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Abstract

Flash droughts (FDs) have attracted increasing attention in the past decade. They are characterised
by a rapid depletion of soil moisture resulting from interactions between the soil and atmospheric
conditions. To date, there is a lack of consistent FD definitions and an understanding of their
socio-economic impacts. Here, we explore the relationship between biophysical FD conditions and
the perceived impacts of FDs in Germany between 2000 and 2022. We measured perceived impacts
by analysing consequences reported in newspaper articles (2000-2022) and online search
behaviour using Google trends data (2004-2022). To characterise the physical process, we
considered root zone soil moisture data. Our results show that FDs are becoming increasingly
frequent in Germany, occurring once every two years on average. Despite the lack of knowledge
from the general public regarding the phenomenon of FDs, the peaks of interest in drought impacts
correspond to the physical occurrence of FDs across the country. We identified an average time gap
of four weeks between FD onset and the reporting of perceived impacts. This gap is longer than the
average duration of FDs’ onset. Consequently, our findings highlight that consistent monitoring of
FD conditions and drivers is necessary to guarantee effective preparedness. As impact perception is
too slow to allow the adoption of mitigation measures, FDs require new schemes for response
measures compared with slowly emerging (conventional) drought events. The novel method also

allows the consistent and impact-based validation of FD identification methods.

1. Introduction

Recently, the scientific community has shown an
increased interest in studying flash droughts (FDs).
In particular, the 2012 FD that started in late May
and by July affected over 75% of croplands in the
USA Midwest. This disastrous event devastated cent-
ral areas in the USA and produced increased attention
from scholars on a term that was rarely used before
(Basaraetal 2019, Lisonbee et al 2021). The 2012 USA
FD led to over US$30 billion in losses across the coun-
try because the rapid change from wet-to-dry soil
moisture hindered timely prevention and mitigation
(Christian et al 2019). The 2012 FD made the public
aware of a new threat to the water-food nexus posed
by rapid onset drought conditions (Pendergrass et al

© 2024 The Author(s). Published by IOP Publishing Ltd

2020), which is expected to occur more frequently
worldwide under climate change (Yuan et al 2023).
FDs are a particular type of drought characterised
by the rapid onset, in contrast to the slow-evolving
attribute of conventional droughts. Multiple meth-
ods to define and identify FD have been proposed
in the academic literature (Alencar et al 2022). An
initial debate focused on whether FDs were short-
lived droughts (Mo and Lettenmaier 2016), or intense
evolving droughts (Ford and Lobosier 2017). The cur-
rent consensus supports the latter (Christian et al
2024). A leading understanding describes FDs as
emerging rapidly by transitioning from average to
high soil moisture to dry conditions (Yuan et al
2023). However, seminal questions remain concern-
ing what should be considered an FD. Although clear
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thresholds have been proposed (Christian et al 2019,
Lietal 2020, Osman et al 2021, Yuan et al 2023), their
transferability across case studies is limited (Alencar
et al 2022). The lack of well-established criteria has
led to a growing diversity of definitions and monitor-
ing tools for FDs. However, these definitions and tools
still lack validation and transferability (Lisonbee et al
2021, Alencar et al 2022). Hence, FD research would
benefit from studies applying multiscale and multi-
variable frameworks (Liang and Yuan 2021).

Here, we propose a different perspective for
FD identification. Similar to their slower counter-
parts (i.e. longer and slow-evolving droughts; hence-
forth referred to as conventional droughts), FDs
affect multiple sectors of society, such as agricul-
ture, animal husbandry, energy and water sup-
ply, and social activities (Christian et al 2020,
Walker et al 2024). Although various existing FD
indices are centred on hazards (Alencar et al 2022),
they may not consistently translate into socioeco-
nomic impacts. Therefore, the conditions leading
to impactful FDs are still uncertain. Here, we sug-
gest that understanding society’s perception of the
impacts of FDs can assist in diminishing these
uncertainties.

We present a novel approach to studying FDs by
considering the link between the biophysical occur-
rence of FDs and their perceived impacts. We assess
the impacts based on impacts reported in newspa-
per articles and the internet search behaviour of local
populations which represent two popular approaches
for measuring local drought awareness.

Newspapers often serve as real-time recorders of
societal responses and reactions to extreme weather
events (e.g. Sodoge et al 2024, Bogdanovich et al
2024), offering a unique perspective on the social
impacts of FDs. Similarly, internet searches can
approximate public awareness of a specific topic
(Kam et al 2019, Kim and Kim 2023). This approach
can help researchers gain a more comprehens-
ive understanding of the socio-economic implica-
tions of FDs, enhancing their ability to develop
effective strategies for preparedness, mitigation, and
adaptation.

To test whether digital trace data (e.g. news art-
icles and Google searches) can support the identific-
ation of FD occurrence, we considered the case of
Germany from 2000 to 2022. Germany was chosen
as a case study because of its recent history of major
conventional droughts (2003, 2015, and 2018-2022)
that had widespread impacts on sectors such as agri-
culture, forestry, livestock, and waterways naviga-
tion, which have gained public attention (Tijdeman
and Menzel 2021, Rakovec et al 2022, Sodoge et al
2024). We obtained daily time series for biophys-
ical FD occurrence, reported impacts in newspapers,
and online search behaviour on a district level in
Germany. Thus, we investigate three hypotheses:
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— H1 - FD is a common phenomenon in Germany,
and its occurrence has increased over the last few
decades.

— H2 — Impacts reported in the media and searched
by internet users are a source of information for risk
assessment that can be used to identify when FDs
impact society

— H3 — There is a delay between FD onset and
impact reporting due to latency time for water/-
plant/soil/society response to drier conditions.

2. Data and methods

Our research design comprises multiple steps that
involve three distinct datasets: soil moisture, online
search behaviour measured using Google trends,
and reported drought impacts in newspaper articles
(figure 1). For each, we obtained daily time series on a
district-level using the statistical regions of Germany
defined by the Nomenclature of Territorial Units for
Statistics (NUTS) levels 1, 2, and 3. We used the most
fine-grained NUTS level available for each dataset
for the main analysis and provided the results for
all NUTS levels in the supplementary material. To
explore the relationship between hazard and impact-
related indicators, we employed time-series cross-
correlation analysis. The following sections provide
a detailed description of each step in the research
design.

2.1. Soil moisture data and FD identification

For identifying FDs, we used the method suggested by
Ford and Labosier (2017) which is based on root-zone
soil moisture and was successfully applied in mul-
tiple case studies (Otkin et al 2018, Lesinger and Tian
2022). This method was chosen due to its use of soil
moisture in shallow compartments, which has been
pointed as the most important variable for FD occur-
rence and that best relates to impacts (Lisonbee et al
2021, Alencar et al 2022, Christian et al 2024). For
soil moisture, we used data for Germany from Boeing
et al (2022) which covers 1980-2022 and has daily soil
moisture at different soil depths (0-25, 25-60 and 60-
200 cm) and a 4 km spatial resolution. The data was
generated through the mesoscale hydrological model
(mHM—Samaniego et al (2017)) and demonstrated
a robust correlation (p > 0.7; p-value < 0.05) with
observed soil moisture by the German network of ter-
restrial environmental observatories at (TERENO—
Bogena et al (2022)) and FluxNET (Pastorello et al
2020) stations across Germany. The optimal perform-
ance of the soil moisture model was observed from
April to November, corresponding to the primary FD
season in Central Europe (Alencar et al 2022, Boeing
et al 2022). We focused on the soil moisture data at
40 cm depth and accumulated soil moisture values
at five-day intervals (pentads), as described by Ford
and Lobosier (2017). A FD was considered to occur
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Figure 1. Overview of the research design: based on the three datasets for soil moisture, reported drought impacts, and online
search behaviour, daily time series are obtained on a district level in Germany. Cross-correlation analysis is then employed to
analyse the relationship between hazard indicators and consequent impacts.

if (1) the soil moisture dropped from at or above
the 40th percentile to at or below the 20th percentile
within four pentads, (2) the soil moisture remained
below the 30th percentile for at least three pentads
after the onset to avoid classifying very short events,
and (3) the event ended after soil moisture reached
the 40th percentile. Percentiles were computed based
on a grouping of pentad-years, wherein each pentad
(1 to 73) was juxtaposed with its corresponding ith
pentad for each year within the 1980-2022 period.
This means that the percentile distributions were cal-
culated separately for each pentad across all years in
the dataset. For instance, all data points correspond-
ing to the 1st pentad of each year were used to com-
pute the percentile distribution for the 1st pentads, all
data points for the 2nd pentad were used to compute
the percentile distribution for the 2nd pentads, and
this process was repeated for all 73 pentads. These cri-
teria were computed using the detailed soil moisture
dataset by Boeing et al (2022) and the method of Ford
and Lobosier (2017) implemented in the R-package
fdClassify (Alencar et al 2022). Criterion 1 defines
the intensification phase, which ends at the FD onset.
Criterion 2 defines a minimum persistence after onset
to avoid overidentification of events (Pendergrass et al
2020), and criterion 3 establishes the end of the event,
indicating a return to normal conditions.

Although the spatial resolution of the FD data-
set corresponded to 4 km, we aggregated the occur-
rences at NUTS-1, NUTS-2, and NUTS-3 levels.
For each NUTS level, the percentage of the area

under FD conditions was computed at each pentad.
At the NUTS-1 level, the three German city-states
(Berlin, Bremen, and Hamburg) joined the sur-
rounding states (Brandenburg, Niedersachsen, and
Schleswig—Holstein, respectively) because of their rel-
atively small size compared to the other states.

2.1.1. Trend analysis

To explore the temporal patterns in the occurrence
of FDs in Germany (H1), we assessed the trends in
their intensity, duration, and frequency from 1980-
2022. Here, we define FD intensity as the mean drop
in soil moisture percentiles over the intensification
phase, measured in percentile.day~'. Duration refers
to the period from the start of intensification until the
return to normal conditions. Frequency is considered
as the expected number of years with an occurrence
of at least one FD, ranging from 0-1.

We used the regional Mann—Kendall test to per-
form this trend analysis and to compute and identify
possible changes in FD intensity, duration, and fre-
quency (Mann 1945, Helsel et al 2020). This test eval-
uates the monotonic trend in the time series data
to identify the significance of increasing or decreas-
ing trends. We used the data on identified FDs
(section 2.1) at the NUTS-2 level to assess whether the
frequency, duration, and intensity of FDs in Germany
increased considerably during the study period (H1).
Furthermore, we computed the regional Theil-Sen
estimator (Sen 1968, Theil 1992) to estimate the
slope of these trends (i.e. the trend direction and
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magnitude). The Theil-Sen estimator, known for its
robustness in assessing rates of changes in time-series,
is less sensitive to outliers, and does not rely on
assumptions regarding the distribution of data and
residuals (Wang and Yu 2005). It is computed as the
median of the slope of all lines that connect all pairs
of points in the data series (Helsel et al 2020).

2.2. Digital trace data on perceived impacts and
public awareness
2.2.1. Socio-economic impact data
To assess the perceived impacts of FDs on differ-
ent socio-economic sectors, we used information on
reported socio-economic impacts in newspaper art-
icles. Specifically, we used the approach and data
by Sodoge et al (2024), which consider the fre-
quency of newspaper articles reporting on a specific
drought impact using text-mining approach as fol-
lows. We examined approximately 50 000 newspaper
articles that included terms related to conventional
drought (e.g. Diirre* and Trockenheit in German).
These were published between 2000 and 2022 in 250
national, regional, and local German newspaper out-
lets included in the genios.de newspaper aggregator
database. Articles were automatically reviewed using
text-mining techniques to detect reported impacts in
each article and its geographic scope using NUTS
levels 1, 2, and 3. First, duplicate articles were auto-
matically removed by considering the Jaccard simil-
arity score (Mullen 2020). To this end, a threshold
of 95% was defined, where 100% indicates full sim-
ilarity. We then categorized the types of impacts
using lasso logistic regression models. These models
were trained and assessed using a set of 1800 manu-
ally annotated newspaper articles (Madruga de Brito
et al 2020). Hyperparameter tuning was conducted
using cross-validation within the training sample. A
median accuracy of 89% was obtained for these mod-
els compared to the manually annotated data. The fol-
lowing impact types were covered: agriculture (crop
yield losses), energy (impacts on reduced energy pro-
duction in nuclear power plants), fire (forest wildfires
or fires in other areas due to drought conditions), live-
stock (impacts on livestock farming and animal pop-
ulations), and social (impacts on places and activities
used for recreation, tourism, and leisure). To locate
impact areas, we identified the cities, regions, and dis-
tricts mentioned in each article using named-entity
recognition. We then selected the regional cluster with
the highest frequency of detected locations. A previ-
ous study by Sodoge et al (2024) provides a detailed
description of this procedure, including extensive val-
idation with external indicators and observed impacts
such as crop yield losses, forest fire statistics, and pre-
cipitation deficit.

The resulting dataset contains daily time-
series data for each NUTS unit (levels 1,2, and 3)
of the number of reported impacts. We further
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aggregated the time series into pentads to com-
pare the data with the FD measurement. At the
NUTS-1 level, the three German city-states (Berlin,
Bremen, and Hamburg) joined the surrounding
states (Brandenburg, Niedersachsen, and Schleswig—
Holstein, respectively) because of their small size
compared to the other states.

2.2.2. Public awareness data

To determine public awareness of FDs, we collected
information on spatio-temporal patterns of internet
search frequency for the topic ‘drought’ using Google
trends data. This service provides an index of how
many Google users on a particular day and region
search for a specific term, where a higher value (max-
imum 100) corresponds to the maximum interest
for a term. Previous studies have shown the capab-
ilities of Google trends data to monitor the aware-
ness of droughts from a spatio-temporal perspective
(Kam et al 2019). However, Google does not reveal
details and changes in the underlying algorithms. We
extracted the daily time series for 2004—2022 for each
NUTS-1 (only scale available) unit using the PyTrends
Python package (Hogue and DeWilde 2023).
We then aggregated the time series into pentads
to compare the different datasets in subsequent
analyses.

2.3. Correlation analysis

To identify whether the reported impacts in the news
media and internet search behaviour were influenced
by the occurrence of FDs (H2), we performed a
cross-correlation analysis between the datasets. This
allowed us to assess the temporal delays between
the occurrence of FDs and impact perception (H3).
Specifically, we employed cross-correlation functions
(CCF—Shumway and Stoffer 2019) that can identify
delays between two variables, offering insights into
whether one variable can predict the other. In this
study, these delays represent the asynchronous beha-
viours expected between the peaks of FD onset and
impact reporting (hypothesis H3). CCFs are com-
monly used to assess the similarity between two
series (waveforms) as a function of their relative delay
(equation 1)

Vxy (i7j)

— (1)
o (i,1) Oy (7,7)

Pxy (i,j) =

where x and y are time series, 7y is the co-variance
between x and y, p, and p, are the standard deviations
of x and y, respectively, and i and j are time indexes.
It is important to notice that i and j are related, being
j =i+ h, where h is the delay between the time series.
Using equation (1), we can identify the delay between
both time series x and y (e.g. FD onset and impact
reporting) as being the h that maximizes py,(i,i+ h).
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Figure 2. Ratio of years with FD occurrence in Germany from 1980-2022. Events were identified using the Ford and Lobosier
(2017) approach, which is based on soil moisture percentile changes at a depth of 40 cm. Soil moisture was assessed using the
Helmholtz Centre for Environmental Research (UFZ) drought monitor dataset (Boeing et al 2022). The soil moisture data is
generated through the mesoscale hydrological model (mHM—Samaniego ef al 2017) and validated with TERENO and
FLUXNET stations (Pastorello et al 2020, Bogena et al 2022) at a resolution of 4 kilometers.
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3. Results

H1-FD is a frequent and intensifying phenomenon
in Germany

Using a high-resolution soil moisture dataset (Boeing
et al 2022) and the method described by Ford and
Lobosier (2017), we assessed the occurrence of FDs
in Germany from 1980-2022 (see figure 2). The res-
ults showed that FDs are a frequent phenomenon
in Germany, with an average frequency of one event
every 1.5 years. Particularly, the southern and south-
western regions experience the highest frequency
of events, with FDs occurring almost every year
(frequency of approximately 0.87). Conversely, the
northeast, including the federal states of Saxony-
Anhalt, Brandenburg, and Berlin, has a lower rate of
FD occurrence. Here, FDs occurred in approximately
55% of the analysed years.

Temporal trend analysis revealed that FDs have
increased in frequency and affected areas over the last
few decades (see figure 3). From 1980-2022, Germany
experienced FD events every year, at least in parts
of its territory, with the minimum values of affected
areas ranging from 10% (e.g. 1987 and 2002) to a not-
able maximum of approximately 99% (in 2020). The
affected area has consistently increased at a rate >9%
per decade. Hence, the average annual affected area by
FDs in Germany increased from approximately 40%
at the beginning of the 1980 s to approximately 80%
in the 2020 s. In particular, 2007, 2012, 2020, and 2022
had major FD occurrences in Germany.

Using the regional Mann—Kendall test, we
assessed the spatial distribution of trends in FD

intensity, duration, and frequency (figure 4). Only
positive trends were identified across the NUTS-
2 regions in Germany for all three variables.
Furthermore, most trends were statistically signi-
ficant, as indicated by the hatched areas. These
findings indicate that FD is not only a frequent
phenomenon (occurring almost yearly in some
regions) in Germany (H1), but also an intensifying
one. Figure 4(a) shows that FDs intensified across
southern Germany, with rates increasing up to 1
percentile.day!.decade™!. Meanwhile, figure 4(b)
illustrates changes in the duration of FDs, showing
particularly major trends in the southern and west-
ern regions. Here, FDs have become notably longer
over the 2000 s and 2010 s, with durations increasing
up to 30 days.decade™!. These two results under-
score the heightened hazard posed by FDs in the
south and southwest of the country, where soil is rap-
idly drying at a faster rate and persisting for longer
durations.

Figure 4(c) presents the changes in FD occurrence
in terms of events per year. These events have become
more frequent across all regions, with an average fre-
quency of 5%.decade™!. The region with the largest
increase was Berlin (11%.decade™!). In contrast to
the patterns observed for the other two variables ana-
lysed, NUTS 2 regions in the south presented a slightly
lower trend in FD occurrence than their northern
counterparts.

H2-The blind perception of FDs
The term ‘Blitzdiirre’ (FD, in German) is not wide-
spread in the news or is common knowledge in
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Figure 3. Annual percentage of areas affected by FDs in Germany. Using the Mann—Kendall test, we found strong evidence
(p-value < 0.01) of an upward trend in the yearly affected area, with an increase of >9% per decade. Grey shaded area indicates

the 95% confidence interval.

German society. In fact, of the over 260 mil-
lion articles in the genios.de newspaper aggreg-
ator database, only 21 mentioned this term after
2023. Comparing the interest in searches using the
keywords Blitzdiirre and Diirre (the term for con-
ventional drought, in German), we find that interest
in FDs is, on average, 14 times lower (figure 5).
During peak periods of interest in FDs in the early
2000 s, this accounted for only 16% of the searches
using the keyword drought. Over the last five years,
searches focusing on FDs have decreased to 0.5%. The
keywords used to assess impact perception from news
articles and public awareness from Google searches
focused solely on drought-related terms because of
the absence of the term FD in public discourse.
Nevertheless, there is a common pattern of FD emer-
gence and an increase in drought-related report
impact on the media illustrated in figure 6. This con-
sistent pattern of acknowledging FD occurence via
the impact perception and their reporting as conven-
tional droughts (i.e. Diirre) is what we call here as a
‘blind perception’.

H3-Relationship between FD occurrence,
perceived impacts, and public awareness
Comparing the time series of FD indices and
reported impacts in newspapers, we found pos-
itive correlations (r=0.65) and that following a
rapid increase in areas affected by FD, there is a
wave of impact reporting. Using CCF, we assess
time lags between the occurrence of FDs and the
reporting of their impacts on the news media
(figure 7(a)).

The results for Germany as a whole show a uni-
form baseline awareness of droughts (see the blue
line in figure 7(a)). We interpret this as reflecting

the cultural and social perceptions of droughts,
encompassing the expectation of future events and
the recollection of past events. The baseline value
was derived from the CCF computation, where the
horizontal axis can be arbitrarily long in the pos-
itive and negative directions. To assess the media’s
baseline awareness of drought impacts, we used
CCF values for long delays (above 15 weeks, a
period longer than usual FDs) and negative delays
under two weeks (to exclude potential forecast
reports). The concept of negative delay results from
the mathematical nature of CCE which allows
the identification of synchronicity independent of
causality.

When examining the relationship between
media-reported impacts and FD occurrences, we
found that there was a consistent delay of four weeks
before the impacts peaked. This suggests persistence
of interest and reported impacts long after the onset
of FDs. The four-week delay can be interpreted as
the average time between FD onset and the per-
ception and reporting of socioeconomic impacts.
However, there were spatial differences between the
changes in impact reporting under FD occurrence.
In NUTS-2 and NUTS-3 regions, there was a notably
higher frequency of impact reporting within the first
two weeks compared to the NUTS-1 region (supple-
mentary material). This highlights the effectiveness
of localized news sources in monitoring and report-
ing the local conditions and impacts of droughts and
FDs.

Comparing FD occurrence and online search
behaviour data from Google Trends, we found similar
correlations (r = 0.61) and trends in public awareness
in response to the occurrence of FDs (see figure 7(b)).
Opverall, the value of the baseline awareness aligns
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Figure 5. Comparison of searches on Google for the terms ‘Diirre’ (Drought—Ilight grey) and ‘Blitzdiirre’ (Flash drought—dark
grey) in Germany, from 2004 to 2023. Searches in Google Trends are reported as a percentage of the maximum observed in the

monitored period.

with our previous observation (figure 7(a)). However,
the peak delay was shorter (three weeks) compared
to the response of reported impacts in newspaper
articles (four weeks). This shorter timeframe indic-
ates that the general community engaging in online
searches has a quicker perception of the impacts of
FDs. One possible explanation for this is the time
required between perception and reporting of the
news, as there is an intrinsic interval necessary to col-
lect, verify, and write news compared to online search
behaviour.

4, Discussion

FDs are becoming increasingly frequent under
climate change, and require different adaptation
schemes owing to their rapid emergence (Yuan et al
2023, Christian et al 2024). In this regard, we invest-
igated the occurrence of FDs in Germany, as well as
societal awareness (Kam et al 2019) and perceived
impacts (Sodoge et al 2024). Using these digital
trace data, our study shows the delayed response
of social perception to FDs as reported in
the media and according to online search
behaviour. Expanding on the results of our
study, we contextualize them within the
structure of our hypothesis presented in the
Introduction.

Hypothesis 1-FD is a common phenomenon, and
its occurrence has increased over the last few
decades in Germany

Our analysis revealed that FDs have become increas-
ingly frequent in Germany, occurring once every
two years on average (figure 2). Notably, they are
more prevalent in the southern and western parts
of the country. In contrast, northeast Germany

(e.g. Berlin and Brandenburg), which has sandier
soils and lower plant-available water (Kruse 2015,
Gebauer et al 2022), exhibited faster variations in
soil moisture in terms of percentiles (Alencar et al
2022). This characteristic leads to a lower rate of FD
intensification, which may explain the lower occur-
rence of FDs in the region. This does not neces-
sarily imply that regions like Brandenburg exper-
ience less rapid drying such as FDs (Shah et al
2022). Rather, this suggests a limitation in the method
used to identify these local events (Alencar et al
2022). Impact-based and multivariate indices and
analysis are possible solutions for overcoming the
limitations of traditional methods of identifying FDs
(Mukherjee and Mishra 2022, Zhang et al 2022,
Shyrokaya et al 2023).

Furthermore, the trend analysis showed that in
addition to being a common phenomenon, FDs are
becoming more intense, longer, and more frequent
across Germany, with positive trends in all three vari-
ables observed in all regions (NUTS-2). However,
these trends are not uniform and can be linked to
different factors. Specifically, FD intensity increased
in the southern region, which is consistent with
previous reports (Brunner et al 2023, Yuan et al
2023), especially in mountainous regions. The res-
ults indicated that the western and southern regions
of Germany experienced an increase in the duration
of FDs. These trends might be a consequence of dif-
ferences in the regional climate. The western and
southern regions have a temperate oceanic climate
(Ctb—Koppen-Geiger classification; Beck et al 2018)
whereas the eastern regions have a colder humid
continental climate (Dfb). Moreover, east Germany
has sandier soils, with lower organic matter con-
tent and plant-available water (Kruse 2015, Gebauer
et al 2022). The city of Berlin shows large trends
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Figure 7. Results of the cross-correlation function (CCF) between A: Impact reporting in news articles and FD occurrences
(NUTS-3) and B: searches on Google and FD occurrences (NUTS-1). We observe a baseline of correlation, which reflects noise
and pre-existing awareness or discussions regarding drought impacts in the media. The red line indicates the peak in the delay of
FDs and impact reporting. Graphs for all NUTS levels are provided in the supplementary material.

in all three variables, possibly induced by urban
anthropogenic causes, such as soil sealing and water
multiple water abstractions (Kuhlemann et al 2020),
as well as land use changes upstream, particularly
in Lausitz, where Lignite mining which artificially
added water to the Berlin system and has progressively
being reduced, with projection to complete phase-out
by 2030 (Gerwin et al 2023). Nevertheless, the exact
cause of the different trends in FD features is beyond
the scope of this study, and further investigation is
required.

Hypothesis 2-The impacts reported in the media
and searched by internet users are a source of risk
assessment that can be leveraged to identify when
FDs impact society
While prior studies focused on hazard-centric indic-
ators (Ford and Lobosier 2017, Pendergrass et al 2020,
Noguera et al 2021, Ho et al 2023) to identify FDs, our
study demonstrates the effectiveness of using digital
trace data to track FDs and their societal impacts.
We found that the use of the term FD’ is
not widespread in the German public discourse.
Consequently, terms associated with drought were
used to evaluate impact perception and public aware-
ness. Despite the distinct nature and drivers of
droughts and FDs, they are often perceived as a
single phenomenon, as evidenced by the positive
cross-correlation values (figure 7). Additionally, neg-
ative correlations between event occurrence, impact
perception, and public awareness may be attributed
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to the semantic blending of flash and conventional
droughts in public discourse. This blending results
from drought-related impacts that are examined for
synchronicity with FD events, as well as FDs that
eventually become longer (conventional) droughts
(Basara et al 2019). Additionally, while previous
studies used Google Trends and newspaper data
to enhance the modeling of social awareness in
response to droughts (Kam et al 2019, Kim and
Kim 2023), this study is the first to model FDs
using innovative digital trace data and relate the res-
ults to hazard events. Thus, while modeling for lar-
ger, less-fine-grained temporal resolutions of heat-
waves has been shown in previous studies (Polt
et al 2023), we highlight how shorter drought haz-
ards, such as FDs, can be monitored for short-
term responses. These results underscore the value
of digital trace data in comprehending the impacts
of FDs, unraveling the distinct characteristics that
differentiate them from more gradually unfolding
droughts.

Hypothesis 3-There is a delay between FD onset
and impact reporting due to latency time for
water/plant/soil/society response to drier
conditions

Using high-resolution soil moisture data and digital
trace data at multiple levels of spatial aggregation
(NUTSI, 2, and 3), we found a correlation between
FD occurrence, impact reporting (r = 0.65), and
Google searches (r = 0.61). The analysis of these
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digital trace data revealed a consistent delay between
FD occurrence and the reporting of its impacts on
the media (four weeks), as well as in Google searches
(three weeks). Hence, these correlations and observed
delays support H3 and H2. However, these delays are
too long to be actionable because they are longer than
the usual onset duration for FDs (up to 20 days—Ford
and Lobosier 2017, Pendergrass et al 2020, Lisonbee
et al 2021). There are two consequences of this
finding. First, it reinforces the necessity of early-
warning and early-action systems to inform stake-
holders about the occurrence of FDs (Sehgal et al
2021, Otkin et al 2022). Second, it provides a con-
sistent metric for identifying impactful FDs that can
be used to validate hazard identification methods,
monitoring, and early warning systems (Alencar et al
2022).

Although recent studies have attempted to mon-
itor and forecast FDs (Mukherjee and Mishra 2022,
Ho et al 2023, Christian et al 2024), these efforts
often fail to identify impactful events and validate
their metrics and indices with observed societal con-
sequences, leading to misidentification and misin-
formation (Alencar et al 2022). This study provides
a novel technique to bridge this gap and allows
the production of more reliable methods for FD
identification and monitoring based on validated
events. Currently, Germany does not monitor FDs,
although German drought monitoring provides daily
assessments of drought conditions (Zink et al 2016).
Moreover, there is no tool in place for alert or early
warning, despite the frequent occurrence of FDs and
their major impact on multiple sectors, particularly
agriculture.

5. Conclusions

Since 1980, we have observed an increase in the fre-
quency and intensity of FDs. Different adaptation
strategies are necessary to cope with their rapid emer-
gence. We investigated the occurrence of FDs and
their relationship to societal awareness in Germany.
By analysing digital trace data on the perception of
drought impacts, our study shows a delayed response
of social perception to FDs in newspaper media and
online searches.

We found that FD occurrence in Germany has
been increasing over the past few decades, making
FDs a common phenomenon. Synchronicities were
observed between the reporting of drought-related
impacts in the newspaper media and the incidence of
FDs in Germany. However, societal awareness, meas-
ured by online search behaviour and reported impacts
in newspapers, was dampened by a delay of, on aver-
age, four weeks compared to the emergence of the FD.
These findings have two key implications: (1) digital
trace data coupled with high-quality soil moisture
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data can successfully assist modelers in accurately
validating designed metrics for FD identification, (2)
although digital trace data serve as a rich source of
information to determine when and where impact-
ful FDs occur, it is insufficient to provide action-
able information owing to delays in the publica-
tion of data. With the increasing threat posed by
FDs in a changing climate, it is necessary to design
information systems capable of integrating forecast
assessments with potential impacts in vulnerable
areas.
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