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Abstract—Historically, Hungary has witnessed numerous

waves of drought episodes, causing significant agro-economic loss.

Over the recent decades, the intensity, severity and frequency of

drought occurrence have dramatically shifted, with undis-

putable upward tendencies across many areas. Thus, the main aim

of this study was to characterize drought trends, intensity and

duration over Hungary during 1961–2010. To attain the study

goals, the present analyses utilized climate datasets obtained from

Climate of the Carpathian region project-CARPATCLIM for 1045

gridded points covering entire Hungary. Meanwhile, a well-known

drought index, namely; standardized precipitation index (SPI) and

the standardized precipitation evapotranspiration index (SPEI) at

12-month timescales were employed for drought characterization.

Furthermore, the sub-set regions of drought in Hungary were

identified using S-mode of the principal component analysis. The

Mann–Kendall trend test analysis showed a significant negative

SPI-12 trend (P\ 0.05) in 11.5% of the total points over the

western part of Hungary. In comparison, 43.2% of the total num-

bers of the SPEI-12 time series gridded points showed a significant

negative trend (P\ 0.05) over the similar locale. However, both

indices’ trends highlighted the fact that the northeastern region is

less sensitive to drought despite experiencing the highest of total

drought duration. Results also suggested that the SPI-12 indicates

that no significant change can be detected from 1961 to 2010 over

Hungary. In contrast, the SPEI-12 exhibits that the drought waves

that hit Hungary were more pronounced, with a significant positive

(P\ 0.05) trend of ? 1.4% per decade being detected for the area

affected by very extreme drought. All in all, this study is one of the

primary steps toward a better understanding of drought vulnera-

bility assessment in Hungary.

Keywords: SPI-12, SPEI-12, hydrological drought, drought

hazard, Hungary, Central Europe.

Abbreviations

EOF Empirical orthogonal function

M–K Mann–Kendall

PaDI Palfai drought index

PCA Principal component analysis

PDSI Palmer drought severity index

PET Potential evapotranspiration

SEoD Spatial extent of drought

SPEI Standardized precipitation

evapotranspiration index

SPI Standardized precipitation index

TDD Total drought duration

1. Introduction

Recently, European countries have been warming

rapidly in comparison with many other parts of the

world (Hernández-Morcillo et al. 2018). Moreover,

the European Environmental Agency EEA (2017)

indicated that the average temperature from 2006 to

2015 increased by 1.5 �C, warmer than the pre-in-

dustrial level, while heat-waves increased in

frequency and length. On the other hand, precipita-

tion has recorded a significant decline in recent times

in the southern parts of Europe (Vicente-Serrano

et al. 2014), while the intensity and frequency of

rainstorms in the northern parts of the continent have

increased. Interestingly, drought episodes have

become more vigorous and longer, associated with

increased temperature and low rainfall, especially in

the center of the Europe (i.e. Hungary) (Bussay and
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Szinell 1996; Bartholy et al. 2013; Kern et al. 2016).

Historically, drought episodes have hit Europe many

times, causing major damage in the economic and

agricultural sectors (Vicente-Serrano et al. 2014),

with the yearly impact reaching 5.3 billion € in

Europe since 1991 (Feyen and Dankers 2009).

Interestingly, the European Environment Agency

reported that over the past 30 years 17% of the

European Union’s lands area has been were affected

by water scarcity, resulting in losses of 100 billion €

(EEA 2009).

Hungary is one of the European countries located

in the Carpathian region affected by drought episodes

and climate change, as are other countries (Gálos

et al. 2007). In the last few decades, specifically since

the 1980s, drought has become a recurrent feature of

Hungary’s climate, and it seems the drought trends

will extend towards the end of the 21st century

(Gálos et al. 2007).

Bartholy et al. (2013) predicted a significant

change in the future rainfall patterns of Hungary (i.e.

2070–2100) with the summer becoming drier. Simi-

larly, Blanka et al. (2013) highlighted the positive

future trend of drought in Hungary where the Great

Hungarian Plain will be subjected to an increase in

the drought hazard by the end of the 21st century

which will gravely affect the agricultural system. In a

similar vein, Sábitz et al. (2014) emphasized the

remarkable drought trends in the Carpathian region,

where the necessary steps toward drought mitigation

should be taken. Interestingly, Kertész (2016) argued

that Hungary is more susceptible to desertification

due to different factors such as decreasing precipita-

tion and increasing temperature associated with

extreme events, as a direct result of climate change.

Historically, between 1983 and 1995 drought epi-

sodes over Hungary were responsible for 36% of all

agricultural losses (Szinell et al. 1998; Szalai et al.

2000). Moreover, the drought of 2003 caused more

than 55 billion HUF of economic damage, with the

temperature breaking the previous record and reach-

ing 45 �C in the national average (Puskás et al. 2012).

Fiala et al. (2014) reported a significant yield loss of

between 40 and 50% in the southern Great Plain of

Hungary, due to drought and heatwaves.

In order to detect and characterize drought, more

than 100 drought indices have so far been developed

(Zargar et al. 2011), including the standardized pre-

cipitation evapotranspiration index (SPEI) (Vicente-

Serrano et al. 2010), the standardized precipitation

index (SPI) (McKee et al. 1993), the Palfai Drought

Index (PaDI) (Pálfai and Herceg 2011), the Palmer

drought severity index (PDSI) (Palmer 1965) and

many others. Among them the SPI and the SPEI has

been widely used all over the world (e.g. Italy

(Caloiero and Veltri 2019); India (Kumar et al. 2019);

Portugal (Raziei et al. 2015); Syria (Mathbout et al.

2018); Syria (Mohammed et al. 2019); Slovakia

(Labudová et al. 2017; Vido et al. 2019); Kenya

(Ayugi et al. 2020); Serbia (Bezdan et al. 2019); the

USA (Hernandez and Uddameri 2014) and China

(Wang et al. 2016; Fang et al. 2018; Jin et al. 2019)

for analyzing different types of drought, including

meteorological, agricultural, hydrological and

socioeconomic drought.

In recent decades, many studies have been con-

ducted to investigate drought trends and their relation

to other variables in Hungary (e.g. Szabó et al. 2018;

Kern et al. 2016; Mika et al. 2005; Horvath et al.

2005). To the best of our knowledge, none of them

have applied the SPI nor the SPEI methods as a main

indicator of drought. Therefore, this study is the first

of its kind to provide a spatially explicit study of

drought characterization in Hungary, with special

emphasis on drought on the sub-regional scale as a

basis for any future climate change adaptation and

resilience plans. All in all, the main objectives of this

research were to: (1) identify regions in Hungary with

the same temporal variability of drought, by using the

SPI-12 and the SPEI-12 for 1045 gridded points

covering the majority of Hungary; (2) identify

regions exposed to drought, and (3) highlight area

that was most susceptible to drought in Hungary

between 1961 and 2010, by examining the temporal

evolution of area affected by different drought cate-

gories. The remaining section of this study is

organized as follows: Sect. 2 elaborates the descrip-

tion of the study domain, data and methods employed

while Sect. 3 explicitly presents the results and dis-

cussions, respectively. Finally, Sect. 4 gives

conclusion and possible recommendation for future

study.
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2. Methods

2.1. Study Area and Data Collection

Hungary is located in the center of Europe

between latitudes 45� 550 N–48� 600 N and longitudes

16� 100 E–22� 500 E, covering an area of 93,000 km2.

The climate is characterized as a continental climate,

in which winters (December, January, February) are

cold and snowy, and summers (June, July, August) are

hot and dry (Hungarian metrological service: https://

www.met.hu/en/idojaras/). Generally, the climate of

Hungary is influenced by its location in the Carpathian

Basin, and can be characterized as a continental cli-

mate, meaning warm and dry summers, and cold and

wet winters (Ács et al. 2015; Breuer et al. 2017).

According to Szabó et al. (2018), rainfall can occur

due to three factors (1) the Mediterranean factor in the

eastern part, (2) the oceanic factor in the western part,

and (3) continental factors in the Great Hungarian

Plain; thus, any changes in the world climate will have

an effect on precipitation patterns in Hungary.

The landscape can be divided into plains (the

Kisalföld and the Great Hungarian Plain), hills (the

Transdanubian Hills) and mountains (the Transdanu-

bian Mountains, The Northern Hungarian Mountains

and the Alpine foothills (Alpokalja, omitted from this

study due to lack of data) (Szabó et al. 2018).

The rainfall data (monthly and yearly) from 1961

to 2010 as well as the SPI-12 and SPEI-12 time series

were collected from the Climate of the Carpathian

region project-CARPATCLIM (CARPATCLIM

2019). The project was financed by the European

Commission (Szalai and Vogt 2011) and developed

by a several institutions from nine countries in the

Carpathian region, jointly with the European Com-

mission’s Joint Research Center (JRC). The final

output of the project was the climate atlas of the

region (Szalai et al. 2013). Data of 1045 gridded

points covering the majority of the country was used,

as can be seen in Fig. 1. This gridded database at

spatial resolution: 0.1� 9 0.1� grid (10 km 9 10 km)

interpolated from dataset of meteorological stations.

The grids represent the SPI/SPEI computed over a

twelve-month period values across the study area in

the form of two-dimensional array. The data were

obtained without checking their homogeneity, since

the homogeneity and quality were ensured by the

CARPATCLIM team (2012) (i.e. Bihari and Szen-

timrey 2013; Spinoni et al. 2015).

2.2. Drought Indicators: the SPI and SPEI

Although, precipitation is a critical indicator of

the availability of water, but also both of precipitation

and temperature together have an important role that

influence in availability and stability of water.

Therefore, they effect on the urban, agricultural,

and ecosystems water supply, as well as, on agricul-

tural production and forest stress, by control in the

ratio of actual and potential evapotranspiration

(Zhang et al. 2019; Chang et al. 2018; Novick et al.

2016; Williams et al. 2013). A several parameters

such as rainfall, temperature, soil moisture, stream-

flow, river discharge, vegetation condition, and

ecosystem responses can be used as indicators of

drought (Vicente-Serrano et al. 2010; Narasimhan

and Srinivasan 2005; Nalbantis and Tsakiris 2009;

Sohrabi et al. 2015; Jiao et al. 2016; Anyamba and

Tucker 2012; Chang et al. 2018). These indicators are

transformed to drought indices at multiscale, which

reflect the different characteristics of the drought

(Vicente-Serrano et al. 2010). In this research we

used both the SPI and the SPEI for drought monitor-

ing over Hungary (Vicente-Serrano et al. 2010;

McKee et al. 1993). The SPI is based only on

monthly rainfall data; so, geographical and topo-

graphical differences are not considered (Mathbout

et al. 2018). Meanwhile, SPEI is a newly improved

index developed from the same background as SPI

but based on rainfall and potential evapotranspiration

(PET) (i.e. the monthly climatic water balance)

(Vicente-Serrano et al. 2010; Wang et al. 2015; Tan

et al. 2015). However, both of them are statistical

indices and can be calculated for any time scale (i.e.

for 1-, 3-, 6-, 9-, or 12-month time scales). The choice

of the time scale is, in practice, dependent on the goal

of the study. If it is related to agriculture drought then

a 1-, 3-, or 6-month scale should be chosen, while a

9-, or 12-month scale is used for monitoring hydro-

logical drought (Tan et al. 2015). In our study we

used a SPI-12 and SPEI-12-time scale for detecting

droughts over a long-term interval. SPI and SPEI

values for drought can be classified, as can be seen in
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Table 1. The positive values indicate wet conditions,

while negative values indicate drought conditions

(less than median rainfall) (Bordi and Sutera 2001).

Interestingly, the SPEI is superior to the SPI in term

of drought characterization and climate change

monitoring due to the fact that the SPEI takes into

consideration both temperature and soil moisture

content (used to compute PET) (Spinoni et al. 2013;

Li et al. 2012). Nevertheless, it is important to

mention here that the data obtained (i.e. SPEI-12 and

SPI-12) were computed by performing a Gamma

distribution (shifted version) for easy comparison

between the SPI and the SPEI. Paerson III and log-

logistic distribution are similarly performed. How-

ever, the shifted Gamma distribution method were

chosen to compare the SPI and the SPEI in the best

way (Spinoni et al. 2013).

The well-known non-parametric Mann–Kendall

(MK) statistical test (Kendall 1975; Mann 1945) is

frequently used to detect trends in hydro-meteoro-

logical time series (i.e. rainfall, temperature, drought

indicators, etc.) (Tan et al. 2015; Tian and Quiring

Figure 1
The study area and gridded points from the CARPATCLIM dataset

Table 1

Drought categories based on Agnew’s scheme (2000)

SPI and SPEI values Drought category

[ 0 No drought

0 to - 0.5 Mild drought

- 0.5 to - 0.84 Moderate drought

- 0.84 to - 1.28 Severe drought

- 1.28 to - 1.65 Extreme drought

[- 1.65 Very extreme drought

K. Alsafadi et al. Pure Appl. Geophys.



2019). The MK test is used because it is not affected

by outliers and is robust for trends detection with

non-normally distributed temporal data (Önöz and

Bayazit 2003). Further information about the M–K

test can be found in Kumar et al. (2009). In our study

we used the MK test to detect whether there is

statistically significant increasing or decreasing

trends in the SPI-12 and SPEI-12 time series at the

95% confidence level. As many scholars (e.g. Tan

et al. 2015; Tian and Quiring 2019) indicate results of

an MK test may be affected by autocorrelations of the

time series. Thus, pre-whitening was applied before

conducting the MK test to reduce the effects of the

autocorrelation on the trend detection. This method

removes the influence of serial correlation from the

time series (Yue and Wang 2002). Herein, this

procedure produced the same result. On other hand,

the trends magnitude or the time series extent of the

SPI and the SPEI was determined using Theil–Sen

slope estimator (Thiel 1950; Sen 1968). In the final

step, the results of the MK trend test for the SPI and

the SPEI time series were keyed to ArcMap software

to produce spatial distribution of the gridded points

that show significant trends, as well as the decadal

changes of the SPI/SPEI-12.

2.3. Temporal and Spatial Variability of Drought

In order to identify the common temporal vari-

ability and patterns of drought, the principle

component analysis (PCA) in S-mod was applied to

the SPI-12 and SPEI-12 time series (Rencher 1998).

PCA is a non-parametric multivariate technique

which reduces the observed variables to a few newly

reproduced representative data values called principal

components (PCs). The first PC has the highest

variance, while the second represent the second

highest, and so on. Thus, the first leading components

of PCs contain the highest values of the total variance.

Such a transformation is a linear one and depends on

the eigenvectors of a covariance or correlation matrix

(Mathbout et al. 2018; Xie et al. 2013).

In order to produce more localized spatial regions,

the Varimax orthogonal rotation method was applied

to the ‘‘loadings’’ (the correlation matrix between the

SPI time series at single stations and the correspond-

ing PCA); because it simplifies the structure of the

patterns by forcing the value of the loading coeffi-

cients towards zero or ± 1 (Hannachi et al. 2007;

Raziei et al. 2009; Tian and Quiring 2019). In the

next step, the loadings scores were illustrated using

ArcGIS software as a thematic map (i.e. after

rotation, each SPI/SPEI grid point was assigned to

the PCs on which it has the highest correlation or

loadings). Final step involved converting the gridded

vector points to raster layer at same spatial resolution,

without using the interpolation techniques.

2.4. Total Drought Duration (TDD) and Spatial

Extent

Drought duration is defined as a total number of

months when the SPI/SPEI is less than 0 for a specific

continuous period (Wang et al. 2014; Tan et al.

2015). While, the total drought duration (TDD) is

expressed for all drought events where SPI/SPEI

is\ 0 over the whole study period Ni or for different

drought categories (i.e. to study the drought frequen-

cies with different intensity (Guo et al. 2017; Fang

et al. 2018). For example, a mild TDD is computed

with a calculation involving the total number of

months in which - 0.84\ SPI/SPEI\- 0.5 either

for the whole studied period or for a short period i.e. a

specific drought episode as follows:

TDD %ð Þ ¼ ni

Ni

� 100

where ni is the number of drought events, Ni is the

total number of months for the study period, and i is a

studied location.

The drought-prone areas were examined by the

percentage of the number of drought locations in the

total study area (%) for different drought categories.

Therefore, it indicates the percentage of area affected

by drought (Li et al. 2012; Tan et al. 2015) as

follows:

SEoD %ð Þ ¼ mi

Mi

� 100

The SEoD is the spatial extent of the drought,

where i is a month, mi is the number of drought points

when the SPI/SPEI is\ 0, or for a specific intensity

in month i, and Mi is the total number of points

included.

Spatial–Temporal Evolution of Drought Characteristics Over Hungary Between 1961 and 2010



3. Results

3.1. Drought: SPI-12 and SPEI-12 Trends

To track drought episodes in Hungary, the SPI-

12 and the SPEI-12 were analyzed for the 1045

gridded points by using the M–K test. Results

indicate a significant negative SPI-12 trend

(P\ 0.05) at 121 gridded points (11. 5% of the

total points) over the western part of Hungary

(Fig. 2), while 359 gridded points (34.4% of the

total points) show a significant positive trend

(P\ 0.05) over the eastern part; nonetheless, no

trend was detected in the rest of the studied points.

Although the total number of SPEI-12 time series

gridded points with a significant trend were 457 (i.e.

43.7% of the total points), only 5 points had a

significant positive trend, and 452 (98.9%) showed a

significant negative trend (P\ 0.05) (Fig. 2).

Noticeably, Fig. 2 depicts the dynamic role of

temperature through the SPEI-12 index, which

contributed appreciably to amplifying and magnify-

ing drought over Hungary. Strictly speaking,

negative changes per decade (i.e. drought tendency)

were extended towards the western part of Hungary

and covered almost 60% of the territory. Nonethe-

less, the significant negative SPI-12 and SPEI-12

trends remained concentrated in the eastern and

middle parts of the country.

3.2. Drought: SPI-12 and SPEI-12 Spatial Pattern

in Hungary

The PCA analysis was applied to the SPI-12 and

the SPEI-12 time series [in geoscience, this analysis

is also called the empirical orthogonal function

(EOF) analysis]. Following this, the first six compo-

nents (PCs) account for 91.7% and 92% of the total

variance for the SPI-12 and the SPEI-12, respectively

(Figs. 3, 4).

For the SPI, the first principle component (PC1)

makes the largest contribution to the total variance

(28.5%), followed by the PC2 (24.8%), then the rest

of the PCs—i.e. PC3, PC4, PC5, PC6—which

contributed 18.9%, 17.2%, 1.4% and 0.9%, respec-

tively (Fig. 3).

Figure 5 demonstrates the spatial distribution of

the rotated loading for each drought index (i.e. the

SPI and the SPEI), suggesting that Hungary is

composed of six different sub-sets; characterized by

different drought variability. However, PC1 domi-

nates in the western part of Hungary which covers the

Transdanubia region (Central Transdanubia, Western

Transdanubia, Southern Transdanubia).; Interest-

ingly, this pattern occurs in Fig. 2, which has a

significant negative trend according to the M–K test

(see Figs. 2, 5, PC1). On the other hand, PC2

dominates in the eastern part of Hungary (Northern

Hungary and Northern Great Plain), as is shown in

Fig. 5, where it explained about 8.9% of the SPIs’

Figure 2
The SPI/SPEI-12 Sen’s slope estimator (changes per decade), and its trends (M–K statistic test) for Hungarian territory from 1961 to 2010

(black points were statistically had a significant trend at P\ 0.05)

K. Alsafadi et al. Pure Appl. Geophys.



total variance. This pattern covers the subregion that

has a significant positive trend according to the M–K

test (Figs. 2, 5, PC2). PC3 dominates in the southern

part of the country (Southern Great Plain), and PC4

the northern part (Central Hungary), while PC5

features in the southern part of the Southern Trans-

danubia region (near to the Croatian border), and PC6

covers the city of Gy}or, in the far northwest near the

Slovakian border.

For the SPEI, the first principle component (PC1)

makes the greatest contribution to the total variance

(29.4%), followed by PC2 (21.5%), and then by the

rest of the PCs—i.e. PC3, PC4, PC5, PC6—which

contributed 20.7%, 17.1%, 1.7% and 1.6%, respec-

tively (Fig. 4).

As is shown in Fig. 5, PC1 dominates in the

western part of Hungary which covers the Trans-

danubia region (Central Transdanubia, Western

Figure 3
Cumulative variance explained by the different components of the PCA results in S-mode for SPI series

Figure 4
Cumulative variance explained by the different components of the PCA results in S-mode for SPEI series

Spatial–Temporal Evolution of Drought Characteristics Over Hungary Between 1961 and 2010



Transdanubia, Southern Transdanubia), while PC2

dominates in the southern part (Southern Great Plain)

and PC3 in the northern part (Northern Hungary).

PC4 dominates in the eastern part of Hungary

(Northern Hungary and Northern Great Plain), PC5

in the southern part of the Southern Transdanubia

region (near to the Croatian border), while PC6

covers Central Hungary.

To investigate further the vulnerability of the

various sub-regions to different classes of drought, the

spatial–temporal evolution of both the SPI-12 and the

SPEI-12 and the occurrence of drought were assessed

from the PC scores during the period 1961–2010, as

can be seen in Figs. 6 and 7. Following this, the results

showed different susceptibilities to drought among

different components for both indices.

For the SPI-12, only PC1 showed a significant

decline (P\ 0.05) in SPI values (- 0.13 unit/

decade), as illustrated in Fig. 6, which indicates the

increase in drought intensity over the Transdanubia

region. However, the rest of the PCs/sub-sets (i.e.

PC2, PC3, PC4, PC5, and PC6) were less vulnerable

to drought as the SPI values had increased. Notice-

ably, this increase was significant (P\ 0.05) for PC2

(0.11 unit/decade), PC5 (0.17 unit/decade), and PC6

(0. 13 unit/decade) (Fig. 6).

Similarly, PC1 (Transdanubia region) and PC6

(Central Hungary) were subjected to significant

declines (P\ 0.05) in SPEI values during the study

period: - 0.17% per decade (P\ 0.05) and - 0.13

per decade (P\ 0.05), respectively (Fig. 7). In

contrast, positive increases in SPEI values (less

vulnerable to drought) were identified for PC2,

PC3, PC4, and PC5 (Fig. 7). However, these

increased values were only significant (P\ 0.05)

for PC4 (the eastern part of Hungary) and PC5

(Southern Transdanubia region).

3.3. Total Drought Duration (TDD) Analysis

In this part of the research, the spatially dis-

tributed percentage of the total drought duration TDD

Figure 5
the SPI-12 and the SPEI-12 relative to Varimax rotated loadings for the studied points

K. Alsafadi et al. Pure Appl. Geophys.



on a 12-month time scale was calculated, in order to

study the different intensities of drought frequency

(see Table 1). Figure 8 illustrates the spatial distri-

bution of total drought (%) for different drought

categories (i.e., no drought, mild, moderate, severe

and extreme) on a 12-month time scale.

The spatial distribution of SPI-12 based TDDs

indicates that very extreme droughts tend to occur in

the southwest of the study area (i.e. Somogy and

Baranaya), and in the western of the study area

(Veszprém), with values of about 5–7%, while most

of the central parts and the far east of the country are

characterized by lower drought frequencies (about

1.5–3%) for the same category. Interestingly, the very

extreme TDDs have a quite distinctive spatial pattern

and high spatial variation, whereas the extreme and

severe droughts tend to occur in the central study area

(i.e. Jász, Nagykun, Szolnok, and Pest) and in the

western part of the study area (Veszprém), and also in

the eastern parts of Bács–Kiskun, with values of

about 9–7% for extreme TDDs, and 14–16% for

severe TDDs. Noticeably, the mild and moderate

TDD values account for the majority of the total

drought duration, and more frequently over the

northern and southern west parts of the studied area,

but they have a random spread pattern.

On the other hand, the spatial distribution of

SPEI-12 based TDDs indicate that very extreme

droughts tend to occur in the southwestern (i.e.

Somogy and Baranaya) and central parts of the study

area (Jász, Nagykun, Szolnok and Pest), as well as in

the western part (Veszprém), with values of about

7–8% for severe TDDs. One of the most striking

characteristics is that both indices have the same

Figure 6
Time evolution of the scores corresponding to PCs that calculated from the series of SPI at 12-time scale, the red line indicates the smoothed

series using the polynomial regression and weights from gaussian density function, and the statistically significant changes are given by bold

font
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spatial pattern and dominate in almost the same sub-

regions. Figure 9 indicates a positive significant

correlation (r = 0.59, P\ 0.05) between different

types of drought calculated on the basis of TDDs-

SPIs-12 and TDDs-SPEIs-12 time series over Hun-

gary. Nevertheless, it is worth mentioning here that

severe and very extreme droughts are more typical in

western and southern regions, while mild drought

dominates in the south east of Hungary.

3.4. Temporal Evolution of the spatial Extent

of Drought

Figure 10 shows the vulnerability of Hungary to

different classes of drought. As illustrated, the

common groups in Hungary are no drought (SPI/

SPEI[ 0), mild drought, and moderate drought (SPI/

SPEI between - 1 and - 1.49), while the other

groups are less probable. However, a quick glance at

both classes of indices revealed that SPEI was better

able to give a general perception of drought evolution

over Hungary. Following this, the SPI-12 indicates

that no significant change can be detected from 1961

to 2010 over Hungary. However, the ‘‘No drought’’

group was subjected to an increase of ? 0.9 per

decade (P[ 0.05), while the ‘‘severe drought’’,

‘‘extreme drought’’ and ‘‘very extreme drought’’

groups decreased by - 0.6% per decade (P[ 0.05),

- 0.64% per decade (P[ 0.05), and - 0.22% per

decade (P[ 0.05), respectively.

In contrast, the SPEI-12 shows that the drought

waves that hit Hungary were more pronounced.

Figure 7
Time evolution of the scores corresponding to PCs that calculated from the series of SPEI at 12-time scale, the red line indicates the smoothed

series using the polynomial regression and weights from gaussian density function, and the statistically significant changes are given by bold

font
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Although, no significant trend was detected in the

SPI-12 categories, it showed that two significant

(P\ 0.05) different drought categories were detected

over Hungary during the study period.

In detail, results suggested a statistically signifi-

cant decrease (P\ 0.05) of - 2.28% per decade in

the area that was not affected by drought (i.e. the ‘‘No

drought’’ group). In contrast, a significant positive

Figure 8
Spatial distribution of total drought duration TDD (number of months %) at timescales of SPI/SPEI-12 between 1961 and 2010, for each

category of drought, and the TDD calculated for all categories
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(P\ 0.05) trend of ? 1.4% per decade was detected

for the area affected by very extreme drought. Even

though the changes in the other categories (i.e.

‘‘mild’’, ‘‘moderate’’, ‘‘severe’’, and ‘‘extreme’’) were

not significant, they obviously showed a positive

trend, which is completely contrary to the calculated

results from SPI-12 for the same categories.

Regardless of the significant trends of both

indices, we studied the correlation between each

group for each indicator (i.e. SPI-spatial extant (%)

and SPEI-spatial extent (%), as can be seen in

Fig. 11). The highest correlation was recorded in the

‘‘no drought’’ group (r = 0.93), followed by the ‘‘very

extreme’’ (r = 0.83), and ‘‘extreme’’ (r = 0.82)

groups. Nonetheless, correlation values remain high,

indicating the dynamics of two indices in defining

drought over space and time.

4. Discussion

Drought is one of the normal features of climate

that can have a more devastating impact on any

ecosystem than any other natural hazard (Pandey

et al. 2010; Abbas et al. 2014). Unfortunately,

drought is classified as one of the costliest and yet

one of the least understood natural disasters (Zhang

et al. 2015). A basic understanding of such a phe-

nomenon is an essential step toward building

strategies for adaptation and mitigation in any coun-

try. Within this context, the main aim of this research

was to track drought evolution and drought episodes

over Hungary between 1961 and 2010 by using the

well-known SPI and SPEI indices for 1045 gridded

points obtained from the CARPATCLIM project for

climatic data.

The SPI has many disadvantages, such as using

only rainfall data, not taking time distribution into

account and not being able to predict the starting and

ending of a drought cycle (Paltineanu et al. 2009;

Wilhite 2000; Vicente-Serrano et al. 2010). The SPEI

also has certain disadvantages, such as using the

Thornthwaite equation (1948) in the calculation of

PET which considers only temperature (Wang et al.

2015), and the fact that heatwaves can be mistaken

for metrological drought (Spinoni et al. 2013). Nev-

ertheless, many scholars indicate that monthly

rainfall can be perfectly illustrated by using gamma

distribution across Europe, and this was used in our

study to calculate the SPI-12 and the SPEI-12.

Interestingly, Lloyd-Hughes and Saunders (2002)

indicate that the SPI-12 results are analogous to those

Figure 9
Relationship between TDDs calculated based on the SPIs-12 and the SPEIs-12 time series for spatial extent of whole the studied area

(n = 1045 gridded points)
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Figure 10
SEoD or temporal evolution of percentage of area affected by different drought categories. Based on SPI/SPEI series at 12-month time scale

and spatial extent of the gridded dataset in Hungary

Spatial–Temporal Evolution of Drought Characteristics Over Hungary Between 1961 and 2010



obtained from a complicated indicator such as the

Palmer drought severity index (PDSI) (Palmer 1965),

and superior in terms of spatial standardization.

However, the SPEI was designed to integrate the

advantages of both the PDSI and the SPI, by con-

sidering the effects of precipitation and temperature

to assess drought (Vicente-Serrano et al. 2010; Jin

et al. 2019).

Comparing the results obtained from both indi-

cators (i.e. the SPI and the SPEI), we find that both

indices indicate that the western part of Hungary was

more prone to drought, where all of the gridded

points showed a significant negative trend. On the

contrary, we notice a clear disagreement in deter-

mining the significant trends to increased wetness

over the eastern part of Hungary. The SPEI indicates

that a small portion of eastern Hungary has positive

significant trends (only 5 gridded points), while the

SPI reveals that 359 gridded points distributed over

the eastern part have a positive significant trend.

These results can mainly be explained by the differ-

ences between the two indices in their drought

calculating methodology, whereas using not only

precipitation but also the PET significantly affected

the results, and revealed more areas that may be

prone to drought in Hungary. Indeed, a clear

consensus exists among both indicators on two

important points. On the one hand, the western part

was more vulnerable to drought, where a tendency

towards drought (i.e. decreases in SPI-12 and SPEI-

12 values) was detected for the Transdanubia region

(PC1) (P\ 0.05). On the other hand, both indices

highlighted that the eastern region is less sensitive to

drought, as is indicated in PC2 for the SPI-12 and

PC4 for the SPEI-12 (P\ 0.05). Szabó et al. (2019)

found similar results for the period 1961–2010 and

reported that the western part of the country was the

most sensitive to climate change.

As previously established by many scholars, the

evolution, intensity, duration, and end of a drought all

mainly depend on precipitation, where rainfall is the

key factor in drought determination and evolution

within any region (Vicente-Serrano et al. 2010).

Therefore, we tracked the decadal precipitation

changes (i.e. every 10 years) in Hungary. Following

this, the spatial distribution of rainfall changes over

Hungary (not shown) reveal that the southern-western

part of the study area receives more rainfall than the

central part, while the central part (i.e. the Central

Hungary region) was more susceptible to rainfall

changes which indicate that the central part of Hun-

gary was more prone to drought. However, this result

Figure 11
the correlation between SPI-spatial extant (%) and SPEI-spatial extent during the studied period
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should be considered together with the results from

Fig. 8 where the spatial distribution of TDDs domi-

nated in the central part of Hungary. In fact, this main

difference between the TDD method and the SPI and

the SPEI indices in determining drought zones over

Hungary can be explained by the fact that TDDs do

not consider the temporal consistency of time series

and aggregation of drought events, regardless of the

time in which they occurred. On the other hand, trend

analyses for both the SPI and the SPEI takes into

consideration the temporal consistency of drought

changes with special focus on the time they occurred.

However, Bede-Fazekas and Szabó (2019) indicate

that central Hungary—where the average precipita-

tion does not exceed 500 mm—is subjected to

drought, and that 90% of Hungary is prone to

drought, with exception of the northern area. In a

similar vein, Makra et al. (2005) reported a reduction

in rainfall and a tendency to increases in temperature

of between 0.4 and 0.8 �C in Hungary, and that

drought will be more frequent in the second half of

the 21st century, not only in Hungary but also in the

Carpathian Basin as a whole (Pongrácz et al. 2014).

This supports our results in Figs. 2 and 10, which

shows that extreme and very extreme drought events

were more frequent in the last decade, namely from

2000 to 2003 and in 2007. Moreover, Mez}osi et al.

(2016) supports our results and reported that the last

decade (i.e. 2001–2011) was a historically extraor-

dinary decade with two heavy drought events in the

south-eastern part of the Carpathian Basin.

Drought in Hungary is one of the aspects of global

climate change that could mainly be affected by

various atmospheric factors such as the El Niño–

Southern Oscillation (ENSO), the North Atlantic

Oscillation (NAO), the Greenland–Balkan Oscillation

(GBO) and the Pacific decadal oscillation (PDO).

However, Mares et al. (2016) demonstrate that the

role of the Greenland–Balkan Oscillation (GBO) in

influencing the south-east European hydro-climatic

regime is greater than that of the NAO and the ENSO.

In particular, the GBO captures both movements of

air masses with a meridional component and a zonal

component, while the ENSO and the NAO were less

dominant in the Danube middle basin (Mares et al.

2016). In a similar vein, Bartholy et al. (2013)

emphasized that the most significant factors affecting

drought trends in Hungary are atmospheric circula-

tion, lack of precipitation, changes in soil moisture

and evapotranspiration and other elements of the

hydrological cycle.

5. Conclusions

This research tracked the trends, intensity, spatial

extent and duration of droughts in Hungary between

1961 and 2010 using 1045 gridded points collected

from the Climate of the Carpathian region project-

CARPATCLIM by using the SPI and the SPEI.

The results demonstrate that the eastern part of

Hungary was less vulnerable to drought, while the

western part was more prone to drought. Such results

stress the importance of climate mitigation plans

which should be prepared on a sub-regional scale,

taking into consideration the sustainability of the

ecosystems in each one.
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