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• A physically based hydrological model 
was evaluated and then applied for flash 
drought studies. 

• Frequency of flash droughts and heat 
waves in southwestern Germany showed 
a significant (p < 0.05) upward trend. 

• Flash droughts under the impact of heat 
waves are often shorter in duration but 
faster in onset speed.  
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A B S T R A C T   

Flash droughts are a recently recognised type of extreme drought defined by the rapid onset and strong inten
sification of drought conditions. Our understanding of flash drought processes under the influence of heat waves 
needs to be improved in the context of global warming. Here, we applied a physically based hydrological model, 
i.e., TRAnspiration and INterception (TRAIN) model to simulate root zone soil moisture (RZSM) and evapo
transpiration (ET) with daily time steps and at a 1 × 1 km resolution to identify and assess flash droughts. Two 
states, Baden-Württemberg (BW) and Rhineland-Palatinate (RP), located in southwestern Germany, were 
selected as the study areas. Three datasets, the Global Land Evaporation Amsterdam Model (GLEAM) dataset, 
ERA5-Land (land component of the fifth generation of European ReAnalysis) dataset, and SMAP-L4 (Soil 
Moisture Active Passive Level-4) dataset, were selected to evaluate the TRAIN simulated RZSM and ET from 1961 
to 2016. The results show that the simulated RZSM had the highest correlation with the ERA5-Land products, 
followed by SMAP-L4 and GLEAM, with regional average correlation coefficients (CC) of 0.765, 0.762, and 
0.746, respectively. The CC of the TRAIN simulated ET with ERA5-Land and GLEAM ET were 0.828 and 0.803, 
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respectively. The results of the trend analyses showed a significant increase (p < 0.05) in the number of flash 
droughts and heat waves in both the BW and RP states. A comparative analysis revealed that the mean duration 
and onset speed of flash droughts in BW (RP) without heat waves were 10.42 (10.67) pentads and 19.69th 
percentile/pentad (17.16th percentile/pentad), respectively, while associated with heat waves they were 8.95 
(9.53) pentads and 21.77th percentile/pentad (19.91th percentile/pentad), respectively. This indicates that flash 
droughts under the influence of heat waves are generally shorter in duration but faster in occurrence. The 
findings of this study have important implications for flash drought assessment, monitoring, and mitigation 
under the impact of heat waves.   

1. Introduction 

Drought is a complex and multidimensional disaster that threatens 
water security (Van Loon et al., 2016; Jiang et al., 2019, 2022; Wang 
et al., 2020, 2021; Tijdeman and Menzel, 2021). Conventional droughts 
develop slowly and span several months to years (Mishra and Singh, 
2010; Van Loon and Van Lanen, 2013; Huang et al., 2017; AghaKouchak 
et al., 2021). However, flash drought, a new term of drought proposed 
by Svoboda et al. (2002), can rapidly develop into a severe drought 
condition from a non-drought state, with a rapid onset speed of several 
days or weeks (Otkin et al., 2018; Yuan et al., 2019; Liu et al., 2020a, 
2020b; Zhang et al., 2022). Recently, a number of high-impact flash 
drought events have been reported worldwide, such as the summer 2012 
mega drought in the Midwestern Plains of the United States (Otkin et al., 
2016), flash droughts in the middle and lower Yangtze River in China in 
2013 (Yuan et al., 2015), flash droughts in southern Africa from 2015 to 
2016 (Yuan et al., 2020), and flash droughts in eastern Australia from 
2017 to 2018 (Nguyen et al., 2019). Therefore, it is important to un
derstand the complex causes and processes involved in the occurrence of 
flash droughts, particularly in the context of changing environmental 
conditions. 

Svoboda et al. (2002) coined the term “flash drought” to draw 
attention to the unusually rapid intensification of some drought events 
and then better separate these events from slowly evolving traditional 
droughts (Otkin et al., 2018). According to the relevant literature, the 
definition of flash drought has experienced three main stages (Yuan 
et al., 2020). In the first stage, the occurrence of a flash drought was 
determined using a composite indicator based on multifactorial vari
ables, such as air temperature, precipitation, evapotranspiration (ET), 
and soil moisture (SM). Typically, Mo and Lettenmaier (2015, 2016) 
adopted different combinations of thresholds for the above variables to 
define two types of flash droughts: the precipitation deficit flash drought 
(PDFD) and the heat waves flash drought (HWFD). In the second stage, 
Otkin et al. (2018) argued that the definition of flash drought should 
inherently account for both its rapid intensification (i.e., the flash) and 
the actual condition of moisture limitation (i.e., the drought). As the 
proposed definition focuses on the intensification rate, it is necessary to 
depict changes in a specific variable (e.g., ET and SM) over a period of 
time to identify a flash drought event, which completes the trans
formation in flash drought identification from a multi-factor composite 
indicator to a single-factor velocity indicator. Unfortunately, this defi
nition either does not provide a clear duration limit for the drought 
development process to separate it from slowly developing drought 
events or does not consider the termination phase of a flash drought, 
failing to provide a complete drought persistence attribute to flash 
drought events (Yuan et al., 2020). Currently, a flash drought is defined 
as a type of drought with rapid intensification and a complete devel
opment and termination process on sub-seasonal timescales (Yuan et al., 
2019). For example, Shah et al. (2022) stated that a flash drought in 
Europe starts when the soil moisture above the 40th percentile falls 
below the 20th percentile in less than three following pentads (1 pentad 
= 5 days), with a mean decline rate of no less than the 10th percentile 
per pentad (i.e., a decrease of 10 percentile of soil moisture during one 
pentad). A flash drought terminates when the soil moisture rises above 
the 20th percentile threshold and remains above this threshold for at 

least two pentads. The duration of a flash drought event is considered to 
be between 6 and 18 pentads. In this study, we applied this definition to 
identify flash droughts. A comprehensive overview of definition of flash 
drought can be found in Lima Alencar and Paton (2022). 

Soil moisture is a commonly used variable for drought identification 
because of its important role in controlling the exchange of water and 
heat in the process of land-atmosphere feedback (AghaKouchak et al., 
2015; Zhang et al., 2022). Furthermore, the root zone soil moisture 
(RZSM), closely related to plant growth, is recognised as an effective 
indicator for monitoring and identifying flash droughts (Otkin et al., 
2018). Currently, there are three ways to obtain RZSM data: in situ 
observations, remote sensing techniques, and model simulations. Firstly, 
in situ observations, which provide soil moisture at different depths 
through ground-based instruments, are considered the most direct and 
accurate method to measure soil moisture (Babaeian et al., 2019). 
However, the spatial heterogeneity of soil moisture and the lack of dense 
soil moisture networks at regional or global scales make point-based 
observations less representative, which in turn limits their application 
in drought research (Peng et al., 2017; Liu et al., 2020a). Remote sensing 
(RS) techniques provide powerful tools for the characterisation and 
monitoring of near-surface soil properties (Babaeian et al., 2019). 
Numerous studies have provided surface and near-surface soil moisture 
estimates at various spatial scales (Li and Rodell, 2013; Zhang et al., 
2014; Chen et al., 2018), such as the Soil Moisture and Ocean Salinity 
(SMOS) and Soil Moisture Active Passive (SMAP) datasets. However, 
owing to the limited measurement depth of microwaves, a combination 
of data assimilation techniques and hydrological models is usually 
required to invert the RZSM based on near-surface remote sensing- 
observed SM, which introduces some uncertainties and errors (Draper 
et al., 2012; Dumedah et al., 2015). In addition to point and remotely 
sensed observations, several re-analysis products based on model sim
ulations provide an alternative way to obtain continuous RZSM (Yuan 
et al., 2015), such as datasets from the Global Land Data Assimilation 
System (GLDAS), the Global Land Evaporation Amsterdam Model 
(GLEAM) product, components of the fifth generation of the European 
ReAnalysis (ERA5-Land), and the North American Land Data Assimila
tion System (NLDAS). These datasets are important complements to in 
situ and remotely sensed observations (Liu et al., 2020b). However, 
some limitations are found in such databases, such as data gaps 
(Almendra-Martín et al., 2021), limited data length and spatial resolu
tion (Liu et al., 2020b), or breaks due to its merging algorithm (Pre
imesberger et al., 2021). In contrast, land surface modelling ensure the 
completeness of separate variables at the global and regional scale, such 
as RZSM and ET, to enhance research in drought studies (Almendra- 
Martín et al., 2022). More importantly, these models feature physically 
based formulations to describe RZSM and ET, and they include high- 
resolution hydro-meteorological data and their interpolation (often 
combining ground observations with reanalysis and remote sensing) to 
generate highly spatial and temporal RZSM and ET simulations. 
Therefore, in this study, we applied the TRAnspiration and INterception 
(TRAIN) model (Menzel, 1996, 1997) to generate daily RZSM and ET at 
a 1 × 1 km spatial resolution. 

In addition to flash droughts, heat waves, a type of extreme disaster 
caused by abnormally high air temperatures, have also attracted global 
concern owing to their rapid pace of development and devastating 
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effects (Perkins, 2015). More importantly, several studies have stated 
that global warming causes an increase in the frequency of heat waves 
and flash droughts (Hao et al., 2022; Qing et al., 2022; Mukherjee et al., 
2023), as well as an increase in the probability of the coincidence of 
these two extreme events in some hotspot areas, including Europe (Shah 
et al., 2022), Asia (Wang and Yuan, 2022; Zhang et al., 2023a), and 
American (Edris et al., 2023). For example, a heat wave accompanied by 
a severe soil moisture deficit in Russia in 2010 killed approximately 
54,000 individuals, reduced crop yields by approximately 25 %, and led 
to a total economic loss of ~US$15 billion (Peters et al., 2010). In the 
summer of 2018, Central Europe experienced a severe heat wave caused 
by a combination of prolonged precipitation, soil moisture deficits, and 
abnormally high temperatures, beginning in May 2018. Based on sat
ellite observations, biomass accumulation has been found to decline by 
15 %–25 %, even exceeding 25 % locally (Toreti et al., 2019). Such 
combined extremes (e.g., droughts and heat waves) may lead to adverse 
impacts on water supply, crop yield, and livestock mortality, which can 
be higher than the sum of their individual components (Ward et al., 
2022). However, researches on the impact of heat waves on flash 
droughts is limited recently. Thus, the scientific question that this study 
focus on is how the flash drought characteristics (e.g., drought duration 
and onset speed) and their associated hydro-meteorological variables 
change under the influence of heat waves. Meanwhile, the main hy
pothesis of this study is that flash drought events with and without heat 
wave encounters are independent of each other and can be compared. 

We selected the southwestern German states of Baden-Württemberg 
(BW) and Rhineland-Palatinate (RP) as study regions. For the simulation 
of the daily RZSM and ET at a 1 × 1 km spatial resolution and the 

subsequent identification of flash droughts, we applied the TRAIN model 
(Menzel, 1996, 1997), which was successfully adopted under the given 
climatic conditions. The objectives of this study were to (1) evaluate the 
TRAIN simulated RZSM and ET from 1961 to 2016 by comparing them 
with three datasets, i.e., GLEAM, ERA5-Land, and SMAP-L4; (2) identify 
heat waves and flash drought events based on the daily maximum 
temperature and TRAIN simulated RZSM, and analyse the spatial and 
temporal distributions of flash droughts, heat waves, and the coinci
dence of these two events; and (3) divide the flash drought events into 
two types: flash droughts that meet with no heat waves and those that 
occur simultaneously, and then compare drought characteristics of the 
two types of flash droughts (e.g., duration and onset speed) and changes 
in the hydro-meteorological variables (e.g., precipitation, ET, and tem
perature) associated with the flash drought processes to reveal how heat 
waves alter flash drought processes. The novelty of our study lies in the 
combined consideration of the two types of flash droughts and how heat 
waves modify these natural events. The results of this study can advance 
our understanding of the occurrence and dynamics of flash droughts. 

2. Study area and data 

2.1. Study area 

In this study, Rhineland-Palatinate (19,853 km2) (RP) and Baden- 
Württemberg (35,751 km2) (BW), two of the 16 states in the Federal 
Republic of Germany (Fig. 1), were selected as the study area. This re
gion forms southwest Germany and has an altitude between 38 and 
1494 m.a.s.l. It belongs to a temperate humid climate zone, which has 

Fig. 1. (a) DEM and the selected grid points for model evaluation, (b) average annual precipitation, (c) air temperature, (d) TRAIN-simulated evapotranspiration 
(ET), and (e) land use type over the study area. Reference period is 1961–2016. 
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warm summers and mild winters with no dry seasons. The mean annual 
(1961–2016) total precipitation varied from below 600 mm on the 
leeward sites and depressions in the RP to approximately 2000 mm or 
more on the windward mountain slopes of the Black Forest in BW (Dong 
and Menzel, 2016; Liu and Menzel, 2016). The mean annual tempera
ture ranges from approximately 4 ◦C on the highest peaks to 12 ◦C in the 
plains. The mean annual ET (calculated using the TRAIN model, as 
described later) ranged from 150 mm (residential areas and sealed 
surfaces) to 950 mm (open water surfaces), but typical values for natural 
vegetation ranged between 350 and 800 mm. In addition, six points 
(each point corresponding to a 1 × 1 km grid point in the TRAIN model) 
were selected to perform point-scale evaluation of the TRAIN model. 
They are distributed over typical landscapes, such as river valleys, 
plains, woodlands, and mountains (Fig. 1). 

2.2. Data 

The data used in this study comprised two main parts. The first 
category was used to drive the TRAIN model (see Section 3), which in
cludes meteorological data (air temperature, precipitation, solar radia
tion, relative humidity, sunshine duration, and wind speed) and 
physiological information (Digital Elevation Model, land cover, and soil 
properties). The meteorological data used in this study, spanning from 
1961 to 2016, were obtained from gridded data provided by the Climate 
Data Center of the German Weather Service (DWD, ftp://opendata.dwd. 
de/climate_environment/CDC/). All daily meteorological data were 
then interpolated to 1 km × 1 km resolution grids covering the RP and 
BW states. For the geographic information, gridded elevation data (1 km 
× 1 km resolution) were obtained from the Federal Agency for Cartog
raphy and Geodesy (http://www.geodatenzentrum.de). Land cover in
formation (30 m resolution) was retrieved from the EU-wide project 
Corine 2006 data set (https://land.copernicus.eu/pan-european/corin 
e-land-covera). Soil property data (such as the field capacity and 
depth of the root zone; scale of 1:50000 m) were derived from the 
Federal State Office for Geology, Raw Materials and Mining of BW (htt 
ps://www.lgrb-bw.de/aufgaben_lgrb/geola), as well as from the Fed
eral State Office for Geology and Mining RP (https://www.lgb-rlp.de/s 
tartseite.html). Land cover and soil property data were then interpo
lated based on the majority class within each 1 km × 1 km grid cell 
(Tijdeman and Menzel, 2021). 

The second data category was used to evaluate the performance of 
the TRAIN model. The TRAIN model focuses on the simulation of fluxes 
at the soil-vegetation-atmosphere interface, such as ET and RZSM. 
Therefore, two ET and three SM product datasets were selected for 
comparisons with TRAIN-based simulations of ET and RZSM. Detailed 

information regarding these evaluation datasets is presented in Table 1. 
The ERA5-Land reanalysis dataset was developed by the European 

Centre for Medium-Range Weather Forecasts (ECWMF) based on the 
ERA5 land surface component, with a series of improvements and 
recalculations. ERA5-Land has a spatial and temporal resolution of 1 h 
and 0.1◦, respectively, and is used worldwide (Liu et al., 2020a, 2020b; 
Muñoz-Sabater et al., 2021). The GLEAM ET dataset was generated 
using a set of algorithms based on the Modified Priestley–Taylor equa
tions. Since its development in 2011, the model has been revised regu
larly (Martens et al., 2017) and has been widely applied (Jiang et al., 
2021). 

The SMAP-L4, ERA5-Land, and GLEAM soil moisture datasets were 
based on remote sensing, reanalysis, and fusion technologies, respec
tively. The SMAP dataset provides direct sensing of the soil moisture in 
the top 5 cm of the soil column. However, RZSM in the top 1 m of the soil 
column cannot be directly measured using SMAP. To fill this gap, SMAP 
developed 3-hourly estimates of soil moisture at a resolution of 9 km, i. 
e., the SMAP-L4 SM product, by merging SMAP observations with esti
mates from a land surface model in a data assimilation system. The 
volumetric soil moisture content in the ERA5-Land reanalysis dataset 
was simulated for four layers: 0–7, 7–28, 28–100, and 100–289 cm. 
According to the prevailing vegetation and average rooting depths, we 
assumed that the soil moisture could meet the demands of vegetation up 
to a soil depth of 100 cm. Thus, we chose the soil moisture information 
at a depth of 100 cm. The weighted average of the first three soil 
moisture layers was calculated. Finally, the RZSM in the GLEAM dataset 
was calculated using a multi-layer water-balance algorithm considering 
net precipitation (precipitation minus interception loss) and snowmelt 
as inputs and ET and drainage as outputs (Miralles et al., 2011). The 
depth of the root zone is a function of the land cover type and comprised 
three model layers for the fraction of tall vegetation (0–10, 10–100, and 
100–250 cm), two model layers for the fraction of low vegetation (0–10 
and 10–100 cm), and one model layer for the fraction of bare soil (0–10 
cm). 

To maintain consistency in the spatial and temporal resolution for 
the evaluation of the TRAIN model, ERA5-Land and GLEAM data from 
1980 to 2016 were unified to a daily scale and interpolated to a 1 km ×
1 km resolution grid using the inverse distance weighting (IDW) 
method. As the SMAP-L4 dataset starts on 31 March 2015, we used the 
datasets (listed in Table 1) from 2015.03.31 to 2016.12.31 to evaluate 
the daily RZSM simulated by the TRAIN model. 

3. Model and methods 

3.1. TRAIN model 

The TRAIN (TRAnspiration and INterception indicating the major 
processes considered during the initial phase of model development) 
model, developed by Menzel (1996, 1997), is a hydrological model 
based on soil–vegetation–atmospheric transfer schemes (SVATS) and 
has been applied and validated in Switzerland (Menzel et al., 1999), 
Jordan (Menzel et al., 2009; Törnros and Menzel, 2014), and south
western Germany (Stork and Menzel, 2016; Tijdeman and Menzel, 
2021). The model includes information from comprehensive field 
studies on the water and energy balance for different surface types, such 
as snow, ET, interception, soil moisture, and runoff. It can simulate the 
spatial patterns of individual water budget components at different 
spatial and temporal scales. Typical applications are at point and 
regional scales, with temporal resolutions of one hour or one day. The 
model required precipitation, global or net radiation, soil heat flux (if 
available), air temperature, relative humidity, and wind speed as inputs. 
Information regarding the soil depth, water-holding capacity of the soil, 
leaf area index (LAI), and vegetation height is also essential for the 
model. If LAI and/or vegetation height information is not available, the 
model makes appropriate assumptions, such as the typical development 
of LAI or vegetation height for the respective vegetation. The outputs of 

Table 1 
Information on the selected evapotranspiration (ET) and root zone soil moisture 
(RZSM) datasets used in this study.  

Variables Products Temporal 
resolution 

Spatial 
resolution 

Period Website 

ET ERA5- 
Land 

Hourly 0.1◦ ×

0.1◦

1980–2016 https://cds. 
climate. 
copernicus. 
eu/  

GLEAM Daily 0.25◦ ×

0.25◦

1980–2016 htt 
ps://www. 
gleam.eu/ 

RZSM SMAP- 
L4 

3-hourly 9 × 9 km 2015–2016 https://nsidc 
.org/data/ 
smap/data  

ERA5- 
land 

Hourly 0.1◦ ×

0.1◦

1980–2016 https://cds. 
climate. 
copernicus. 
eu/  

GLEAM Daily 0.25◦ ×

0.25◦

1980–2016 htt 
ps://www. 
gleam.eu/  
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the TRAIN model included interception evaporation, transpiration, total 
evapotranspiration, root zone soil moisture, percolation, runoff, and 
snow cover. 

As shown in Fig. 2, the TRAIN model typically considers four pro
cesses: snow store change, interception and ET, soil moisture change, 
and runoff generation. The core of the model is the simulation of ET and 
soil moisture. In the TRAIN model, transpiration is generally calculated 
based on the Penman–Monteith equation (PM), using a model to simu
late the canopy resistance, rc. The PM equation can be described as 
follows: 

λE =
△(Rn − G) + ρcpDref

/
ra

△ + γ(1 + rc/ra)
(1)  

where E is the vapour flux (kg⋅m− 2 s− 1), λ is latent heat of vaporisation 
(J⋅kg− 1), Rn is net radiation (J⋅m− 2 s− 1), G is soil heat flux (J⋅m− 2 s− 1), Δ 
is the slope of the saturation vapour pressure (hPa⋅K− 1), γ is a psycho
metric constant ((hPa⋅K− 1), ρ is the density of dry air (kg⋅m− 3), cp is the 
special heat of dry air (J⋅kg− 1 K− 1), Dref is the specific humidity deficit at 
a reference height (hPa), ra is the aerodynamic resistance (s⋅m− 1), and rc 
is the canopy resistance (s⋅m− 1). Specifically, rc is modified by vegeta
tion growth, soil moisture status, and weather conditions (Menzel, 
1996): 

rc(T, LAI, δθ) = a0 + a1rc(T)+ a2rc(LAI)+ a3rc(δθ) (2)  

rc(T) = (T + b1)
4 (3)  

rc(LAI) = exp(b2LAI) (4)  

rc(δθ) = (δθ+ b3) (5)  

where T is the air temperature (◦C); LAI is the Leaf area index; δθ is the 

soil moisture deficit (mm); and a0, a1, a2, a3, b1, b2, and b3 are regression 
coefficients. According to Menzel (1997), the maximum amount of 
water that can be stored in the canopy depends on the seasonal devel
opment of the LAI, and interception evaporation is modelled to occur at 
different intensities as a function of the actual amount of water accu
mulated in the canopy and present weather conditions. 

In addition, the calculation of the soil water status and percolation in 
the TRAIN model follows the conceptual approach of the Hydrologiska 
Byråns Vattenbalansavdelning (HBV) model (Bergström, 1995), in 
which the soil column is not subdivided into different layers but is un
derstood as one uniform soil column. Soil moisture was calculated by 
balancing precipitation and ET, using field capacity and permanent 
wilting points as parameters. The calculation process is as follows: 

Q
P
=

(
SM
FC

)β

(6)  

where Q/P is often called the runoff coefficient, SM is the soil moisture 
(mm), FC is the maximum soil moisture storage (mm), and β is a shape 
parameter associated to soil characteristic. A weighing procedure was 
applied to obtain a single value from all soil moisture measurements 
within one profile. The contribution of each soil measurement depth was 
weighted and summed with respect to the depth within the total soil 
column. Therefore, the soil moisture in the TRAIN model was considered 
to be RZSM. For more information on the TRAIN model and its appli
cations, please refer to Stork and Menzel (2016) and Tijdeman and 
Menzel (2021). 

3.2. Identification of flash drought 

As recommended by Otkin et al. (2018), a definition of “flash 
drought” should inherently account for both its rapid intensification (i. 

Fig. 2. Flow chart of the TRAIN model.  
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e., the flash) and the actual condition of moisture limitation (i.e., the 
drought). Fig. 3 illustrates the flash drought event identification method 
used in this study. The RZSM was selected for the identification of flash 
droughts, and a flash drought event should meet the following 
conditions: 

(1) A flash drought onset when the RZSM dropped from greater than 
or equal to the 40th percentile to less than or equal to the 20th 
percentile, with a decline rate greater than or equal to the 10th 
percentile for each pentad. 

(2) A flash drought terminates when the RZSM is greater than or 
equal to the 20th quantile for at least two pentads. 

(3) The duration of a flash drought should range from 6 to 18 pen
tads. If the duration was <6 pentads, we considered it a short-term dry 
event; if the duration was >18 pentads, we considered it a conventional 
slowly evolving drought event. 

In addition, the aim of this study was to explore changes in flash 
droughts under the impact of heat waves. According to previous studies 
(Skrzyńska and Twardosz, 2022; Hartmann et al., 2023; Rouges et al., 
2023), the vast majority of heat waves in southwestern Germany are 
restricted to the summer season (from June to August). Therefore, we 
mainly focused on flash droughts that occurred during the summer 
season and all flash droughts mentioned below refer to summer flash 
droughts. Furthermore, according to the previous researches (Zou et al., 
2018; Wang et al., 2022), the Gamma distribution function was selected 
to fit the probability distributions for the flash drought duration and 
onset speed. The Kolmogorov-Smirnov (K-S) (Massey, 1951) test method 
was adopted to determine the effectiveness of the fitting. The value p 
calculated by the K-S test could reflect the confidence level of the fitting 
results. Usually, the fitting result could pass the significant level test 
when the p value is >0.05, and the closer the p value is to 1, the higher 
the confidence level is. 

3.3. Identification of heat wave events 

Air temperature is an important factor in the definition of heat waves 
because of its near-ubiquitous measurement and direct impact (Liu 
et al., 2020a). Climate communities consider heat waves to be multi- 
characteristic events, including intensity, duration, and frequency 
(Perkins, 2015). Consequently, many definitions of heat waves based on 

air temperature have been proposed that incorporate different intensity 
or duration thresholds. For example, Vautard et al. (2013) analysed both 
the amplitude and persistence of European heat waves based on the 90th 
percentile of the daily mean air temperature. Schoetter et al. (2015) 
defined a heat wave as a period in which the maximum temperature was 
above the 98th percentile for at least three days. In this study, we 
selected the heat waves identification methods recommended by the 
World Meteorological Organization (WMO) to define heat waves days as 
periods of at least five consecutive days in the summer season (from 
June to August) when the daily maximum temperature exceeded the 
climatological average of at least 5 K for the 1961–1990 reference 
period. According to the statistical results, ranges of the mean and max 
durations of heat wave events for all the grids in BW (RP) state are 
5.89–8.82 days and 9.00–19.00 days (5.80–8.42 days and 14.00–17.00 
days), respectively, which are approximately equal to 1–2 pentads and 
2–3 pentads, respectively. At the same time, there may be some lag effect 
in the impact of heat waves on flash droughts. Therefore, in this study, if 
a heat wave event occurred at the same time or within three pentads 
prior to a flash drought event, we considered that the heat wave event 
met this flash drought event. Due to the rapid development of a flash 
drought, if a heat wave event occurs after the onset of a flash drought, it 
primarily affects the termination process of the flash drought rather than 
the onset process, and we do not focus on such encounters. 

3.4. Trend analysis method 

The Mann-Kendall (MK) trend test method (Mann, 1945; Kendall, 
1975), recommended by the World Meteorological Organization 
(WMO), is a widely used nonparametric test method to determine trends 
of hydrological or meteorological series (e.g., precipitation, tempera
ture, and streamflow). For a time series of n observations X = x1, x2, …, 
xn, the statistic value Z is estimated as follows: 

Z =

⎧
⎨

⎩

(S − 1)
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅

var(S)
√

, S > 0
0, S = 0

(S + 1)
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅

var(S)
√

, S < 0
(7)  

where, 

Fig. 3. Schematic of the identification process of flash drought indicated by the root zone soil moisture (RZSM) percentile. (a) Whole phase of a flash drought event; 
the RZSM (the blue solid line) decreases from above the 40th percentile (the green-dashed line) to below the 20th percentile (the brown-dashed line). The first and 
second purple shaded areas represent the onset and termination phase of a flash drought, respectively. (b) Schematic representation of the onset phase of a flash 
drought event with an average decline rate of no less than the 10th percentile for each pentad. 
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S =
∑n− 1

i=1

∑n

j=i+1
sgn

(
xj − xi

)
(8)  

sgn(θ) =

⎧
⎨

⎩

+1, θ > 0
0, θ = 0
− 1, θ < 0

(9) 

The variance of S is computed as follows: 

var(S) = n(n − 1)(2n+ 5)/18 (10)  

where, xi and xj are the corresponding sample values for years i and j, 
respectively, and a positive value of Z (i.e., Z > 0) denotes an upward 
trend, and the opposite (Z < 0) corresponds to a downward trend. In this 
study, we selected 0.05 (i.e., |Z| > 1.96) as the statistical significance 
threshold to determine the upward and downward trends. 

4. Results 

4.1. Evaluation of TRAIN simulated ET and RZSM 

First, we conducted spatial analysis to evaluate the performance of 

the TRAIN model simulation. Figs. 4(a) and (b) show that the ET 
simulated by the TRAIN model was most highly correlated with the 
ERA5-Land ET data, followed by the GLEAM ET data, with average basin 
correlation coefficients of 0.828 and 0.803, respectively. Figs. 4 (c)-(e) 
show that the RZSM simulations of the TRAIN model had the highest 
correlation with the ERA5-Land data, followed by the SMAP-L4 and 
GLEAM data. The regional average correlation coefficients were 0.765, 
0.746, and 0.762, respectively. For the GLEAM data, the region with the 
lowest correlation was concentrated in the central part of the BW state. 
For the SMAP-L4 data, the lower correlation area was located in the 
southern part of the state of BW. The topography of the two areas is 
mountainous, and the land cover type is mainly forest (i.e., the Black 
Forest). Special topography and vegetation cover may lead to more 
uncertainties and errors in the model simulations and satellite obser
vations associated with the RZSM, resulting in low correlation co
efficients between the TRAIN model simulation results and the other 
three datasets. Overall, the correlation values between the TRAIN model 
simulated variables (ET and RZSM) and the other three datasets were 
high for most parts of the study area. 

We then selected six sample points (Fig. 1(a)) to further evaluate the 
performance of the ET and RZSM simulated by the TRAIN model on a 

Fig. 4. Spatial evaluation of the ET ((a)–(b)) and RZSM ((c)–(e)) simulated by TRAIN from 1980 to 2016 for the ERA5 and GLEAM dataset, as well as from 2015 to 
2016 for the SMAP dataset. 
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point scale (Fig. 5). TRAIN simulated ET (left side of Fig. 5) exhibited the 
same seasonality as the ET produced by the ERA5 and GLEAM datasets, 
with correlation coefficients of 0.78–0.88 with the ERA5 dataset and 
0.71–0.87 with the GLEAM dataset. The time series on the right side of 
Fig. 5 show good correspondence between the TRAIN simulated RZSM 
and the RZSM produced by the ERA5, GLEAM, and SMAP datasets. The 
correlation coefficients of the TRAIN simulated RZSM with the three 
datasets ranged from 0.78 to 0.90 (ERA5), 0.78–0.92 (GLEAM), and 
0.72–0.93 (SMAP). These evaluation results indicate that the TRAIN 
model can reasonably simulate the ET and RZSM across the study area. 
Thus, the simulated data can be used for the further identification of 
flash droughts. 

4.2. Temporal and spatial changes in flash drought and heat waves 

Figs. 6(a), (b), (g), and (h) show the number of flash drought and 
heat wave events per year averaged over the BW and RP states from 
1961 to 2016. Anomalies in the annual mean temperature, precipitation, 
ET, and RZSM were also calculated (Figs. 6(c)–(f) and (i)–(l)). In the 
years around 1990 (1988–1992), both the BW and RP states experienced 
consecutive anomalously high temperatures and ET and persistently 
anomalously low precipitation and RZSM, leading to a peak in the 
number of flash droughts in 1990. 

The temporal trends in these series were then analysed using the 

Mann-Kendall trend test method. The results showed that the number of 
heat waves, flash drought events, annual temperature, and ET in the BW 
and RP regions showed significant increasing trends (p < 0.05). Pre
cipitation and RZSM in these two regions showed a non-significant 
decreasing trend (p > 0.05). 

Furthermore, Figs. 7(a) and (e) show the spatial distributions of the 
frequencies of heat waves and flash droughts in the BW and RP states 
during the entire study period (1961–2016). Figs. 7(b), (c), (f), and (g) 
show comparisons of the frequency of heat waves and flash droughts 
between the base period of 1961–1990 (base period usually recom
mended by the World Meteorological Organization for climate change 
studies) and the comparison period of 1991–2016. The frequency of heat 
waves and flash droughts increased in most regions during the com
parison period compared with the base period. Figs. 7(d) and (h) show 
the percentage change in frequency for heat waves and flash droughts 
between the two periods, respectively. In the RP region, the increase in 
the heat waves frequency was within 0–200 % in most areas, whereas in 
the BW region, the increase in heat waves frequency was >300 % in 
most areas. The increase in the flash drought frequency was >40 % in 
most areas of the RP and BW regions. 

Fig. 8 shows the decadal variations in the number of heat waves, 
flash droughts, and the coincidence of these two events. From a median 
value perspective, the number of heat waves in the BW (Fig. 8(a)) 
continuously increased while the number of flash drought events (Fig. 8 

Fig. 5. Point evaluation of the ET and RZSM simulated by TRAIN. The spatial distributions of the six points (point-1 to point-6) can be found in Fig. 1. CC values on 
the left side of the figure ((a)–(f)) are correlation coefficients between the evapotranspiration (ET) simulated by the TRAIN model and ET produced by ERA5 and 
GLEAM from 2012 to 2016, respectively. CC values on the right side of the figures ((g)–(l)) are correlation coefficients between the root zone soil moisture (RZSM) 
simulated by the TRAIN model and RZSM produced by ERA5 and GLEAM from 2012 to 2016 and SMAP from 2015 to 2016, respectively. 
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(b)) increased in the first four decades and then remained constant. The 
coincidence number of these two events (Fig. 8(c)) also increased 
continuously. As for the RP state, the number of heat waves, flash 
droughts, and the coincidence of these two events (Fig. 8(d)–(f)) almost 
increased and then decreased, showing a different change characteristic 
compared to the BW state. 

4.3. Assessment of the impact of heat waves on flash drought processes 

Fig. 9 shows a comparison between the two types of flash droughts. 
Figs. 9(a)–(d) show the changes in the pentad-scale percentile of the 
RZSM, precipitation, ET, and maximum temperature in an independent 
flash drought event that did not coincide with a heat wave event. We 
defined this type of flash drought as FD-I. The changes in Figs. 9(e)–(h) 
occurred during a compound event in which a flash drought event met 
with a heat wave event. We defined this type of flash drought as FD-II. 
Both flash drought events (FD-I and FD-II) experienced similar precipi
tation deficits (Figs. 9(b) and (f)). The difference is that FD-I did not 
encounter a heat wave event and had a slow regional translation in 
maximum temperatures from anomalously low to high (Fig. 9(d)), 
whereas FD-II encountered a heat wave event with the regional 
maximum temperatures having a rapid translation from anomalously 
low to high and then to low (Fig. 9(h)). Different temperature translation 
led to different ET change processes. The ET of FD-I (Fig. 9(c)) experi
enced a slow translation from anomalously low to high, and then 
gradually reached extreme values. However, the ET of FD-II (Fig. 9(g)) 
showed a rapid shift from anomalously low to high values and then 
returned to a low value. Changes in the RZSM for the two types of flash 
droughts also differed. The RZSM of the FD-I (Fig. 9(a)) gradually 

translated from a surplus to a deficit. However, the RZSM of FD-II (Fig. 9 
(e)) showed a rapid shift from surplus to serious deficit and continued to 
remain under serious deficit conditions for an extended period, even 
after the heat wave event had finished. 

The statistical and probabilistic fitting results for the flash drought 
duration and onset speed for FD-I and FD-II events in BW and RP states 
are showed in Fig. 10. All the Gamma probability fitting distribution 
results passed the KS significance test, i.e. p > 0.05 (Figs. 10(a)-(h)). The 
results showed statistically significant differences in the flash duration 
and onset speed rate of FD-I and FD-II. Specifically, in BW state (Fig. 10 
(i)), the mean flash drought durations of FD-I and FD-II were 10.42 and 
8.95 pentads, respectively, and the corresponding values in RP state 
(Fig. 10(k)) were 10.67 and 9.53 pentads, respectively. The mean flash 
drought onset speed for the BW state (Fig. 10(j)) was the 19.69th 
percentile/pentad for FD-I and 21.77th percentile/pentad for FD-II, 
respectively; the corresponding values for the RP state (Fig. 10(l)) 
were the 17.16th percentile/pentad for FD-I and 19.91th percentile/ 
pentad for FD-II, respectively. These results indicate that heat wave 
events may shorten the duration of flash droughts and accelerate the 
onset speed of flash droughts. 

Here, we analysed the changes in the hydro-meteorological variables 
before and after the onset of two types of flash droughts (FD-I and FD-II). 
Figs. 11(a) and (e) show that in the BW and RP states, the median values 
of the precipitation box for both types of flash droughts were above or 
near the 50th percentile before the onset of the flash droughts and then 
fell below the 40th percentile after the onset of the flash droughts. 
Figs. 11(b) and (f) show that the median values of the maximum tem
perature box for both types of flash drought in the BW and RP states 
were near or below the 50th percentile before the onset of the flash 

Fig. 6. Regional average annual and decadal variations in flash and heat wave events and their component variables across the study area. (a) and (g) The number of 
flash drought (FD) events per year; (b) and (h) the number of heat waves (HW) events per year; (c) and (i) temperature (Tem) anomaly, (d) and (j) precipitation (Pre) 
anomaly, (e) and (k) evapotranspiration (ET) anomaly, and (f) and (l) root zone soil moisture (RZSM) anomaly. Except for the number of flash drought and heat wave 
events ((a), (b), (g), and (h)), the component variables ((c)–(f) and (i)–(l)) are standardized before being averaged to facilitate the comparison. The Z values are the 
Mann-Kendall test results; Z values reaching the 0.05 significance level (p < 0.05) are marked with an asterisk. The pink shaded area covers the year (i.e., 1990) when 
the peak of the flash drought numbers appeared and its adjacent years. 
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droughts. After the onset of flash droughts (from lag+1 to lag+3), all 
median values of the box for FD-II were above the 70th percentile, 
whereas those for the FD-I drought were around or below the 60th 
percentile. Figs. 11(c) and (g) show that the median value of the ET Box 
for both types of flash droughts tended to increase during the period 
from lag–3 to lag+1, and then decreased from lag+1 to lag+3. The 
difference was that for each pentad before and after the onset of flash 
droughts, the median values of the ET Box for FD-II were higher than 
those for FD-I. Figs. 11(d) and (h) show that the median values of the 
RZSM box for both types of flash droughts were above the 50th 
percentile before the onset of the flash drought. After the onset of the 
flash drought (from lag+1 to lag+3), all median values of the RZSM box 
for both types of flash drought decreased from the 50th percentile to the 
20th percentile. However, for each pentad, after the onset of the flash 
droughts, the median values of the RZSM Box for FD-II were lower than 
those for FD-I. In particular, in the third pentad after the onset of flash 
drought (i.e., lag+3), almost all values of the RZSM box (upper marginal 
95 % quartile line) for FD-II were below the 20th percentile, whereas 
only approximately 75 % (upper quartile line) of the RZSM box values 
for FD-I were below the 20th percentile. 

These analyses show that the precipitation conditions of both types 
of flash droughts were similar before and after the onset of flash 
droughts. However, temperature- and energy-control conditions signif
icantly differed between the two types of flash drought before and after 
the onset of flash droughts owing to the intervention of heat waves, 
resulting in higher water consumption through ET, a more severe 
decrease in RZSM, and a faster onset speed for the FD-II drought than 
that of the FD-I drought. 

5. Discussion 

In this study, the states of BW and RP in southwestern Germany were 
selected as the study area to assess the impact of heat waves on flash 
droughts. The results of the study showed a non-significant decreasing 
trend in RZSM in the two states, as well as a significant increasing trend 

in the frequency of flash drought and heat waves events. These results 
are consistent with the recent findings on the trend of SM and agricul
tural drought characteristics in the European continent (Albergel et al., 
2013; Feng and Zhang, 2015; Piles et al., 2019). For example, Almendra- 
Martín et al. (2022) found a general decreasing trend of SM, regardless 
of climate type but more intense in Eastern and Central Europe, as well 
as a general increase in the duration and intensity of extreme droughts 
over the European continent. In this study, the increasing frequency of 
flash drought and heat waves events is inextricably linked to variations 
in atmospheric regimes. The large-scale climatic conditions in both 
states are quite similar, mostly determined by the Azores High and 
Icelandic Low and the seasonal changes in their position. A westerly 
wind belt with wandering cyclones is located between the two pressure 
systems. The seasonal oscillation of this system in the north–south di
rection causes a dominance of cyclonic weather, with frequent passage 
of frontal systems during winter and calming of the cyclonic activity in 
summer, in favour of high-pressure persistent large-scale weather situ
ations. Recently, more long-lasting, quasi-stationary, and high-pressure 
systems have been observed during the summer months (Coumou et al., 
2015; Ionita et al., 2017). This atmospheric blocking no longer allowed 
for humid and cool western atmospheric flows, and made it difficult for 
soil moisture in the study area to be consistently replenished by pre
cipitation, which leads to an increase in the frequency of flash droughts. 

Furthermore, we can examine the physical processes driving the 
moisture balance of the land surface to understand mechanisms that can 
lead to the differences of flash drought with and without heat wave. Like 
other aspects of drought, precipitation deficit often plays an important 
role. Moisture flux away from the surface—evapotranspiration (ET)— 
can also play an important role in flash drought, thus driving feedbacks 
between the land and atmosphere (Pendergrass et al., 2020; Qing et al., 
2022). For the flash drought with and without meeting a heat wave 
event, their initial precipitation deficit states are relatively close to each 
other. However, the intervention of the heat wave events could lead to 
an increase in regional energy input and an immediate and rapid in
crease in the ET, accompanied by a rapid depletion of RZSM (Wang and 

Fig. 7. Spatial frequency of heat waves and summer flash drought events from 1961 to 2016 ((a) and (e)), 1961–1990 ((b) and (f)), and 1991–2016 ((c) and (g)), and 
their percentage changes from 1991 to 2016 relative to 1961–1990, i.e., ((post-1990–pre-1990)/pre-1990) × 100. 
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Yuan, 2022). This causes an accelerated transition in the flash drought 
from the energy-limited stage (both temperature and ET increase) to the 
soil water-limited stage (temperature continues to increase while ET 
decreases), thus accelerating the onset speed of flash drought. Therefore, 
flash droughts under the influence of heat waves are generally shorter in 
duration but faster in occurrence. 

Besides, we found differences even within a region of a relatively 
small spatial extent – BW and RP states together cover an area of 
approximately 55,000 km2. We found some differences in the frequency 
of flash droughts and heat waves between the two states (Figs. 7 and 8), 
as well as different changes in the associated hydro-meteorological 
variables when flash droughts coincided with heat waves (Figs. 10 and 
11). Topographic conditions may account for the above difference. On a 
smaller scale, the above mentioned atmospheric regimes is sometimes 
strongly modified by topographic conditions. The BW state is much 
more exposed to warm air inflows from southern directions, which move 
over the Rhone Valley (France), traverse the so-called Burgundian Gate 
to the Upper Rhine Valley (the lowlands in the far west of BW; see 
Fig. 1), and are often responsible for high air temperatures in BW state 
during summer. Therefore, differences in the influence of topographic 
conditions on the atmospheric regimes resulted in a higher frequency of 
heat wave events in BW state than in RP state. 

In addition to topographic conditions, extremely spatially 

heterogeneous soil properties may contribute to the differences between 
the two states, including soil depth, soil type, and soil water-holding 
capacity. These findings have implications for land use. Previous 
studies (Hellebrand et al., 2009; Dong and Menzel, 2016; Liu and 
Menzel, 2016; Tijdeman and Menzel, 2021) have shown that the land 
cover types in BW, in descending order of percentage, are cropland (43 
%), forest (38 %), grassland (10 %), urban (7 %), and water (2 %); in RP, 
it is forest (46 %), cropland (28 %), grassland (22 %), and urban (4 %). 
In both states, cropland prevails on deeper soils, which show a higher 
available water-holding capacity (AWC in millimetres; i.e., the amount 
of plant-available water in the root zone at field capacity), whereas 
shallow soils, disadvantageous for agriculture, are mostly covered by 
forests (Tijdeman et al., 2022). Compared with RP, BW had a higher 
proportion of croplands. It is mostly distributed in the lowlands, which 
are more strongly impacted by warm and hot air inflows. Moreover, 
emerging crops in deeper soils with high AWC likely consume more soil 
water during the transition from the energy-limited phase (increased ET 
and reduced RZSM) to the water-limited phase (simultaneous decline in 
ET and RZSM), resulting in a greater onset speed of flash drought and 
greater changes in ET and RZSM during the coincidence of flash 
droughts and heat waves. In summary, differences in topography, soil 
properties, and land cover appear to result in more pronounced changes 
in the frequency of heat waves and flash droughts in BW than in RP. 

Fig. 8. Number of heat waves ((a) and (d)) and flash droughts ((b) and (e)), and the coincidence of these two events ((c) and (f)) during the past six decades for the 
Baden-Württemberg (BW) and Rhineland-Palatinate (RP) states. 
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Fig. 9. Changes in the pentad-scale percentile of the root zone soil moisture (RZSM), precipitation (Pre), evapotranspiration (ET), and maximum temperature (Tmax) 
from 4 Jun–3 July 1989 ((a)–(d)) when a flash drought met with no heat wave event (we defined this type of drought as FD-I), and from 13 June–12 July 2010 ((e)– 
(g)) when a flash drought met with a heat wave event (we defined this type of drought as FD-II). 

Fig. 10. Comparisons of the drought duration and onset speed between the two types of flash drought events, i.e., a flash drought meets (FD-I) with or without (FD- 
II) a heat wave event (the p values reflect the confidence level of the Kolmogorov–Smirnov test, and mean values are the average of all samples). 
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There are some limitations of this study that need to be noted. Any 
study that uses a hydrological model may have associated uncertainties 
(Van Loon and Van Lanen, 2013; Wang et al., 2020). We note that the 
validations and applications of the TRAIN model in many previous 
studies have shown that the model is reliable for simulating ET and 
RZSM. For example, Stork and Menzel (2016) selected an observation 
site located in the Upper Rhine Valley near the BW state to validate 
TRAIN simulated ET and RZSM. The validation results showed that 

TRAIN simulated the dynamics and range of the daily ET values 
reasonably well from April to July 2014; the correlation coefficient (CC) 
and Nash efficiency (NS) were 0.87 and 0.83, respectively. Meanwhile, 
the TRAIN model generated very good RZSM dynamics on a daily 
timescale (CC = 0.96 and NS = 0.91). In addition to the station-scale 
validation, Tijdeman and Menzel (2021) selected 60 catchments with 
near-natural flow across the BW state to validate the TRAIN model from 
the perspective of water balance. The validation results showed that the 

Fig. 11. Percentile changes in the hydro-meteorological variables (precipitation (Pre), Temperature (Tem), Evapotranspiration (ET), and root zone soil moisture 
(RZSM)) of the two types of flash drought events (i.e., a flash drought (FD) meets with or without a heat wave (HW) event) in adjacent pentads of flash drought onset. 
“Lag–1” denotes 1 pentad prior to the onset time, while “Lag+1” denotes 1 pentad after the onset time. 
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annual average measured runoff for most catchments was in good 
agreement with the sum of the annual average simulated percolation 
and surface runoff. These results suggest that there is no systematic bias 
between the actual and simulated RZSM. Furthermore, in this study, we 
selected three datasets based on remote sensing, reanalysis, and fusion 
technology, i.e., the SMAP-L4, ERA5-Land, and GLEAM datasets, to 
evaluate TRAIN performance. In most areas (80 % of the area across the 
BW and RP states), the simulated RZSM (ET) had a high correlation (CC 
> 0.7) with the three (two) datasets. Therefore, these validation studies 
provide confidences in performing drought identification using the 
simulated RZSM from the TRAIN model. 

Apart from uncertainties, the land-atmosphere feedback mechanism 
between soil flash drought and heat waves needs to be investigated in 
future studies (Miralles et al., 2019; Benson and Dirmeyer, 2021; Osman 
et al., 2022). During a heat wave event, increased ET due to a high at
mospheric water vapour pressure difference or radiation can deplete the 
soil moisture deficit, leading to flash drought (Seneviratne et al., 2010). 
In contrast, flash droughts affect many processes associated with tem
perature anomalies (e.g., heat transport between the atmosphere and 
surface), thus causing or even amplifying heat wave events (Schumacher 
et al., 2022). From the above mutual feedback perspective, heat waves 
may be both a driver and a response to flash droughts (Miralles et al., 
2019). More importantly, compound flash drought and heat wave events 
are closely linked to atmospheric circulation anomalies (Zhang et al., 
2023b), such as the El Niño-Southern Oscillation (ENSO) and the Arctic 
Oscillation (AO). Therefore, it is worth to further explore the interaction 
between flash droughts and heat waves from a perspective of meteoro
logical systematics (Tabari and Willems, 2023), so as to provide tech
nical support for risk analysis and early warning of compound flash 
drought and heat wave events. 

6. Conclusions 

In this study, we firstly applied a physically based hydrological 
model, i.e., the TRAIN model, to simulate the RZSM and ET with daily 
time steps and on a 1 × 1 km resolution. Three datasets, ERA5-Land, 
GLEAM, and SMAP-L4, were selected to evaluate the TRAIN simulated 
RZSM and ET from 1961 to 2016. Secondly, heat waves and flash 
drought events were identified based on the daily maximum tempera
ture and TRAIN simulated RZSM. Thereafter, the spatial and temporal 
distributions of the number of flash droughts, heat waves, and the 
coincidence of these two events were analysed. Finally, we divided the 
flash drought events into two types (the first type was a flash drought 
that occurs with no heat wave while the second type was the opposite) 
and then compared the drought characteristics (e.g., drought duration 
and onset speed) of the two types of flash droughts and changes in the 
hydro-meteorological variables (e.g., precipitation, ET, temperature, 
and RZSM) associated with the flash drought processes to reveal how 
heat waves alter flash droughts. 

The states of BW and RP in southern Germany were selected as study 
areas to evaluate the above procedures. The simulated RZSM had the 
highest correlation with the ERA5-Land products, followed by SMAP-L4 
and GLEAM, with regional average correlation coefficients (CC) of 
0.765, 0.762, and 0.746, respectively. The CC of the TRAIN simulated 
ET with ERA5-Land and GLEAM ET were 0.828 and 0.803, respectively. 
The results of the trend analyses showed a significant increasing trend (p 
< 0.05) in the number of flash droughts and heat waves in both the BW 
and RP states. In addition, comparative analysis revealed that the mean 
duration and onset speed (decline rate) of flash droughts without 
meeting with heat waves were 10.42 (10.67) pentads and 19.69 
(17.16th percentile/pentad) for BW (RP), respectively, while those 
associated with heat waves were 8.95 (9.53) pentads and 21.77th 
percentile/pentad (19.91th percentile/pentad) for BW (RP), respec
tively. These results indicate that flash droughts under the influence of 
heat waves are generally shorter in duration but faster in occurrence. 
The findings of this study are helpful for improving our understanding of 

flash drought processes under the impact of heat waves. 
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Comparison of gap-filling techniques applied to the CCI soil moisture database in 
Southern Europe. Remote Sens. Environ. 258 https://doi.org/10.1016/j. 
rse.2021.112377. 

Almendra-Martín, L., Martínez-Fernández, J., Piles, M., González-Zamora, Á., Benito- 
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