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Abstract. Since the start of the 21st century, increasing focus has been put on drought and its wide range of environmental
and socioeconomic effects, particularly in the context of climate change. The identification of changes in drought occurrence
has been done at different spatiotemporal scales and using different approaches with results that may not be fully comparable.
This study aims to analyse drought trends in the northwestern region of Italy, encompassing the Piedmont and Aosta Valley
regions, characterized by diverse topography and warming rates. The analysis is carried out over the last 60 years using the
Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEI) at 3- and 12-month
timescales and deriving drought events at the local and regional spatial scales. By leveraging on a continuous and spatially
coherent precipitation and temperature dataset, we explore the temporal and spatial variability of drought conditions and
compare results obtained with different approaches.

Our results reveal widespread drying trends in the region, with temperature playing a crucial role. SPEI indicates more
extensive and steeper negative trends than SPI due to temperature increases. However, the onset and cessation of drought events
are predominantly driven by precipitation anomalies, while temperature plays a key role in longer-term drought conditions.
Both SPI and SPEI indices consistently identify local and regional drought events. In the 1990-2020 period, drought events’
severity, duration, and intensity have generally increased compared to the 1960-1990 period, even though this increase is less
significant than the one shown by the SPI/SPEI indices. Nevertheless, the spatial scale of the analysis plays a significant role in
interpreting these trends. Local drought characteristics are more influenced by temperature increases in SPEI, whereas regional
droughts are more affected by precipitation patterns, as seen in SPI, with more frequent short-term droughts aggregating into
longer-term deficits. Drying trends are more pronounced in lower, less rugged areas, while alpine regions show fewer drought
trends. Interestingly, drought characteristics and trends are found to be more correlated to terrain ruggedness than to mean
elevation. In fact, a clear drying trend is not found at a region-wide level but is instead found when considering homogeneous
areas defined by terrain ruggedness. Furthermore, changes in the number of drought episodes and in their severity, duration
and intensity are found to be correlated with terrain ruggedness at all time scales.

These findings emphasize the need for high-resolution, region-specific studies to better understand how droughts evolve in
complex terrains like the northwestern Italian Alps. Future research should investigate whether similar outcomes are found in
other regions and what the potential causes are, as this is instrumental for evaluating how these trends may continue to evolve

under projected climate change scenarios.
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1 Introduction

Drought is considered to be one of the main natural disasters, with widespread effects affecting large portions of the world’s
population (Wallemacq et al., 2015) and causing severe financial losses (Garcia-Ledn et al., 2021) and ecosystem impacts
(Crausbay et al., 2020). Drought also has both short- and long-term effects on water availability (IDMP, 2022), which are
relevant when considering the global increase in water demand in the past and the predicted challenges in meeting that demand
in the future (UNESCO, 2018; Wada et al., 2016; Burek et al., 2016). These drought-related phenomena are also likely to
become more impactful, as droughts are predicted to become more severe and frequent under climate change conditions (Dai,
2011, 2013; Trenberth et al., 2014; Ward et al., 2020; Portner et al., 2022). Understanding if and how changes will occur on a
local scale is thus necessary in order to develop adequate adaptation responses.

Several studies on meteorological drought trends exist at the global and continental scales (e.g., Ault, 2020; Vicente-Serrano
et al., 2022; Ayugi et al., 2022). Many studies have also been carried out in Northern Italy —often in the context of the wider
Mediterranean or alpine region— analysing either precipitation series (Bordi and Sutera, 2002; Brunetti et al., 2002; Hoerling
et al., 2012; Haslinger and Bloschl, 2017; Pavan et al., 2019) or precipitation and temperature series (Hanel et al., 2018; Falzoi
et al., 2019; Arpa Piemonte and Regione Piemonte, 2020; Baronetti et al., 2020; Vogel et al., 2021). Overall, these studies have
found an increase in meteorological drought occurrence in North-West Italy, particularly after the 1970s, even in the cases
in which recent drought events have not been found to be exceptional when compared to historical records (Haslinger and
Bloschl, 2017; Hanel et al., 2018). Despite some agreement about the changes in precipitation, the seasonality reported by the
studies differs significantly, with precipitation decrease found either in the winter (Brunetti et al., 2002; Hoerling et al., 2012)
or summer season (Haslinger et al., 2012; Hanel et al., 2018; Pavan et al., 2019). Among these studies, those also considering
temperature values consistently showed rising temperatures, and thus a rise in evaporative demand, to be a main factor in
drought increase.

Besides drought trends in wider areas, interest in regional expressions of climate change has also been growing. One of the
most investigated regional phenomena is the enhancement of warming rates with elevation, or elevation-dependent warming,
explored both on the basis of surface measurement (e.g., Mountain Research Initiative EDW Working Group, 2015) and of
climate models (e.g., Palazzi et al., 2019). In general, despite conflicting results regarding the presence of an elevation effect
on warming rates and the lack of adequate climate data for mountainous regions, a consensus on enhanced warming rates at
higher altitudes emerges (Rangwala and Miller, 2012; Pepin et al., 2022). The change of orographic precipitation gradients,
i.e. the elevation-dependent precipitation change, have also been widely investigated, with less consensus on the results. A
comprehensive meta-analysis of both in-situ studies of precipitation data from mountainous regions (including the Alps) and
of global gridded databases from the early 1950s to the late 2010s reported a relative decrease in precipitation compared to
lowlands, although without high confidence (Pepin et al., 2022). Furthermore, analyses such as Giorgi et al. (2016) have shown
the importance of the spatial resolution in understanding processes in topographically complex regions, reporting that increases
in summer precipitation in higher elevation areas of the Alpine range could only be detected by dense observation networks

and described by high-resolution regional climate models.
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Several studies on meteorological droughts are based on evaluating drought indices, such as SPI (Standardized Precipita-
tion Index) and SPEI (Standardized Precipitation Evapotranspiration Index), giving a statistical interpretation of the temporal
variability of meteorological data. Besides the temporal variability of wetting/drying events, droughts are further characterized
by the duration and intensity of these events, which are relevant and independent indicators of drought characteristics. Less
investigated is the spatial variability in drought characteristics and the change in indices obtained by averaging over different
areas (Haslinger et al., 2012) and possibly leading to different outcomes in terms of drought magnitude and trends. The spa-
tial dimension is relevant not only when larger or smaller regions experience the adverse effects of droughts but also when
droughts occur on complex terrains, ranging from lowlands, to hills and mountains. In this case, drought characteristics may
differ among terrains and the frequency of occurrence of drought periods of a certain magnitude may be diversified. Elevation
is thus a main factor to be considered to describe this complexity but may not be the only one.

Given these considerations, in this study, we aim to tackle the following research questions:

1. Are there temporal trends in drought indices such as SPI and SPEI, and how do these trends translate into changes in the

characteristics of drought events, in terms of duration, severity, and intensity?

2. Is there a relationship between drought trends and topographical characteristics of the landscape? And if so, is elevation

the topographical variable most correlated to these trends?
3. Do these conclusions change if drought events are defined at different spatial scales?

To investigate these questions, an area such as the western Po river basin is particularly suitable. The region is part of the
European Alps that divides the Mediterranean and Continental Europe, with opposite projected changes in precipitation and
different responses to climate oscillations. Also, the region comprises both wide plains, hilly areas, and high mountains, with
possible effects of elevation gradients and topography on drought characteristics and trends. Despite the presence, as detailed
above, of studies on drought in the chosen region, these lack either the needed spatial resolution or the focus on different
choices for drought characterization and on possible effects of terrain characteristics on drought conditions. Here a high-
resolution gridded data set of precipitation and temperature values obtained from gauging stations distributed at different
elevations throughout the domain and spanning more than 60 years is analysed by calculating the SPI and SPEI at a 3 month
and 12 month time scale. The index series are analysed in order to find trends in drought conditions, as well as changes in
drought event characteristics (duration, severity, intensity) both at point and areal scale. Sections 2.1 and 3 describe the study
area, the meteorological dataset and further data, and the analysis methods, including the SPI and SPEI indices. In Section 4
the results obtained from each analysis are reported, while in Section 5 the general conclusion derived from the study are

discussed.
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Figure 1. Map of the study area, including elevation, river network, mean annual precipitation and mean temperature values.

2 Data
2.1 Study area

The considered area includes the Piedmont region and the Aosta valley (Figure 1), located in the north-west of Italy, measuring
more than 28000 km? and together representing the headwaters of the Po river basin. Orographically, it is mainly a mountainous
area surrounded by the Alpine chain, with mountain ranges occupying half of the area and with the highest peaks lying in the
Aosta Valley, while the plains lie in the central and eastern part of the region.

The relief of the area play a key role in defining climate variability (Arpa Piemonte, 2007): continental air masses from the
Po plain, moist currents from the Mediterranean sea and north-western Atlantic currents interact with the terrain’s features
leading to a complex and spatially variable climate (Ciccarelli et al., 2008). Annual precipitation ranges from 700 to more than
1700 mm, with a mean of 1000 mm. Annual precipitation is lowest in the central-west area and in north-western Aosta Valley,
while highest in the northern area (Figure 1). Seasonality in precipitations is bimodal, with maxima in spring and autumn, and
minima in summer and winter. For most of the region (close to 90%) winter is the season with minimum precipitation, and
only in the south-west area the minimum is in summer; for the western and southern side of the territory (close to 60% of the
overall area) the maximum precipitations occur in autumn, while for the central-eastern part they occur in spring (Perosino and
Zaccara, 2006). Mean annual temperatures range from slightly over 13°C near the eastern border to slightly under -3.6°C at

highest altitudes.
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2.2 Meteorological data source and processing

The data used in the analysis is obtained from the North Western Italy Optimal Interpolation (NWIOI) data set (Arpa Piemonte,
Dipartimento Sistemi Provisionali, 2011), calculated and published by the Forecast Systems Department of the Regional En-
vironmental Protection Agency of Piedmont (Dipartimento Sistemi Previsionali - Arpa Piemonte). The data set contains daily
precipitation, and maximum and minimum temperature values over a regular grid covering the domain area with a 0.125°
resolution. The data was obtained through an analysis of the region’s meteorological station network data via the Optimal
Interpolation method, as detailed in Uboldi et al. (2008).

The method spatially interpolates station data by correcting a previously defined background field based on an "area of
influence" for each station. This area of influence is both horizontal and vertical in the case of temperature stations (tri-
dimensional interpolation) and only horizontal in the case of precipitation stations (two-dimensional interpolation). In any
case, no direct trend relation between the meteorological values and elevation has been evaluated and removed/added from the
data. The data used in the interpolation method is provided by a gauging network covering both low and high-altitude areas,
with changing availability of the number of available stations in time. The number of precipitation stations was about 120 till
the mid-80s and gradually rose to the current 386 sites. There were only about 25 temperature stations for the first period,
though these have risen to the current 371. This is why the background field based on ERA40 has been used (see https:/www.
arpa.piemonte.it/scheda-informativa/spazializzazione-dei-dati- temperatura-precipitazione- griglia). Even though the change of
number of stations in time, and therefore of information, may have an effect on the analyses described below, especially
regarding local extreme drought situations, we believe that the advantage of having a long-term (1950s-2020s) and spatially
consistent database is superior to the disadvantages due to its potential lack of temporal homogeneity. The NWIOI grid is
based on information from a much higher number of stations than other available datasets for the area (Turco et al., 2013) and
it is therefore considered the most accurate and homogeneous data product of meteorological variables for the region. For the
purpose of the subsequent analysis, 227 (the number of NWIOI dataset grid points inside the domain) series of 783 monthly

values (December 1957 - February 2023) of precipitation, maximum and minimum temperature are calculated.
2.3 Land classification based on elevation

In order to study drought indices in relation to terrain characteristics, elevation values for the studied domain are used from the
EarthEnv-DEMY0 digital elevation model (Robinson et al., 2014) with 90 m resolution. Two sets of values are then obtained
for each grid cell: the mean elevation (average of the elevation values inside a cell) and the terrain ruggedness. The terrain
ruggedness (also known as surface roughness or topographic heterogeneity) is defined as the "deviations in the direction of the
normal vector of a real surface from its ideal or intended form" (Whitehouse, 1994) and quantifies the irregularity of terrain;
similarly to other studies, is calculated here as the standard deviation of the elevation values inside every grid cell (Habib,
2021).

The landscape is classified in areas with similar topography. Four distinct areas of an almost equal number of cells are identi-

fied based on terrain ruggedness, which represent the plains, the hilly region, and the lower and higher mountains respectively.
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Figure A1 shows the classified areas and the fact that mean elevation and terrain ruggedness are highly correlated. However, the
advantage of using terrain ruggedness over mean elevation is that, in our study area, the hills in the centre-south of the region
are distinguished from the eastern flat part of the region, despite having similar mean elevation. Regardless of its simplicity,
our terrain ruggedness classification is consistent with what one would obtain with the K3 Mountain classification (Karagulle

et al., 2017), a much more complex categorization based on the Global Mountain Explorer 2.0 platform (Sayre et al., 2018).

3 Methods

This Section presents the methods adopted to tackle the three research questions stated in the introduction of the paper. The
two drought indices, SPI and SPEI, are introduced in Sections 3.1 and 3.2. Then, we explain the methods used for assessing
their trend in time (Section 3.3), for deriving drought events at the local and regional scale (Sections 3.4 and 3.5), and for
assessing temporal changes of drought characteristics (Section 3.6). Explanation of the methods to analyse the relationship to

terrain characteristics (mean elevation and local terrain ruggedness) is given in Sections 3.3, 3.4 and 3.6.
3.1 Standardized Precipitation Index (SPI)

Monthly precipitation values are used to calculate the Standardized Precipitation Index (McKee et al., 1993) at 3 and 12 month
scale. The probability distribution chosen for the index calculation is the gamma distribution because, although other possible
distributions have been proposed in the literature (Angelidis et al., 2012), including empirical ones (Laimighofer and Laaha,
2022), no single one was shown to be markedly better than the gamma distribution. Following the standard procedure found
in the literature (Tigkas et al., 2015; Angelidis et al., 2012; Bordi and Sutera, 2002; Hayes et al., 1999), the index is thus

obtained by fitting the gamma probability distribution f(x) = Wz“’le’z/ b

to the precipitation values of each month of
the year. To do this, the shape parameter a and the scale parameter b of the gamma distribution are calculated for each series
of non-zero values of each month using the maximum likelihood method (Choi and Wette, 1969). The cumulative probability

F'x is calculated as:
T, g T, j
1 .
Fx(x; ;)= 2 )de = —a— [ al e /b dy 1
xwi)= [ Si)de= g [ m
0 0
where j is the month index (j = 1,2...12), i is the year index (i = 1,2...n, with n years of records), and I'(a;) is the gamma
function, i.e. [~ y%~te ¥ dy.
To take the probability of zero values into account (given that the gamma distribution is defined for = € (0,00)), the zero-

inflated model is defined as:
Hx (i) = qj + (1 —q;) Fx (i ;) 2)

where g; is the probability of zero precipitation for the j-th month of the year. Finally, the SPI is calculated as the normal

inverse function of H x via the formula:

SPI({EZ"J‘) :—\/iq)_l(Hx(l‘i’j)) (3)
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where ®~! is the inverse of the complementary error function:

B(x) = % / e gt )

The SPI obtained through this method is thus a series of positive and negative values belonging to a normal distribution (p = 0,
o = 1): negative (positive) values represent precipitation below (above) the mean, with values lower than -1 denoting drought
conditions (World Meteorological Organization, 2012). To calculate the index at a different time scale, a moving average is first
applied to each monthly value, with length equal to the desired time scale and only previous data included; data that does not
have enough preceding values to calculate the moving average is discarded. After calculating SPI on this data, each monthly
value of the index describes how the conditions for a period with length equal to the time scale and ending in one particular
month compare with all others in the series. For example, the SPI at 3-month time scale (SPI-3) for the month of July of a
particular year indicates how much dry/wet the the previous 3 months have been compared with all other May-July periods
in the series. In-built Matlab® functions are used for both the incomplete gamma function and its scale and shape parameters

calculation and the calculation of the normal inverse function.
3.2 Standardized Precipitation Evapotranspiration Index (SPEI)

In order to take into account the effect of evaporative demand on drought episodes, and for comparison with SPI values, the
Standardized Precipitation Evapotranspiration Index (Vicente-Serrano et al., 2010) is calculated at 3 and 12-month scale. The
procedure for calculating the index is the same as the SPI, but the data analysed is a series of monthly precipitation minus
reference evapotranspiration (ETy, in mm) values and a log-logistic probability distribution is used. Temperature data was used
to calculate monthly ET( values using the Hargreaves formula (Hargreaves and Samani, 1985), following the recommenda-
tions for SPEI calculation (Begueria et al., 2014). Probability Weighted Moments (PWMs) using Hosking’s unbiased method
(Hosking, 1986) were used to calculate the o, 5 and -y parameters of the log-normal distribution for each month of the year,

according to the formulae (again according to the recommendations for the index calculations found in Begueria et al., 2014):

N (N—i
1o (55 )dig
Ws; = N z W @)
1=1 s
2’[1)1]. — ’woj
Bi= IE— (6)
— 2wy, )8,
aj = (wo, — 2wy, )B; -

S T(+1/8)T(1—1/8;)

vj = wo, —a;T(1+1/8;)T'(1—1/5;) (8)
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where d; ; are the precipitation minus ETy values for a given month j of the year ¢ and w, are the s order of the PWM for the

month j. Using the «;, 3; and y; parameters the log-logistic distribution is calculated as:

" 81!
1+ J) 9
<di,j =% ] ®

Finally, this F'p distribution is transformed into a normal distribution to obtain the SPEI values. Again, moving average win-

Fp(di ;)=

dows are applied to the input data in order to obtain different time scales. The distribution was shown to be well suited to

analyze the data, as calculations obtained a finite solution for all series.
3.3 Trend analysis

Drought index series are analysed in order to search for significant (at 5% significance) trends. The trends are estimated
using the Theil-Sen slope estimator (Theil, 1950; Sen, 1968), i.e., by calculating the median slope between the indices values
for all possible month pairs. The significance test is performed through the Mann-Kendall test (Mann, 1945), which is a
non-parametric (distribution-free) alternative to the linear regression slope test available in regression analysis. To improve
the power of the test, deseasonalization and pre-whitening of the data are performed. Deseasonalization is performed by
subtracting the mean of the detrended temperature series for each month using the Climate Data Toolbox (Greene et al., 2019).
The autocorrelation of the series (given that a moving average is applied at 3 and 12 month time scale) is taken into account by
also applying different pre-whitening methods before performing trend analysis. These method are the simple Pre-Whitening
method (PW, Kulkarni and Storch, 1995), the Trend Free Pre-Whitening method (TFPW, Yue et al., 2002) and the Variance
Corrected Trend Free Pre-Whitening method (VCTFPW, Wang et al., 2015). The different results are used to obtain one trend
evaluation by applying the 3PW algorithm (Collaud Coen et al., 2020), which, for the purpose of this study, is as follows: (a) if
the lag-1 autocorrelation of the data is significant (following a normal distribution at the two-sided 95% confidence interval),
the PW and TFPW series are obtained from the original series; (b) the trend is considered significant if both processed series
return significant trends using the Mann-Kendall test; and (c) the slope of the significant trend is given as the Sen’s slope of
the VCTFPW series. If the lag-1 autocorrelation of a series is found not to be significant, trend analysis is performed on the
un-modified data.

In order to identify whether different trends in the drought indices occur in areas with different landscape characteristics, the

classification of the research area in four classes is used, as described in Section 2.3.
3.4 Local drought analysis

Each SPI/SPEI series obtained for the cells of the data grid (Section 2) is analysed pixel-by-pixel through a “run analysis”, at
3 and 12 month time scales, in order to identify local drought events and study local drought characteristics. A drought run is
considered as a series of consecutive months under a certain threshold (set as -1, corresponding to a moderately dry condition

in the SPI classification, and similarly to run theory analysis, Yevjevich, 1967), including the negative values leading and
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Figure 2. Examples of the method used for drought event definition. (a) Local drought events defined by a threshold and by including their
onset and offset, i.e. all negative values before and after the values under the threshold. DSy, is the sum of the index value during the run, DDy,
is the length of each run and DIy, is the mean index value during the run. (b) Region-wide drought events calculated for the entire study area,
starting when at least 25% of cells have a drought index lower than -1 (represented as dark red in the figure) and including all preceding and
following months with some cells with a lower than -1 index value. Months considered part of the drought event are highlighted by bolder

grid lines in the figure.

following the period under the threshold, in order to capture events where a deficit is not fully recovered from (see Figure 2a).

Drought run characteristics are then calculated for each local drought event (Caloiero et al., 2021):
— Drought Duration (DDy) is the length of the drought run, reported in months for this study;
— Drought Severity (DSy) is the cumulative value of the index during each run;
— Drought Intensity (DI ) is the ratio between the DSy and DDy, value of a run, i.e. the average index value during the run.

Given a series of drought runs calculated from an index series, the average values of these characteristics for all runs are
reported as DDy , DSy and DI . Pedex L indicates that these are local drought characteristics calculated for a single grid point,
as opposed to drought characteristics calculated over multiple grid points (see next Section).

To quantify the level of correspondence between local droughts by SPI and SPEI, each cell’s series is transformed into a
binary series of zeros and ones, where 1 denotes the occurrence of a drought, and the Cohen’s kappa (Cohen, 1960) between
the series is calculated as a measure of agreement, with 0 and 1 denoting no agreement and complete agreement respectively.

To identify whether different trends in the drought indices occur in areas with different landscape characteristics, correlations
between terrain characteristics and trend values are quantified by calculating both the Pearson and the Spearman correlation
coefficients (Shevlyakov and Oja, 2016).
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3.5 Region-wide drought event analysis

In order to include the spatial dimension in the study of droughts and to describe the coupled spatio-temporal characteristics of
drought runs, the following approach is taken, similarly to Gonzalez-Hidalgo et al. (2018). In contrast to local droughts, which
are calculated from a series of index values for a single cell, region-wide drought events are evaluated by considering what
happens in the entire region. During a region-wide drought event, a certain number of cells will have a drought index lower
than -1 for that month, comprising a drought area. Region-wide drought events are identified when at least 25% of the domain’s
cells fall under the -1 threshold. Moreover, the drought events’ onset and offset, i.e. the periods below the 25% drought area
threshold before and after a period above the threshold, are also included in the drought event itself (see Figure 2b). This
approach is useful in considering persisting drought conditions as one continuous event while still maintaining well-defined
episodes, similar to the proposed local drought definition. Note that the additional threshold on the minimum duration of 3
weeks used in Gonzalez-Hidalgo et al. (2018) is always met as monthly data is used in this analysis.

Similarly to local drought, different characteristics are calculated for each region-wide drought event:

Drought event Duration (DDg) is the length of the drought event;

Drought event Severity (DSg) is the sum of the drought index of each cell in drought condition for the duration of the

event, divided by the total number of cells in the domain;

Drought event Intensity (DIg) is the mean of the local intensity for each cell that has been part of the drought event.
Intensity for each cell is calculated as the sum of the drought index below the -1 threshold divided by the number of

months where the index was lower than -1.
— Drought Area (DAE) is the average number of cells in drought condition during the event;

Given a series of region-wide drought events calculated from the index series for all cells in the domain, the average value of

these characteristics for all events is reported as DDg, DSE, DIg and DAE.
3.6 Change analysis of drought characteristics

In order to evaluate the significance of the change in average drought characteristics between the periods 1958-1990 and 1990-
2023 (approximately the first and second half of the series), the two sample t-test (Rasch et al., 2011) is applied to DSy,
DD, and DI, (as well as DSg, DDg, DI and DAg) calculated for the drought periods starting before and after January 1990,
respectively. After obtaining the values pre and post 1990, their sample mean and standard deviations are calculated, and the

test statistic ¢ is calculated as
_ Dcpost - Dcpre

t (10)
S
where DC is the mean of a certain drought characteristics for all drought runs/events before/after 1990 and s:
ol . o2
s = post + pre (1 1)

npost npre

10
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where o is the standard deviation of a certain drought characteristics for all drought run/events before and after 1990 and n
the number of run/events for the two periods. ¢ is then compared with the critical value of the statistic at a 5% significance
level. Given that no assumptions about the variance of the two ensembles were made, and given the different number of runs
in the two periods, the degrees of freedom needed for the calculation of the critical value were approximated through the
Welch-Satterthwaite equation (Welch, 1947).

Similarly to what is done for trends in drought indices, the correlation between changes in local drought characteristics and
terrain characteristics (mean elevation and ruggedness) are quantified by the Pearson and the Spearman correlation coefficients

(Shevlyakov and Oja, 2016).

4 Results

The following sections report the results of the analyses of drought indices (Section 4.1) and local drought events (Section 4.2),
with the correlation of temporal trends with topographic characteristics of the landscape reported in each section. Results from

the analysis of region-wide drought events are reported in Section 4.3).
4.1 Trends in the drought indices

Drought indices, i.e. SPI and SPEI, calculated from the precipitation and temperature series of each cell in the region are
analysed in order to find possible trends in drought conditions. Given the nature of SPI, as described in Section 3.1, negative
trends indicate a tendency for precipitation to be below the series’s mean value. This means that both wet and dry periods have
seen on average reduced precipitation, and thus that drought conditions, when occurring, have become worse. For the SPEI,
described in Section 3.2, the trend interpretation is the same, but instead of precipitation a climatic water balance between
precipitation and potential evapotranspiration is considered. Furthermore, trend analysis on indices at the shorter 3-month time
scale and the longer 12-month time scale indicates, respectively, how drought conditions might have evolved over smaller time
scales, closer to the response time of soil moisture conditions to meteorological conditions, and over larger time scales, closer

to the response time of reservoirs and groundwater levels to meteorological conditions.

Trend analysis on SPI-3 and SPI-12 values shows a majority of cells with significant negative trends (and thus a tendency
towards dryer conditions). A majority of cells (almost 70%) shows negative SPI trends at both 3 and 12-month time scale,
although SPI-12 indicates dryer conditions over time compared to SPI-3 (Figure 3a-b). Trend analysis for SPEI-3 and SPEI-12
displays a similar time scale effect, with the longer time scale having a higher number of cells with significant trends (although
with 79% of cells showing trends for both time scales) and, on average, greater slope coefficients (Figure 3c-d). The clearest
differences emerge by comparing the results obtained by SPI and SPEI. At both time scales, SPEI shows a far wider region
heading towards dryer conditions (more than twice the cells found with SPI), and at a faster rate, given the slope coefficients

(Figure 3e).

11



305

310

. . . . . . —— . . —— . m
@ . (b (0 (d) 4
" <
46°N LIRS
> [
iad 2 .3
o ® . » i 3
. 2 =
c
. (3
o~ 4 B
45°N v PR 2 %
s S
. e v || Sl R . seR . . . . g_
-8
aasoN| € AT | O A e TR e . 7
c
<10 @
wv
7°E 75° 8° 85°% 9°E 7° 75°% 8° B85°% 9°F ) 7°E 7.5° 8°E 85°E 9°F 7°E 7.5°E 8°E 85°E 9°F 10°
30 . . . - (: 0.05 significance level
)
© | EmsPi3 e © ) ; PRI P~ @
@ o c N N
22 Bl sPL-12 . , mD O O O O g‘ D
£ | WspEL3 o b , 3
I 1 -
Lo mlsPer12 | | 5 L
c 1 | gc D 4 C
a 1
g0 . g .3
< ! o S
= | @ .g
530‘ 1 = s £
= 1 28 O O O O 3 8
[ o
o I c o
5 2] ! T 8
= | S P ® o
2. 1 = . 4 N @
g A ® O O o < A
2L LI A
Z olu |I Al | I ' P . et =
-10 -8 6 -4 2 0 2 4 SPI-3 SPI-12 SPEL-3 SPEL-12 103
Sen-slope coefficient (AIndex/Year) %107

Figure 3. Trend analysis on drought indices. (a) SPI-3 trends. (b) SPEI-3 trends. (¢) SPI-12 trends. (d) SPEI-12 trends. Cells containing
a dot denote trends at 5% significance. (e) Frequency histogram of significant Sen-slope coefficients, with dashed lines representing the
respective mean values of indexes’ slope. (f) Trend analysis on drought indices calculated from data belonging to areas defined by terrain
ruggedness inside cells. The colour of the circles represents the slope coefficient of the trend, while the inner radius of the circles represents
the significance of the trend (a smaller inner radius represents a more significant trend). The black circles denote a significance level of 5%.

(g) Representation of terrain ruggedness classes (see Figure A1 for more details on their definition).

From observing Panels a-d of Figure 3, clear and consistent spatial patterns are visible. The terrain characteristics align
well, especially for the SPEI analysis. Even though terrain elevation is to be considered a potential variable correlated to trend
patterns, an expert observer (who is familiar with the region) would spot the fact that the majority of the significant positive
trends occur in flat areas. Figures 3f-g show that, if terrain ruggedness is used to subdivide the area into regions with similar
sizes, the low elevated areas (classes A and B), especially the flat ones (class A), show the strongest and most significant trends
for both SPI and SPEI at both 3- and 12-month timescales. Classifying the area by mean elevation (not shown here) gives
similar results, i.e., a significant difference between the alpine range and the plain area of the domain with worsening drought

conditions for the latter, but with smaller differences between the two classes with lower elevation.
4.2 Local drought analysis

After analysing how the general drought conditions in the region have changed over time, the effects of such changes on the

characteristics of local drought periods are investigated through a run analysis (see Section 3.4). First, the characteristics of
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local droughts in the region are described as a baseline; then, possible temporal changes in their number, severity, duration and

intensity are investigated.
4.2.1 Local droughts characteristics

Despite the differences in observed trends detailed in the previous section, the detection of local droughts by SPI and SPEI
shows a high level of correspondence for both 3 and 12-month time scales. The mean Cohen’s kappa (Cohen, 1960) value,
used to quantify agreement between the identification of local drought periods based on SPI and SPEI, is slightly higher at
the 3-month scale (mean kappa equal to 0.86) than at the 12-month scale (mean kappa equal to 0.81), but always higher than
0.5, indicating always a good to excellent agreement. Therefore, given that SPI drought runs are based only on precipitation
values, it can be stated that a majority of local droughts are determined by precipitation deficits, with temperature itself having
a smaller influence on single events, but a greater influence on overall trends (as seen in Section 4.1).

In the analysis of local drought characteristics , the longer time scale shows, as expected, a lower number of runs, but with
higher severity (DS) and duration (DDy ), both for SPI and SPEI Drought intensity (DI ) values are instead similar between
the two time scales, although slightly greater at the 3-month scale. Despite the difference in absolute values, drought analysis
indicates a higher number of local droughts, a higher DSy and DDy, for SPEI runs compared to SPI runs at both time scales.
Thus, when considering both precipitation and ET), a greater number of longer and more severe drought periods are detected,
compared to the less numerous and shorter periods detected using only precipitation.

One significant difference emerges when comparing the mean drought intensity (DIy) values (Figure 4d, h, n, r). Average
drought intensity is lower for SPEI-3 runs compared to SPI-3, while slightly greater for SPEI-12 compared to SPI-12. This
seems to be due to the lower index values reported by SPI-3 compared with SPI-12. The mean negative minimum values during
the drought runs are lower for SPI than for SPEI at both 3 months (—1.65 % 0.05 for SPI and —1.47 4 0.03 for SPEI) and 12
months (—1.52 4+ 0.07 for SPI and —1.46 4 0.06 for SPEI) time scales, but, while SPEI values remain almost constant, SPI
values show less negative mean minimum values at the longer time scale. This fact, combined with the similarly longer SPEI
droughts at both time scales leads to the slightly higher DI} for SPEI-12.

Regarding the spatial distribution of mean local drought characteristics (number of runs, DSy, DDy, and DI;), SPI and
SPEI show similar results when compared at the same time scale, while deviating significantly between 3 and 12-month
time scales. SPI-3 and SPEI-3 drought characteristics do not display clear spatial gradients but do display some correlation
with mean elevation and terrain ruggedness (as seen in Table 1). In particular, when areas at a higher mean elevation are
considered, a lower number of more severe, longer and, for SPI-3 only, less intense droughts are reported (although with some
differences in the degree of correlation). Altogether, these results indicate that, on shorter time scales, droughts in higher mean
elevation areas tend to be more clustered. Even so, visual inspection of the spatial distribution of local drought characteristics
for SPI-3 and SPEI-3 (see Figure 4a-h) shows a high spatial variability of characteristics. However, the higher mean elevation
points of the mountainous part of the domain do show quite uniform drought characteristics consistent with the observed
correlations. It can therefore be stated that, despite some significant effects of the mean elevation on the characteristics of

drought periods, heterogeneous local orography and meteorological conditions play a key role. When considering terrain
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Figure 4. Spatial distribution of drought run characteristics at 3- and 12-month time scales. SPI-3’s number of runs (a), average severity of
local drought DSy (b), average length of local drought DDy, (¢), average intensity of local drought DI;. (d). SPEI-3’s number of runs (e),
DS, (f), DDy (g), DI, (h). SPI-12’s number of runs (i), average severity of local drought DSy (1), average length of local drought DDy (m),
average intensity of local drought DI, (n). SPEI-12’s number of runs (o), DSy (p), DDy (q), DIL (r).
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Table 1. Pearson correlation coefficients between mean drought characteristics and mean elevation (EL) or terrain ruggedness (RG), for
both SPI and SPEI at 3 an 12 month time scale. Values in italic font denote significant correlation at 5% significance. Spearman correlation

coefficients are not reported as they show very similar results.

Number of runs DSL DDy, DI,

EL RG EL RG EL RG EL RG

SPI-3 -0.50 -0.40 -0.35 -022 044 029 028 0.21]

SPEI-3  -0.29 -0.22 -0.15 -0.06 0.14 002 -0.05 -0.23

SPI-12 0.06 0.18 0.13 023 -0.11 -021 018 0.23

SPEI-12 0.04 0.19 005 019 -007 -021 001 -0.03

ruggedness, the resulting correlation values are generally less significant than for mean elevation at the 3-month scale but more
significant at the 12-month scale. SPI-12 and SPEI-12 run characteristics display no correlation with longitude or latitude (see
Figure 4i-r) and no correlation with mean elevation in terms of number, severity and duration of runs. The only statistically
significant correlation found is with SPI-12’s DIy, with higher mean elevation areas reporting less intense events, coherent with
the results obtained for SPI-3. Conversely, indices at the 12 month scale have significant correlations with terrain ruggedness

for the number of runs and their DSy and DDy, with rugged terrain reporting less numerous, less severe and shorter droughts.
4.2.2 Temporal analysis of local drought characteristics

Trend analysis on the obtained local drought characteristics reports only a few cells (always less than 3% of the domain)
showing significant changes for drought duration, severity and intensity (DD, DS and DI} ) (not shown here). In comparison,
SPEI-3 shows a far greater amount of cells, slightly more than 10% of the total area, with significant increasing trends for
DSy, and DIy, distributed almost exclusively along the alpine chain, particularly near the southern border. The yearly average
change, in terms of percentage of the relative DS; /DI, for the cell, ranges from 1 to 11% and 0.01 to 1% for severity and
intensity respectively.

Despite the overall lack of significant trends, clear differences can be found between the characteristics of drought runs that
started before and after 1990. SPI-3 and SPEI-3 display on average an increase in the number of droughts (more markedly in
the case of SPEI-3), and in their DI} . Opposite results are found in terms of DS| and DDy, with SPI-3 indicating a shift towards
less severe and shorter droughts, and vice-versa for SPEI-3. Significantly, this difference seems to be caused mainly by cells
located in the flat part of the region, where SPEI-3 indicates a shift towards greater DSy, and DDy, (not shown here). The rest
of the region shows similar results for the two indices. The alpine chain, especially in the north, shows a shift towards a higher
number of less severe, shorter and less intense droughts. SPI-12 and SPEI-12, on the other hand, report agreeing results and

show on average a change towards a lower number of more severe, longer and more intense droughts across the domain. The
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Figure 5. Cells with significant changes between the mean drought characteristics for the 1958-1990 and 1990-2023 periods according to the
two sample t-test. (a-d) Mean drought severity (DSy) change for SPI-3 (a), SPEI-3 (b), SPI-12 (c), SPEI-12 (d). (e-h) Mean drought duration
(DDL) change for SPI-3 (e), SPEI-3 (f), SPI-12 (g), SPEI-12 (h). Red/blue arrows indicate a worsening/bettering of drought conditions (i.e.

higher/lower severity and longer/shorter duration).

only exception is the alpine chain, where for a small but continuous area a change towards less numerous, less severe, shorter
and less intense droughts is found.

These relative changes are highly correlated to the mean cell elevation and, even more so, to the ruggedness of the area (as
confirmed by Table 2). For example, at the 3-month scale, the flat part of the region has seen a change towards less numerous,
more severe, longer and more intense droughts, while the alpine chain shows an opposite change. Changes in SPEI-12 run
characteristics also display a similar correlation for DS, , DDy and DI, but opposite in terms of number of droughts. Therefore,
it seems that SPEI-12 droughts got more numerous, more severe, longer and more intense in the lowlands, and, although not
quite as strongly, the opposite has happened in the alpine chain. SPI-12 does show an increase in the number, severity and
duration of droughts in the lowlands and a decrease in the mountains, but no correlation for DI .

Changes in local drought characteristics, as opposed to average values, report higher correlation with terrain ruggedness

than with mean elevation. Overall, correlation values are also higher than those found for average local drought characteristics,
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Table 2. Pearson correlation coefficients between change in mean drought characteristics pre- and post-1990 and mean elevation (EL) and
terrain ruggedness (RG), for both SPI and SPEI at 3 an 12 month time scale. Values in italic font denote significant correlation at 5%

significance. Spearman correlation coefficients are not reported as they show very similar results.

ANumber of runs ADS ADDy, ADIL,
EL RG EL RG EL RG EL RG
SPI-3 0.06 0.18 0.29 042 -023 -037 036 041
SPEI-3 0.24 0.23 0.20 038 -0.21 -038 0.13 0.26
SPI-12 -0.28 -0.33 0.16 025 -0.19 -027 0.04 0.09

SPEI-12 -0.15 -0.25 016 032 -015 -030 015 0.28

and visual inspection of the spatial distribution (not shown here) does show a quite homogeneous distribution of drought
characteristics change between the mountains (especially on the windward side, i.e. the one facing the Po plain) and the plains
and hills. The only outliers are the Aosta valley in the North-West and another valley close to the western border, with changes
often in common with the lowlands.

Still, most of the changes found by comparing the two periods are not found to be significant according to the two sample
t-test, and thus do not denote a change in the probability distribution of local drought characteristics. The cells with significant
changes (reported in Figure 5) are mostly distributed between two areas: changes towards more severe (according to SPI-12,
SPEI-3 and SPEI-12), longer (by both indices at the 3 month scale) and more intense (by both indices at the 12 month scale)
droughts are reported for the eastern-most part of the domain; changes towards less severe and shorter droughts are reported
mostly in the northern part of the alpine chain for SPI/SPEI at the 3 month scale, while almost no significant shifts towards less

intense local droughts are found.
4.3 Region-wide drought event analysis

This section shows the results obtained from the analysis of region-wide drought events (see Section 4.3). Similarly to the

previous sections, both the characteristics of drought events and their change over time are discussed.
4.3.1 Region-wide drought event characteristics

Region-wide drought events are calculated from SPI and SPEI index series at 3 and 12 month scales. As the most interesting
example, Figure 6 shows the result for SPEI-12. The analysis displays similar results between the two indices at the same time
scale, with all main events identified by both SPI and SPEI, and high agreement between the extent of the area in drought
conditions over time. The analysis at the 3-month scale reports about 60 events (see supplementary Figure A2), while the
analysis at the 12-month scale reports less than 20 events (for SPEI-12 see Figure 6, for SPI-12 see supplementary Figure A2).

Region-wide drought events at the longer time scale are more severe and longer than those at the shorter time scale, as expected
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Figure 6. Region-wide drought event analysis conducted on SPEI-12. (a) Time series of percentage of cells in drought condition (only the
portion below the -1 threshold, upper part of the diagram) and minimum index value in the domain (lower part of the diagram). Each event is
highlighted in yellow and labeled. (b) Drought event characteristics: drought intensity (DIg), mean drought area (DAg) and drought severity
(DSE).

, but intensity and area values are similar. Regarding relative differences between the drought characteristics between SPI and
SPEI at both time scales, DS is similar between the two indices, DDg is higher for SPEI, and both DIg and DA are higher
for SPI. On the other hand, when considering the mean highest area affected by drought conditions in every single event, both
indices report similar results at both time scales. Overall, this indicates that the same deficit tends to affect a slightly wider
area, with a higher intensity but for less time when only precipitation is considered, while it tends to affect the same overall
area with less intensity and for a longer time when both precipitation and temperature are considered.

Region-wide drought event analysis on SPI-12 and SPEI-12 was also useful in indicating the main drought events that
happened in the region in the last 60 years. Of these, the last one, starting in the winter of 2021 and still ongoing at the end
of the available data time series, was identified as perhaps the most extreme in the series. In particular, the wide area affected
by drought during this event and its severity, second only to the longest 2001-2008 event, mark it as an exceptional drought
for the region. The intensity value is also the highest of all detected events, but this may not be significant given that this last
event had not yet ended at the time the analysis was done. Certainly, the fact that its severity is higher than the severity of the

2001-2002 event as detected through SPEI-12, also adds to how exceptional this last event is.
4.3.2 Temporal analysis of region-wide drought event characteristics

Trend analysis reports no significant results for the drought characteristics of region-wide drought events. Comparing the
values before and after 1990 does show results consistent with those found for local droughts (Table 3): drought events have
become more severe, longer and more intense at both time scales. Also similar to drought runs, the number of drought events

has increased at the shorter 3-month time scale while it has decreased at the longer 12-month scale. Another difference is in
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Table 3. Drought event characteristics before and after 1990. Values in italic font font denote significant differences between the two distri-

butions at 5% significance.

Number of events DSg DDg (months) DI DAk (%)

Pre 1990 Post 1990 Pre 1990 Post 1990 Pre 1990 Post 1990  Pre 1990  Post 1990  Pre 1990  Post 1990

SPI-3 31 28 -3.24 -3.30 5.68 5.90 -1.45 -1.50 38.51 35.13
SPEI-3 27 32 -3.10 -3.40 6.18 6.56 -1.32 -1.36 37.50 32.05
SPI-12 12 5 -7.14 -19.34 14.33 36.60 -1.37 -1.42 31.61 32.05
SPEI-12 11 7 -6.92 -16.14 20.27 32.28 -1.31 -1.39 24.24 30.77

the DAg, which has decreased at the 3-month time scale and has increased at the 12-month time scale. Overall, this seems to
indicate that, on a region-wide level, drought conditions have worsened between the periods 1960-1990 and 1990-2020, with
short-term deficits becoming more common over slightly smaller areas, leading to more generalised deficits over wider areas
at the longer time scales. Despite many of the described changes not being significant according to the two-sample t-test, DSg
and DDg, for SPI-12 do report a statistically significant shift in the mean before and after 1990. Changes in DSg and DDk, for
SPEI-12 also report p-values close to the 5% level, although not falling below the 5% threshold. This seems to confirm that the
shift towards worse region-wide drought conditions (higher severity and longer duration) is more evident at longer time scales,
and that this shift is mainly caused by a change in precipitation patterns. Despite the apparent importance of precipitation, the
only significant trend in terms of the percentage of the domain in drought conditions (index lower than -1) over time is found

for SPEI-12, with a slope coefficient of 2.92 x 10~*/year.

5 Discussion and conclusion

In this study, 60 years of precipitation and temperature data are analysed in order to characterise changes in drought conditions
in the Piedmont and Aosta Valley area. In Section 1 three questions were posed. The first question asked whether there are
temporal trends in drought indices such as SPI and SPEI, and how these trends translate into changes in the characteristics
of drought events (in terms of duration, severity, and intensity). Evidence of widespread drying trends in the region is found
through the trend analysis of SPI and SPEI series. Temperature plays a key role in defining these drying trends, as the SPEI
reports negative trends for wider areas and with greater slope coefficients than SPI. This is to be expected given the clear trends
in temperature due to climate change and is consistent with other studies conducted in the area (see e.g., Falzoi et al., 2019;
Baronetti et al., 2020). When moving from drought indices to drought event identification, it is interesting to note that the
start and end of single drought periods seem to be mainly determined by precipitation anomalies, in contrast to the importance
of temperature in determining long-term conditions. Despite the worsening of drought conditions related to precipitation and

temperature being clear, the effects on the characteristics of individual drought events are weaker. Some evidence of an increase
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in the severity, duration and intensity of drought periods after 1990 is found, although often not statistically significant. A
tendency for drought periods at 3-month time scale to become more numerous, and for drought periods at 12-month time
scale to become less numerous is observed, both at a local and regional scale. Thus, while the percentage of time under
drought conditions has become greater at both time scales, it seems that a larger amount of short-term deficits aggregate into
long-term deficits with higher duration. In addition to this, a significant positive trend in the percentage of the area under
drought conditions according to SPEI-12 is detected. Overall, however, changes in local drought characteristics between the
two halves of the analysed series are seldom significant, making it difficult to assess whether the increase in severity, duration
and intensity of drought periods is actually part of a general tendency, which would be coherent with the detected worsening
drought conditions.

The higher resolution of the analysed data, compared to previous studies, makes it possible to show quite heterogeneous
results regarding the presence of drying/wetting trends, as well as drought characteristics, in different portions of the region. As
a possible explanation of this result, our analysis studies relations between terrain characteristics and drought characteristics,
finding several significant correlations. This type of analysis is in common with a growing body of literature focused on
the elevation effects on drought characteristics, with studies conducted in the Qinghai—Tibet plateau (Feng et al., 2020), the
Lorestan province in Iran (Hosseini et al., 2020), the Indus river basin (Dubey et al., 2023) and the Canary Islands (Carrillo
et al., 2023). These studies, using mean elevation as a topographic variable, find different results in regards to the distribution
of drought trends at high/low elevations, and as such no general claim about the tendency of different elevation areas to show
drying/wetting trends can be made. The second question in the introductory section asked whether there is a relationship
between drought trends and topographical characteristics of the landscape and, if so, whether elevation is the topographical
variable most correlated to these trends. Terrain characteristics and mean elevation show significant influence on the observed
trends and changes in drought characteristics, with drying trends being more severe the lower and less rugged the area. In fact,
when the mountainous parts and the flat part of the domain are considered separately, the first shows no significant drought
trends, while the second reports significant drying trends for both SPI and SPEI at multiple timescales. This is particularly
true for the flat areas of the region, where trends are stronger than in low elevated rugged (hilly) areas. In the case of drought
period characteristics, decreases in severity, duration and intensity are mostly found in the alpine range, while increases are
mostly found in the smoother and low lying areas. Overall, drought characteristics and changes in time seem to be better
correlated to the terrain ruggedness than to elevation alone. Thus, our finding of more severe drying trends and worsening
drought characteristics in the lower altitude part of the region proves the importance of considering topographic effects in
areas with highly diverse terrain. More importantly, our study shows that mean elevation, although certainly a variable to be
considered, should not be the only topographic variable taken into account.

The third question in the introductory section asked whether the outcomes depend on the chosen spatial scale of the analysis.
Interestingly, the local drought analysis and the region-wide analysis result in some differences. Changes in the characteristics
of local drought periods are affected by temperature increase, as drought periods obtained from SPEI series show more pro-
nounced increases in severity, duration and intensity than those obtained from SPI series. Contrary to this, drought events at a

region-wide scale show more marked shifts in severity and duration for SPI than for SPEI, denoting a more significant influence
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of regional precipitation patterns than of temperature on droughts at a regional scale. It would be of interest to understand if
475 this is valid for the region of interest, north-western Italy, or if a similar result could be valid in other areas of the world, and,
more generally, what could be the causes, from a meteorological and climatic point of view.

The same consideration can be done for the other results of our analyses. Although strong correlations between drought
trends and the mean elevation and ruggedness of the terrain are found, the attribution of these results to physical phenomena
is not straightforward. The presented methodology does not focus on this aspect and, given the complexity of the involved

480 phenomena, attribution is outside the scope of our study. However, our finding of different meteorological conditions between
the alpine chain and the surrounding Po plain is consistent with other studies concerning the presence of an increase in alpine
summer convective precipitation not in common with the surrounding areas (Giorgi et al., 2016; Grose et al., 2019).
In this study we restrict our focus to near-past and current conditions and do not consider predictions of future conditions
(although strong drying trends in some portions of the study area are detected). Further research is needed to study how the
485 local and regional drought characteristics of areas at different elevations and with different reliefs may evolve under climate
change. Still, the results presented in this paper can be useful not only for the Piedmont and Aosta Valley region, where they
could be the input for analyses of soil moisture and hydrological droughts, but also for other areas and for drought research
in general, showing the need to conduct drought studies at different spatio-temporal scales, and underscoring the importance
of considering areas with distinct topographical features as well as giving an indication of which areas are more likely to face

490 dryer conditions.

Data availability. The data that support the findings of this study are openly available in the NWIOI data set at https://www.arpa.piemonte.it/scheda-
informativa/dataset-griglia-nwioi maintained and updated by the Forecast Systems Department of the Regional Environmental Protection

Agency of Piedmont (Dipartimento Sistemi Previsionali - Arpa Piemonte).
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Appendix A: Supplementary figures
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Figure A1l. Areas classified using mean cell elevation and terrain ruggedness, calculated as the standard deviation of elevation values inside
each cell. (a-d) Areas belonging to classes defined based on terrain ruggedness, corresponding to the A to D areas cited in Figure 3 (e)
Empirical cumulative distribution function (eCDF) of the terrain ruggedness values. (F) Scatter plot between terrain ruggedness and mean
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Figure A2. Region-wide drought event analysis conducted on the indices at 3 month scale. (a) Series of percentage of cells in drought
condition (below the -1 threshold) and the minimum index value in the domain for SPI-3. (b) Drought event characteristics for SPI-3. (c)
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Figure A3. Region-wide drought event analysis conducted on SPI-12. (a) Series of percentage of cells in drought condition (below the -1

threshold) and the minimum index value in the domain. Each event is highlighted in yellow and labeled. (b) Drought event characteristics.
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