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Abstract. Droughts, traditionally less associated with high-
latitude regions, are emerging as significant challenges due
to changing climatic conditions. Recent severe droughts in
Europe have exposed the vulnerability of northern catch-
ments, where shifts in temperature and precipitation patterns
may intensify drought impacts. This study investigates the
dynamics of drought propagation in high-latitude regions,
focusing on four key aspects: (1) the typical lag time for
drought conditions to propagate from initial precipitation
deficits to impacts on soil moisture, streamflow, and ground-
water systems; (2) the probability of precipitation deficits
leading to these droughts; (3) the key catchment charac-
teristics influencing drought propagation; and (4) the way
in which drought propagation has evolved under changing
climate conditions. By analyzing long-term observational
records from 50 Swedish catchments, the study reveals that
drought propagation is highly variable and influenced by
a complex interplay of catchment characteristics, hydrocli-
matic conditions, and soil properties. Soil moisture exhibits
the shortest propagation times, often responding within a
month to precipitation deficits, while groundwater shows the
longest and most variable response times, sometimes exceed-
ing several months. The probability of precipitation deficits
propagating into soil moisture droughts is highest, followed
by streamflow and groundwater, with these probabilities in-
creasing over time. Across all drought types, annual precip-
itation and streamflow emerge as the most influential factors
governing both propagation time and probability. Although
most catchments have become wetter year-round due to cli-

mate change, southern catchments are increasingly vulnera-
ble to spring droughts (particularly soil moisture drought),
driven by increasing evaporative demand. Despite these hy-
droclimatic shifts, no significant long-term trends in prop-
agation times or probabilities have been observed over the
past 60 years. These findings highlight the need for tailored
region-specific water management strategies to address sea-
sonal and regional variations in drought risks, particularly as
climate change continues to reshape hydrological regimes.

1 Introduction

Droughts, typically described as episodic socio-
climatologically induced water deficits caused by anomalies
in average conditions (Pereira et al., 2006), can occur in any
climate zone (Wilhite, 1996; WMO and GWP, 2016). They
stand out among natural hazards due to their unique char-
acteristics, progressing gradually with slow onset and long
recovery times, making them difficult to identify precisely
(Rajsekhar et al., 2015; Spinoni et al., 2015; UNDRR, 2021).
Often referred to as “creeping disasters” (Van Loon, 2015),
they are subtle but can persist for extended periods and have
considerable impacts across various sectors, including water
supply quality and quantity, ecosystems, agriculture, and
hydropower production (Blauhut et al., 2022; Teutschbein et
al., 2023b; UNDRR, 2021).

Although droughts are typically associated with arid or
semi-arid regions, recent events, such as the 2018 or the
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2022 European droughts (Blauhut et al., 2022; Garrido-Perez
et al., 2024; Tripathy and Mishra, 2023), have shown that
colder high-latitude regions, including Scandinavia, are also
at risk (Bakke et al., 2020; Teutschbein et al., 2022, 2023a).
High-latitude catchments, which feature distinct hydrologi-
cal processes, such as snow accumulation or snowmelt, ex-
hibit unique responses to climate change and drought con-
ditions. These regions are particularly sensitive to climate
change (IPCC, 2021) and have already seen substantial al-
terations in streamflow regimes (Arheimer and Lindstrom,
2015; Bloschl et al., 2017; Teutschbein et al., 2022) and
groundwater recharge (Nygren et al., 2020, 2021). As the cli-
mate further warms, changes in temperature and changing
precipitation patterns are expected to disrupt snow-related
processes even more, leading to profound shifts in the hy-
drological dynamics in these regions (Arheimer and Lind-
strom, 2015; Irannezhad et al., 2015; Skalevag and Vormoor,
2021; Teutschbein et al., 2015; Wilson et al., 2010). These
changes are likely to intensify the development and propaga-
tion of droughts (Ahopelto et al., 2023; Spinoni et al., 2018;
Teutschbein et al., 2023b), with complex and multifaceted
hydrological consequences.

This complexity arises because drought development in-
volves changes in water fluxes that affect various feedback
mechanisms within the hydrological cycle (Van Loon, 2015).
Drought propagation is generally understood as a hierarchi-
cal top-down process (Changnon, 1987), where variations
in precipitation (rain/snow) and temperature (as a proxy for
evaporative demand) cause a meteorological drought (Fig. 1).
Over time, this can cascade down to other hydrological
variables in the water cycle, e.g., to snowpack, soil mois-
ture, streamflow, and groundwater, often occurring in a non-
linear manner and with considerable delays (Mukherjee et
al., 2018). Deficits in soil moisture that affect soil vegeta-
tion and crops are typically framed as agricultural/ecological
droughts (Van Loon, 2015), and deficits in streamflow and
groundwater as hydrological droughts (Mishra and Singh,
2010). These various types of drought are interlinked through
both positive and negative feedback processes (Van Loon,
2015) and the seasonal dynamics of snow and ice add fur-
ther complexity to the processes. The timing and intensity of
snow accumulation and melt can significantly influence wa-
ter availability, either counteracting or amplifying seasonal
precipitation deficits (Staudinger et al., 2014).

While drought propagation has been examined in other
parts of the world, particularly in more temperate and arid re-
gions (Bevacqua et al., 2021; Brunner and Chartier-Rescan,
2024; Entekhabi, 2023; Geng et al., 2024; Heudorfer and
Stahl, 2016; Odongo et al., 2023; Sattar et al., 2019), many
analyses have focused on individual events, often framed
as “storylines” (Chan et al., 2022; Gessner et al., 2022),
on large-scale comparative studies (Li et al., 2023; Orth
and Destouni, 2018), or on the relationship between only
two drought types, such as precipitation and soil moisture
(Geng et al., 2024), streamflow (Hellwig et al., 2022; Ma et
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Figure 1. Conceptual framework depicting the onset and hierarchi-
cal progression of drought within the water cycle (adopted and mod-
ified from Changnon, 1987). The framework begins with meteoro-
logical drought and illustrates the cascading effects on snowpack
and soil moisture, as well as on streamflow and groundwater.

al., 2021; Zhang et al., 2022a), or groundwater (Bloomfield
and Marchant, 2013). In contrast, high-latitude catchments,
which are expected to receive more precipitation in a future
climate (IPCC, 2021), have not received the same level of
systematic and statistical attention, and studies that adopt an
integrated approach by simultaneously examining multiple
hydrological components remain rare. A key research gap
lies in understanding how the heterogeneity in high-latitude
catchments, including differences in catchment size, topo-
graphic features, land use patterns, and climatic conditions
unique to these regions, influences the propagation of pre-
cipitation deficits. This gap hampers our ability to discern
common patterns and key factors influencing drought prop-
agation, resulting in an incomplete understanding of how
droughts evolve and transition across these landscapes. To
address these knowledge gaps, this paper seeks to answer the
following research questions in the context of high-latitude
catchments:

1. What is the typical lag time for drought conditions
to propagate from initial precipitation deficits to sub-
sequent impacts on soil moisture, surface water, and
groundwater systems in high-latitude catchments?

2. What is the propagation probability of precipitation

deficits translating into droughts in soil moisture, sur-
face water, and groundwater in these regions?
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3. Which topographic, hydroclimatic, soil, and land-cover
characteristics are most strongly linked to drought prop-
agation and progression in high-latitude catchments?

4. How has drought propagation in high-latitude catch-
ments evolved in response to a changing climate?

This study addresses these questions using long-term ob-
servational data from 50 Swedish catchments, complemented
by ERAS5-Land reanalysis data, providing a robust empirical
foundation for tracing precipitation deficits through differ-
ent parts of the hydrological system. The analysis minimizes
uncertainty and captures real-world variability in drought
responses, which is particularly valuable for understand-
ing complex hydrological processes across diverse northern
landscapes.

2 Methodology
2.1 Study sites

The propagation of drought was analyzed using the
CAMELS-SE dataset (Teutschbein, 2024a, b), which in-
cludes data from 50 high-latitude catchments in Sweden
(Fig. 2), spanning the years 1961 to 2020. These catchments
are distributed across a longitudinal range from 56 to 68° N
and encompass all three major climate zones in Sweden
(Fig. 2a): the polar tundra climate (ET) in the Scandinavian
Mountains of northwestern Sweden, the subarctic boreal cli-
mate (Dfc) in central and northern Sweden, and the warm-
summer hemiboreal climate zone (Dfb) in southern Sweden
(Teutschbein, 2024a; Todorovic et al., 2024).

Average elevation across the catchments varies from 12 to
942 ma.s.]l. (Fig. 2b), with catchment areas ranging from 2
to 8425 km?. Forests dominate the land cover of these catch-
ments, with only a very few catchments exhibiting intensive
agricultural activities. Glaciers and urbanized areas occupy
negligible portions of the catchment area, up to 2 % and 3 %,
respectively, while lakes and wetlands are generally scarce,
with a median area of 12 %. Approximately one-third of the
catchments are subject to regulation, though the impact of
reservoirs on streamflow is relatively minor (Todorovié et
al., 2022; Tootoonchi et al., 2023); this is crucial for accu-
rately representing natural drought propagation.

The catchments exhibit different hydroclimatic properties,
and can — following the grouping by Teutschbein et al. (2022)
— be clustered in five different groups based on their stream-
flow dynamics (Fig. 2c). The selected catchments are pre-
dominantly humid, with the wettest areas, found in western
Sweden, characterized by both high precipitation and stream-
flow (clusters 1, 3, and 4). Snow-dominated and transitional
catchments (clusters 1-3) are more common than those dom-
inated by rainfall (clusters 4 and 5). A noticeable north—
south temperature gradient exists, with catchments in clus-
ters 1 and 2 featuring mean temperatures below zero, catch-
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ments in cluster 3 around 1.6 °C, and catchments in clus-
ters 4 and 5 around 6.5 °C (Fig. 2¢). A similar gradient is ob-
served in the runoff coefficient, which reflects the proportion
of precipitation converted into runoff rather than lost through
evapotranspiration. The highest runoff coefficient is found
in cluster 1 (nearly 97 %), followed by clusters 2 (60 %)
and 3 (57 %), with clusters 4 (53 %) and 5 (33 %) exhibit-
ing lower values. A detailed description of the physiographic
and hydroclimatic features of the catchments can be found in
Teutschbein (2024a, b).

2.2 Data

Daily precipitation, temperature, and streamflow data from
1961 to 2020 were obtained from the freely available
CAMELS-SE dataset (Teutschbein, 2024a, b) and aggre-
gated into monthly mean values. The daily temperature and
precipitation series in the dataset were originally derived
from the Swedish Meteorological and Hydrological Institute
(SMHI) national precipitation—temperature grid, which has a
spatial resolution of 4km x 4km (SMHI, 2023; Johansson,
2002).

Due to the lack of long-term soil moisture observations,
monthly mean volumetric soil moisture for the uppermost
7 cm of soil over the same period (1961-2020) was obtained
from the ERAS-Land reanalysis dataset, which is publicly
available at a spatial resolution of 11km x 11 km through
the Copernicus Climate Data Store (Hersbach et al., 2023).
Catchment-specific values for precipitation and soil mois-
ture were computed by averaging all grid cells whose centers
were fully located within the catchment boundaries.

Monthly mean groundwater observations were down-
loaded from the Swedish Geological Survey (SGU), which
provides measurements for 1506 wells across Sweden on its
publicly accessible website. For this study, we selected wells
based on the following criteria:

— located within the boundaries of any of the 50 study
catchments or within a 5 km buffer,

— minimum of 20 years of data coverage,
— at least 120 data points,
— no gaps in the data lasting more than 5 months.

A spatial match between groundwater wells meeting these
criteria and catchments was found for only 15 out of the
50 catchments, enabling the study of drought propagation
throughout the entire hydrological system in these areas. The
number of groundwater wells within the 15 catchments var-
ied from 1 to 14. Data gaps up to 5 months were filled us-
ing the average of normalized groundwater levels from the
remaining wells in the catchment when more than one well
was available and otherwise through linear interpolation.
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Figure 2. Illustration of the 50 streamflow stations along with their catchment areas in relation to (a) Sweden’s climate zones, as classified by
the Koppen—Geiger system (Beck et al., 2018), encompassing the polar tundra (ET), subarctic boreal (Dfc), and warm-summer hemiboreal
(Dfb) climates, (b) elevation data sourced from Lantmiteriet, the Swedish mapping, cadastral, and land registration authority, and (c) hy-
droclimatic catchment clusters identified by Teutschbein et al. (2022) with their corresponding annual precipitation, mean temperature, and

streamflow statistics.

2.3 Drought identification through standardized
drought indices

Numerous drought indices have been developed over the
past decades to simplify the complex task of identifying
and quantifying droughts using single interpretable values
(WMO and GWP, 2016). To identify periods of drought
across different components of the water cycle (Fig. 1), we
selected the following widely used dimensionless standard-
ized drought indices that express droughts as a deviation
from normal hydroclimatic conditions:

— The standardized precipitation index (SPI), originally
proposed by McKee et al. (1993), is based exclusively
on precipitation data. Due to its adaptability across var-
ious spatial and temporal scales, it has become a widely
used tool in drought comparison studies. The World
Meteorological Organization (WMO) and other institu-
tions have recognized the SPI as the primary method
for assessing meteorological drought (WMO and GWP,
2016).

— The standardized soil moisture index (SSMI), as de-
scribed by Sheffield and Wood (2007), is derived from
volumetric soil moisture values. These values echo the
combined effects of a range of hydrological processes,
such as plant transpiration, soil evaporation, infiltration,
runoff, and the accumulation and melting of snow.
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— The standardized streamflow index (SSFI) operates on
a similar concept to the previous indices but utilizes
streamflow data instead (Vicente-Serrano et al., 2011).
It is commonly used to quantify hydrological droughts
(Vicente-Serrano et al., 2012).

— The standardized groundwater index (SGI), devel-
oped by Bloomfield and Marchant (2013), standardizes
groundwater-level time series to characterize ground-
water droughts. Given the complexity of groundwater
flow systems, the SGI is useful for understanding fluc-
tuations in groundwater levels and storage in response
to variations in water input.

Each index was calculated by first fitting a suitable prob-
ability distribution to the monthly time series of the respec-
tive variable. This allowed the determination of cumulative
probabilities, which were subsequently converted into stan-
dardized values (so-called z scores) assuming a normal dis-
tribution with a mean of 0 and a standard deviation of 1.
These z scores represent by how many standard deviations a
given value deviates from the mean and directly represent the
standardized drought index. Positive values reflect conditions
that are wetter than average (i.e., no drought), while negative
scores correspond to drier-than-normal conditions, typically
classified as extreme drought <—2, severe drought <—1.5,
moderate drought <—1.0, and mild drought <0. All indices
were calculated for different aggregation periods (i.e., for 1,
3, 6, 12, and 24 months), following the procedures described

https://doi.org/10.5194/nhess-25-2541-2025
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in Teutschbein et al. (2022). Aggregation over shorter time
spans (less than 3 months) highlights short-term variability
and is useful for assessing immediate drought impacts. In
contrast, longer aggregation periods (more than 6 months)
are better suited for identifying prolonged anomalies and the
cumulative influence of drought across the water cycle.

The computation of all standardized indices is influenced
by both the data record length (Wu et al., 2005) and the
type of probability distribution applied (Stagge et al., 2015).
We followed the methodology outlined by Teutschbein et
al. (2022) and tested 16 one-, two, and three-parameter prob-
ability distributions (Fig. 3) for each considered series (four
indices, obtained for 50 gauging stations and 12 months of
the year at five different aggregation periods) separately.
For a detailed description and corresponding equations of
each tested distribution, we refer the reader to Teutschbein
et al. (2022). To determine the most suitable distribution for
each case, we utilized Kuiper’s goodness-of-fit test (Kuiper,
1960).

2.4 Detection of spatiotemporal patterns

To explore overarching spatiotemporal drought patterns, we
examined the standardized drought indices based on both
3 and 12 month aggregation periods, covering the full ob-
servation period from 1961 to 2020 and including all stud-
ied catchments. This approach enabled us to detect distinct
drought episodes and assess their geographical distribution.
Particular attention was given to identifying possible north—
south gradients, which were expected due to regional differ-
ences in evaporation dynamics and snow-related processes,
such as accumulation and melt.

2.5 Statistical analysis of drought propagation

For all statistical analyses of drought propagation described
in this section, we adopted the 3 month aggregation period,
which is regularly used to evaluate drought effects on such
sectors as drinking water supply, industrial operations, hy-
dropower generation, and freshwater ecosystems (Bae et
al., 2019; Stagge et al., 2015). The choice of a 3 month period
strikes a balance between capturing the immediate effects of
precipitation deficits and the broader seasonal impacts.

2.5.1 Propagation time

Given the inherent complexity of hydrological processes
and their interactions, considerable variability in drought re-
sponses is expected across different hydrological compo-
nents. To assess how various components react to precipi-
tation deficits, we calculated the cross-correlation between
the SPI and the three other indices (SSMI, SSFI, and SGI),
focusing exclusively on periods when SSMI, SSFI, or SGI
indicated moderate, severe, or extreme drought (i.e., indices
< —1), thus excluding mild droughts and non-drought condi-
tions from the analysis. Cross-correlation served as a metric
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to quantify the similarity between the SPI time series and
the lagged time series of the other indices, with lags ranging
from 1 to 12 months.

Following the procedure outlined by Bloomfield and
Marchant (2013), which was initially applied to groundwater
response times, we used the lag time that produced the high-
est Spearman’s rank correlation coefficient 65 (Spearman,
1904) as an indicator of response times. Lag time is a com-
monly used metric to describe drought propagation (Odongo
et al., 2023; Zhang et al., 2022b); shorter lag times indicate a
faster response of a specific component to SPI changes.

In this study, we determined propagation times from pre-
cipitation to soil moisture, streamflow, and groundwater sep-
arately for each catchment and the results were grouped and
analyzed according to catchment cluster (c.f. Fig. 2¢) to fa-
cilitate the identification of spatial patterns.

2.5.2 Propagation probability

To investigate the role of precipitation deficits in trigger-
ing drought conditions across the hydrological system, we
conducted a probabilistic analysis focused on the occurrence
of different drought types following a precipitation drought
event. After identifying precipitation droughts with SPI <
—1 (i.e., excluding mild droughts) as separate events/runs,
we evaluated whether corresponding deficits in soil moisture
(SSMI), streamflow (SSFI), or groundwater (SGI) could be
observed within different drought propagation time frames.
This analysis is captured by the conditional probability:

P (indexjpg < —1|SPI < —1)
P (SPI < —1 Nindexpyg < —1)
- P(SPI < —1)

Here, indexjag rtepresents any of the drought indices
for soil moisture, streamflow, or groundwater (i.e., SSMI,
SSFI or SGI) at a given temporal lag. Therefore,
P (indexl,‘lg < —1|SPI < —1) is the conditional probability
of any of the drought indices indicating drought conditions
given that a precipitation drought (indicated by SPI < —1)
has already occurred.

In this analysis, we tested all possible time lags ranging
from 1 to 12 months. This involved starting with the probabil-
ity that a precipitation drought would cause a soil moisture,
streamflow, or groundwater drought within the same month,
then extending the analysis to include the same and subse-
quent months, and so forth, up to 12 months.

We also performed this analysis separately for each sea-
son, categorizing months as follows: spring (March-May;
MAM), summer (June—August; JJA), autumn (September—
November; SON), and winter (December—February; DJF).
To assess the variation of clusters within each season, we uti-
lized the coefficient of variation (CV).

This conditional probability framework provides insights
into how precipitation deficits propagate through the hydro-
logical system, reflecting the strength and timing of drought

. (1)
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Figure 3. Summary of 16 candidate distributions and the percentage of times each was selected as the best fit for 3 month aggregated
data across the four hydrological variables. The final column shows the overall selection frequency across all fitting instances. Best-fitting
distributions are highlighted in varying shades of purple, with darker shades indicating higher selection percentages.

signal transmission across different hydrological compo-
nents (Zhu et al., 2021). It offers a useful approach to high-
light how precipitation shortages can trigger subsequent soil
moisture, streamflow, or groundwater droughts.

2.5.3 Governing factors of drought propagation

To explore the relationship between propagation time and
probability, considering underlying catchment characteristics
and hydroclimatic factors, we employed the non-parametric
Spearman’s rank correlation coefficient 6 (Spearman, 1904).
This statistical approach allowed us to assess correlations
across all pairwise combinations of standardized drought in-
dices and a comprehensive range of potential influencing
factors. These factors included geographic and physical at-
tributes such as latitude, catchment area, elevation, and slope,
as well as hydrological and climatic variables like the degree
of regulation (DOR), regulation volume, annual mean pre-
cipitation, annual mean temperature, and annual streamflow.
Additionally, we considered the impact of soil type and land
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cover variation, such as the percentage of forest cover or agri-
cultural land.

The choice of Spearman’s rank correlation over the lin-
ear Pearson product-moment correlation (Pearson, 1920) was
driven by its ability to capture a monotonic relationship with-
out assuming any specific form of the relationship, such as
linearity or logarithmic behavior. This flexibility is particu-
larly advantageous for drought propagation through the hy-
drological system because relationships between variables
often do not follow a strict linear pattern (Mukherjee et
al., 2018). By using Spearman’s correlation, we ensured that
our analysis could detect and quantify both linear and non-
linear associations, providing a more robust understanding
of how different catchment and climatic characteristics influ-
ence drought propagation dynamics.

2.6 Droughts and their propagation in a changing
climate

The extensive 60-year observational data record encom-
passed two ‘“‘climate normal periods” (CNPs), each repre-
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senting a 30-year climatological baseline as defined by the
World Meteorological Organization (WMO Climatological
Normals, 2021). This provided a unique opportunity to con-
duct an assessment of potential long-term shifts in droughts
and their propagation in high-latitude catchments. Specifi-
cally, we investigated whether there were significant differ-
ences in the drought indices, the propagation time, and the
propagation probability in each catchment cluster between
the CNPs of 1961-1990 and 1991-2020, utilizing the non-
parametric Wilcoxon rank sum test (Asadzadeh et al., 2014;
Montgomery and Runger, 2010). This analysis focused pri-
marily on precipitation drought propagation into soil mois-
ture and streamflow, as the available groundwater observa-
tions were not of sufficient length for such an assessment.
To analyze variations in annual drought conditions, we uti-
lized 12 month aggregated drought indices (SPI-12, SSMI-
12, SSFI-12), calculated for September each year. This selec-
tion covers the full hydrological year, from the preceding Oc-
tober through to the current September. For seasonal drought
conditions, we employed 3 month aggregated drought in-
dices (SPI-3, SSMI-3, SSFI-3) corresponding to the final
month of each season: May (spring, MAM), August (sum-
mer, JJA), November (autumn, SON), and February (DJF).

3 Results

3.1 Spatiotemporal drought patterns across the
hydrological system

The computed standardized indices (SPI, SSMI, SSFI, and
SGI) for the 3 month aggregation period highlight multiple
significant drought periods across the country, with both tem-
poral and spatial variations evident across the different hy-
drological components (Fig. 4, left panels). We also show-
case the less noisy 12 month aggregation period to facilitate
visual comparisons of different catchments and drought in-
dices (Fig. 4, right panels). Notably, two pronounced drought
periods, occurring in the late 1960s and mid-1970s, affected
the entire country and had major impacts on the hydrological
system. These events began with precipitation deficits, as in-
dicated by the SPI (Fig. 4a, b), and propagated through to soil
moisture (Fig. 4c, d), streamflow (Fig. 4e, f), and groundwa-
ter systems (Fig. 4g, h), with each component experiencing
drought conditions for several months.

The droughts of 1996 and the 2003 European heatwave
are also clearly visible across all hydrological components,
demonstrating the widespread effects of these events. Simi-
larly, more recent droughts, particularly those in 2016/17 and
2018, are well represented, affecting soil moisture, stream-
flow, and groundwater, although the severity and extent vary
by region.

Beyond these general patterns, the standardized indices
also reveal notable spatial variations in how different hy-
drological components were affected by droughts. For ex-
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ample, the early 1990s drought primarily affected catch-
ments in southern Sweden, where the impact on soil mois-
ture (Fig. 4c, d) was substantially stronger compared with
other components. Similarly, the droughts of 2016/17 and
2018 display distinct spatial patterns: while precipitation and
streamflow deficits were observed nationwide, groundwater
levels were disproportionately affected in southern Sweden.

3.2 Propagation time

The cross-correlation analysis uncovered differences in
drought propagation times across the five identified clus-
ters (Fig. 5). Soil moisture exhibited the shortest propaga-
tion times across all clusters, with average response times
ranging from 0.1 to 2.7 months, highlighting its sensitiv-
ity to short-term climatic fluctuations. Streamflow showed
slightly longer propagation times compared with soil mois-
ture, with some regional differences observed. The western/-
central clusters 1, 3, and 4 (Fig. 5a, c, e) exhibited response
times of 0.9 to 2.4 months, whereas the other two clusters —
cluster 2 (Fig. 5b) and cluster 5 (Fig. 5d) — had somewhat
longer average response times, of 3 and 3.5 months, respec-
tively. This suggests that while streamflow responds quickly
to precipitation deficits, the speed of this response is influ-
enced by regional hydrological and climatic conditions.

Groundwater displayed the longest and most variable
propagation times among the hydrological components an-
alyzed. The response times varied considerably across clus-
ters, with slightly longer response times in eastern clusters
2 and 5. Note that the northwestern cluster 1 (Fig. 5a) had
only one groundwater observation in the region, for which
no correlation could be found to precipitation deficits. In the
other clusters, average groundwater response times ranged
from 2.6 to 6.7 months.

Groundwater also exhibited the highest internal variabil-
ity within each cluster, with differences of several months
between the fastest and slowest responses. Clusters 2 and 5
were particularly notable, with differences of up to 10 months
observed between the shortest and longest groundwater re-
sponse times. This high variability underscores the complex-
ity of groundwater dynamics and its longer, more delayed,
response to precipitation deficits compared with other hydro-
logical components.

Across all 50 catchments in Sweden (Fig. 5f), soil mois-
ture responds to precipitation deficits within an average of
1 month, streamflow responds in 2 months, and groundwater
within 4 months.

3.3 Propagation probability

To quantify how precipitation deficits contribute to the de-
velopment of more severe droughts in other hydrological
components, we analyzed conditional probabilities. The sys-
tematic assessment of step-wise time lags (Fig. 6) revealed
that, at the shortest lag of 1 month, a precipitation deficit re-
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Figure 4. Computed standardized indices for all Swedish study catchments from 1961-2020, sorted by latitude on the y axis (with uneven
spacing reflecting variations in catchment density across latitudes) and time on the x axis. Panels show (a, b) precipitation (SPI), (¢, d) soil
moisture (SSMI), (e, f) streamflow (SSFI), and (g, h) groundwater (SGI) over two different aggregation periods: 3 month indices (a, c, e, g)
and less noisy 12 month indices (b, d, f, h). Light blue indicates non-drought conditions, yellow indicates mild drought, and darker red and
blue represent more severe drought. White areas in SGI (g, h) denote missing values.
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Figure 5. Propagation times (in months) from precipitation deficits to soil moisture, streamflow, and groundwater drought in Sweden, across

(a—e) the five different catchment clusters and (f) all catchments.

sulted in an agricultural/ecological drought in 48 % of cases,
a streamflow drought in 41 % of cases, and a groundwa-
ter drought in 38 % of cases (Fig. 6a). As the lag times are
progressively extended month by month, the likelihood of a
precipitation drought triggering subsequent droughts in other
components increased considerably. Over time, the frequen-
cies of agricultural/ecological, streamflow, and groundwater
droughts converged, indicating a more uniform occurrence
of drought across the hydrological system.

Across the clusters, the conditional probability of a soil
moisture drought occurring within 1 month of a precipitation
deficit ranged from 41 % to 43 % in northern clusters 1-3,
increasing to 51 % and 57 % in southern clusters 4 and 5.
As the time lag increased, the probabilities rose, and the dif-
ferences between northern and southern catchments became
less pronounced. This general pattern also applied to stream-
flow (Fig. 6¢) and groundwater droughts (Fig. 6d). However,
these components did not exhibit as strong a north—south gra-
dient. Instead, the propagation probabilities across the dif-
ferent clusters were more balanced, with the exception of
cluster 4, located in southwestern Sweden, where the proba-
bilities of precipitation deficits propagating to streamflow or
groundwater consistently remained 20 %-30 % higher than
in other Swedish regions.

https://doi.org/10.5194/nhess-25-2541-2025

The propagation probabilities varied not only across clus-
ters but also across seasons (Fig. 7). The biggest difference
can be seen in the propagation probabilities for soil mois-
ture (Fig. 7a), where the highest propagation probabilities
occurred in summer. This means that a precipitation deficit
of SPI < —1 in summer had, on average, a 68 % probabil-
ity of inducing a soil moisture drought within 1 month, while
the probability in spring and winter was less than 40 %. This
pattern was also consistent for longer time lags. For stream-
flow, the pattern was less pronounced. At a 1 month time lag,
the propagation probability was slightly higher in the autumn
(45 %) than in the other seasons (x40 %, Fig. 7b), though the
differences were not statistically significant. However, when
considering longer time lags, spring consistently showed
somewhat higher propagation probabilities (Fig. 7b). For
groundwater, propagation probabilities remained fairly con-
sistent — ranging from 34 % to 39 % in spring, summer, and
winter (Fig. 7¢). Only autumn stuck out with somewhat lower
probabilities (32 % at 1 month lag), a pattern that persisted
across all time lags, though the differences were modest and
statistically insignificant.

A more detailed analysis of propagation probability by
cluster revealed distinct north—south patterns during certain
seasons and drought types (Fig. 8). In spring (MAM), the

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025
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Figure 6. Probability of a moderate, severe, or extreme precipitation drought (SPI < 1) triggering subsequent droughts in soil moisture,
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Figure 7. Probability of a moderate, severe, or extreme precipitation drought (SPI < —1) in different seasons (spring, summer, autumn, and
winter) triggering subsequent droughts in (a) soil moisture, (b) streamflow, or (¢) groundwater (SSMI, SSFI, or SGI < —1) across different
time lags. The boxplots depict the distribution of probabilities across catchments, with the solid black line representing the median probability
for a 1 month lag time. The thin gray lines correspond to the median probabilities for step-wise increasing time lags, while the lines for 3 and
12 months are highlighted for clarity.

propagation probability for soil moisture (Fig. 8a) was con- In summer (JJA), the propagation probability for soil
siderably higher for the two southernmost clusters (4 and moisture increased linearly from 60 % to nearly 75 % across
5) at 50 % and 53 %, compared with the northern clusters, all time lags as one moved farther south (Fig. 8d). Con-
where it ranged from 23 % to 27 %. For streamflow (Fig. 8b) versely, the propagation probability for streamflow (Fig. 8e)
and groundwater (Fig. 8c), cluster 4 stood out with notably showed an inverse trend at a 1 month time lag, i.e., decreas-
higher propagation probabilities, exceeding 60 %. ing from 47 % in the north to 30 % in the south, with the

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025 https://doi.org/10.5194/nhess-25-2541-2025
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Figure 8. Cluster-wise probability of a moderate, severe, or extreme precipitation drought (SPI < —1) triggering subsequent droughts by
season (rows) and type of subsequent drought (columns). Each subplot also depicts the coefficient of variation (CV) across clusters for time

lag 1.

exception of cluster 4 (53 %). This north—south gradient was
less pronounced for longer time lags.

In autumn (SON), the spatial patterns resembled those
of summer. However, the overall propagation probabilities
for soil moisture were 10 % to 20 % lower than in summer
(Fig. 8g), while probabilities for streamflow (Fig. 8h) and
groundwater (Fig. 8i) were slightly higher compared with
summer levels.

Winter (DJF) exhibited the lowest propagation probabil-
ities for soil moisture (Fig. 8j) across all clusters, with the

https://doi.org/10.5194/nhess-25-2541-2025

exception of cluster 3, which had the lowest probability in
spring. Both winter and spring displayed the highest varia-
tions in soil moisture (Fig. 8a, j) and streamflow (Fig. 8b, k)
across clusters, with coefficients of variation (CVs) rang-
ing from 0.34 to 0.44. Groundwater showed generally higher
variations than both soil moisture and streamflow, with CVs
ranging from 0.42 to 0.59, peaking in summer (Fig. 8f) and
winter (Fig. 81).

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025
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3.4 Governing factors of drought propagation

Among the three hydrological components, the propagation
time for soil moisture generally exhibited the most significant
correlations with physical/topographic catchment features
(Fig. 9a, left). Significant positive correlations (p value <
0.05) were observed with latitude, elevation, slope, shrubs
and grassland, and wetlands (65 =0.31 to 0.43), indicat-
ing longer propagation times. Significant negative correla-
tions included annual mean precipitation, mean temperature,
silt, urban areas, and agriculture (s = —0.34 to —0.41). For
propagation time for streamflow (Fig. 9a, center), significant
positive correlations were observed with catchment area, till
soils, and water features (6; = 0.29 to 0.41), while annual
precipitation, streamflow, and the runoff coefficient exhibited
strong negative correlations with drought propagation time
(6s = —0.34 to —0.59), indicating that higher precipitation
and absolute as well as relative streamflow generation are as-
sociated with shorter propagation times. Propagation times
for groundwater tended toward negative correlations (Fig. 9a,
right), with significant correlations observed only for annual
precipitation (fs = —0.75) and an area’s annual streamflow
(6s = —0.56). Notably, only a single catchment characteris-
tic exerted a strong influence on drought propagation across
all three hydrological components simultaneously, namely,
annual precipitation, indicating shorter propagation times for
catchments with higher annual precipitation.

In terms of propagation probabilities, soil moisture again
showed the most extensive correlation (Fig. 9b, left). Neg-
ative correlations were detected with all catchment features,
particularly with latitude, elevation, and slope (65 = —0.57 to
—0.73). Strong negative correlations were also found with till
or weathered deposits, open land, shrubs, and grassland, as
well as wetlands (s = —0.51 to —0.61). In contrast, strong
positive correlations were observed with annual tempera-
ture (6 = 0.81) and agriculture (65 = 0.68). For propagation
probability for streamflow (Fig. 9b, center), fewer significant
correlations were evident. Negative correlations were found
with catchment area, till soils, and water bodies (s = —0.33
to —0.50), whereas strong positive correlations were detected
for annual precipitation (65 = 0.73), streamflow (65 = 0.59),
and the runoff coefficient (6; = 0.43). Propagation probabil-
ity for groundwater (Fig. 9b, right) showed only three signif-
icant correlations, all of them positive: annual precipitation
(65 = 0.66) and streamflow (65 = 0.59), as well as clayey and
clay till soils (65 = 0.66).

3.5 Droughts and their propagation in a changing
climate

3.5.1 Changes in spatiotemporal drought patterns
The analysis of 12month aggregated drought indices re-

vealed a general upward trend from CNP1 to CNP2 (i.e., in-
dices become more positive), indicating a reduction in the

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025

severity of droughts overall (Fig. 10a—e). In all five clusters,
the Wilcoxon rank sum test consistently rejected the null hy-
pothesis that the SPI and SSMI values for CNP1 and CNP2
were drawn from distributions with equal medians. This in-
dicates a statistically significant shift (p < 0.05) in precip-
itation and soil moisture drought conditions across Sweden
between these two periods. For the SSFI, significant differ-
ences between CNP1 and CNP2 were only observed in the
northernmost clusters 1-3 (Fig. 10a—c), implying a notable
shift in streamflow drought severity in these areas.

Seasonal analysis of 3 month aggregated drought indices
showed a similar pattern, with predominantly positive shifts
across most clusters and seasons (Fig. 10f—j), suggesting a
reduction in drought severity. However, some exceptions are
observed. In the two northernmost clusters 1 and 2, autumn
indices (particularly soil moisture and streamflow) exhibited
slight negative shifts, indicating slightly drier conditions dur-
ing this season (Fig. 10f, g). Similarly, in the southernmost
clusters 4 and 5, substantial negative changes were observed
in spring soil moisture and streamflow indices (Fig. 10i, j),
suggesting increased drought severity during this season in
southern Sweden.

3.5.2 Changes in propagation time

For propagation time for soil moisture drought (SSMI) (Ta-
ble 1a), most clusters exhibited no change between CNP1
and CNP2 (i.e., values of 0), except for cluster 2, which
showed a modest increase of +0.5 month. For propagation
time for streamflow drought (SSFI), cluster 2 also experi-
enced a small increase (+0.5 month), while cluster 3 showed
a more noticeable reduction, of —1 month. However, in all
cases, the Wilcoxon rank sum test failed to reject the null
hypothesis that the propagation times for soil moisture and
for streamflow during CNP1 and CNP2 were drawn from
continuous distributions with equal medians (Table 1a). This
implies that there has been no statistically significant change
(all p values > 0.05) in the drought propagation times be-
tween these two periods.

3.5.3 Changes in propagation probability

Similarly, we investigated whether the conditional probabil-
ity of soil moisture or streamflow drought following a pre-
cipitation drought has changed over time (Table 1b). The
probability of propagation for soil moisture (SSMI) gener-
ally increased by 1 % to 7 % in CNP2 compared with CNP1,
while the probabilities of propagation for streamflow (SSFI)
slightly decreased by —1 % to —4 %. Despite these observed
changes, the Wilcoxon rank sum test again did not reject the
hypothesis of equal medians, indicating that no statistically
significant shift occurred in drought propagation probabili-
ties over the 60-year observational record (p values > 0.05,
Table 1b).

https://doi.org/10.5194/nhess-25-2541-2025
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4 Discussion
4.1 Droughts across hydrological components

The computation of standardized drought indices enabled a
visual exploration of the complex interactions between pre-
cipitation deficits and drought propagation across different
hydrological components — soil moisture, streamflow, and
groundwater — in high-latitude catchments. A consistent tem-
poral alignment is observed between the standardized in-
dices (SPI, SSMI, SSFI, and SGI), which is visually partic-
ularly clear for the longer 12 month aggregation period. This
alignment suggests that prolonged precipitation deficits typ-
ically result in more severe and widespread drought condi-
tions across all components, affecting soil moisture, surface
water, and groundwater.

Spatially, the analysis highlights notable variability, es-
pecially across latitudes. Southern regions, particularly dur-
ing drought events like those in 2016 and 2018, experienced
more pronounced impacts on groundwater systems (Bakke et

https://doi.org/10.5194/nhess-25-2541-2025

al., 2020). This pattern may be attributed to unique regional
hydrological processes, such as the role of snowmelt in the
north versus higher evaporative demand, water extraction
rates, and slower recharge processes in the south. These find-
ings emphasize the importance of considering both spatial
and temporal dimensions in drought analysis. They also sug-
gest that groundwater systems in southern areas may be more
vulnerable to prolonged dry periods, raising concerns about
sustainable water management in these regions (Barthel et
al., 2021).

While short-term indices capture the immediate impacts of
precipitation deficits (critical for understanding the onset of
drought conditions), the long-term indices reveal the persis-
tence and severity of droughts that can strain water resources,
ecosystems, and agricultural productivity over extended peri-
ods (Stagge et al., 2015; Teutschbein et al., 2023b). Ground-
water droughts, in particular, are less frequent but tend to
be more severe and prolonged compared with those affect-

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025
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Figure 10. Shifts in (a—e) annual and (f=j) seasonal drought indices (SPI, SSMI, and SSFI) between two climate normal periods, 1961-1990
(CNP1) and 1991-2020 (CNP2), for five hydrological clusters. Boxplots in panels (a—e) represent the range of index values (SPI, SSMI, and
SSFI) across catchments within each cluster, with significant shifts between CNP1 and CNP2, indicated by “sign.,” based on the Wilcoxon
rank sum test (p < 0.05). Panels (f=j) display the absolute change in indices for different seasons (spring, summer, autumn, and winter), with
darker blue shading representing more pronounced increases in index values (wetter conditions), and darker purple shading representing
stronger decreases (drier conditions). Significant seasonal changes are highlighted with black text.

ing soil moisture and streamflow (Bloomfield and Marchant,
2013).

4.2 Propagation time

The analysis of drought propagation times across the five
identified clusters revealed notable variations in response
times among different hydrological components, specifically
soil moisture, streamflow, and groundwater. These variations
highlight the complex and region-specific nature of drought

Nat. Hazards Earth Syst. Sci., 25, 2541-2564, 2025

dynamics in the study area. Some general observations were
that soil moisture consistently had the shortest propagation
times, often responding almost immediately (within 1 month)
to precipitation deficits. Therefore, soil moisture in the up-
permost soil layer is highly sensitive to changes in precip-
itation, probably due to its direct exposure to surface con-
ditions (Singh et al., 2021). Streamflow generally exhibits
slightly longer propagation times than soil moisture but these
remain within a relatively short time frame, averaging about

https://doi.org/10.5194/nhess-25-2541-2025
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Table 1. Drought propagation characteristics from precipitation deficits for soil moisture (SSMI) and streamflow droughts (SSFI), including
(a) observed median propagation times and (b) propagation probabilities for drought transitions. The changes in these characteristics are
compared between two climate periods, CNP1 (1961-1990) and CNP2 (1991-2020). The p values reflect the statistical significance of these
changes, tested using the Wilcoxon rank sum test. Significant changes (p values < 0.5) are highlighted in bold. NaN denotes “not a number”.

Propagation characteristics SSMI ‘ SSFI
CNP1 CNP2 Change p value ‘ CNP1 CNP2 Change p value

(a) Propagation time
All catchments 0 0 0.0 0.299 2 1 —1.0 0.197
Cluster 1 0 0 0.0 1.000 1 1 0.0 0.734
Cluster 2 0 0.5 +0.5 0.657 2 2.5 +0.5 0.835
Cluster 3 0 0 0.0 0.056 2 1 —1.0 0.120
Cluster 4 0 0 0.0 NaN 1 1 0.0 1.000
Cluster 5 0 0 0.0 0.653 2 1.5 -0.5 0.135

(b)  Propagation probability
Within 1 month 47 % 48 % +1% 0.197 42 % 41 % —1% 0.796
Within 2 months 52 % 54 % +2 % 0.081 53 % 52 % —1% 0.416
Within 3 months 55 % 59 % +5 % 0.043 61 % 57 % —4 % 0.591
Within 4 months 58 % 64 % +7 % 0.070 62 % 60 % —2% 0.828
Within 5 months 61 % 66 % +5 % 0.048 64 % 63 % —1% 0.809
Within 6 months 64 % 71 % +7 % 0.038 69 % 66 % 3% 0.836
Within 7 months 68 % 72 % +4 % 0.091 70 % 69 % —1% 0.728
Within 8 months 71 % 75 % +4 % 0.076 74 % 70 % —4 % 0.661
Within 9 months 73 % 75 % +2 % 0.101 75 % 72 % —4 % 0.735
Within 10 months 75 % 77 % +2 % 0.236 76 % 74 % —3% 0.715
Within 11 months 79 % 80 % 1% 0.291 78 % 74 % —4 % 0.365
Within 12 months 81 % 82 % 1% 0.274 80 % 78 % —2% 0.336

2 months across all clusters. This indicates that while stream-
flow is also responsive to precipitation changes, the rout-
ing process through catchments introduces a slight delay
compared with soil moisture (Robinson et al., 1995; Singh
et al., 2021). In contrast, groundwater consistently displays
the longest propagation times, averaging around 4 months,
with significant variation observed across different clusters.
This delay in groundwater response is expected, as ground-
water systems typically take longer to react to precipitation
deficits due to the slow recharge of aquifers and the move-
ment of water through subsurface layers. Notably, catch-
ments with longer groundwater propagation times may have
deeper aquifers, lower recharge rates, or specific hydrogeo-
logical conditions, such as confined aquifers or low perme-
ability, leading to a delayed response (Gong et al., 2023). Our
findings align with previous research indicating that ground-
water responses to precipitation anomalies are more hetero-
geneous than those of streamflow (Weider and Boutt, 2010).

Clusters 3, 4, and 5 demonstrate shorter groundwater prop-
agation times compared with clusters 1 and 2, indicating
more responsive groundwater systems, possibly due to shal-
lower aquifers or regions where groundwater recharge pro-
cesses occur more rapidly (Cochand et al., 2020; Gong et
al., 2023).
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This variability supports earlier findings that drought prop-
agation into groundwater is highly site-specific (Bloom-
field and Marchant, 2013; Kumar et al., 2016; Nygren et
al., 2022; Stoelzle et al., 2014), emphasizing the critical
role of hydrogeological characteristics and subsurface stor-
age processes in shaping groundwater responses. Because
of their delayed and prolonged responses, groundwater sys-
tems require proactive and sustained adaptive management
(Thomann et al., 2022). Early detection is challenging; once
groundwater droughts develop, they can be slow to recover
(Alam et al., 2021; Hellwig et al., 2021). This highlights the
importance of targeted monitoring and preparedness strate-
gies, such as water source diversification and drought re-
serves (Langridge and Daniels, 2017), regulatory schemes
for groundwater extraction (Vaux, 2011), or strategies for im-
plementing managed aquifer recharge (Petersen-Perlman et
al., 2022), especially in areas where groundwater serves as a
critical resource.

In contrast, the quicker responses of soil moisture and
streamflow to precipitation deficits across all clusters empha-
size the importance of implementing timely drought response
measures for these components as they quickly reflect pre-
cipitation deficits. In agriculture, such measures may include
regulated deficit irrigation (Chai et al., 2015), mulching, or
optimized seeding dates (Bodner et al., 2015). In water sup-
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ply systems, such options as adaptive reservoir management
or temporary water-saving advisories (Wendt et al., 2021)
may be particularly relevant in regions dependent on river
water resources.

4.3 Propagation probability

Our conditional probability analysis provides new insight
into how precipitation deficits propagate through different
components of the hydrological system, revealing both tem-
poral and spatial dynamics of drought transmission in Swe-
den. At the shortest lag (1 month), the probability of a precip-
itation deficit leading to a soil moisture drought is the high-
est, emphasizing that agricultural and ecological systems are
often the first to be impacted by water shortages. In con-
trast, the probabilities of precipitation deficits propagating
to streamflow and then to groundwater are lower (Geng et
al., 2024; Meresa et al., 2023; Wang et al., 2022).

As the lag time is systematically extended, the conditional
probabilities for all three components (soil moisture, stream-
flow, groundwater) begin to converge, indicating that pro-
longed precipitation deficits increase the likelihood of all
components experiencing drought. This suggests that, while
some systems (like soil moisture) respond quickly, over time,
the effects of prolonged precipitation deficits will eventually
impact all components, necessitating a comprehensive ap-
proach to drought risk management, considering the entire
cycle of disaster management from prediction and preven-
tion to practical measures for reducing impacts of droughts
and supporting recovery in a sustainability context (AghaK-
ouchak et al., 2015; Grobicki et al., 2015).

There is clear spatial variability in how droughts propa-
gate across different clusters, with distinct north—south gra-
dients observed in the propagation probabilities of soil mois-
ture droughts. The fact that only 41 %—43 % of all precipi-
tation deficits (SPI < —1) in the northern clusters 1-3 lead
to soil moisture deficits within 1 month suggests that other
factors also play a crucial role for the development of agri-
cultural/ecological drought. Snow might be a key player, as is
indicated by the probability getting higher when moving to-
ward southern catchments with less snow and more rainfall.
We can also speculate that this regional pattern is formed by
other factors, such as high soil water storage capacities (Geris
et al., 2015) or different drought-generating mechanisms in
these snow-dominated regions (Van Loon and Van Lanen,
2012). Conversely, clusters 4 and 5 exhibit higher probabili-
ties (up to 57 % within 1 month), indicating a stronger link
between precipitation deficits and soil moisture droughts.
These regions may have soil types or land cover that are more
susceptible to rapid drying during periods of low precipita-
tion, or may be influenced by regional climatic factors, such
as higher evaporative demand (Teutschbein, 2024a). How-
ever, this gradient is less pronounced for streamflow and
groundwater, where probabilities are more balanced across
clusters, except for cluster 1 in northwestern and cluster 4 in
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southwestern Sweden, which consistently show higher con-
ditional drought probabilities. In fact, catchments in clus-
ters 1 and 4 receive considerably higher amounts of annual
precipitation (978 and 944 mm, respectively, compared with
the Swedish average of 784 mm). In particular, catchments in
cluster 4 also experience greater evaporative demand (partic-
ularly during summer) due to their southern location, while
also receiving the least amount of snow (10 %-20 % of an-
nual precipitation compared with 30 % in central and 40 %
in northern Sweden).

The delayed but persistent response of groundwater (prop-
agation probabilities of 52 %—70 % within 3 months in clus-
ters 2—5) underscores once again the need for long-term mon-
itoring and proactive management strategies, especially in re-
gions with high groundwater dependence (Saito et al., 2021;
Thomann et al., 2022). The variability in drought propaga-
tion probabilities and response times across different clusters
and hydrological components suggests that a one-size-fits-all
approach to drought management is unlikely to be effective
across diverse regions and sectors (Stenfors et al., 2024b).
Instead, a more tailored approach is required, involving
context-specific analysis that considers local climatic, topo-
graphic, and hydrological conditions (Kchouk et al., 2022),
while also recognizing the dependency of water supply on
different resources, such as surface or groundwater (Stenfors
et al., 2024a).

It is noteworthy that groundwater droughts featured the
highest variability within clusters; this highlights the com-
plexity of subsurface hydrological processes and may reflect
differences in regional hydrological conditions, groundwater
storage capacity, or data quality (Kumar et al., 2016; Stoelzle
et al., 2014). Thus, more research efforts are needed to study
the propagation into groundwater (Barthel et al., 2021) and
to link it to aquifer properties and recharge rates.

Our analysis also revealed significant seasonal variations
in the probability of precipitation deficits leading to droughts
for different hydrological components. Generally, summer
stands out as the season with the highest propagation prob-
abilities across all time lags, particularly for soil moisture
droughts. This can be attributed to several factors — high
evapotranspiration rates, reduced soil moisture recharge, and
greater demand for water by vegetation during this period
(Andersson, 1989; Cienciala et al., 1999) — which make the
soil system even more sensitive to precipitation deficits. In
contrast, spring and winter show lower propagation probabil-
ities of soil moisture droughts, probably due to lower evapo-
transpiration demands and a greater influence of snow and
snowmelt, which seems to buffer the effects of precipita-
tion deficits and dampen soil moisture droughts (Potopova
et al., 2016). These patterns are less pronounced for stream-
flow and groundwater droughts, which show relatively stable
propagation probabilities across all seasons.

North—south differences also emerged in seasonal prop-
agation probabilities, particularly for soil moisture and
streamflow. While the overall inter-cluster patterns remain
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consistent across all four seasons, the absolute probabilities
vary. For instance, the conditional probability of soil mois-
ture droughts is generally higher in southern catchments and
lower in northern catchments throughout the year. In spring,
snowmelt plays a key role in mitigating precipitation deficits,
resulting in significantly lower propagation probabilities in
the snow-dominated northern clusters (1-3) of around 20 %—
30 % — compared with 50 % in the southern clusters. Dur-
ing summer and autumn, total precipitation and evaporative
demand become the dominant factors (Koster et al., 2019;
Wang et al., 2022), driving up the probability of soil moisture
droughts, especially in the south. In winter, snow accumula-
tion acts as a buffer, further reducing the propagation prob-
abilities for soil moisture droughts, particularly in regions
with substantial snowfall (Potopovai et al., 2016). Conversely,
streamflow drought propagation probability during summer
decreases as one moves south, in line with the southward-
decreasing runoff coefficients (i.e., proportionally less pre-
cipitation turns into runoff). These coefficients range from
97 % in northern cluster 1 to 37 % in southern cluster 5; this
is consistent with the results of the correlation analysis, in
which the runoff coefficient emerged as an explanatory fac-
tor for streamflow drought propagation probability.

It should be noted that inter-cluster variation is largest
during spring and winter for both soil moisture and stream-
flow propagation probabilities. This indicates that northern
and southern catchments behave more distinctly in these sea-
sons, with northern clusters showing stronger buffering ef-
fects due to snow accumulation and snowmelt. In contrast,
summer and autumn see a more uniform response across re-
gions; this emphasizes the proportionally larger influence of
snow processes in the north during spring and winter, com-
pared with the evaporative demand in the summer and au-
tumn. However, groundwater propagation exhibits consis-
tently high inter-cluster variability across all seasons, sug-
gesting that additional regional factors, particularly in clus-
ter 4, may outweigh the effects of snow and evaporative de-
mand. This could include regional geological differences in,
for example, aquifer characteristics and groundwater storage
capacities, which play a critical role in determining the speed
and extent of drought propagation in groundwater systems.

These results suggest that drought propagation and re-
sulting impacts are highly dependent on both seasonal tim-
ing and geographical location, reflecting the complex in-
teractions between climate conditions, hydrological pro-
cesses, and land characteristics, which can either accelerate
(e.g., high evaporative demand) or delay (e.g., snowmelt in
snow-dominated catchments) drought propagation (Koster et
al., 2019; Potopova et al., 2016). In practical terms, this anal-
ysis highlights the need for seasonally adaptive water man-
agement strategies, especially in the southern clusters where
the propagation probability for soil moisture is elevated. It
also points to the importance of long-term monitoring, par-
ticularly for groundwater, where slow but persistent drought
impacts may be underestimated in the short term (Barthel et
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al., 2021). In restoration efforts or pilot monitoring programs,
the regional variability revealed in these findings could guide
targeted interventions, such as enhancing water storage in
high-risk areas or focusing conservation efforts during high-
risk seasons (Srivastav et al., 2021).

4.4 Governing factors of drought propagation

Our analysis revealed that the processes driving drought dy-
namics vary considerably between soil moisture, streamflow,
and groundwater. Propagation time of precipitation deficits
to soil moisture in the studied catchments is influenced by
a range of governing factors, while, for streamflow and
groundwater, only four and two significant factors, respec-
tively, were identified.

Generally, faster propagation times across all three hy-
drological components occur in catchments with high an-
nual precipitation, warmer temperatures, and higher annual
streamflow levels. This suggests that, in regions with greater
water input and output, the hydrological system responds
more quickly to changes in precipitation, resulting in faster
drought onset but potentially quicker recovery from drought
conditions as well. Additionally, soil moisture and stream-
flow propagation times are shorter in catchments with less
till, more silt, and fewer water features, suggesting that wa-
ter bodies can exert a buffering and delay function. For soil
moisture, propagation time is further controlled by urban ar-
eas and agriculture, where surface runoff dominates, and is
more rapid in warmer catchments at lower latitudes and ele-
vations. Conversely, open land types (e.g., shrubs and grass-
lands, open land, and wetlands) tend to slow water propaga-
tion and promote water retention.

The propagation probability generally exhibits stronger
correlations than propagation time. Our analysis showed that
propagation probability for groundwater was significantly
correlated with just three factors: higher annual precipitation,
greater streamflow, and the presence of clayey till, which en-
hanced the likelihood of groundwater recharge. For stream-
flow, propagation probability is influenced by a few more
factors. Catchments with higher precipitation and streamflow
also tend to exhibit greater propagation probabilities. In ad-
dition, smaller catchments, less till, and fewer water features
are associated with higher streamflow propagation probabil-
ity. The propagation for soil moisture was associated with
the greatest number of governing factors. Specifically, catch-
ments with higher mean temperatures, more agriculture, and
lower latitude, elevation, and slope had the highest soil mois-
ture propagation probabilities. Lower streamflow in these ar-
eas further amplified the likelihood of soil moisture response.

Across both drought propagation characteristics (i.e., time
and probability), annual precipitation and annual streamflow
emerged as the most influential drivers across all three hydro-
logical components, indicating their potential as proxies for
identifying areas with faster hydrological responses, which
can support more targeted resource allocation and manage-
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ment decisions during emerging drought conditions. How-
ever, the remaining factors shaping drought propagation dy-
namics vary by component, reflecting the distinct physical
and hydrological processes at play. Soil moisture is gener-
ally influenced by a broader array of factors, whereas stream-
flow is more directly linked to catchment size, the presence of
till soils, and overall water availability. Groundwater is most
strongly affected by hydroclimatic variables and the hydro-
logical regime.

This analysis underscores that drought propagation is
not solely determined by catchment properties; rather, it is
shaped by complex interactions between seasonal precipi-
tation, evaporative demand, and snow dynamics (Van Loon
et al., 2015). The timing and severity of the drought (Bae
et al.,, 2019) and the season (Meresa et al., 2023), loca-
tion (Bevacqua et al., 2021), and precipitation patterns (or
lack thereof), as well as antecedent conditions/“memory ef-
fects” (Bales et al., 2018; Soulsby et al., 2021) all poten-
tially play important roles in determining whether a mete-
orological drought will evolve into more severe forms, such
as agricultural/ecological or hydrological droughts. In high
latitudes, snow becomes a critical factor in drought propaga-
tion, particularly for longer aggregation periods. This is ev-
ident in northern regions, where reduced precipitation does
not always lead to other types of drought, probably due to
the buffering effect of snowpack. Moreover, not all precipita-
tion deficits necessarily progress into agricultural/ecological
or hydrological droughts, as these deficits can be mitigated
by the landscape’s buffering capacity (Maxwell et al., 2021).
Conversely, not all agricultural/ecological or hydrological
droughts are (solely) triggered by precipitation deficits; some
result from extraordinarily high evaporative demands, lack of
snowmelt, or a combination of several factors.

4.5 Drought propagation in a changing climate

The analysis of changes in standardized drought indices (SPI,
SSMI, and SSFI) across two climate normal periods (CNP1
and CNP2) revealed distinct regional and seasonal patterns
in drought dynamics, which are crucial for understanding the
evolving drought risk in various clusters across the studied
region. All clusters consistently indicate a wetting trend, i.e.,
drought conditions across all hydrological components have
consistently become less severe — a pattern that aligns with
previous findings of increasing precipitation and runoff over
Sweden during the twentieth and early twenty-first centuries
(Chen et al., 2020; Teutschbein et al., 2022). This trend is
stronger in northern catchments, with clusters 1 and 2 featur-
ing especially strong increases during the cold season, when
snowmelt and seasonal precipitation are likely to be con-
tributing to the water surplus. This pronounced seasonal sig-
nal highlights the importance of snowpack and spring melt in
driving the hydrological response in these northern clusters,
and suggests that these regions may be less prone to drought
in the near term. The southern clusters 4 and 5 show signifi-
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cant decreases in both soil moisture (SSMI) and streamflow
(SSFI) indices, despite relatively stable or even slightly in-
creasing precipitation (SPI) during that season. This implies
that the available water is not being retained in the system,
potentially due to increased evaporation, reduced infiltration,
or changes in land use such as urbanization and agriculture.
These regions may be increasingly prone to hydrological
drought, where water deficits in the soil and streams become
more frequent and severe, affecting ecosystems, agriculture,
and water supplies. This trend is particularly concerning as it
indicates that, even if precipitation remains stable, water re-
sources in these southern clusters are becoming less available
for both natural ecosystems and human use.

The evaluation of the differences in drought propagation
times and conditional probabilities of drought occurrence be-
tween CNP1 and CNP2 demonstrated that there has been no
statistically significant change in drought propagation times
for soil moisture and streamflow across all clusters. This im-
plies that, despite global climatic changes and the associated
shifts in precipitation patterns, the response times of these
hydrological components to droughts have remained consis-
tent over the past 60 years. The failure to reject the null hy-
pothesis (p value > 0.05) implies that any observed differ-
ences in propagation times are not large enough to be statisti-
cally significant and thus the underlying processes governing
drought propagation have probably remained stable across
these two periods.

Similarly, the investigation into the conditional probabil-
ities of soil moisture and streamflow droughts following a
precipitation drought reveals predominantly no statistically
significant change between the two CNPs for the vast ma-
jority of the evaluated time lags. This broad failure of the
Wilcoxon rank sum test to reject the hypothesis of equal me-
dians (p values > 0.05) suggests that the likelihood of a soil
moisture or streamflow drought occurring after a precipita-
tion deficit has not changed significantly over the 60-year ob-
servational record (on an annual basis). This may be different
for seasonal drought events but is — due to the limited num-
ber of drought events, owing to their rare nature — more diffi-
cult to test given the existing dataset. The observed stability
in drought propagation times and probabilities suggests that
the physical properties of the landscape, such as soil type,
vegetation cover, and catchment characteristics, have a more
dominant role in controlling drought propagation than any
potential changes in climatic conditions between these peri-
ods. However, further research — particularly into seasonal
dynamics — is needed to unravel these links.

The absence of significant changes in both drought prop-
agation times and the conditional probabilities of drought
occurrence over the two climate normal periods has impor-
tant implications for drought management. Despite an ob-
served increase in average temperature by 2.2° and a 20 %
increase in precipitation over the past 60 years (Teutschbein
et al., 2022), these climatic shifts have not resulted in sig-
nificant alterations in drought propagation within the study
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period. Thus, historical data and established models for pre-
dicting drought behavior based on past observations may still
be relevant and reliable under current climate conditions.
This stability allows for a certain level of confidence in us-
ing past trends to inform future drought preparedness and
mitigation strategies. However, it is also important to rec-
ognize that while no significant changes have been detected
over the studied periods, ongoing climate change could still
pose future challenges and potential alterations in drought
propagation in these high-latitude catchments (Teutschbein
et al., 2023b). Continuous monitoring and periodic reassess-
ment of these trends will be necessary to detect any emerging
shifts in drought dynamics that could impact water resource
management and planning.

4.6 Limitations and potential for future research

One key limitation of this study lies in the reliance on mod-
eled soil moisture data derived from the ERAS-Land reanal-
ysis. While reanalysis products offer consistent and spatially
comprehensive datasets, they are generated using land sur-
face models that incorporate generalized assumptions about
land use, vegetation, and soil types. This has several implica-
tions for our analysis. First, the spatial resolution of ERAS-
Land (approximately 11km) may be too coarse to capture
local-scale heterogeneity in soil properties, topography, and
land use that can significantly influence soil moisture dy-
namics, particularly in small or heterogeneous catchments.
As a result, the propagation of meteorological droughts to
soil moisture droughts may be influenced by model structure
rather than reflecting purely observed physical processes.

Second, since ERAS5-Land already integrates information
on land cover and soil types within its modeling framework,
any correlations between drought propagation metrics and
these same physical features may be muted or confounded.
This limits the explanatory power of our correlation analy-
sis when it comes to identifying the role of specific soil or
land use characteristics in driving drought propagation, par-
ticularly for soil moisture droughts.

Third, due to the lack of consistent long-term in situ soil
moisture observations across Sweden, we were unable to val-
idate the reanalysis-based soil moisture indices or assess po-
tential biases in the data. This is a known limitation in high-
latitude regions and highlights the need for improved soil
moisture monitoring networks to support drought research.

Finally, while we focused on standardized drought in-
dices to ensure comparability across drought types and catch-
ments, this approach may oversimplify some of the com-
plex non-linear interactions between meteorological inputs
and hydrological responses. For example, the role of evapo-
rative demand, which is a key driver of soil moisture deficits
during the summer months, was not explicitly accounted for
in our analysis. Variables such as potential evapotranspira-
tion or vapor pressure deficit could provide valuable addi-
tional insights, especially in southern regions where atmo-
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spheric demand plays a dominant role in controlling drought
severity. Similarly, snow accumulation and snowmelt pro-
cesses, which strongly influence streamflow and groundwa-
ter recharge in northern and mountainous catchments, were
only indirectly represented through the use of SPI and SSMI.
While some seasonal effects were captured in the propaga-
tion patterns, we did not include snow-related variables such
as snow water equivalent or snowmelt timing in the analy-
sis. These factors are particularly relevant for high-latitude
and snow-dominated systems, where snowmelt can buffer or
delay drought onset. Thus, we recommend that future stud-
ies incorporate evaporative demand and snow-related vari-
ables more explicitly, either through additional predictors in
statistical models or by applying process-based hydrologi-
cal modeling. This would help to better capture the physical
mechanisms underlying drought propagation and further im-
prove the understanding of seasonal and regional variability
in high-latitude watersheds.

5 Conclusions

This study highlights key patterns in drought propagation
across high-latitude regions by analyzing both propagation
time (how quickly precipitation deficits impact soil moisture,
streamflow, and groundwater) and propagation probability
(the likelihood that a precipitation deficit leads to drought
in these components). Soil moisture responds fastest, with a
typical lag of 1 month, followed by streamflow, at 2 months.
Groundwater exhibits the longest and most variable response
times, averaging 4 months.

Precipitation deficits are a major driver of droughts in high
latitudes, particularly in the early stages. Within the first
month of a precipitation deficit, the probability of drought
occurrence is highest for soil moisture (48 %), followed by
streamflow (41 %) and groundwater (38 %). These proba-
bilities increase with time, showing that prolonged deficits
can lead to more widespread and severe droughts. However,
not all hydrological droughts are driven solely by precipita-
tion deficits; factors such as high evaporation or insufficient
snowmelt are also likely to contribute. This highlights the
need for a more nuanced understanding of complex drought
dynamics that includes atmospheric and cryospheric pro-
cesses, especially under changing climate conditions.

Although all catchments are experiencing a general
trend of increased wetness throughout the year, driven
by snowmelt and rising precipitation, southern catchments
show heightened vulnerability to hydrological drought in
the spring. This is largely due to increasing evaporative de-
mand, which offsets stable or slightly rising precipitation lev-
els during that season. Importantly, no significant changes
in drought propagation times or probabilities were observed
over the past 60 years but continuous monitoring and re-
assessment remain essential to detect any emerging shifts in
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drought dynamics that could impact water resource manage-
ment in the future.

Drought dynamics in high-latitude regions are influenced
by diverse factors, including local topography, hydroclimatic
conditions, and soil properties. Soil moisture propagation
is governed by catchment features, hydroclimate, and land
cover, while streamflow and groundwater are more closely
linked to water availability.

By focusing on the unique conditions of high-latitude re-
gions, this research has contributed to the broader scientific
understanding of drought dynamics, offering new perspec-
tives on the interactions between various hydrological sys-
tems during prolonged dry periods. Future studies should ex-
pand the geographical scope and explore seasonal and cli-
mate change impacts to further validate these findings and
enhance their generalizability. As climate change intensifies,
proactive and region-specific strategies will be essential to
safeguard water resources and the ecosystems that depend
on them.
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