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HIGHLIGHTS

e The study identified 1740 meteorolog-
ical droughts (MD) and 1493 hydrolog-
ical droughts (HD) globally for the
period 1971-2001.

Only 272 MD events propagating into
395 HD events, highlighting the rarity of
MD-to-HD propagation.

A new technique using spatio-temporal
overlap of MD and HD events was
developed to quantify drought propa-
gation and analyse propagation
features.

Long-term MD events (having duration
of more than 12-months) were more
likely to propagate, while propagated
MD events exhibited reduced size,
attenuated intensity, positive lag, and
negative lengthening.

Propagated MD events often displayed
pooling, with a strong tendency for
pooling events to also show branching
behaviour.

Among the 20 most severe MD events
(largely aligned with literature), most
propagated, showed positive lag, and
diverged from general tendency by
exhibiting positive lengthening.

Africa and South America showed
higher occurrences of pooling and
branching due to favourable climatic
and catchment conditions, while Asia
had the highest MD event count but only
one long-term severe event.
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ABSTRACT

An understanding of the spatiotemporal behaviour of Meteorological drought (MD) and Hydrological drought
(HD) is crucial for analysing how drought propagation occurs. Here, drought events were treated as three-
dimensional grid structures spanning space (latitude and longitude) and time. 31 years (1971-2001) of global
MD and HD events were analysed for evidence of propagation, and the most severe 20 MD events explored in
detail. From the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) data archive, precipitation data
was used for identifying MD events and an ensemble of simulated runoff from several global hydrological models
used for detecting HD events. A technique was developed based on overlapping of the spatial and temporal
coverage of MD and HD events, to establish propagation, and to calculate several propagation features. In three
dimensions, the transformation from MD to HD was characterised based on delayed instigation, elongated
duration, and dampened intensity of the HD event. Additionally, pooling of MD events that resulted in one or
multiple branched HD events were identified. Results indicate that minor MD events with short durations and
small areas generally do not exhibit propagation. The frequency of HD events with drought duration of 6-12-
months is higher than that of MD events with 6-12-month duration. Out of 1740 extreme MD events identified
for the 31-year period, 272 events propagated and resulted in 395 extreme HD events. Propagation features for
the 20 most severe MD events show substantial variation based on geographical location highlighting the in-
fluence of regional climatic and hydrological conditions. This study advances the understanding of global
drought propagation mechanisms by addressing key methodological challenges and providing a structured
framework for future large-scale drought assessments.

1. Introduction

namely meteorological, agricultural, hydrological, and socioeconomic
(Mishra and Singh, 2010). With precipitation being the primary driving

Droughts are one of the most complex and costly natural disaster
with extensive impact on the availability of drinking water, agriculture,
and energy production (Wilhite and Glantz, 1985). Droughts can span
timescales from a few weeks to decades, and spatial scales from kilo-
metres to continents. Their impacts usually develop slowly and are often
indirect, lingering for a long time after the drought itself. By considering
usable water, droughts are typically classified into four different types,

force, all these drought types are interlinked. The transitioning of one
drought type into another has been widely studied since the proposal.
For example, Van Loon (2015) identified that transition from a meteo-
rological drought (MD) to hydrological drought (HD) was associated
with sequential anomalies in soil moisture, runoff, and groundwater
levels. Studies across regional, continental and global scales have ana-
lysed the associations of MD and HD events (e.g. Vicente-Serrano and
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Lopez-Moreno, 2005; Dai, 2011; Wong et al., 2013; Haslinger et al.,
2014; Xiao et al., 2016; Zhu et al., 2016; Yuan et al., 2017). However,
these studies are usually limited to simple time-series assessments of
drought area and drought intensity (Vicente-Serrano, 2006; Vidal et al.,
2010; Gocic and Trajkovic, 2014; Wang et al., 2015) or focus on area-
averaged drought variables (Tallaksen and Stahl, 2014; Ge et al.,
2016), which do not provide information on the behaviour of individual
drought events.

Few studies have analysed drought development simultaneously in
space and time, by tracking drought clusters and analysing their char-
acteristics (Herrera-Estrada et al., 2017). Andreadis et al. (2005) intro-
duced a system to track drought events through time, characterising
droughts in higher dimensions. Multiple studies performed similar
analysis in other regional areas (Zhan et al.,, 2016) and globally
(Sheffield et al., 2009). Other studies have also explored the algorithm
for drought characteristics (such as drought duration, drought area,
drought intensity and drought displacement) at country or catchment
scales (Vicente-Serrano, 2006; Vidal et al., 2010; Xu et al., 2015; Zhan
et al., 2016). Lloyd-Hughes (2012) extended the same approach in three
dimensions, analysing similarities and dissimilarities between drought
events. Guo et al. (2018) used an improved clustering algorithm for
drought identification in Asia, and Diaz et al. (2020) used the same
clustering algorithm for drought path identification in India. These
studies restricted their analysis to regional scales and hence, a
comprehensive study of the spatiotemporal drought characteristics at
global scale is needed. In addition, previous studies have been limited to
simple time-series assessment of drought area and drought intensity
(Vicente-Serrano, 2006; Vidal et al., 2010; Gocic and Trajkovic, 2014;
Wang et al., 2015), or analyses that aggregate local drought variables
that do not provide information on the behaviour of individual drought
events (Tallaksen and Stahl, 2014; Ge et al., 2016).

This study identifies MD and HD events without any boundary re-
striction to the area. A drought event (spanning in space and time) based
approach for drought propagation is rare, and this study aims at
providing the first insights into propagation of drought events with a 3D
perspective, on a global scale. We propose a new technique, linking MD
and HD events to establish propagation, and calculate propagation
features. This study details variations in propagation features between
drought events and discusses the occurrence and propagation of the 20
most severe drought events from 1971 to 2001 in detail. This research
advances our current understanding of drought dynamics, and will be of
critical significance to the stakeholders and policy makers.

2. Data and drought indicator
2.1. Datasets

Precipitation and runoff data were extracted from the ISIMIP
archive, specifically from phase 2a of the project (ISIMIP2a; Gosling
et al., 2017). The precipitation data was derived from the WATer and
global CHange (WATCH; Weedon et al., 2011) project, based on the
reanalysis dataset ERA-40, and using the bias correction target Global
Precipitation Climatology Centre (GPCC) for monthly rainfall and
snowfall sums. The WFD climate forcing dataset, covers the period
1901-2001 at a 0.5° x 0.5° spatial resolution.

For HD analysis, an ensemble mean of global daily simulated gridded
runoff dataset at a 0.5° x 0.5° spatial resolution from seven global hy-
drological models (GHMs): DBH (Tang et al., 2007), HO8 (Hanasaki
et al., 2018), LpJml (Sitch et al., 2003), MATSIRO (Takata et al., 2003),
PCR (Wada et al., 2014), VIC (Liang et al., 1994), and WaterGAP2
(Muller Schmied et al., 2016) was used. All the GHMs were run for the
period 1971-2001 with the input of climate data from the WFD climate
forcing.

All daily values at each grid for both (precipitation and runoff)
datasets were aggregated at a monthly time step to avoid influence of
variability within a month on the drought estimates.
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2.2. Drought indicator

Many drought indices have been proposed to identify and monitor
areas under drought but, when it comes to examining and comparing
different drought types, standardised indices such as the Standardised
Precipitation Index (SPI; McKee et al., 1993) and its variants (Stand-
ardised Precipitation Evapotranspiration Index, SPEL; Standardised Soil
moisture Anomalies, SMA; Standardised Runoff/Streamflow Index, SRI/
SSI; and Standardised Groundwater level Index, SGI) are widely used.
Calculation is simple and can be used for different time scales depending
on the accumulation period. In addition, these indices do not require
substantial data inputs; for example, only precipitation for SPI. One
other benefit of using standardised indices is that they represent
anomalies from normal in a standardised way, which means that com-
parisons with other standardised indices for different drought types is
possible. In this study, the SPI was used for identifying MD and the SRI
for HD identification.

The SPI/SRI for any location is determined based on long-term pre-
cipitation/runoff records, preferably >30 years. Monthly precipitation/
runoff is aggregated by running over an accumulation period (1, 3, 6,12,
or 24 months). The new series formed is then fitted to a probability
distribution (Wu et al., 2018) that subsequently is transformed to a
normal distribution such that the mean SPI/SRI is zero (McKee et al.,
1993). Here, the “SPEI” package in R (Begueria et al., 2017) was used
which allowed us to calculate SPI and SRI during the period 1971-2001
for accumulation periods of 1 and 3 months. Accumulation periods are
indicated as SPI-x and SRI-x. For example, SPI-3 and SRI-1 were selected
to analyse anomalies in three-monthly precipitation and monthly runoff
data, respectively. Any grid cell with a SPI/SRI value less than —1 was
considered under meteorological/hydrological drought (Bisht et al.,
2019; Liu et al., 2019; Diaz et al., 2020). The error in estimating drought
conditions was found to be smallest for extreme conditions (i.e., SPI/SRI
values - 2 or less) compared to moderate (SPI/SRI values between —1
and —1.5) and severe conditions (SPI/SRI value between —1.5 and —2)
(Kumar et al., 2022). Hence, for this study, we are considering only
extreme drought conditions that have SPI/SRI values —2 or less.

3. Methods
3.1. Drought event identification in three dimensions

In this study, a drought event is defined as a three-dimensional
structure in space-time. We identify drought events by tracking their
spatial extent at each time step. Drought data (gridded SPI or SRI values)
can be represented as a set of chronologically arranged maps as a three-
dimensional array that spans longitude, latitude, and time (Fig. 1). We
identified meteorological and hydrological drought events using the
approach of a simple clustering algorithm that incorporated spatial
congruity for identification of areas under drought, proposed by
Andreadis et al. (2005). The algorithm works on a grid-by-grid basis and
uses a 3 x 3 grid-cell moving window for classifying areas into drought
clusters. Lloyd-Hughes (2012) extended the same approach from two to
three dimensions by using an RxRxR grid moving space-time domain
for the search of grids cells under drought. For this study, we used the
same approach of identifying and clustering grid cells in the 3D space-
time domain.

The algorithm assigns a label to the first grid cell under drought as a
drought event, and searches for other grid cells under drought in a
moving window of 3 x 3 x 3 grid cells, keeping the already labelled grid
cells from the previous search in the centre of the array. It marks all the
grid cells found under drought with the same label, and the same pro-
cedure is repeated until no grid cell in the 3 x 3 x 3 window is found
under drought. This results in 3D structure of grid cells that spans space
(longitude X latitude) and time (Fig. 1). We identify these 3D structures
as drought events. Drought events are numbered, with MD events given
the prefix ‘M’ and HD events the prefix ‘H’.
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Fig. 1. Spatiotemporal evolution of a meteorological drought event, (a) spatial coverage of the drought event, (b) drought event as 3D cluster of grid cells.

3.2. Calculation of drought characteristics

Fig. 1 shows an example of the 3D grid structure representing a
drought event. To analyse and compare 3D droughts events, key drought
characteristics must be determined and calculated. For this study, we
define the drought characteristics as follows:

a) Onset time (T,) and termination time (T): Traditionally refers to the
beginning and end of a drought event in a given area. In 3D space,
drought events consist of multiple connected grid cells that can have
different start and end times. Therefore, the onset and termination
time refers to the earliest initial and latest terminal time of all con-
nected grid cells that constitutes the drought event.

b) Drought duration (T): Refers to the time span (in months), between
T, and T; of a drought event.

c) Drought area (DA): Given the 3D structure of drought events, the
drought area may vary with time. Therefore, here drought area refers
to the area under drought (in number of grid cells) at each time steps
during a drought event.

d) Maximum drought area (DAp): is the maximum DA (in number of
grid cells) for the time span of a drought event.

e) Drought intensity (DI): represents the mean SPI/SRI value over the
DA at any given time step of the drought event.

f) Minimum drought intensity (DI;): is the minimum of DI for the time
span of a drought event.

3.3. Drought propagation in three dimensions

HD events are inherently the response of MD events and are con-
nected. To understand this relationship, we propose a new method to
characterise drought propagation, which takes into account the inter-
relatedness of MD and HD events. The term ‘drought propagation’ can
sometimes refer to the spatial migration of a drought event due to the
atmospheric transport of anomalously warm and dry air (Joseph et al.,
2009; Diaz et al., 2020). In this paper, drought propagation refers to the
transformation between MD and HD events. Fig. 2 presents a flowchart
of the algorithm used for defining the propagation phenomenon. The
algorithm uses a domain-based approach by defining the propagation
domain for each MD event, entailing the steps listed below.

Step 1: Defining the meteorological drought domain
For a MD event, we calculated its spatiotemporal range by estab-

lishing its 3D extent in the meteorological dataset defined as the MD
domain. The MD domain represents the maximal range in space-time for

a given MD event (Fig. 3(a)).
Step 2: Defining hydrological domain

After defining the initial MD domain, we identified all the MD and
HD events present in the MD domain using meteorological and hydro-
logical datasets respectively. For both the MD and HD events in the MD
domain in their respective datasets, the spatiotemporal range of each
event is calculated separately. Any MD or HD event that had >70 % of its
grid cells in the initial MD domain were considered to be part of the
propagation process (Fig. 3(b)), but were also studied separately for
propagation. These additional drought events (ADE) and HD events
were then used to update the MD domain to its larger total extent
(updated MD domain) and to calculate the HD domain respectively. The
HD domain therefore represents the range in space-time which fully
contains all the HD events identified in the MD domain.

Step 3: Establishing propagation domain

Based on the MD domain and HD domain, a new domain is defined in
such a way that it encompasses both the domains; termed the propa-
gation domain (PR domain). It represents the space-time range in which
the transformation of MD events to HD events can be observed (Fig. 3

(©)).

3.4. Calculation of propagation features

For the propagation analysis, we only considered MD events longer
than 3 months and having a spatial extent of >4 grid cells with longi-
tudinal and latitudinal range exceeding 2 grid cells each (further
explained in Section 3.5). To analyse the transition of MDs into HDs (i.e.
drought propagation) multiple features were calculated, termed propa-
gation features. This includes pooling of drought events, lengthening,
attenuation, difference in spatial extent and lag. Calculating these fea-
tures is an attempt to quantify the complexity of drought propagation.
Propagation features (defined below) were calculated based on the
characteristics of MDs and HDs in the defined PR domain, as shown in
Fig. 4.

a) Lag (L) refers to the time gap (in months) between the onset time (T},)
of the earliest MD and HD event. Positive values indicate that the
onset of HD events is later than the MD events.

b) Lengthening (LN) is the time (in months) of HD events after the
termination time (Ty) of MD events. Positive values indicate that the
termination of HD events is later than the MD events.
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Fig. 2. Flow diagram showing the sequence for calculating 3D drought extents and extraction of key drought characteristics and propagation features.

c) Difference in maximum drought area (DDA,,) is the difference in DA,
of MD and HD events, quantifying the variation in maximum spatial
extent (in number of grid cells) due to propagation. Positive values
show greater spatial extent of MD events in comparison to HD events.

d) Attenuation (n) refers to the difference in magnitude (in SPI/SRI
value) of the DI, of the HD event compared to MD event due to
propagation. Negative values indicate a reduction in DI, i.e. HD
event being less intense than the MD event.

e) Pooling (p) is the total number of MD events (i.e. the ADE’s and
initial MD event) that combine into prolonged HD events.

f) Branching (b) is the total number of HD events resulting from the
ADEs and MD event.

3.5. Identification of most severe MD events

Initially for the 31-year period (1971-2001) 25989 MD and 35,307
HD structures were identified. Temporal and spatial filters were applied

for the identification of drought events of global significance. Only
drought structures having a time length >3-months (temporal filter) and
a spatial range >4 grid cells (spatial filter) were identified as drought
events. After filtering, 1740 and 1493, MD and HD events respectively
were identified. This shows that there were more globally significant MD
events than HD events.

From the 1740 MD events, we identified the 20 most severe MD
events for the period 1971-2001 (Table 1). Severe events were identi-
fied in this study based on three drought characteristics: T, DA;, and DI,,.
All the 1740 MD events were separately ranked on each drought char-
acteristic and the sum of ranks was calculated. The sum of ranks
determined the place of a MD event in the collective ranking of all
events. Higher values represented higher ranks and hence less severe
drought events, while lower values representing more severe events. The
top 20 MD events were considered for more detailed propagation
explanation.
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Fig. 3. Conceptual diagram showing role of (a) meteorological drought and (b) hydrological drought domain in defining (c) propagation domain; Additional Drought
Events (ADE-x) and hydrological drought events (HD-x) having >70 % of their grids overlapping MD domain in their respective datasets i.e. ADE-1, ADE-2 and ADE-3
in meteorological dataset, and HD-1 and HD-2 in hydrological dataset were used to update MD domain and HD domain.
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Fig. 4. Conceptual diagram showing updated meteorological drought (MD), hydrological drought (HD) and propagation domains along with graphical represen-

tation of propagation features.
4. Results
4.1. All drought events globally

A decline in the difference between the number of MD and HD events
was found as T increased. Fig. 5 shows the frequency distribution of MD
and HD events based on T. Drought events were categorised based on T,
with events having T <6-months, between 6 and 12-months, and >12-
months (i.e. short-, medium- and long-term drought events). The num-
ber of HD events was greater than MD events for medium-term events
whereas MD events were more frequent than HD events for short- and
long-term event categories. Average DA, increases with T for both MD
and HD events (Fig. 6). Average DA, in all three categories was greater
for MD than HD events, showing MD tended to have greater spatial
coverage than HD events in each category. On average, DA, for HD
events was <50 % of MD events for short- and medium-term drought
events while approximately 30 % for long-term events.

4.2. Drought propagation

Of the 1740 MD events identified using the methodology explained
in Section 3.1, 272 MD events propagated from MD to HD events. Short-
and medium- term events showed less tendency towards propagation
than the long-term events. Out of 49 long-term events, 41 showed
propagation i.e. ~84 %, while for medium- and short-term events the
number of MD events showing propagation was ~30 % (175 of 574) and
5.5 % (62 of 1117), respectively.

4.2.1. Propagation features of all drought events

For each propagated MD event, a PR domain was defined based on
MD and HD domains as explained in Section 3.3, and propagation fea-
tures were calculated (Section 3.4), an example is shown in Fig. 7.
Drought events undergoing propagation experience an initiation lag,
lengthened duration, and attenuated drought intensity. Of the 272
propagated MD events, 53 % had a positive lag, with average duration of
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Table 1

Drought characteristics for most severe MD events.
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Meteorological drought  Start Drought Max drought Minimum drought Location Reported studies
(MD) ID month duration (T) area (DA, intensity (DI,,)
1 M-894 Mar- 10 81 —5.4 Africa (Masih et al., 2014)
1988
2 M-1125 Aug- 13 631 -3.5 Africa (Ndehedehe et al., 2019); (Sori et al., 2021); (Masih
1993 et al., 2014)
3 M-1481 Jul-1997 13 456 -3.4 Africa (Ndehedehe et al., 2019); (Masih et al., 2014)
4 M-1571 Oct- 10 315 -3.2 Africa (Masih et al., 2014)
1998
5 M-11 Jan- 10 133 —-3.4 Asia (Nasrati, 2018); (Rathjens, 1975)
1971
6 M-418 Jul-1979 12 568 -3.1 Asia (Wattanakij et al., 2006); (Limsakul et al., 2011)
7 M-502 Jul-1981 9 288 -3.2 Asia (Utkuzova et al., 2015); (Glazovsky, 2009)
8 M-1277 Apr- 9 140 —-4.0 Asia (Saji et al., 1999); (Field et al., 2004); (Hatmoko
1994 et al., 2015)
9 M-1433 Dec- 15 168 -3.8 Asia (Saji et al., 1999); (Field et al., 2004); (Hatmoko
1996 et al., 2015)
10 M-1495 Aug- 11 137 -3.4 Asia (Slik, 2004); (Keil et al., 2008); (Van Nieuwstadt
1997 and Sheil, 2005)
11 M-1588 Jan- 10 258 -3.6 Asia (Dahal et al., 2016); (Sigdel and Ikeda, 2010); (Das
1999 et al., 2016)
12 M-252 Dec- 16 690 -3.1 Europe (Rodda and Marsh, 2011); (Spinoni et al., 2015); (
1975 Parry et al., 2012); (Tanguy et al., 2021)
13 M-674 Mar- 11 379 -39 North (Nicklen et al., 2019); (Csank et al., 2016); (Verbyla,
1984 America 2008); (Barber et al., 2000)
14 M-867 Aug- 13 496 -3.1 North (Shukla et al., 2011); (Lettenmaier et al., 1990)
1987 America
15 M-931 Mar- 8 197 -3.9 North (Xiao and Zhuang, 2007)
1989 America
16 M-376 Jun- 20 114 -3.5 South (Loaiza Cero0n et al., 2020); (Mortensen et al., 2018)
1978 America
17 M-597 Jan- 32 179 —-6.9 South (Mortensen et al., 2018); (Vicente-Serrano et al.,
1983 America 2015); (Cavledes, 1985)
18 M-637 Jul-1983 10 74 —-4.7 South (Alencar et al., 2015); (Li et al., 2008); (Saatchi
America et al., 2013)
19 M-638 May- 25 289 -3.5 South (Loaiza Cero6n et al., 2020); (Mortensen et al., 2018)
1984 America
20 M-882 Oct- 19 596 -3.4 South (Mortensen et al., 2018); (Vicente-Serrano et al.,
1987 America 2015)
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3-months. No lag was observed in 32 % of droughts and a negative lag
was observed in the remaining 15 %. Lengthening (LN) was observed for
33 % of propagated MD events with an average duration of 2 months, 43
% showed negative LN (i.e. termination of HD events before the termi-
nation of MD event); with no LN observed in the remaining 22 %.

As a sign of propagation, we also observed attenuated DI, (n) for 80
% of the total propagated MD events. In addition to the L, LN, and n, we
also observed a difference in DA, (DDA,,) as an effect of propagation. 88
% of propagated MD events showed a reduction in spatial coverage after
propagation; DA, of MD events reduced by >50 % in 158 propagated
MD events. In contrast, 9 % of propagated MD events experienced
expansion of DA, after propagation, averaging a 30 % area increase.

4.2.2. Pooling and branching of all drought events

The total number of MD events that join is the pooling value; for
example, a pooling value (p) of 2 indicates 2 MD events combining for
propagation. The equivalent branching value (b) indicates MD events
causing multiple HD events, so a value b of 2 indicates that MD event/s
caused 2 HD events. 30 MD events showed pooling; p varied from 2 to 9,
showing that the additional MD event count ranges from 1 to 8 MD
events (Fig. 8(a)). 58 propagated MD events branched into 2 or more HD
events with b ranging from 2 to 10 (Fig. 8(b)). From 30 propagated MD
events showing pooling, 80 % (24 in 30) also showed branching, indi-
cating higher affinity towards branching if MD event also exhibit pool-
ing. The majority of the propagated MD events did not show either
pooling or branching.

4.2.3. Propagation of the 20 most severe MD events

The most severe MD events were distributed globally (Table 1). None
of the 20 events were restricted to a single country. T and DA, for these
events varied substantially from 8 to 32 months and from 74 to 690 grid
cells, respectively. The MD event having shortest T was from North
America (8 months) and longest from South America (32 months). 9 out
of 20 MD events lasted for more than a year i.e. long-term events, while
the remaining other 11 MD events were medium-term events. Asia,
despite having most of the top 20 events, only had 1 MD event in the
long-term category. The MD event that covered the largest area was
from Europe (Fig. 7(b)). The most severe event in terms of DI was from
South America with DI, of —6.9 (SPI).

All the top 20 most severe MD events propagated, except for 1 (M-
867). M-867 was a 13-month long event in western North America with
a DAp, of 496 grid cells. Of the 19 MD events showing propagation, 14
had a positive lag (L = 3 months), while 4 showed no lag and 1 had a
negative lag of 1 month (Table 2). 8 events resulted in lengthened HD
events, no LN was observed for 5 MD events and there was a negative LN
for the remaining 6 events. Attenuated DI, and reduced DA, was also
observed for all 20 most severe events after propagation except for 1
event from Africa (M-1571) showing increased DI;,. The reduction in
DA, varied from 16 to 97 %, skewed towards MD events with spatial
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extent >100 grid cells. In addition, out of the 19 propagated events, 8
exhibited pooling and 9 showed branching, while 7 showed both
showing that events with pooling have higher affinity towards
branching.

4.3. Consistency with other studies

Many other studies have analysed large scale droughts, either as
individual events or from a regional climatological perspective, and
their impacts are generally well documented. In the following section,
the occurrences of the most severe MD events are qualitatively
compared (Table 1) and related HD events with some of these studies.

4.3.1. Africa

The 4 African MD events in the top 20 occurred between 1988 and
1998, covering the majority of the mid- and north-western countries,
particularly around the Congo River basin, including the Democratic
Republic of Congo, Angola, Zambia, and Tanzania. Multiple studies
report individual drought events during late 1980s and mid-1990s from
these areas. The Congo basin was characterised to have persistent and
severe multiyear droughts during the end of last century (1991-2001);
for example, Sori et al. (2021) reported 53 MD episodes that affected
Congo basin during 1981-2018. The impacts of these drought events
were extensive, affecting >40 % of the basin during 1994-2006
(Ndehedehe et al., 2019). Lower contribution of moisture by Congo
basin (Sori et al., 2021) and Pacific El Nino-Southern Oscillation (ENSO)
and other multiscale ocean-atmosphere phenomena influences large
deviations in precipitation and impacts hydro-climatic extremes
(Ndehedehe et al., 2019).

4.3.2. Asia

All 7 events in Asia were widely distributed across the Asian conti-
nent i.e. 4 events in Indonesia and Thailand, 1 in Afghanistan, 1 in
Nepal, Bangladesh and north-eastern part of India, and 1 in the lower
Asian area of Russia. All events were medium-term except for 1 long-
term event (M-1433) from Indonesia.

The 4 MD events (M-418, M-1277, M-1433 and M-1495) we identi-
fied in parts of Indonesia and Thailand occurred during late 1970s and
late 1990s. Limsakul et al. (2011) identified an abrupt drying during the
mid-1970s in Thailand and Wattanakij et al. (2006) reported the year
1979 as one of the driest on record based on daily rainfall records. 1994
and 1997 in Indonesia have been analysed extensively presenting dipole
mode event in the tropical Indian Ocean (Saji et al., 1999), developing
early warning system for droughts (Hatmoko et al., 2015) and predicting
haze events based on droughts (Field et al., 2004). Keil et al. (2008)
reports the year 1997 as one of the most severe drought experienced.
Slik (2004) investigated effects of 1997/98 drought on tree mortality
while Van Nieuwstadt and Sheil (2005) reported stem mortalities to be
most severe due 1997 drought event.

Event M-502 in Russia from 1981 to 82 was reported by Utkuzova
et al. (2015). According to Glazovsky (2009), 47.5 % of the Russia land
falls under climatic zones where desertification and droughts are likely
to occur. For MD event M-1588 covering Bangladesh, Nepal and
neighbouring parts of India in 1999, we found multiple studies reporting
the same event at regional scale. Dahal et al. (2016), Sigdel and Ikeda
(2010) reported 1999 as deficient in winter rainfall and one of a number
of dry occurrences based on monthly mean precipitation data. In addi-
tion they found a significant correlation between winter SPI-3 values
and the Indian Ocean Dipole Mode Index. Das et al. (2016) reported a
drought event in 1999 over north and north-eastern parts of India, and
Rahman and Lateh (2016) identify 1999 as the worst drought year for
Bangladesh. Nasrati (2018) and Rathjens (1975) reported that in 1970
and 1972 Afghanistan received below normal precipitation which
caused drought, crop failure, loss of livestock, and in some regions even
famine.
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and branching).

4.3.3. Europe

Only 1 MD drought event (M-252) was identified in Europe, which
propagated into 4 different HD events. The MD event was 16 months
long from 1975 to 77 and covered western European countries including
United Kingdom, Belgium, Netherlands, Denmark, with parts of France,
Germany, Czech and Norway, detailed by Parry et al. (2012) and Spinoni
etal. (2015). Rodda and Marsh (2011) compiled a comprehensive report
on the drought of 1975-76 explaining its occurrence and expansion from
a UK perspective. Generalising broadly, the report states that the
drought developed through the late spring of 1975 and intensified
during late summer of 1976.

4.3.4. North America

All 3 North American MD events were from northern regions
covering Alaska, parts of Canada, and Washington State, USA. No study
directly reported the Alaska drought event from 1984 (M-674); how-
ever, Verbyla (2008) reported a significant decreasing trend in nor-
malised difference vegetation Index (NDVI) among interior boreal forest
of Alaska, while Csank et al. (2016) found their results consistent with
studies of carbon starvation because of either drought or insect attack.
Barber et al. (2000) registered severe, prolonged, and unprecedented
warmth and dryness in the 1980s and 1990s for Alaska. The Washington
drought of 1987 (M-867) is a well-documented drought event
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(Lettenmaier et al., 1990; Shukla et al., 2011) and the only MD event
among the most severe that did not show propagation. The 1987
drought caused severe water shortages in many areas of Washington,
and was termed as one of the costlier U.S. droughts by Riebsame et al.
(2019). The drought of 1989 (M-931) covered parts of Alaska and
western Canada, and resulted in fire activities in Canadian and Alaskan
forests. Xiao and Zhuang (2007) reported that during large fire of 1989,
about 57 % and 84 %, of Canada and Alaska forest region, respectively
were drought affected.

4.3.5. South America

Five MD events from South America were identified, which resulted
in 18 HD events. All the identified MD events were long-term events
except 1 (M-637). The MD events mostly covered northwestern parts of
South America including Peru, Colombia, Bolivia, Ecuador, Brazil, and
Venezuela. Researchers have reported increasing drought trends in
southern parts of the Amazon basin (Li et al., 2008; Saatchi et al., 2013),
and drought events resulting in forest fires (Alencar et al., 2015) for
1970-2000. Loaiza Ceron et al. (2020) identified annual drought events
in years 1978 (M-376) and 1984 (M-638), reported by >90 % and 50 %
of meteorological stations in Colombia, respectively. Cesar (1985) re-
ported an emergency and institutional crisis in Peru due to the 1983 El
Nino drought. Lower Peru and Bolivian droughts of 1983 (M-597) and
1987 (M-882) were recorded by Vicente-Serrano et al. (2015) while
studying spatiotemporal variability of droughts in Bolivia during
1955-2012.

5. Discussion
5.1. Factors governing drought propagation

272 MD events propagated from a total of 1740 MD events, indi-
cating that propagation of drought events from MD to HD is a rare
phenomenon. In addition, long-term events showed much higher ten-
dency towards propagation than short- and medium-term events due to
increased water deficit over the period. Long-term events are more
frequent in tropics and European temperate zone compared to rest of the
world. The tropics are generally characterised by high seasonal vari-
ability and delayed recovery which is why the majority of these long-
term events showing propagation belong to tropical rainforest of Af-
rica, Asia and South America.

Complexity of drought propagation arises from its dependence not
only on atmospheric parameters but also on hydrological processes
including water storage and stream flows (Mishra and Singh, 2010).
Precipitation and temperature are the two main atmospheric parameters
that govern hydrological conditions in any area. Both precipitation and
temperature anomalies can be associated with large-scale ocean patterns

(b)

Fig. 8. Propagated MD events showing number of events exhibiting (a) pooling, and (b) branching.
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like ENSO, NAO, and sea surface temperatures (Kingston et al., 2013,
2015). During extreme drought (MD) conditions, reduced soil moisture
affects evapotranspiration, which in conjugation with precipitation
deficits helps in sustaining drought conditions in different water re-
sources that leads to HD. Hence, drought propagation characterised by
propagation features (Section 3.4) is governed by not only climatic
factors but also by catchment characteristics. Lag, lengthening and
attenuation are dependent on catchment characteristics while, pooling
and branching, on both catchment characteristics and climatic factors
(van Lanen et al., 2004; van Loon, 2013).

5.2. Dependence on climatic factors

HD develops differently for stable climates when compared to cli-
mates with strong seasonality (Van Loon, 2015). This results in variation
in propagation features between different climate regions. Various re-
searchers have examined the dependency of drought characteristics on
climatic factors, while dependency of propagation features is much less
explored. In areas with stable climatic conditions, lower than normal
precipitation is the main governing factor responsible for drought
development while for areas with a seasonal climate, associated hy-
drological processes play a vital role in the development of summer or
winter droughts i.e. short- or medium-term droughts. These drought
events in absence of recovery results in long-term events and/or prop-
agation. On the other hand, for regions with strong seasonality, MD
events are generally short- and medium-term, and seasonality in climate
often helps in recovery, leading to an early termination of HD events
after propagation reflected as negative lengthening.

For the European temperate zone, persistence of lower than normal
precipitation can lead to long-term drought events while in the tropics,
inadequate or obstructed recovery builds up longer drought events that
can result in propagation. The M-252 drought event from 1975 affecting
the UK and northern Europe was the result of a series of dry winters
leading to a multiyear HD (Peters et al., 2006). For parts of Alaska,
Canada and Russia, below-zero temperatures, frozen soil and accumu-
lated snow often results in decreased streamflow throughout winter
(Huntington and Niswonger, 2012; Sheffield and Wood, 2012). How-
ever, for ‘Wet-to-dry-season drought’ (Van Loon and Van Lanen, 2012),
where rainfall deficit of wet season continued into the dry season with
very less recovery, resulting in drought events such as M-376, M-597,
etc. (South America), M-894, M-1125, etc. (Africa), and M-11, M-1588,
etc. (Asia).

In addition, for some parts of Asia and Africa where dry and wet
seasons alternate due to large-scale oceanic patterns, and climate is
monsoonal, experiencing dryer conditions is normal. Hence, such dry
conditions are not normally identified as drought, which is the main
reason behind the smaller number of reported drought events from these
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Table 2
Events that propagated from most severe MD events and their propagation features.
Location Meteorological Additional drought event Hydrological drought Drought duration Lag Lengthening ~ MD drought Percentage difference  Attenuation Pooling Branching
drought event events area in drought area
MD ADE HD MD HD L LN DA, DDA, n P b
Event label Event label Event label Months  Months  Months  Months Number of Percent SPI/SRI Event Event
grids cells value count count
Africa M-894 - H-784 10 11 2 3 81 48 -2.5 - -
M-1125 M-1233, M-1239, M-1275 H-1036, H-1082, H-1085 13 14 1 2 639 70 -0.7 4 3
M-1481 - H-1236 13 14 - 1 456 39 —0.8 - -
M-1571 M-1568, M-1606 H-1331 13 12 1 - 339 36 0.6 3 -
Asia M-11 M-38 H-11, H-17, H-26, H-28, 10 10 - - 133 16 -0.8 2 6
H-29, H-31
M — 418 - H-388 12 5 3 -4 568 97 -0.7 - -
M-502 - H-466 9 4 4 -1 288 95 -0.7 - -
M-1277 - H-1083 9 8 1 - 140 58 -1.3 - -
M — 1433 - H-1238 15 7 7 -1 168 30 -1.1 - -
M-1495 - H-1244, H-1289, H-1299 11 13 - 2 137 48 -0.3 - 3
M-1588 M-1611 H-1356, H-1371 10 12 1 3 258 84 —0.4 2 2
Europe M-252 - H-246, H-245, H-244, H- 16 13 3 - 690 48 —0.6 - 4
284
North M-674 - H-570 11 12 2 3 379 62 -0.8 - -
America M-931 - H-814 8 9 -1 - 197 95 -1.5 - -
South M-376 M-371 H-330, H-353, H-370 21 19 1 -1 114 57 —0.6 2 3
America M-597 M-637 H-512, H-522, H-524, H- 32 33 - 1 179 74 —2.4 2 5
554, H-572
M-637 - H-554 10 5 4 -1 74 39 -1.7 - -
M-638 M-681, M-684, M-707, M-712 H-571, H-579, H-585, H- 26 27 1 2 295 74 —0.6 6
627, H-631, H-670
M-882 M-883, M-873, M-874, M-890, H-780, H-796, H-800 24 13 6 -5 617 94 -0.5 9 3

M-897, M-903, M-912, M-913

D 32 pWny Yy

98b6/1 (S20Z) 646 Iuauiuo.naug [pI0], 41 fo dUDS
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areas. In general, delayed monsoon or partial/complete failure of
monsoon is reported as drought (Flatau et al., 2003; Schewe and Lev-
ermann, 2012).

5.3. Dependence on catchment characteristics

Hydrological processes and catchment characteristics shows inter-
mixed mechanisms which influence drought propagation (van Lanen
et al., 2004). The catchments response time towards precipitation deficit
is an important factor that governs propagation features. It can be used
as a proxy for a combination of catchment characteristics indicative of
water retention or storage. Propagation features like lag, lengthening
and attenuation heavily dependent on catchment characteristics and
hence on catchment response time. Slow responding catchments show
long time lag between MD and HD events, such as drought event M-637
covering parts of Amazon catchment from South America, and M-252
from European region.

One important catchment characteristic that strongly influences
drought propagation is the storage capacity of a catchment (van Lanen
et al., 2004; Brutsaert, 2005). The amount of water retained or stored by
soil in the form of soil moisture depends largely on soil type, organic
matter present in soil, and the area of the catchment which in turn
significantly affects flow in streams (Eng and Milly, 2007). Anomalies in
storage capacity along with climatic anomalies such as evapotranspi-
ration anomalies in central and western European catchments have
resulted in prolonged HD events (Teuling et al., 2013). Aquifers are also
a prevalent source of storage that has a strong influence on drought
development and recovery (Aeschbach-Hertig and Gleeson, 2012;
Gleeson et al., 2014). For regions with porous and complex aquifers,
drought propagation is typically catchment-controlled because surface
water flows are largely determined by groundwater level and connec-
tivity, and are less responsive to precipitation over short- to medium-
timescales (< 12 months) (Stoelzle et al., 2014). Therefore, these
areas are associated with longer lag times between precipitation deficits
and drought conditions, such as for drought events M-418, M-502, and
M-1433 in Asia. In contrast, regions with fractured aquifers typically
have shorter response times, showing almost no lag or lengthening, as
observed for drought events M-1481, M-1495 and M-597.

5.4. Conditions affecting pooling and branching of drought events

Pooling and branching of drought events were even rarer than
propagation. Unlike lag, lengthening and attenuation which are more
catchment controlled, pooling and branching both are governed by the
interplay of both climatic factors as well as catchment characteristics.
The occurrence of both pooling and branching can be easily identified by
mapping the drought affected regions. The spatial coverage of a drought
events ranges from catchment to continental scales, however depending
on the drought type spatial coverage may vary. MD events, due to their
dependence on large-scale atmospheric drivers, typically covers large
areas (Fig. 6) in contrast to the comparatively smaller and sparser spatial
pattern of HD events that dependent on local catchment characteristics.
Large catchments with a range of elevation, show high spatial variability
in temperature and precipitation, leading to reduced spatial develop-
ment of HD events (Van Loon, 2015). For the drought events M-882, M-
931, M-1588, M-502, and M-418 the elevation differences in topology
have led to scattered HD events in parts of central South America, south-
west Canada, northeast India, southeast Asia and Siberian Russia
respectively. In addition, as stated by Hannaford et al. (2011), we found
that MD events in European region were found to be more coherent than
HD events. For instance, drought event M-252 from parts of UK and
Europe was unified while it branched out into several smaller HD events
after propagation. This disjointment in spatial coverage of HD events is
the main reason behind skewed synchronicity of MD and HD events
(Lloyd-Hughes, 2012; Verdon-Kidd and Kiem, 2014). Moreover, catch-
ments from tropical part of Africa and South America also have climatic
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conditions majorly driven by ENSO or other multiscale ocean-
atmosphere phenomena (Masih et al., 2014; Ndehedehe et al., 2019),
and are lager in size covering several thousand square kilometres in area
with huge spatial variability which can be attributed to pooling of
drought events from these areas.

6. Conclusion

This study describes the spatio-temporal characteristics of global
drought events and their propagation from meteorological drought
(MD) to hydrological drought (HD) events over the period 1971-2001.
Drought events were defined based on precipitation and ensemble
runoff datasets in the form of three-dimensional grid clusters spanning
space (latitude and longitude) and time. We analysed drought events
based on duration, intensity, and area, and identified the 20 most severe
MD events globally. The study proposes a new technique based on
overlapping of spatial and temporal coverage of MD and HD events, to
establish propagation, and calculated several propagation features.

Using a 3D clustering method, we identified 1740 and 1493, MD and
HD events respectively. Out of 1740 MD events, 272 events propagated
into 395 HD events, indicating that propagation is rare. Most of the MD
events, mainly constituting short- and medium-term events did not
exhibit propagation while majority of the long-term MD events propa-
gated, showing greater tendency of long-term MD events towards
propagation. The majority of the propagated MD events showed positive
lag, negative lengthening, attenuated intensity, and reduced spatial
coverage indicating that MD events after propagation are resulting in
one or more HD events of smaller size. Although all the propagated MD
events did not show either pooling or branching, the majority of the
propagated MD events that showed pooling also showed branching,
indicative of higher affinity towards branching if a MD event also ex-
hibits pooling.

All the 20 most severe events identified were consistent with those
reported in scientific and popular literature, and showed propagation
except one MD event from Africa. Asia, despite having the highest
number of MD events out of the most severe events, the region only had
one long-term MD event. Consistent with the majority of propagated MD
events, majority of the most severe MD events showed positive lag.
However, in contrast, the majority of the most severe MD events showed
positive lengthening which was inconsistent with the majority of all
propagated MD events. Drought events from Africa and South America
showed higher tendency of pooling and branching due to favourable
climatic and catchment characteristics.
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