3 37 3 700
Marl/Flysch 0.3 31 4 20
Marl/Flysch with Forest 0.3 31 4 700

Table 1: The number of extremes (|SPEI|>3 and |SPEI|> 6) before excluding indices that do not meet the normality assumption for three studied statistical distributions and three accumu-

lation lengths. The full sample of indices per statistical distribution and accumulation length is 18250 indices.
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The number of extremes after excluding the indices that do not meet the normality assumption

As we can see in Table 2, indices that do not have a normal distribution occurred only in the case of the 1-month index (3.4% indices in
the case of Log-logistic, 2.3% for Pearson III and 1.1% for GEV distribution). We assume this is due to the "smoothing" of data with longer
indices. At the same time, we want to mention that the 50-year period we worked with in this article is sufficiently long for a reliable de-
scription of the climate. If a shorter period were used (e.g., 30 years), we anticipate that the number of cases where the index does not have

a normal distribution would increase.

Hurbanovo Vienna

n?t rTormaIIy 1-month 3-months 6-months n?t rjormally I-month 3-months 6-months
distributed distributed

Log-logistic 850 0 0 Log-logistic 400 0 0
Pearson Ill 650 0 0 Pearson lll 200 0 0
GEV 200 0 0 GEV 200 0 0

percent I-month 3-months 6-months ||percent |1—month 3-months 6-months

Log-logistic 4.66% 0.00% 0.00% ||Log-logistic 2.19% 0.00% 0.00%
Pearson Il 3.56% 0.00% 0.00% ||Pearson Il 1.10% 0.00% 0.00%
GEV 1.10% 0.00% 0.00% ||GEV 1.10% 0.00% 0.00%

Table 2: The number of indices that were excluded before further analysis due to not having a normal distribution (top) and the percentage of such indices (bottom)

After removing indices that do not meet the assumption of normality, the extremes of

SPEI|>0 in the case of the Pearson Type III distri-
bution were also eliminated (Table 3). We can therefore conclude that the normality test of the final SPEI values can be used as a tool to
remove inappropriately estimated extremes. In addition to the extremes, this criterion also removed other values in the case of the 1-month

index, which were likely not accurately estimated. By applying the normality test, we can obtain SPEI results with higher precision.

Hurbanovo Vienna

|SPEI| >3 |1—month 3-months 6-months | ||SPEI|>3 |1-month 3-months 6-months
Log-logistic 4 0 0 Log-logistic 0 0 0
Pearson IlI 22 12 15 Pearson IlI 6 0 0
GEV 4 5 0 GEV 2 0 2
|SPEI|>6 |1—month 3-months 6-months | ||SPEI|>6 |1—month 3-months 6-months
Log-logistic 0 0 0 Log-logistic 0 0 0
Pearson IlI 0 0 0 Pearson Ill 0 0 0
GEV 0 0 0 GEV 0 0 0

Table 3: The number of extremes (|SPEI|>3 and |SPEI|> 6) after excluding indices that do not meet the normality assumption for three studied statistical distributions and three accumulation

lengths. The full sample of indices per statistical distribution and accumulation length is 18250 indices.

CONCLUSIONS

This article confirmed that the choice of the statistical distribution of the climatic water balance in the calculation of SPEI can influence
extreme values of the index. We found that when using the Log-logistic distribution, the extremes are most underestimated among the
analyzed statistical distributions. In the case of using the Pearson III distribution, there were a few extremely low index values (SPEI<-0).
We consider such values unrealistic, as statistically, they should occur only 1-2 times in a billion years. In our case, we analyzed a 50-year
time series, and therefore, we do not expect more occurrences of such values over such a timeframe. When using the Log-logistic and GEV
distributions, we did not observe such extreme values. These unrealistic extreme values, however, were eliminated by applying a test for
the normality of the final SPEI values and subsequent removal of series that do not have a normal distribution.

The presented results align with our previous analysis (Slavkova, Gera, et al. 2023), where we examined the suitability of setting optional
parameters for the SPEI index using data from Slovakia in the same manner. The results of this analysis also indicate an underestimation of
extremes in the Log-logistic distribution, the occurrence of unrealistic extremes in the Pearson Type III distribution, and the possibility of
removing inappropriately determined indices based on the normality test of the statistical distribution. The results of the mentioned analysis

recommend using the Generalized Extreme Value (GEV) statistical distribution among the three examined distributions.
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