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Abstract

The present research was carried out to understand the long-term changes in drought conditions over major climate regions
of Kazakhstan using the temperature-sensitive Standardised Precipitation Evapotranspiration Index (SPEI). The inter-annual
and intra-annual drought events were studied by computing SPEI at resolute time scales such as SPEI 1, SPEI 3 and SPEI
12. The non-parametric statistical metrics including the Mann—Kendall test and Sen’s slope estimator were used to find the
direction and magnitude of trends shown by the index. The results of the study revealed a significant drying tendency of
the arid and semi-arid climate zones. An insignificant wetting tendency was observed for the humid and sub-humid climate
zones of the country. The analysis of SPEI 3 showed that the summer and autumn seasons made a significant contribution
to the dry periods in the semi-arid climate zone while the spring season aided in generating a similar downward trend in
the arid climate zone. April, August and September were recorded as the months with the highest occurrence probability
of total droughts in all the climate divisions of Kazakhstan. Until the point of probable meteorological change in 1994; the
central longitudinal position occupied by the highest possibility occurrence areas for overall droughts showed a westerly
and north-easterly shift during the subsequent period. The drought index also reflected an increased occurrence probability
of all types of droughts with an obvious shift in the intensive drought centers during the studied time slices. However, the
range of occurrence probability shrank with the increasing severity of droughts.
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1 Introduction

Drought is a natural event of an unknown magnitude that
occurs as a result of a combination of several factors primar-
ily including the lack of precipitation (Wilhite and Glantz
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1985; Tornros and Menzel 2014; Wilhite 2014; Wang et al.
2016; Haied et al. 2017; Chen et al. 2018; Moghimi and
Zarei 2019; An et al. 2020). It is an insidious hazard charac-
terised by non-structural impacts with a large spatial extent
(Gillette 1950; Wilhite 2014). It has the potential to influ-
ence different sectors of the economy particularly agricul-
ture, water resources, affect ecosystem functioning and even
induce political instability in certain areas (Song et al. 2003;
Zou et al. 2005; Ma and Fu 2006; Xin et al. 2006; Lu et al.
2011; Wang et al. 2011; Wang et al. 2012; Yan et al. 2011,
Liu and Jiang 2014; Azadi et al. 2015; Mokarram et al. 2015;
Zarie 2018). The present climate change has exacerbated
the occurrence frequency and intensity of hydrological and
meteorological events like floods and droughts (Yu et al.
2014; Li et al. 2018; Guo et al. 2018; Chen et al. 2018) with
a greater potential of a further increase in the future (IPCC
2014).

The existence of many conflicting definitions and their
associated inherent weaknesses make drought investigation
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a difficult task (Glantz and Katz 1977). Lack of a universally
accepted definition adds confusion to whether a drought has
set in or not and if yes, how severe or extreme is it and
when has the event terminated (Wilhite et al. 2014). As there
exists a lot of disagreement about the concept of drought,
there arises a strong need to define a drought (Histal and
Talleksen 2000). Wilhite and Glantz (1985) analysed 150
definitions of drought and were successful in classifying
them into four different types viz. meteorological drought,
hydrological drought, agricultural drought and socioeco-
nomic drought. American Meteorological Society (AMS)
also reports these four drought types. However, Dai (2011)
reported only three types of drought with no mention of
socioeconomic drought. Experts from time to time have
been engaged in working out possible metrics to under-
stand and characterise droughts in terms of their intensity,
severity, duration and spatial extent (Sen 2015; Guo et al.
2018; Sharafati et al. 2019; Hosseini et al. 2021). Over the
years, several indices were developed to monitor droughts
to provide some valuable suggestions regarding mitigation
and early warning of such events. The drought indices range
from simple ones like precipitation percentiles and percent-
age of normal precipitation to complex ones like Palmer
Drought Severity Index—PDSI (Palmer 1965). Some of the
indices are based on precipitation only like Standardized
Precipitation Index—SPI (McKee et al. 1993) and Actual
Precipitation Index—API (Sen and Almazroui 2021) while
some others like Standardized Precipitation Evapotranspi-
ration Index—SPEI (Vicente-Serrano et al. 2010) on tem-
perature, precipitation and other derived variables. Some
of the drought indices such as Standardized Runoff Index
(Shukla and Wood 2008) and Streamflow Drought Index
(Nalbantis and Tsakiris 2009) require hydrological observa-
tions for their applicability while some others such as Veg-
etation Condition Index (Kogan 1990) depend entirely on
remote sensing data. Looking at the availability of the data
and the purpose of the current study SPEI was preferred over
others. SPEI is a multi-scale temperature-sensitive method
with easy spatial comparability (Guo et al. 2018) and can
prove beneficial in capturing the effect of the current warm-
ing trend on droughts (Vicente-Serrano et al. 2010). PDSI
was not used because of some of its inherent limitations such
as fixed timescale (Keyantash and Dracup, 2002), compu-
tational complexity (Guttmann, 1998), dependency on data
calibration (Alley 1984), difficulty in regional comparisons
(Andreadis et al. 2005), etc. SPI was not applied because the
index uses only precipitation as an input parameter (WMO
2012) and no soil water balance component could be calcu-
lated which forms an important constituent for characterisa-
tion of droughts of different time scales.

A plethora of studies exists in literature that has mainly
focussed on the characterisation of droughts especially in
the arid and semi-arid part of the world. Wang et al. (2016)
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analysed the concept of drought propagation and inves-
tigated different aspects of the propagation of droughts
through several stages. Yang et al. (2016) reported rising
drought frequency in the Haihe river basin of China from
1960 to 2010. Chen et al. (2018) analysed the spatiotemporal
variations in drought conditions in Yangtze River basin of
China. The results revealed complex variations reflected in
the river basin over various timescales and the existence of a
strong correlation between SPEI-3 and TVDI (Temperature
Vegetation Dryness Index). Sarig and Altin (2020) deter-
mined the hydrological drought intensity in two river basins
of Turkey for 43 years. Results of the analysis indicated that
the frequency of droughts was highest during the months of
October to December. Besides a strong negative trend was
reported in the basins from the early 2000s. An et al. (2020)
reported increased intensification of droughts as a result of
steep temperature increases in Xinjiang province of China
from 1960 to 2018. Hosseini et al. (2021) used the Drought
Index (DI) of GPCC to analyse the dry and wet periods in
Iran for a period of 68 years. The authors found a significant
increase in drought occurrences in arid basins and a hike in
the number of drought centers. Despite an arid, semi-arid
territory, a small number of attempts have been made in
Kazakhstan to study long-term changes in drought character-
istics. Dubovyk et al. (2019) analysed the spatial component
of droughts in Kazakhstan using remote sensing data during
2000-2016. Salnikov et al. (2016) assessed the impact of
atmospheric drought variability on crop yield fluctuations
in Kazakhstan, using Selyaninov Hydrothermal Coefficient
(SHC). The study distinguished the major production areas
based on the instability of crop yields and found soil mois-
ture as a strong limiting factor for summer crop yield. The
present study differs from the previous studies in the sense
that it examines the dry spells at different time lags in the
current scenario of changing climate and evaluates the spa-
tial and temporal variability of different levels of droughts
while considering different climate zones. The research
would help in prioritising different spatial units according
to their vulnerability to dry periods and would be highly
beneficial to the competent authorities in framing relevant
adaptation strategies for the concerned regions.

2 Geographical Setting

Kazakhstan is located in the heart of Eurasia extending from
40.56° N to 55.26° N latitudes and 46.45° E to 87.35° E
longitudes (Fig. 1a). Mean elevation of the country is 387 m
AMSL with the lowest (— 132 m) and highest (6995 m)
points located in the Caspian lowlands and Tian-Shan
mountains, respectively (CIA 2019). The territory reflects
a continental type of climate suffering from extremes of
temperature on different temporal scales (de Beurs and
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Fig.1 Maps showing the a location of Kazakhstan and b distribution of meteorological stations in major climate regions

Henebry 2004; Salnikov et al. 2014). The country lacks a
direct contact with an open sea that has a profound influence
on its climate (Issanova and Abuduwaili 2017; Yapiyev et al.
2017). The climate of Kazakhstan is broadly divided into
four types—sub-humid continental climate, cold arid cli-
mate, semi-arid climate and mountainous climate (Chered-
nichenko et al. 2021) (Fig. 1b). The average January tem-
perature is— — 20 °C in north and — 5 °C in south while the
average July temperature varies from 18 °C in north to 29 °C
in south (Lydolph 1965; USAID 2017). The mean minimum
temperature may reach upto — 40 °C in January in the north-
ern sub-humid climate region of the country while the mean
maximum temperature crosses 40 °C in the low-lying plains
in the month of July (Salnikov et al. 2014). Precipitation is
highly uneven both in amount and in concentration across
the country. The country receives an annual precipitation of
200-400 mm in the sub-humid north (Klein et al. 2012) and
450 mm in some southern mountainous areas (de Beurs and
Henebry 2004; Salnikov et al. 2014). The amount is much
lower in the semi-arid and arid climate zones in the western
and southwestern parts of the country that receive less than
100 mm annually (de Beurs and Henebry 2004; Issanova and
Abuduwaili 2017; Dubovyk et al. 2019). However, eastern
and southeastern mountainous areas and foothills receive
the highest recorded precipitation of > 1000 mm per year
(Issanova and Abuduwaili 2017; Dubovyk et al. 2019). The
westerlies play a dominant role in the climate of Kazakhstan
(Bridgman and Oliver 2006; Chen et al. 2009). A north to
south shift in the westerly winds cause precipitation over
the region during the warmer and colder parts of the year
by deriving moisture from North Atlantic and Mediterra-
nean Sea, respectively (Bothe et al. 2011). The interaction
of the Siberian High and the North Atlantic Oscillation
(NAO) influences the cold season climate while the inter-
action between Azores High and Asian Low affects the
warm season climate (Rogers and Loon 1979; Aizen et al.
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2001; Meeker and Mayewski 2002; Issanova and Abudu-
waili 2017). Precipitation is also promoted by the frequent
southward invasion of the polar front or arctic front (Aizen
et al. 2001).

The situation of the country makes it extremely vulner-
able to physical fluctuations of the changing climate (Wiley
NHDR 2008). The climate of Kazakhstan is characterised
by the occurrence of frequent droughts (Salnikov et al.
2014) which along with increasing continentality (Lopez
Fernandez et al. 2020) produce a profound impact on differ-
ent components of socioeconomic and biophysical systems
specifically agriculture and water resources (Gessner et al.
2012; Kariyeva et al. 2012; Sun et al. 2020). Water defi-
cit is the most significant factor that limits plant growth in
the region (Iijima et al. 2008). Since major cultivation is
dependent on rainfall during the growing season, dry periods
can reduce the agricultural output to a considerable degree
(Fehér and Fieldsend 2019). Agricultural droughts have a
disastrous impact on crop production and yield particularly
in the northern steppe region that is considered as a signifi-
cant granary of the entire Eurasian continent (Iijima et al.
2008; Dubovyk et al. 2019). Relatively small-scale droughts
are a persistent phenomenon in southern parts of the country
(World Bank 2006). The northern parts of the country are
less vulnerable to droughts in comparison to their southern
counterparts mostly due to more precipitation quantities
received by the northern steppes in comparison to the arid
and semi-arid south (Ta et al. 2018).

3 Materials and Methods
3.1 Data Source

Monthly temperature and precipitation data for the selected
meteorological stations were retrieved from National Centers
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for Environmental Information’s (NCEI) online data portal
accessible at https://www.ncdc.noaa.gov. Previous research-
ers (Russel et al. 2018; Farooq et al. 2021; Salehie et al.
2021) have used similar dataset for the desired variables in
their respective studies. Assessments carried out by Russel
et al. (2018) reported good to adequate data length, con-
sistency and spatial coverage of mean temperature and pre-
cipitation in Kazakhstan. Farooq et al. (2021) agree with the
same after proper infilling of the time series. The monthly
observational time series at different stations were checked
for any kind of non-climatic heterogeneity using Standard
Normal Homogeneity Test (SNHT). Meteorological stations
were selected from all the major defined climate and altitudi-
nal divisions of the country (Fig. 1b). A detailed description
of the selection of meteorological stations and imputation
of missing data associated with the stations can be found
in Farooq et al. (2021). A geographical description of the
selected stations is provided in the supplementary material
(Table S1).

3.2 Methodology

SPEI at various time lags was calculated for the selected
meteorological stations spread across various climate zones
of Kazakhstan. The procedure of SPEI calculation involves
several steps (Yu et al. 2014; Yang et al. 2016; Shen et al.
2017). The initial requirement of calculating Potential Evap-
otranspiration (PET) for the index was ascertained by uti-
lising Thornthwaite’s equation (Thornthwaite 1948). After
that, the climatic water balance was worked out for different
months by taking the difference of monthly precipitation
and Potential Evapotranspiration (PET) into consideration
(Vicente-Serrano et al. 2010). The final index was gener-
ated by fitting a three-parameter log-logistic cumulative
distribution function to the climatic water balance compo-
nent obtained at various time scales (An et al. 2020). SPEI
was classified into different drought categories as shown in
Table 1. All the calculations were performed using “SPEI
package” in R software (http://sac.csic.es/spei). Yang et al.
(2016), Shen et al. (2017) and An et al. (2020) followed
similar calculation procedure and categorisation of SPEI in
their respective studies.

Table 1 Classification of SPEI values into different drought catego-
ries

SPEI Drought category
More than — 0.5 No drought
—-05t0-1 Mild drought
—-1to-15 Moderate drought
—15t0-2 Severe drought
Less than — 2 Extreme drought
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The trend analysis of various SPEI time series was carried
out using Mann—Kendall (M—K) statistical test (Mann 1945;
Kendall and Stuart 1976). As a non-parametric statistical
metric, M—K test does not require the dataset to be normally
distributed and can be applied to other non-normal distribu-
tions as well (Hess et al. 2001; Meals et al. 2011). In the case
of non-normality, the test provides greater statistical power
and is less sensitive towards extreme values and missing data
gaps (Meals et al. 2011). Prior to the application of the test,
the time series were checked for serial correlation that has
the potential to reduce the reliability of the results obtained.
Positive auto-correlation in the data sequence increases the
possibility of a significant answer, even in the absence of
a trend (Cox and Stuart 1955). The Sen’s slope estimator
(1968) was used to find the magnitude of trends. Like M—K
test, the method was preferred due to its more robust nature
towards outliers and superior performance for varied distri-
butions (Hirsch et al. 1982).

4 Results and Discussion

4.1 Inter-annual and Seasonal Variability
of Droughts

SPEI calculated at a time lag of 12 months (SPEI 12) was
used to evaluate the long-term changes in drought conditions
on an annual scale for the selected time period. Figure 2a
shows the interannual variability of SPEI values for Kazakh-
stan from 1970 to 2017. The M-K statistic (z= — 0.471)
calculated for the annual SPEI time series reported an insig-
nificant tendency of the region towards a negative SPEI
run. Lowest SPEI values were shown in the years 2008 and
2012 when the SPEI values dropped to a minimum value
of — 1.182 and — 1.381, respectively. For the sub-humid cli-
mate region, the interannual variability of droughts showed
a strong fluctuating nature for the studied time period as
depicted by the SPEI 12 values. The SPEI reflected several
negative runs from the beginning of the time period such as
from 1974 to 1978, 1997 to 1999 and for 2008, 2010 and
2012 (Fig. 2b). The SPEI 12 values for the area were ran-
dom, not propagating in a particular direction for the studied
time period. The trend line drawn for the data series was also
statistically insignificant. The humid climate zone showed
similar interannual changes as were reported by the sub-
humid climate zone. The climate region also showed strong
fluctuating SPEI 12 values through the selected time frame.
The negative values were noticed from the years 1973 to
1975, 1995 to 1997 and 2004 to 2008 with the lowest value
reaching to — 1.754 for the year 2008 (Fig. 2c). The trend
line was also insignificant for the concerned series. A higher
number of meteorological stations (93.33%) showed positive
trends for the index. Unlike humid and sub-humid climate
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regions, the arid region showed a significant downward trend
for the SPEI 12 values indicating the drying tendency of the
arid area. The Mann—Kendall statistic for the time series
was — 1.875 (p<0.10) with a slope of — 0.013 units per
annum for the desert sub-region. The SPEI 12 values were
negative from 1995 to 2001 and from 2005 to 2014 except
for the years 1999 and 2009 that showed positive values for
the index (Fig. 2d). Around 76.46% of the stations located
in the climate zone presented downward trends for the index
with the least slope values reflected by Tuschibek, Cilli,
Akkuduk, Zlikha and Aralskoe meteorological stations. The
semi-arid sub-region showed continuity in negative SPEI
12 values from 1995 to 1998 and 2005 to 2017 with only
2 years 2009 and 2016 showing positive values (Fig. 2e). All
these negative runs resulted in a strong significant downward
trend for the sub-region. The Mann—Kendall statistic for the
SPEI 12 series was — 1.929 (p <0.05) with a downward
slope of — 0.012 units per annum for the series. The negative
peak with the lowest magnitude for the area was reported by
the year 2012 for which the SPEI 12 value reached as low
as — 1.834. All the meteorological stations reported negative
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trends for the SPEI with the lowest slopes presented by Tur-
gay, Taipak, Zhalpaktal and Irgiz meteorological stations.
To evaluate the seasonal change through time, SPEI
calculated at a time lag of 3 months (SPEI 3) were ana-
lysed for the selected sites across the territory of Kazakh-
stan. For the spring season, the M—K statistic (z=— 0.684)
showed a downward trend for the study area with nega-
tive peaks dominating in the latter half of the time period
especially in the spring of 1995, 1997, 2001, 2008 and
2012. For the summer season, the time period from 1994
to 2017 observed more intensive summer droughts with
SPEI magnitude well below -0.9 for most of the peaks.
The season showed an insignificant downward trend by
giving an M—K statistic of — 0.471. The M—K test statistic
(z=-1.057) calculated for the autumn season showed the
drying tendency of Kazakhstan during the studied time
period. Strong negative peaks were reported in the autumn
of 2005 and 1997 at — 1.42 and — 1.33, respectively. The
winter season in Kazakhstan showed an insignificant wet-
ting (z=1.039) tendency during the time period from 1970
to 2017. Most of the negative peaks in the winter season
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were concentrated in the time slice from 1970 to 1994. The
lowest SPEI 3 value was reported in the winter of 2012 at
a magnitude of — 1.34.

Of the total negative peaks with SPEI < — 0.5 that were
observed during the spring season of sub-humid climate
zone, only 36% of the peaks were reported after 1994 while
as 64% occurred before 1994 with most of them concen-
trated in the 1970s. Moreover, the high-intensity peaks
were also reported before 1994 for the season with the low-
est peak of — 1.76 in 1991. The M—K statistic showed an
insignificant drying tendency of the climate zone during the
spring season. Summer and winter seasons reflected more
or less a similar temporal evolution of SPEI values for the
climate zone. The SPEI values fluctuated between several
highs and lows through time during the seasons, ultimately
resulting in an insignificant wetting tendency of the climate
region during the two seasons. The autumn season showed
a clear increase in the number of negative SPEI (< — 0.5)
peaks especially after the year 1996, but the inconsistency
of the intense peaks generated an insignificant downward
trend for the season. In the humid climate zone encompass-
ing the southeastern mountainous region of Kazakhstan, all
the seasons with the exception of the spring season showed
an insignificant upward trend for the SPEI time series. The
spring season showed an insignificant downward trend
with most of the SPEI < — 0.5 peaks occurring after 1996.
Autumn season also showed a good number of negative
peaks after 1995; however, the trend was pushed up by the
positive peaks of the years situated towards the end of the
chosen time frame. Most of the negative peaks dominated
during the 1970s for the summer season and the1980s for
the winter season. For the semi-arid climate zone, the spring
and winter seasons showed an insignificant upward trend for
the SPEI series. In spring season, the SPEI < — 0.5 peaks
dominated during the 1970s and 2010s. Similarly for the
winter season, the SPEI< — 0.5 values dominated from
1974 to 1977 and from 2008 to 2012. A strong dominance
of SPEI < — 0.5 peaks was reported by the summer sea-
son of the years 2006-2012 with the exception of 2009 and
again for the years 2014, 2015 and 2017. All these peaks
towards the latter half of the studied time period generated
a negative M—K statistic of — 1.9 in the season resulting in
a significant trend (p < 0.10) for the semi-arid climate zone.
In the autumn season, the negative peaks falling in a particu-
lar drought level dominated from 2001 till 2013 with only
2006 showing a positive SPEI value. The associated negative
trend was significant (p < 0.05) with the season’s SPEI series
giving an MK statistic of — 2.10. For the arid climate zone,
all the seasons showed a progressive increase in the number
of negative peaks especially after the year 1994. The M—K
statistics showed a downward trend for all the seasons except
the winter season for which the SPEI time series showed a
positive trend. A significant negative trend was reflected by
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the spring season (p <0.10), however, the trends were insig-
nificant for summer, autumn and winter seasons.

Shortage of precipitation is considered the major factor
responsible for creating water deficits and hence dry spells
over varied time scales (Liu et al. 2015). However, tempera-
ture plays a pivotal role in inducing drought conditions by
increasing the process of evapotranspiration with profound
impact over areas receiving meagre precipitation. A signifi-
cant warming trend witnessed by the country (Salnikov et al.
2014; Kazhydromet 2017; Nyssanbayeva et al. 2019; Farooq
et al. 2021) during the recent past has a strong influence
on the calculated SPEI tendencies. Relating temperature
and precipitation anomalies with SPEI series computed at
various time lags reflected that precipitation change plays
a stronger role in producing various kinds of dry and wet
spells than the temperature in different seasons in Kazakh-
stan as well as over its constituent spatial units. For instance,
a significant increase in precipitation along with an insignifi-
cant increase in temperature during the winter season was
responsible for producing a wetting tendency in the territory
during the studied time frame. The SPEI trends shown by
humid and sub-humid climate regions are also strongly con-
trolled by the precipitation quantities received over a given
period of time in different years and seasons. Similarly, a
significant rise in autumn temperature discouraged the wet-
ting trend in the arid and semi-arid climate regions of the
territory despite small increases in precipitation reported
from various sites located in the regions. The effect of tem-
perature is more visible in the arid and semi-arid climate
zones with comparatively little influence reported from
humid and sub-humid climate zones. In other words, the
upward trend of temperature across various climate regions
in Kazakhstan have a strong tendency to make droughts
worse by increasing their characteristic properties such as
peak, duration, intensity and severity. A general increase in
the number of heatwaves in the recent past has the potential
to drive the constituent areas towards a drier climate (Kazhy-
dromet 2017). The annual and seasonal fluctuations shown
by the SPEI values can be attributed to similar causal fac-
tors. Intense heat waves during the mid-1990s encompass-
ing several regions of Eurasia aided in generating many dry
events in the latter half of the decade (Karatayev et al. 2022).
Soaring temperatures during the summer months (June to
mid-August) of 2010 encouraged the dry spells across the
country (Karatayev et al. 2022). Insufficient precipitation in
the winter season of 2012 (FAO 2021b), adverse weather
conditions during the early autumn of 2014 especially over
the north-western parts (FAO 2021b) were responsible for
the lowest dips in SPEI values.

A comparison of the occurrence probability of various
levels of droughts including the total droughts was made by
analysing the time series about the point of probable change
detected in the year 1994. Figure 3a, b show the probability
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Fig. 3 Comparison of the spatial distribution of probability occurrence of different levels of droughts—mild (a, b) moderate (¢, d) severe (e, f)
extreme (g, h) and total droughts (i, j) during two-time slices ranging from 1970 to 1993 (left) and 1994-2017 (right)

occurrence of mild droughts in the territory of Kazakhstan.
In the time slice from 1970 to 1993, the highest occurrence
of mild droughts was concentrated along the central lon-
gitudinal extent encompassing the parts of western humid,
central east arid, semi-arid and sub-humid continental cli-
mate areas of the country (Fig. 3a). The remaining areas of
the mentioned climate regions showed a lower probability
occurrence with the lowest possibility dropping to around
9%. The mild drought happening probability rose from 18.05
to 23.41% during the latter time slice with the highest prob-
ability centres shifting towards the western parts of all the
climate sub-regions except the humid climate region for
which the probability centre showed a north-easterly shift.
The spatial extent of the lowest occurrence frequency areas
for the time slice 1994-2017 more or less superimposed
the parts of all the climate zones that showed the highest
occurrence probability during the former time slice i.e. from
1970 to 1993 of the studied time period (Fig. 3b). The occur-
rence probability of moderate drought reflected more or less
a similar spatial pattern as was shown by the mild category
drought during the time slice of 1970-1993 across different
climate units. However, the range of probability was lower
at both the extremes in comparison to mild droughts. For
the time slice 1994-2017, a higher occurrence of moderate
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drought happened along a wide spatial arc encompassing
the central and eastern parts of arid and semi-arid climates
along with a major part of the northern sub-humid continen-
tal climate zone and southeastern humid mountainous zone
(Fig. 3c, d). Moreover, the lower extreme of the drought
level almost doubled from 4.86 to 8.61% in the latter half of
the chosen time period. Upon comparing the two-time slices,
the highest possibility of severe drought events shifted from
the northwest towards a more southerly location in the
sub-humid continental zone and from the western position
towards a more central location in the arid and semi-arid
climate zones (Fig. 3e, f). Moreover, in the humid climate
zone the probability centre shifted from the northeastern
part of the region towards the southwestern location dur-
ing the latter part of the observed time period. The range
of possibility for the severe drought level increased from
7.05-1.06% during 1970 and 1993 to 10.69-2.71% during
1994 and 2017. The extreme drought level has seen the
lowest possibility increase among all the discussed drought
types. The drought type reported a smaller increase of less
than one percent at both the highest and lowest extremes.
During 1970-1993, the highest occurrence probability was
reported from northeastern and central parts of humid cli-
mate zone, eastern parts of arid and semi-arid climate zones
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Fig.3 (continued)

and eastern and northern parts of sub-humid climate zone
(Fig. 3g). However, the spatial pattern of the highest pos-
sibility percentage shifted towards the eastern and western
parts of arid, semi-arid and sub-humid continental climate
zones. The humid mountainous climate zone also reported
a moderate to high occurrence percentage in comparison to
during 1994-2017 (Fig. 3h). Apart from this, the areal cov-
erage has also increased to a considerable degree in the latter
time slice. The total drought occurrence possibility showed
a strong increase especially at the lower extreme of the per-
centage bar upon comparing the two time periods (Fig. 3i,
7). The spatial distribution of the total drought occurrence
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probability during the two-time slices closely resembles the
mild drought level, reflecting a greater contribution to the
overall droughts across various spatial units.

4.2 Intra-annual Variability of Droughts

Monthly SPEI values (SPEI 1) for the four climate zones
of Kazakhstan were analysed in detail to conclude about
the intra-annual variations in droughts in terms of distri-
bution, occurrence frequency, shifts in the drought types
and drought months through the studied time period. The
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dynamics of defined levels of droughts are discussed in
detail in the following paragraphs.

In the northern sub-humid region of Kazakhstan,
the highest probability percentage for the occurrence
of droughts was reported by the months of April and
December at a probability of 31.3%. For April more severe
droughts were observed in comparison to December. The
least probability was reported by May at 16.7%. It was also
the only month for which more droughts were reported
for the moderate category of droughts than mild. January
showed increased evidences of droughts from 1994 with
high severity as compared to the incidents reported before
1994. The drought incidents decreased in general for the
month of February, March and July. June also showed
decreased drought intensity from 1994 with strong domi-
nation of mild droughts. The drought frequency increased
rapidly for the months of August, September and October
with a maximum contribution to the total percentage from
1994 to 2017. It remained more or less same for the first
half and second half of the studied time for the month of
November. A considerable shift was observed with more
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frequent droughts reported by August, September and
October after 1994 in the climate zone (Fig. 4a).

In the eastern and southeastern mountainous humid sub-
region, the maximum probability percentage for the total
drought occurrences was reported by the month of April
at 29.2%, followed by September and May for which the
percentage was 27.1%. The least percentage was reported
by June that showed only 18.8% chances for the occurrence
of total droughts. For January, March, April and May the
total drought events increased both in frequency and inten-
sity. For July, August and December the moderate droughts
disappeared after 1994 and the months were dominated by
mild category droughts. For September and October, the
frequency of droughts increased rapidly after 1994. For
November, mild droughts dominated in the latter half of the
time period with no moderate, severe or extreme droughts
after 1996. The drought events were evenly distributed
through different months and no clear shift was observed
for the humid mountainous sub-region (Fig. 4b).

In the semi-arid sub-region, the highest probability per-
centage for the occurrence of total droughts was shown in
the months of January and April for which the percentage
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Fig.4 Distribution of small scale (SPEI 1) droughts in a sub-humid, b humid, ¢ semi-arid, d arid climates of Kazakhstan
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Fig.4 (continued)

was 29.2%. The maximum contribution to this percentage
was made by the years from 1970 to 1994 after which the
frequency decreased tremendously for the 2 months. Besides
April was the only month that showed all categories of
drought events. For February and December, the intensity
of the drought months decreased through time. There was
an overall decrease in the drought occurrences for the mild
drought dominant month of March. For the month of May,
the frequency occurrence of mild droughts remained static
but the moderate droughts decreased in the count when the
time period was folded about 1994. For June both severity
and frequency increased from 1970 to 2017. The month of
July was symmetric in drought count about 1994 but showed
more drought events towards the end of the time period.
The drought frequency and severity increased tremendously
for the months of August and September more specifically
after 1997. Also for October and November, the occurrence
frequency increased but the only difference was that October
showed severe droughts in the first half of the time period
from 1974 to 1991 while November showed the same in the
latter half of the time period from 2008 to 2013. Moreo-
ver, October showed three drought types—mild, moderate
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and severe while as November showed only mild and severe
droughts. November with the least probability percentage
(16.7%) showed the least frequency of drought occurrence.
Before 1994 droughts occurred more frequently from Janu-
ary to June but the trend became the opposite after 1994
when more droughts were reported from July to December
(Fig. 4c).

The arid climate zone showed a general increase in the
occurrence frequency of droughts from 1970 to 2017. This
feature of the climate sub-region became more dominant
after 2004. Besides the area was dominated by mild and
moderate category droughts from 1970 to 1994 but the pat-
tern changed with the occurrence of severe and extreme
category droughts which were observed in the area after
1994. The highest probability percentage of total droughts
(including all category droughts) was shown in the months
of August and September for which the probability occur-
rence of droughts was 31.25%. The least probability was
shown in the month of March for which the probability of
occurrence was only 12.5%. Talking from the perspective
of different drought categories, the month of September
commanded in the occurrence of mild droughts, August
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dominated the moderate droughts, March, May, September
dominated the severe droughts, and April, October took
lead in extreme droughts. The maximum contribution to the
total droughts for the months of August, September, October
and November was made by the years from 1997 to 2017.
January showed the occurrence of only mild droughts with
the maximum contribution from 1995 onwards. February
presented the opposite results for which the maximum con-
tribution to dry spells was made by the years from 1970 to
1991. For the month of March especially after 2000, the
SPEI values became more negative resulting in the occur-
rence of moderate and extreme droughts. The severity of
droughts for April increased after 1994 and the droughts
fell into the mild, moderate and extreme categories. The
droughts increased in both May and June after 1997. For
December the frequency of the droughts decreased but the
severity increased through time. Apart from this, there was
a clear shift in the occurrence of drought months that were
concentrated in the late summer month of August and the
early autumn months of September and October after 1997
(Fig. 4d). However, before 1997 the drought months were
more concentrated in the winter and spring months of the
year.

4.3 Discussion

With impacts over diverse biophysical and socioeco-
nomic systems, droughts have become a growing concern
in Kazakhstan (Kazhydromet 2017; Farooq et al. 2021).
Depending entirely on the precipitation received particularly
during the growing season, the cultivation of crops in north-
ern parts of the country is highly vulnerable to dry spells
(World Bank 2016). For instance, the wheat production in
the country reduced by around 21%, 31% and 36% in the
drought years of 2004, 2010 and 2012 (FAO 2021a) mostly
due to insufficient precipitation received in the cultivated
areas (Xu et al. 2016; Morgounov et al. 2018). Similar dam-
ages to the agricultural sector by prolonged dry periods were
reported for numerous years during 1986 to 2006 which in
particular included the drought years in the second half of
the 1990s decade (World Bank 2006; FAO 2008). Hydrolog-
ical droughts have the potential to affect the southern parts
of Kazakhstan such as Almaty, South Kazakhstan and Kyzy-
lorda oblasts by limiting the water supplied for irrigating the
crops cultivated in the region. Some water-intensive crops
such as cotton and rice grown in the region are also highly
vulnerable at times of extended drought periods. Moreover,
droughts have a negative influence on raising livestock in
the country by severely restricting the availability of water
and fodder for the cattle and due to extreme heat resulting
from enhanced temperature (Dubovyk et al. 2019). Local
changes resulting from unchecked human activities such as
diverting the water supply of feeder tributaries of the Aral
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Sea basin for irrigation purposes have increased the conti-
nentality of the surrounding basin region (World Bank 2016;
Issanova and Abuduwaili 2017). The desiccation of the Aral
Sea floor altered the precipitation pattern of the region, thus
increasing the tendency of the area towards dryness. The
catchment witnessed a significant increase in the frequency
of drought occurrences characterised by greater severity and
extended duration during the recent past (Guo et al. 2018).
The drought of 2000-2001 significantly lessened the water
inputs to the Aral Sea with an average inflow of only 2.3
km®/year in comparison to the decadal averages of 9 km?/
year for 1990s and 12 km?/year for 2000s (Micklin 2016).
Similarly, a reduction in the total annual precipitation espe-
cially in the sandy Moiynkum, west Kazakhstan and Lake
Zaysan basin have also accelerated the occurrence of dry
periods (World Bank 2016; Fehér and Fieldsend 2019).
Moreover, desertification/land degradation and land use
changes have also the capacity to affect the magnitude and
frequency of droughts particularly hydrological droughts to
a significant degree (FAO 2017). Two-thirds of the land area
of Kazakhstan is potentially under threat of desertification
(World Bank 2013). Climate-driven desertification is prom-
inent in western parts of the country, which in particular
includes the provinces of Atyrau, Aktobe, Mangystau and
West Kazakhstan (Hu et al. 2020). The study would like to
suggest that competent authorities to take steps in mitigating
the issue of climate change that fuels such extreme events
and intensifies their existence. Managing surface and sub-
surface water resources in an arid, semi-arid environment
is the primary requirement to combat frequent dry spells in
the country. Relying on a specific water resource will not be
beneficial in the long run, more water resources especially
the most secure ones should be tapped for irrigation and
industrial usage. Efficient water-saving methods of irriga-
tion for agricultural land need to be promoted for their wide
utilisation to reduce the impacts of droughts. Water con-
servation methods should be put to use especially in the
northern parts of the country practising rainfed cultivation.
Lessons need to be learnt from one of the most significant
environmental disasters—the desiccating Aral Sea floor and
the consequences thereof.

5 Conclusions

The current study investigated the spatial and temporal evo-
lution of droughts by considering specific time lags relevant
to the study. The research used SPEI to detect the deviations
presented by the time series associated with the selected cli-
mate zones on multiple time scales. The results of the study
revealed a significant increase in the probability of occur-
rence of all levels of droughts in Kazakhstan. The long-term
trends carried out for several climate subregions reflected
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a significant drying tendency for the already water deficit
regions of arid and semi-arid climates of Kazakhstan. How-
ever, the tendency was opposite for humid and sub-humid
regions of the country that showed an insignificant wetting
trend during the studied time period. A clear spatial shift
in the intensive drought centre for the total droughts was
observed when the time period was studied for two-time
slices of 1970-1993 and 1994-2017. During 1970-1993,
the highest occurrence probability of the overall droughts
was concentrated in the northern and southern parts of the
country that shifted towards the western and northeastern
parts of the country during the subsequent period. April,
August and September were recorded as the months with
the highest occurrence probability of total droughts in dif-
ferent climate zones of Kazakhstan. Significant increase in
temperature, a natural deficit of precipitation and altered
precipitation regimes due to climate change have a strong
potential to make the country more prone to droughts. The
study is significant as it would help the competent authori-
ties in prioritisation of sub-regions based on drought risk
and hence frame relevant policies to manage the potential
risks resulting from the dry events.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41748-022-00314-0.

Acknowledgements The authors would like to thank National Cent-
ers for Environmental Information (NCEI) for providing the neces-
sary dataset required for the study. The authors are highly grateful to
the anonymous reviewers for their valuable suggestions that helped in
improving the quality of the manuscript.

Author contributions IF designed the roadmap, collected the data, pre-
pared the methodology, wrote the draft and generated different maps,
ARS did the formal analysis, MS and MAE thoroughly revised the
manuscript.

Funding University Grants Commission (UGC), Govt. of India sup-
ported the study by providing a fellowship to the first author in the
form of NET-JRF.

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Aizen E, Aizen V, Melack J et al (2001) Precipitation and atmos-
pheric circulation patterns at mid-latitudes of Asia. Int ] Climatol
21(5):535-556. https://doi.org/10.1002/joc.626

Alley WM (1984) The Palmer Drought Severity Index: limitations and
assumptions. J Appl Meteorol Climatol 23(7):1100-1109. https://
doi.org/10.1175/1520-0450(1984)023%3C1100:TPDSIL%3E2.0.
CO;2

An Q, He H, Gao J et al (2020) Analysis of temporal-spatial variation
characteristics of drought: a case study from Xinjiang, China.
Water 12:741. https://doi.org/10.3390/w12030741

@ Springer

Andreadis KM, Clark EA, Wood AW et al (2005) Twentieth-century
drought in the conterminous United States. J Hydrometeorol
6:985-1001. https://doi.org/10.1175/JHM450.1

Azadi S, Soltani Kopaei S, Faramarzi M et al (2015) Evaluation of
Palmer Drought Severity Index in Central Iran. J Water Soil Sci
19(72):305-319

Bothe O, Fraedrich K, Zhu X (2011) Precipitation climate of Cen-
tral Asia and the large-scale atmospheric circulation. Theo-
ret Appl Climatol 108(3—4):345-354. https://doi.org/10.1007/
s00704-011-0537-2

Bridgman BH, Oliver JE (2006) The global climate system: patterns,
processes and teleconnections. Cambridge University Press, New
York, p 243

Chen FH, Wang JS, Jin LY et al (2009) Rapid warming in mid-latitude
central Asia for the past 100 years. Front Earth Sci Chin 3:42-50

Chen S, Zhang L, Liu X et al (2018) The Use of SPEI and TVDI to
Assess Temporal-Spatial Variations in Drought Conditions in the
Middle and Lower Reaches of the Yangtze River Basin, China.
Adv Meteorol 2018. https://doi.org/10.1155/2018/9362041

Cox DR, Stuart A (1955) Some quick sign tests for trend in location
and dispersion. Biometrika 42:80-95

Cherednichenko VS, Cherednichenko AV, Cherednichenko AIV et al
(2021) Heavy metal deposition through precipitation in Kazakh-
stan. Heliyon 7:E05844. https://doi.org/10.1016/j.heliyon.2020.
e05844

CIA (2019) Central Asia: Kazakhstan—The World Factbook

Dai A (2011) Drought under global warming: a review. Wiley Interdis-
cip Rev Clim Change 2:45-65

Dubovyk O, Ghazaryan G, Gozalez J, Graw V, Low F, Schreier J
(2019) Drought hazard in Kazakhstan in 2000 — 2016: a remote
sensing perspective. Environ Monit Assess 191:510. https://doi.
org/10.1007/s10661-019-7620-z

FAO (2008) The near east drought planning manual: guidelines for
drought mitigation and preparedness planning

FAO (2017) Drought characteristics and management in Central Asia
and Turkey. ISBN 978-92-5-109604-8. http://www.fao.org/publi
cations

FAO (2021a) FAOSTAT statistics database. http://www.fao.org/faost
at/en/#data. Accessed 17 Dec 2021a

FAO (2021b) Global information and early warning system on food and
agriculture, country briefs. https://www.fao.org/giews/countrybri
ef/country.jsp?code=KAZ&lang=en. Accessed 07 Nov 2021b

Farooq I, Shah AR, Salik KM et al (2021) Annual, seasonal and
monthly trend analysis of temperature in Kazakhstan during
1970-2017 using non-parametric statistical methods and GIS
technologies. Earth Syst Environ 5:575-595. https://doi.org/10.
1007/s41748-021-00244-3

Fehér I, Fieldsend AF (2019) The potential for expanding wheat pro-
duction in Kazakhstan. Analysis from a food security perspec-
tive, EUR 29386 EN. Publications Office of the European Union,
Luxembourg, p 5. https://doi.org/10.2760/487249

Gessner U, Naeimi V, Klein I, Kuenzer C, Klein D, Dech S (2012)
The relationship between precipitation anomalies and satellite-
derived vegetation activity in Central Asia. Glob Planet Change
110(74-87):3

Gillette HP (1950) A creeping drought under way. Water and Sewage
Works, March, pp 104-105

Glantz MH, Katz R (1977) When is a drought a drought? Nature
267:192-193

Guo H, Bao A, Liu T et al (2018) Spatial and Temporal characteristics
of droughts in Central Asia during 1966-2015. Sci Total Environ
624:1523-1538. https://doi.org/10.1016/j.scitotenv.2017.12.120

Guttman N (1998) Comparing the Palmer Drought Index and the
Standardized Precipitation Index. ] Am Water Resour Assoc
34(1):113-121. https://doi.org/10.1111/j.1752-1688.1998.tb059
64.x

Published in partnership with CECCR at King Abdulaziz University


https://doi.org/10.1007/s41748-022-00314-0
https://doi.org/10.1002/joc.626
https://doi.org/10.1175/1520-0450(1984)023%3C1100:TPDSIL%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023%3C1100:TPDSIL%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023%3C1100:TPDSIL%3E2.0.CO;2
https://doi.org/10.3390/w12030741
https://doi.org/10.1175/JHM450.1
https://doi.org/10.1007/s00704-011-0537-2
https://doi.org/10.1007/s00704-011-0537-2
https://doi.org/10.1155/2018/9362041
https://doi.org/10.1016/j.heliyon.2020.e05844
https://doi.org/10.1016/j.heliyon.2020.e05844
https://doi.org/10.1007/s10661-019-7620-z
https://doi.org/10.1007/s10661-019-7620-z
http://www.fao.org/publications
http://www.fao.org/publications
http://www.fao.org/faostat/en/#data
http://www.fao.org/faostat/en/#data
https://www.fao.org/giews/countrybrief/country.jsp?code=KAZ&lang=en
https://www.fao.org/giews/countrybrief/country.jsp?code=KAZ&lang=en
https://doi.org/10.1007/s41748-021-00244-3
https://doi.org/10.1007/s41748-021-00244-3
https://doi.org/10.2760/487249
https://doi.org/10.1016/j.scitotenv.2017.12.120
https://doi.org/10.1111/j.1752-1688.1998.tb05964.x
https://doi.org/10.1111/j.1752-1688.1998.tb05964.x

Assessment of Drought Conditions Over Different Climate Zones of Kazakhstan Using Standardised... 295

Haied N, Foufou A, Chaab S et al (2017) Drought assessment and
monitoring using meteorological indices in a semi-arid region.
Energy Proced 119:518-529. https://doi.org/10.1016/j.egypro.
2017.07.064

Hess A, Iyer H, Malm W (2001) Linear trend analysis: a comparison
of methods. Atmos Environ 35:5211-5222

Hirsch RM, Slack JR, Smith RA (1982) Techniques of trend analysis
for monthly water quality data. Water Resour Res 18:107-121

Hisdal H, Tallaksen LM (2000) Drought event definition. Technical
Report to the Assessment of the Regional Impacts of Drought in
Europe (ARIDE) project No. 6. Dept. Geophysics, University of
Oslo, Oslo, Norway

Hosseini A, Ghavidel Y, Mohammad Khorshiddoust A et al (2021)
Spatio-temporal analysis of dry and wet periods in Iran by using
Global Precipitation Climatology Center-Drought Index (GPCC-
DI). Theoret Appl Climatol 143:1035-1045. https://doi.org/10.
1007/500704-020-03463-2

Hu Y, Han Y, Zhang Y (2020) Land desertification and its influencing
factors in Kazakhstan. J Arid Environ 180:104203. https://doi.org/
10.1016/j.jaridenv.2020.104203

Iijima Y, Kawaragi T, Ito T et al (2008) Response of plant growth to
surface water balance during a summer dry period in the Kazakh-
stan steppe. Hydrol Process 22(16):2974-2981. https://doi.org/
10.1002/hyp.6870

IPCC (2014) Climate change 2014: impacts, adaptation, and vulner-
ability. Part B: regional aspects. In: Barros VR, Field CB, Dok-
ken DJ, Mastrandrea MD, Mach KJ, Bilir TE, Chatterjee M, Ebi
KL, Estrada YO, Genova RC, Girma B, Kissel ES, Levy AN,
MacCracken S, Mastrandrea PR, White LL (eds) Contribution of
working group II to the fifth assessment report of the intergov-
ernmental panel on climate change. Cambridge University Press,
Cambridge, pp 1133-1197

Issanova G, Abuduwaili J (2017) Aeolian processes in the arid ter-
ritories of Central Asia and Kazakhstan, environmental science
and engineering. Springer, Singapore, pp 28—49. https://doi.org/
10.1007/978-981-10-3190-8_2

Karatayev M, Clarke M, Salnikov V et al (2022) Monitoring climate
change, drought conditions and wheat production in Eurasia: the
case study of Kazakhstan. Heliyon 8:1. https://doi.org/10.1016/j.
heliyon.2021.e08660

Kariyeva J, Leeuwen W, Woodhouse C (2012) Impacts of climate gra-
dients on the vegetation phenology of major land use types in
Central Asia (1981-2008). Front Earth Sci 6(2):206-225

Kazhydromet (2017) Annual bulletin of climate change monitoring
in Kazakhstan: 2016. Astana. https://www.kazhydromet.kz/ru/
klimat/ezhegodnyy-byulleten-monitoringa-sostoyaniya-i-izmen
eniya-klimata-kazahstana

Kendall MG, Stuart A (1976) The advanced theory of statistics, vol I:
distribution theory. Griffin, London

Keyantash J, Dracup JA (2002) The quantification of drought: an evalu-
ation of drought indices. Bull Am Meteorol Soc 83(8):1167-1180.
https://doi.org/10.1175/1520-0477-83.8.1167

Klein I, Gessner U, Kuenzer C (2012) Regional land cover mapping
and change detection in Central Asia using MODIS time series.
Appl Geogr 35(1):219-234

Kogan FN (1990) Remote sensing of weather impacts on vegetation
in non-homogeneous areas. Int J Remote Sens 11(8):1405-1419.
https://doi.org/10.1080/01431169008955102

Li X, You Q, Ren G et al. (2018) Concurrent droughts and hot extremes
in northwest China from 1961 to 2017. Int J Climatol 39(4):2186—
2196. https://doi.org/10.1002/joc.5944

Liu K, Jiang DB (2014) Interdecadal change and cause analysis of
extreme summer and winter droughts over China (in Chinese).
Chin J Atmos Sci 38:309-321

Liu X, Wang S, Zhou Y et al. (2015) Regionalization and Spatiotem-
poral Variation of Drought in China Based on Standardized

Published in partnership with CECCR at King Abdulaziz University

Precipitation Evapotranspiration Index (1961-2013). Advances
Meteorol 2015. https://doi.org/10.1155/2015/950262

Lopez Fernandez ML, Zhumabayev D, Marco Garcia R et al (2020)
Assessment of bioclimatic change in Kazakhstan, end 20th — mid-
dle 21st centuries, according to the PRECIS prediction. PLoS One
15(10):e0239514. https://doi.org/10.1371/journal.pone.0239514

Lu E, Luo Y, Zhang R, Wu Q, Liu L (2011) Regional atmospheric
anomalies responsible for the 2009-2010 severe drought in China.
J Geophys Res 116:D2114

Lydolph P (1965) Geography of the USSR. NY, USA

Ma Z, Fu C (2006) Some evidence of drying trend over northern China
from 1951 to 2004. Chin Sci Bull 51(23):2913-2925

Mann HB (1945) Non parametric tests again trend. Econometrica
13:245-259

Meals DW, Spooner J, Dressing SA, Harcum JB (2011) Statistical
analysis for monotonic trends, Tech Notes 6, U.S. Environmental
Protection Agency, Tetra Tech, Inc., Fairfax, VA, p 23. https://
www.epa.gov/polluted-runoff-nonpoint-source-pollution/nonpo
int-source-monitoring-technical-notes . Accessed 07 Sep 2018

Meeker ID, Mayewski PA (2002) A 1400 year high resolution record of
atmospheric circulation over the North Atlantic and Asia. Holo-
cene 12(3):257-266

Micklin P (2016) The future Aral Sea: hope and despair. Environ Earth
Sci 75:844. https://doi.org/10.1007/s12665-016-5614-5

Moghimi M, Zarei A (2019) Evaluating performance and applicability
of several drought indices in arid regions. Asia-Pac J Atmos Sci.
https://doi.org/10.1007/s13143-019-00122-z

Mokarram M, Hamzeh S, Aminzadeh F, Zarei AR (2015) Using
machine learning for land suitability classification. West Afr J
Appl Ecol 23(1):63-73

Morgounov A, Sonder K, Abugalieva A et al (2018) Effect of climate
change on spring wheat yields in North America and Eurasia in
1981-2015 and implications for breeding. PLoS One 13:¢0204932

Nalbantis I, Tsakiris G (2009) Assessment of hydrological drought
revisited. Water Resour Manage 23:881-897. https://doi.org/10.
1007/511269-008-9305-1

Nyssanbayeva AS, Cherednichenko AV, Cherednichenko VS et al
(2019) Bioclimatic conditions of the winter months in West-
ern Kazakhstan and their dynamics in relation to climate
change. Int J Biometeorol 63:659-669. https://doi.org/10.1007/
s00484-018-1513-7

Palmer WC (1965) Meteorological drought. U.S. Department of Com-
merce, Weather Bureau Res. Paper 45, 58.

Rogers JC, Van Loon H (1979) The seesaw in winter temperatures
between Greenland and northern Europe. Part II: some oce-
anic and atmospheric effects in middle and high latitudes. Mon
Weather Rev 107:509-519

Russell A, Ghalaieny M, Gazdiyeva B et al (2018) A spatial survey of
environmental indicators for Kazakhstan: an examination of cur-
rent conditions and future needs. Int J Environ Res 12(5):735-748.
https://doi.org/10.1007/s41742-018-0134-7

Salehie O, Ismail T, Shahid S et al (2021) Ranking of gridded pre-
cipitation datasets by merging compromise programming and
global performance index: a case study of the Amu Darya basin.
Theor Appl Climatol 144:985-999. https://doi.org/10.1007/
s00704-021-03582-4

Salnikov V, Turulina G, Polyakova S et al (2014) Climate change in
Kazakhstan during the past 70 years. Quatern Int 358:77-82.
https://doi.org/10.1016/j.quaint.2014.09.008

Salnikov V, Kozhahmetov P, Abugalieva A et al. (2016) Grain yield
as an indicator of the drought in Kazakhstan. 4th International
Geography Symposium-GEOMED 2016

Sarig F, Altin BN (2020) Determination of drought intensity in Sey-
han and Ceyhan River Basins, Turkey, by hydrological drought
analysis. Theor Appl Climatol 139:95-107. https://doi.org/10.
1007/500704-019-02957-y

@ Springer


https://doi.org/10.1016/j.egypro.2017.07.064
https://doi.org/10.1016/j.egypro.2017.07.064
https://doi.org/10.1007/s00704-020-03463-2
https://doi.org/10.1007/s00704-020-03463-2
https://doi.org/10.1016/j.jaridenv.2020.104203
https://doi.org/10.1016/j.jaridenv.2020.104203
https://doi.org/10.1002/hyp.6870
https://doi.org/10.1002/hyp.6870
https://doi.org/10.1007/978-981-10-3190-8_2
https://doi.org/10.1007/978-981-10-3190-8_2
https://doi.org/10.1016/j.heliyon.2021.e08660
https://doi.org/10.1016/j.heliyon.2021.e08660
https://www.kazhydromet.kz/ru/klimat/ezhegodnyy-byulleten-monitoringa-sostoyaniya-i-izmeneniya-klimata-kazahstana
https://www.kazhydromet.kz/ru/klimat/ezhegodnyy-byulleten-monitoringa-sostoyaniya-i-izmeneniya-klimata-kazahstana
https://www.kazhydromet.kz/ru/klimat/ezhegodnyy-byulleten-monitoringa-sostoyaniya-i-izmeneniya-klimata-kazahstana
https://doi.org/10.1175/1520-0477-83.8.1167
https://doi.org/10.1080/01431169008955102
https://doi.org/10.1002/joc.5944
https://doi.org/10.1155/2015/950262
https://doi.org/10.1371/journal.pone.0239514
https://www.epa.gov/polluted-runoff-nonpoint-source-pollution/nonpoint-source-monitoring-technical-notes
https://www.epa.gov/polluted-runoff-nonpoint-source-pollution/nonpoint-source-monitoring-technical-notes
https://www.epa.gov/polluted-runoff-nonpoint-source-pollution/nonpoint-source-monitoring-technical-notes
https://doi.org/10.1007/s12665-016-5614-5
https://doi.org/10.1007/s13143-019-00122-z
https://doi.org/10.1007/s11269-008-9305-1
https://doi.org/10.1007/s11269-008-9305-1
https://doi.org/10.1007/s00484-018-1513-7
https://doi.org/10.1007/s00484-018-1513-7
https://doi.org/10.1007/s41742-018-0134-7
https://doi.org/10.1007/s00704-021-03582-4
https://doi.org/10.1007/s00704-021-03582-4
https://doi.org/10.1016/j.quaint.2014.09.008
https://doi.org/10.1007/s00704-019-02957-y
https://doi.org/10.1007/s00704-019-02957-y

296

. Farooq et al.

Sen PK (1968) Estimates of the regression coefficient based on Kend-
all’s tau. J Am Stat Assoc 63(324):1379-1389

Sen Z (2015) Applied drought modeling, prediction, and mitigation.
Elsevier, New York

Sen Z, Almazroui M (2021) Actual precipitation index (API) for
drought classification. Earth Syst Environ 5(1):59-70. https://
doi.org/10.1007/s41748-021-00201-0

Sharafati A, Nabaei S, Shahid S (2019) Spatial assessment of meteoro-
logical drought features over different climate regions in Iran. Int
J Climatol. https://doi.org/10.1002/joc.6307

Shen X, Wu X, Xie X et al (2017) Spatiotemporal analysis of drought
characteristics in Song-Liao River Basin in China. Adv Meteorol.
https://doi.org/10.1155/2017/3484363

Shukla S, Wood AW (2008) Use of a standardized runoff index for char-
acterizing hydrologic drought. Geophys Res Lett 35(2):L02405.
https://doi.org/10.1029/2007GL032487

Song L, Deng Z, Dong A (2003) Hot topics of global change—drought
(in Chinese). China Meteorological Press, Beijing, p 162

Sun B, Qian J, Chen X, Zhou Q (2020) Comparison and evaluation
of remote sensing indices for agricultural drought monitoring
over Kazakhstan. Int Arch Photogramm Remote Sens Spatial Inf
Sci XLIII-B3-2020:899-903. https://doi.org/10.5194/isprs-archi
ves-XLIII-B3-2020-899-2020

Ta ZJ, Yu RD, Chen X, Mu GJ, Guo YF (2018) Analysis of the spa-
tio-temporal patterns of dry and wet conditions in Central Asia.
Atmos Basel 9:7

Thornthwaite CW (1948) An approach toward a rational classification
of climate. Geogr Rev 38:55-94. https://doi.org/10.2307/210739

Tornros T, Menzel L (2014) Addressing drought conditions under cur-
rent and future climates in the Jordan River region. Hydrol Earth
Syst Sci 18:305-318

USAID (2017) Climate Risk in Kazakhstan: Country Profile. Cli-
mate Change Adaptation, Thought Leadership and Assessments
(ATLAS) Task Order No. AID-OAA-1-14-00013

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A multi-
scalar drought index sensitive to global warming: the standard-
ized precipitation evapotranspiration index. J Clim 23:1696-1718.
https://doi.org/10.1175/2009JCLI2909.1

Wang A, Lettenmaier D, Sheffield J (2011) Soil moisture drought in
China, 1950-2006. J Clim 24:3257-3271. https://doi.org/10.1175/
2011JCLI3733.1

Wang HJ et al (2012) Extreme climate in China: facts, simulation and
projection. Meteor Z 21:279-304

Wang W, Ertsen M, Svoboda M, Hafeez M (2016) Propagation of
drought: from meteorological drought to agricultural and hydro-
logical drought. Adv Meteorol 2016:1-5. https://doi.org/10.1155/
2016/6547209

@ Springer

Wiley NHDR (2008) Climate change and its impact on Kazakhstan’s
human development. Astana, pp 129

Wilhite D, Glantz M (1985) Understanding the drought phenomenon:
the role of definitions. Water Int 10(3):111-120. https://doi.org/
10.1080/02508068508686328

Wilhite D, Sivakumar M, Pulwarty R (2014) Managing drought risk in
a changing climate: the role of national drought policy. Weather
Clim Extremes 3:4—13. https://doi.org/10.1016/j.wace.2014.01.
002

WMO (2012) Standardized Precipitation Index User Guide. WMO-No.
1090. World Meteorological Organization (WMO), Geneva, Swit-
zerland. Preface. http://www.wamis.org/agm/pubs/SPI/WMO_
1090_EN.pdf

World Bank (2013) Overview of climate change activities in Kazakh-
stan. World Bank, Washington DC

World Bank (2006) Drought management and mitigation assessment
for Central Asia and the Caucasus: regional and country profiles
and strategies. http://siteresources.worldbank

World Bank (2016) Kazakhstan Agricultural sector risk assessment.
World Bank Group Report Number 103076-KZ. Washington DC,
20433, USA

Xin X, Yu R, Zhou T, Wang B (2006) Drought in late spring of south
China in recent decades. J Clim 19:3197-3206. https://doi.org/
10.1175/JCLI3794.1

Xu HJ, Wang XP, Zhang XX (2016) Decreased vegetation growth in
response to summer drought in Central Asia from 2000 to 2012.
IntJ Appl Earth Obs Geoinf 52:390-402

Yan ZW, Xia JJ, Qian C, Zhou W (2011) Changes in seasonal cycle and
extremes in China during the period 1960-2008. Adv Atmos Sci
28:269-283. https://doi.org/10.1007/s00376-010-0006-3

Yang M, Yan D, Yu Y, Yang Z (2016) SPEI-based spatiotemporal
analysis of drought in Haihe River Basin from 1961 to 2010. Adv
Meteorol 2016:7685015

Yapiyev V, Sagintayev Z, Verhoef A (2017) The changing water cycle:
Burabay National Nature Park, Northern Kazakhstan. WIREs
Water 4:¢1227. https://doi.org/10.1002/wat2.1227

Yu M, Li Q, Hayes MJ, Svoboda MD (2014) Heim RR (2014) Are
droughts becoming more frequent or severe in China based on the
standardized precipitation evapotranspiration index: 1951-2010?
Int J Climatol 34:545-558

Zarei AR (2018) Evaluation of drought condition in arid and semi- arid
regions, using RDI index. Water Resour Manage 32:1689-1711.
https://doi.org/10.1007/s11269-017-1898-9

Zou X, Zhai P, Zhang Q (2005) Variations in droughts over China:
1951-2003. Geophys Res Lett 32:1.04707. https://doi.org/10.
1029/2004GL021853

Published in partnership with CECCR at King Abdulaziz University


https://doi.org/10.1007/s41748-021-00201-0
https://doi.org/10.1007/s41748-021-00201-0
https://doi.org/10.1002/joc.6307
https://doi.org/10.1155/2017/3484363
https://doi.org/10.1029/2007GL032487
https://doi.org/10.5194/isprs-archives-XLIII-B3-2020-899-2020
https://doi.org/10.5194/isprs-archives-XLIII-B3-2020-899-2020
https://doi.org/10.2307/210739
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/2011JCLI3733.1
https://doi.org/10.1175/2011JCLI3733.1
https://doi.org/10.1155/2016/6547209
https://doi.org/10.1155/2016/6547209
https://doi.org/10.1080/02508068508686328
https://doi.org/10.1080/02508068508686328
https://doi.org/10.1016/j.wace.2014.01.002
https://doi.org/10.1016/j.wace.2014.01.002
http://www.wamis.org/agm/pubs/SPI/WMO_1090_EN.pdf
http://www.wamis.org/agm/pubs/SPI/WMO_1090_EN.pdf
http://siteresources.worldbank
https://doi.org/10.1175/JCLI3794.1
https://doi.org/10.1175/JCLI3794.1
https://doi.org/10.1007/s00376-010-0006-3
https://doi.org/10.1002/wat2.1227
https://doi.org/10.1007/s11269-017-1898-9
https://doi.org/10.1029/2004GL021853
https://doi.org/10.1029/2004GL021853

	Assessment of Drought Conditions Over Different Climate Zones of Kazakhstan Using Standardised Precipitation Evapotranspiration Index
	Abstract
	1 Introduction
	2 Geographical Setting
	3 Materials and Methods
	3.1 Data Source
	3.2 Methodology

	4 Results and Discussion
	4.1 Inter-annual and Seasonal Variability of Droughts
	4.2 Intra-annual Variability of Droughts
	4.3 Discussion

	5 Conclusions
	Acknowledgements 
	References




