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Abstract. In recent years severe droughts have significantly impacted the water-dependent sectors including water supply,
agriculture, energy, and forestry. This study aims to assess the meteorological, agricultural, and hydrological drought risk in
Sweden, with a focus on hazard assessment using a set of indicators, including the Standardized Precipitation Index (SPI),
Standardized Precipitation and Evapotranspiration Index (SPEI), Standardized Soil Moisture Index (SSMI), and Standardized
Streamflow Index (SSI). The indicators were computed at time scales of 1, 3, 6, 12, and 24 months using daily precipitation,
evapotranspiration, soil moisture, and streamflow simulations (1975-2021) from the national S-HYPE hydrological model at
about 13 km? spatial resolution for almost 40,000 sub-catchments. Fhe-drought-eventsDry periods were next identified and
characterized based on their intensity, duration, and frequency, following this a trend analysis was performed for these
indicators and eventsperiods. Assessing the spatial similarities in soil moisture anomaly led to the categorization of the Swedish
river systems into five clusters further improving the understanding of the identified spatial variability of drought indicators
and trends. Our findings showed drier conditions and an increasing frequency of dreughtsdry periods in central- and south-
eastern Sweden. Significant negative trends in these regions, along with increasingly wet conditions in northern and western
Sweden, were observed when analysed using the SPEI, SSMI, and SSI. Based solely on precipitation (SPI), similar significant
wetter conditions were observed in northern and western Sweden; however, no significant decreasing precipitation trends were
found in parts of central-eastern Sweden and Gotland Island. The findings of this study can improve climate services and early
warning systems of droughts, better understanding the link to sectoral impacts and guiding mitigation practices and adaptation

policies.

1 Introduction

Drought is a natural hazard characterized by periods of drier-than-normal conditions with wide-ranging and cascading impacts
across societies, ecosystems and economies (Douville et al., 2021; UNDRR, 2021). Drought hazard, human activities, drought
management, and their impacts are closely intertwined, meaning droughts cannot be perceiveperceived as exclusively natural
hazards (UNDRR, 2021). Recognizing this, the Sendai Framework for Disaster Risk Reduction 2015-2030 addresses drought

as a significant risk that requires a proactive and multi-hazard management. It advocates for a comprehensive and integrated
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approach to mitigate drought impacts through global collaboration, local preparedness, and sustainable development policies.
In alignment with these principles, the World Meteorological Organization (WMO) and the Global Water Programme launched
the Integrated Drought Management Programme (IDMP) in 2013 (see https://www.droughtmanagement.info/), identifying
three pillars for drought management: (1) Monitoring and Early Warning Systems, (2) Risk and Impact Assessment, and (3)
Mitigation and Response. The first pillar on monitoring and Early Warning Systems centres on the monitoring of drought
indicators such as precipitation, temperature, soil moisture, and streamflow, and disseminating drought forecasts to
stakeholders. The second pillar on risk and impact assessment involves evaluating the impacts of drought and drought risk
based on hazard, exposure, and vulnerability, which includes the social, economic, and environmental factors to determine the
community’s susceptibility to drought hazards. The third pillar on drought mitigation involves implementing measures to limit
the adverse impacts of drought, and drought response focuses on providing assistance to meet the basic needs of affected
communities.

Focusing on the second pillar of the IDMP, drought risk assessment involves identifying, analysing, and evaluating the risks
posed by natural or human-made hazards to people, assets, and the environment. The risk framework proposed by the United
Nations’ Intergovernmental Panel on Climate Change (IPCC, 2022) indicates that the risk assessment involves the potential
occurrence of hazardous events and the associated loss and damage (hazard assessment), the exposure of populations,
livelihoods, ecosystems, and assets to these hazards (exposure assessment), and their susceptibility sensitivity to damage and
lack of capacity to cope and adapt (vulnerability assessment). To assess drought hazards using this approach, a range of
indicators is needed to characterize various aspects, including drought severity, frequency, and likelihood of occurrence
(UNDRR, 2021). For instance, the Standardized Precipitation Index (SPI; McKee et al., 1993) and the Standardized
Precipitation-Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010), are extensively applied for meteorological
drought analysis. Agricultural and hydrological indicators, such as the Standardized Soil Moisture Index (SSMI; Xu et al.,
2018) and the Standardized Streamflow Index (SSI; Modarres, 2007) respectively are used to understand how meteorological
drought propagate through the terrestrial water cycle, by quantifying the spatial and temporal variability of the soil moisture
and streamflow conditions.

Previous researchers have studied drought hazard in Sweden. Teutschbein et al. (2023) conducted a nationwide survey among
local practitioners, revealing challenges in drought risk planning and management at the local level. Their earlier work
(Teutschbein et al., 2020) identified limitations in Sweden's ability to cope with droughts and their consequences. Analysis of
streamflow droughts over six decades showed a general wetting tendency across Sweden, with less severe, shorter, and less
frequent droughts, particularly during winter months (Teutschbein et al., 2022). However, southern regions experienced a
slight drying trend in spring and summer. Chen et al. (2021) investigated the shifts in Sweden’s precipitation patterns,
temperature, and their effects on water resources, highlighting the increased risk of floods and droughts due to climate change.
They found hydroclimate changes with most significant wetting in the north, a slightly overall wetting in the south, and a

drying in central-eastern areas.
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In 2018, Sweden faced its third consecutive year of drought caused by low precipitation and high summer temperatures, leading
to a strained situation regarding water availability (Sjostrand et al., 2019; SMHI, 2024). The drought of 2018 affected the
functionality of ecosystems, forestry, water supply, hydropower, industries, and agriculture. The country experienced crop
yield reductions of up to 50% and the slaughter of livestock increased due to lack of affordable fodder and feed (Grusson et
al., 2021; Statistiska Meddelanden, 2018). Besides this, the Swedish agricultural production in 2023 was reported to be among
the worst in 30 years (Lantmannen, 2024). Early summer drought followed by excessively wet conditions in late summer led
to poor crop quality, resulting in an inability to meet the food production requirements intended for human consumption in
some regions. Swedish forests are also affected by droughts. For instance, Aldea et al. (2023) assessed drought vulnerability
among boreal tree species in Sweden and found that Norway spruce is the most susceptible to drought in southern Sweden,
leading to a higher mortality rate. Foghagen and Alriksson (2023) studied the drought management in the industrial sector.
They indicated that farming and tourism companies on the Swedish islands of Oland and Gotland are concerned about the
effects of drought and water shortages, however, they perceive the implementation of mitigation measures fall outside their
responsibility. Regarding water supply, Barthel et al. (2021) explored the understanding of drought impacts on drinking water
sourced from groundwater. They highlighted the linkage between meteorological drought and groundwater recharge,
emphasizing the need for improved research on drought monitoring. Moreover, climate change is expected to increase the
occurrence of droughts in southern Sweden, including areas around Lakes VVanern and Véttern, affecting water availability due
to a higher plant water demand and extended growing seasons (Swedish Ministry of the Environment, 2022). Finally,
challenges remain in effectively integrating drought risk management into water resource planning.

To tackle these challenges, it is essential to understand the risk that drought poses countrywide. Thus, the overreaching
objective of our research project is to develop a comprehensive drought risk assessment for the country, encompassing the
analysis of the hazard, vulnerability, and exposure. To unravel the complexities of drought hazard specifically, we address the
following scientific questions: how do spatial and temporal hydro-climatic dynamics shape drought patterns across Sweden?
to thatwhat extent meteorological, agricultural, and hydrological drought conditions compare in characterizing short- and long-
term dreught-events?2dry periods? and which regions in Sweden exhibit increasing drought conditions? To answer these
questions, this research develops a drought hazard assessment in Sweden, following four main steps: (1) identifying drought-
informed regimes using data of soil moisture anomaly, (2) calculating meteorological, agricultural, and hydrological drought
indicators, using precipitation, evapotranspiration, soil moisture, and streamflow data, (3) identifying and characterizing
droughteventsdry periods in terms of intensity, duration, and frequency, and (4) evaluating drought trends. The spatiotemporal
drought hazard was assessed using drought indicators, including SPI, SPEI, SSMI, and SSI at the time scales of 1, 3, 6, 12,
and 24 months from January 1975 to December 2021 covering approximately 40,000 sub-catchments across the entire country.

These indicators were derived using daily data of hydro-meteorological variables from the S-HYPE hydrological model.
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2 Methods
2.1 Data

In this study we used the hydrological model simulations for Sweden from January 1975 to December 2021. The simulations
were derived using the Swedish Hydrological Predictions for the Environment (S-HYPE) model, which was developed at the
Swedish Meteorological and Hydrological Institute (SMHI). S-HYPE is a semi-distributed catchment model, which simulates
water flow and substances from precipitation through various storage compartments and pathways (Lindstrém et al., 2010).
The model code is open source and describes hydrological processes in different subbasins, the algorithms are based on
conceptual nature and physical laws. The model has a large number of parameters, and is calibrated with a regional stepwise
calibration for specific hydrological processes using representative gauges to obtain sufficiently robust predictions also in
ungauged basins (Girons Lopez et al., 2021, 2025). The S-HYPE model was run using daily temperature, precipitation, and
runoff data as input, generating simulations from January 1, 1975 to December 31, 2021, for 39,635 sub-catchments (with an
average area of 13 km?) at a daily time interval. The study applied the corrected precipitation (mm), evapotranspiration (mm),
soil moisture of upper two soil layers (mm), and the simulated streamflow from subbasin (m3%-s) simulations for the entire
Sweden’s land cover and certain transboundary basins from Norway and Finland. The corrected precipitation simulations were
adjusted for elevation variations within the subbasin. The potential evapotranspiration was computed based on land use and
atmospheric variables (e.g. temperature) using the Jensen-Haise formula (Jensen and Haise, 1963). The streamflow was
generated from the upstream area of the subbasin outlet point. The soil water content simulations of upper two soil layers
including standing water, depend on the land use and soil type at each hydrological response unit, and are defined based on
the field capacity, wilting point, and effective porosity parameters. We assumed that the upper two soil layers represent the

rootzone.

2.2 ldentifying drought-informed regimes

To understand the spatial patterns of soil moisture variability across Sweden, a clustering was performed based on the daily
soil moisture simulations of upper two soil layers—simulations (1975-2021) from S-HYPE for the 39,635 studied sub-
catchments. For this, the soil moisture anomaly (SMA,; see Eq. (1);)). which is the standardized soil moisture data, was

computed through subtracting the mean () of the daily average of soil moisture (SM) and dividing by the standard deviation

(0).
SM — psy Eq. (1)

The monthly mean of the daily SMA values was then calculated. Using the average monthly SMA values, 5 spatial clusters
were identified as the optimal number of groups based on the Silhouette method (Rousseeuw, 1987), an approach to detect

how close each point in a cluster is to other points within the same cluster, and to points in other clusters. We applied the K-
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means clustering (McKee et al., 1993) using the algorithm of Hartigan and Wong (1979) to the 39,635 monthly SMA records

generating clusters based on similarity in anomalies.

2.3 Standardized drought indicators

SPI is based on precipitation data, SPEI accounts for both precipitation and potential evapotranspiration, thus including
temperature data (Vicente-Serrano et al., 2010). SSMI is calculated following the same procedure as SPI and SPEI but using
the soil moisture of the upper two soil layers, while SSI uses streamflow data. The indicators were derived from the hydro-
meteorological simulations of the S-HYPE model (spatial resolution ~13 km?) for the period 1975-2021. A 1-month indicator
is an accurate representation of the monthly deviation from the long-term mean (47 years data record) for a given location,
which is fitted to a probability distribution. The n-month indicator provides information of the deviation of a specific n-month
period with the same n-month long-term mean.

Different accumulation periods serve as an indication for different impacts, including soil moisture reduction, streamflow and
water storage reduction, and groundwater recharge reduction, further influenced by local factors and human activity (JRC
EDO, 2020b). For the purpose of our analysis, we estimated SPI, SPEI, SSMI, and SSI for each sub-catchment and considered
accumulation periods of 1, 3, 6, 12, and 24 months from 1975 to 2021, obtained by applying a corresponding moving average
to monthly timeseries. In this study, we defined short-term droughts with timescales of 1 and 3 months, a mid-term drought at
6 months, and a long-term drought at 12 and 24 months. For detailed information on the calculation of the indicators (e.g.,
fitting distributions, reference period, and others), refer to Section SM1 in the Supplementary Material. The standardized
drought indicators were subsequently classified based on severity levels, with negative values indicating erierdry conditions

and positive values representing wetterwet conditions (see Table 1).

Table 1. The drought severity classification scheme of the standardized drought indicators.

Classification Standardized-Indicator value  Occurrence probability (%)
Extreme-droughtExtremely dry Indicator < -2 2.3
Severe-droughtSeverely dry -2 <indicator <-1.5 4.4
Mederate-droughtModerately dry -1.5 <iindicator <-1 9.2
Near normal or mild -1 <indicator <1 68.2
MederateModerately wet 1.5 <indicator <1 9.2
SevereSeverely wet 2 <indicator <1.5 4.4
ExtremeExtremely wet Indicator > 2 2.3

2.4 Characterization of dry periods

Following the operational definition of drought events

(Wilhite and Glantz, 1985; Mishra and Singh, 2010)Here, we identified and characterized dry periods based on quantitative

criteria that allow the detection of their onset and termination. In this study, a dreught-event-wasdry period is defined as a
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continuous period during which the standardized drought index values remain consistently equal or lower-thanbelow -1, and a

droughteventit concludes when the values turnlargerthanexceed -1. Various dreught-parameterscharacteristics of dry periods

have been assessed-for-the—characterization—of-the-drought-events, including duration, severity, intensity, and frequency
(Muthiah et al., 2024; Yevjevich, 1967). Drought duration, stated in months, signifiesrefers to the consecutive period in which

a standardized drought indicator remains equal or lower than -1. It spans from the initiation to the termination of a dreught
eventdry period. Drought severity is the cumulative sum of eonsecutive-the indicator values lower-or-egqual-than—1-for-each
drought-over the duration of a dry period. Drought intensity represents the summean of consecutive indicator values lewer-or
equak-than—1-divided-by-the-during a dry period and is obtained by dividing drought severity by drought duration. Drought
frequency is the total number of dreught-eventsdry periods identified during the study period. The average drought duration

reflects the average length (in months) of dreught-eventsdry periods observed during the study period. FheAnd the percentage
of time in dry conditions (or probability of dreught-occurrence):-was-defined-as) is the fraction of the time-in-drought

over—thistotal study period_during which dry conditions occurred. It was estimated dividing the number of months in

droughtduring which dry periods were observed by the total number of months in the dataset multiplied by 100.

2.5 Drought trend analysis

To examine drought trends in Sweden, the Mann-Kendall test was applied using the R function MannKendall (Kendall, 1975;
Mann, 1945). This nonparametric statistical method is commonly used in environmental studies to detect significant trends.
The Kendall Tau, or Kendall rank correlation coefficient, measures the monotony of the slope, which means it evaluates
whether the variables tend to increase or decrease. Kendall's Tau varies between -1 and 1; it is positive when the trend increases
and negative when the trend decreases. A trend is considered statistically significant when the p-value is equal or less than
0.05. The test was employed to analyse trends in standardized drought indicators as well as the severity, intensity, duration,
and frequency of dreughtevents.dry periods.

Firstly, trends in standardized drought indicators were defined using the 1975-2021 dataset. Here, the annual and biennial
trends were assessed using the 12-month and 24-month timescales, respectively, for September of each year. The 12-month
timescale for September covers the hydrological year from October of the previous year to September of the reported year,
while the 24-month timescale for September spans two hydrological years, from October of the ante-previous year to
September of the reported year. The seasonal trends were assessed using the 3-month timescale corresponding to the last month
of each season: February for winter (December, January, February), May for spring (March, April, May), August for summer

(June, July, August), and November for autumn (September, October, November). In addition, trends specific to drought
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eventsdry periods were analysed, including trendsthose in severity, intensity, duration, and frequency-ef-the-drought-events..
The frequency of dreughteventsdry periods was determined by identifying trends in the annual number of drought occurrences.

3 Results
3.1 Drought-informed regimes in Sweden

The monthly average of the monthly SMA from 1975 to 2021 was used to define five clusters applying the K-means
methodology (Hartigan and Wong, 1979; MacQueen, 1967). Figure 1 shows the map of Sweden with the five identified clusters
(cluster A — cluster E), and the monthly SMA per cluster. Cluster A, located at the north-western (NW) Sweden, is
characterized by mountainous topography. This cluster shows a SMA peak in June-July, while the lowest SMA values are
shown from January to March. Cluster B, also located in NW Sweden is mostly covered by forested areas. This cluster shows
a SMA peak in May—June, and a second slighter peak in October, the lowest SMA values are shown from January to March.
Cluster C, located in the north-eastern (NE) Sweden, in close proximity to the Baltic Sea, shows a peak in April-May, with a
second slighter peak in November, while the lowest SMA values are shown in August. Cluster D and E located in south-eastern
(SE) and south-western (SW) part of the country are characterized by the highest populated areas in Sweden, with the presence
of agricultural land, forests, and the two biggest Swedish lakes, Vanern and Vattern. These clusters show the highest SMA
values from January to April, while the lowest values are shown in July and August. Clusters A and B seldom show SMA
values lower than -1, while clusters C, D, and E show values lower than -1 in the summer months. Here, SMA values lower
than -1 indicate drier than normal conditions (JRC EDO, 2020a). Cluster D shows lower SMA values than C and E in the
summer months, especially in August, indicating that this cluster exhibits the lowest soil moisture anomalies and represents
the driest region in the country.
(Figure 1 here)

Figure 1. Map of Sweden with shaded colours indicating the different clusters (top-centre). Graphs show the monthly soil moisture
anomaly (SMA) values for all sub-catchments in each cluster (cluster A — cluster E). Grey band shows the range of SMA values and
the red solid line shows the mean monthly SMA.

Our findings revealed distinct patterns in soil moisture anomalies between northern and southern regions, as well as between
eastern and western areas of Sweden (see Fig. 2). Most of the mean SMA values for cluster A and cluster B were greater than
-1, which indicated non-drought conditions (see Fig. S1 in the Supplement Material). Figure 2 also indicates that erought
events-dry periods were less frequent in these two clusters (A and B). Cluster B showed severe (SMA from -2 to -1.5) and
extreme (SMA < -2) drought-spellsdry periods in 1994, 2006, and 2018 (see Fig. 2). In contrast, droughtsthey were more
frequent in Clusters C, D, and E. BroughtDry periods commonly eceuroccurred from June to October, with the most extreme

droughtsevents generally happening in July and August (Fig. S1 in the Supplement Material). Fhe-Clusters C, D, and E showed
extreme drought-eventsdry periods in 1975-1976, 1983, 1992, 1994, 2002, 2006, and 2016-2018 (Fig. 2). Fhese-findings




2006(SMHI-2020,-2024)-Recurrent severe dreught-eventsdry periods were observed in cluster D and E, whiewhereas
215 moderate (SMA from -1.5 to -1) drought-eventsdry periods were often detected in all clusters. Table 2 presents a systematic

comparison between the identified dry periods and documented historical drought events. The table highlights the temporal

correspondence and agreement between severe and extreme dry periods and historically recorded droughts, which could

potentially be used for drought detection.

220 (Figure 2 here)

Figure 2. The monthly soil moisture anomaly (SMA) values for all sub-catchments in the cluster (grey band), with their mean SMA
value presented with a red solid line. The extreme and severe ereughteventsdry periods in 1975-1976, 1983, 1992, 1994, 2002, 2006,
and 2016-2018 are highlighted with black vertical rectangles. Horizontal black dashed lines represent drought severity: moderate

(-1.5to -1), severe (-2 to -1.5), and extreme (< -2).

225 Table 2. Drought events and drought impacts in Sweden.

Year Documented drought events Assessed socio-economic impact

1975-1976 | Low precipitation rates in most parts of the Aagriculture was affected due to the dry summers.

country (SMHI, 2025a). Low water flows in large parts of the country, especially in
southern Sweden.
Low water level in lakes, mainly in Vattern and Hjalmaren,
causing boat traffic disruptions.
Low groundwater levels during 1976-1977 (SGU, 2020).

1983 Low precipitation during summer in southern ~ Bean growers and livestock owners were affected from the
Sweden (SMHI, 1986). water shortages (SVT, 2018).

1992 Low precipitation and high temperatures in Agriculture and forestry were affected.
southern Sweden. The most drought-affected ~ Wildfires burned meadows, marshlands, and forests.
areas were Skéne, Blekinge, Smaland, Oland,  Low water levels mainly in southern Sweden where several
Gotland, and Ostergétland. rivers dried up.

1994 Low precipitation from May to July, and high  Soil moisture dropped to half of normal values in some
temperatures in July especially in central and  regions across the country during summer (SMHI, 1994).
southern Sweden (SMHI, 1994). Below-normal streamflow observed in parts of the country

during summer months.

2002-2003 | Low precipitation in some parts of the Low streamflow and lake levels disrupted boat traffic
country since the end of 2002 to October (during spring and fall 2003) and hydropower reservoirs
2003. filling throughout 2003 (SMHI, 2004).

Low groundwater levels in 2002 and 2003.

2006 Low precipitation and high temperature rates ~ Low stream water levels across the country (SMHI, 2006b).
in July (SMHI, 2006a). Low groundwater levels in southern Sweden.

2016-2018 | Large deficit in precipitation with high Major impact on natural ecosystems, agriculture and forests.
temperatures in some parts of the country. Estimated total costs for Swedish agriculture ranged between

6 and 10 billion SEK (about 530-900 M Euro) in 2018. Some
parts of the county experienced severe forest fires.

Low stream and lake levels particularly during the summers
of 2016 and 2018.

Low groundwater levels affected the water supply in
southern Sweden.

References: (SGU, 2020; SMHI, 1986, 1994, 2004, 2006a, b, 2025a; SVT, 2018).
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3.2 Characterization of dreught-eventsdry periods

Here we examine the dreught-eventsdry periods identified based on the SPI, SPEI, SSMI, and SSI indicators. Our findings
showed that droughtsdry periods were more frequent when measured using SPEI, suggesting that temperature and
consequently evapotranspiration plays a significant role in the overall water deficit (see Fig. S2 left in the Supplement
Material). In general, short-term meteorological drought-eventsdry periods were more frequent and widespread, while short-
term agricultural and hydrological drought-eventsdry periods were less frequent and showed larger regional variation. Long-
term agricultural and hydrological dreughtsdry periods were also less frequent than meteorological dreughtsones. This pattern
corresponds with the progression of drought, as only prolonged precipitation and evapotranspiration deficits result in reduced
soil moisture and lower streamflow levels (see UNDRR, 2021).

Overall, the percentage of time in dreughtdry conditions ranged from 1% to 30%, with the highest occurrences falling between
14% and 20% (see Fig. S2 right in the Supplement Material). The larger percentage of time in dreughtdry conditions observed
with SPEI compared to SPI highlights the influence of temperature and evapotranspiration, which contribute the persistence
of dreught-conditions-dry periods. In certain areas, particularly in southern Sweden, the percentage of time in agricultural and
hydrological dreughtdry conditions ranged from 20% to 30%.

The most severe drought-events-dry periods in 1976, 1996, and 2018 were nextthen identified in order to compare the
magnitude of drought during-these—periods—(see Fig. 3 and Fig. S3 in the Supplement Material). Fhere-were—clearClear
differences were observed among these drought-events. For instance, the event in 1976 showed the highest severity for all
meteorological, agricultural, and hydrological drought types. Moreover, the 2018 event experiencedexhibited the highest
dreught-severity for soil moisture (SSMI). FhisThe reduction in soil moisture in 2018 could explain the large crop losses
experienced during that period (see Grusson et al., 2021; Statistiska Meddelanden, 2018).

Regarding the characterization of drought-informed regimes, SSMI-1 revealsrevealed distinct monthly drought patterns across
all clusters, yet they all share prolonged droughtdry conditions (SSMI-1 << -1) during 1975-1976, 2002-2003, and 2016—
2018 (Fig. S4 in the Supplement Material). Results also displaydisplayed recurring eroughtdry conditions during the 1990s in

over half of the clusters’ catchments, particularly in the spring and summer months. Brought-cenditiensDry periods were
observed in over half of the catchments in clusters A, B, and C from June to December 2002, excluding July. Clusters C, D,
and E showed severe (SSMI-1 from -2 to -1.5) or extreme (SSMI-1 << -2) drought-dry conditions in evermote than 75%
catchments during June and July 2018. AdditienallyFurthermore, cluster D exhibited severe dreughtdry conditions from

August to December 2018 in over 50% of the catchments.

(Figure 3 here)

Figure 3. Severity of the standardized drought indicators —SP1, SPEI, SSMI, and SSI- for the timescales of 1, 3, 6, 12, and 24 months
for the most severe droughteventdry periods in 1976 (left), 1996 (centre), and 2018 (right).
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3.3 Trend of drought indicators

It has been previously shown that between 1951 and 2016, annual precipitation in Sweden increased (Caloiero et al., 2018)
with a magnitude of about 2.5-25 mm/ year- per decade (Chen et al., 2020; Hartmann et al., 2013). However, these trends
were not significant in central and south-eastern Sweden (Becker et al., 2013; Chen et al., 2020; Hartmann et al., 2013). Our
results from the Mann-Kendall test analysis indicated wetter annual and biennial conditions (for SPI-12 in September and
SP1-24 in September, respectively) across most parts of the country, yet trends of dry conditions were observed in the central-
eastern Sweden (Fig. 4). Significant positive trends were evident in northern and western Sweden for both SPI-12 and SPI-
24 in September. Similar significant positive trends were also found for SPEI-12 and SPEI-24 in northern and western
Sweden; however, these indices revealed significant negative trends in parts of central-eastern and southern Sweden. This
pattern reflects the observed wetting in northern Sweden due to increased precipitation and drying in southern Sweden,
potentially driven by increased temperature and hence evapotranspiration (Cook et al., 2014).

Regarding agricultural droughts, we observed significant positive trends of wet conditions for soil moisture (SSMI-12 and
SSMI-24 for September) in northern and western Sweden, and negative trends were evident in central-eastern and parts of
southern Sweden (Fig. 4). For hydrological droughts, similar increased wet conditions were observed in northern and western
Sweden, while negative trends were noted in parts of central-eastern and southern Sweden for SSI-12 and SSI1-24. SSI-12
showed significant trends of drier conditions only in parts of Gotland, Uppsala, and Sédermanland Counties, while SS1-24
displayed more widespread significant negative trends across the central-eastern and some parts of southern Sweden.

In contrast, Teutschbein et al. (2022) observed non-significant negative trends in southern Sweden based on their analysis of
hydrological drought (using SSI1-12 for September) from 1961 to 2020 in Sweden. Their findings indicated that most of the
studied Swedish catchments exhibited wetter conditions, with northern catchments showing significant positive trends;

however, these patterns vary seasonally (Teutschbein et al., 2022).

(Figure 4 here)

Figure 4. Trends of the standardized drought indicators —SP1, SPEI, SSMI, and SSI- for the timescales 12-month (top) and 24-
month (bottom) for September from 1975 to 2021. Areas with a black boarder indicate significant tau values (p-value < 0.05).

Figure 5 further illustrates the spatial patterns of the seasonal SPI, SPEI, SSMI, and SSI trend analyses across Sweden. In
particular, SP1-3 showed significant positive trends over parts of northern and southern Sweden in winter (SP1-3 for February)
and summer (SPI-3 for August), and over north-western Sweden in spring (SPI1-3 for May). SPI-3 for spring also displayed
significant negative trends in Gotland County. The SPEI-3 for winter showed significant wetter conditions in northern and
western Sweden, while SPEI-3 for spring showed significant drier conditions in parts of central-eastern and southern Sweden.
The SP1-3 and SPEI-3 for autumn (November) indicated positive trends of wet conditions in northern Sweden and negative

trends in central-eastern and parts of southern Sweden, though most of these trends were not statistically significant.

(Figure 5 here)
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Figure 5. Trends of the standardized drought indicators —-SP1, SPEI, SSMI, and SSI- for the timescale 3-month from 1975 to 2021,
for values in February (winter), May (spring), August (summer), and November (autumn). Areas with a black boarder indicate
significant tau values (p-value <0.05).

In addition, we observed increased dry conditions in soil moisture for spring (SSMI-3 for May) across central-eastern and
southern Sweden, while northern Sweden displayed increased wet conditions (Fig. 5). In winter, SSMI-3 for February
displaysdisplayed positive trends across most of Sweden, while for summer and autumn, most regions showed no significant
trends (for SSMI-3 for August and November, respectively). However, certain areas in central-eastern Sweden exhibited
significant negative trends in autumn, and some regions in western Sweden showed significant positive trends in summer and
autumn.

Finally, increased wet conditions in streamflow were observed in winter (SSI-3 in February), with significant positive trends
evident in most parts of the country, except for southern and north-western Sweden. In spring, negative trends were noted in
central and southern Sweden, while positive trends were observed in northern Sweden (for SSI-3 in May). In summer and
autumn, most of the trends were not significant for SSI-3 for August and November.

Our results align with Teutschbein et al. (2022), who noted a north-south difference for streamflow trends from 1961 to 2020.
For SSI-3 during May (spring), they observed that northern Sweden displayed wetter conditions, while southern Sweden
experienced dryer conditions, although they mentioned that only a few locations showed negative significant trends. For SSI-
3 during August (summer) and November (autumn), they found that most of the observed trends were not significant.
Moreover, significant positive trends were observed for SSI-3 in February (winter) across most parts of Sweden.

Drought-events-are-becomingless-freguentDry periods showed a decrease in frequency in northern and western Sweden, but
more-freguentan increase in the central-eastern and south-eastern partparts of the country, based on SPEI, SSMI, and SSI (see

Fig. S5 in the Supplementary Material). However, only some areas shewexhibited statistically significant trends in-erought

aYalNTaYalalV no /W Taliats of-northern-anga-\Aestern Wedan—angd “"v" an H-eastern-and-so Nn-eastern-recion (See

Fig. S6 in the Supplementary Material). In contrast, the frequency of droughteventsdry periods based on precipitation (SPI)
shewsshowed significant pesitivenegative trends #a(indicating lower frequency) across most parts of the country, except in the

central-eastern arearegion, where nenon-significant negativepositive trends arewere generally observed.

Figure 6 illustrates the percentage of positive and negative trends of drought indicators —SPI, SPEI, SSMI, and SSI- observed
in catchments across all clusters. For the 24-month and 12-month timescales, positive trends arewere predominantly observed
for clusters A and B, with over 75% of the catchments within these clusters showing positive trends. In contrast, clusters C
and E exhibitexhibited a predominance of positive trends for SPEI, SSMI, and SSI in approximately 60% (£10%) of the
catchments, while negative trends arewere observed in about 40% (£10%). However, the positive trends arewere statistically
significant in less than 24% of the catchments within these clusters, and the negative trends in less than 8% of the catchments.
Cluster D, on the other hand, shewsshowed more than 98% of its catchments exhibiting negative trends for SPEI, SSMI, and
SSI, with statistically significant trends present in about 40% of the catchments for the 24-month timescale, and less than 25%

for the 12-month timescale.
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The wetting tendency iswas evident in winter, with the majority of the catchments (>74%) showing positive trends for SPI,
SPEI, SSMI, and SSI across all five clusters (Fig. 6). However, in cluster D, 26% of the catchments shewshowed negative
trends for SPEI-3 for winter, although these trends arewere not statistically significant. For spring, clusters A and B
exhibitexhibited positive trends in over 75% of the catchments for SPI, SPEI, SSMI, and SSI, except in cluster B for SPEI,
where only 50% of the catchments shewshowed positive trends. In contrast, clusters D and E shewshowed negative trends for
SPEI, SSMI, and SSI in most of the catchments (approximately 98%), with statistically significant trends ranging from 7% of
the catchments in cluster E for SPEI to 77% of the catchments in cluster D for SSMI. During summer, a wetting tendency
iswas observed for SPI across all clusters, with over 85% of the catchments exhibiting positive trends, though only few of
them showing statistically significant trends. Clusters B, C, and D shewshowed a predominance of positive trends for SPEI
and SSMI in summer, with approximately 60% (£10%) of the catchments showing positive trends and about 40% (+10%)
showing negative trends, but again, only few catchments shewshowed statistically significant trends. Finally, in autumn, a
trend of drying conditions swas evident in clusters C, D, and E for SPEI, with over 73% of the catchments exhibiting negative
trends. In contrast, SSMI shewsshowed a balanced pattern of wetting and drying conditions, with approximately half of the
catchments in clusters A, B, and C showing positive trends and the other half showing negative trends. Notably, SSMI in
autumn shewsshowed negative trends in 73% of the catchments for cluster D and positive trends in 75% for cluster E. SSI
predominantly shewsshowed positive trends in autumn, with over 67% of the catchments in clusters A, B, C, and E exhibiting
wetting conditions, while cluster D exhibitsexhibited an opposite pattern, with 61% of the catchments showing negative trends.

However, the overall trends for autumn arewere generally not statistically significant.

(Figure 6 here)

Figure 6. Percentage breakdown of trends for the standardized drought indicators —SPI1, SPEI, SSMI, and SSI- in catchments for
clusters A — E. Values are shown for the timescales: 24-month September (biennial), 12-month September (annual), 3-month
February (winter), 3-month May (spring), 3-month August (summer), and 3-month November (autumn).

4 Discussion
4.1 Comparison with previous investigations

Previous studies have already identified hydrologically similar regions across Sweden based on streamflow data (see
Teutschbein et al., 2022; Girons Lopez et al., 2021). Teutschbein et al. (2022) identified five hydrological clusters, using
observed monthly streamflow records (1961-2020) for 50 catchments in Sweden. They observed hydrological regimes with
high spring and summer peaks along the northern catchments. In our analysis, we observed similar results for clusters A and
B (located in north-western Sweden), with high SMA values in late spring and early summer, due to the snowmelt and
precipitation during warm months, resulting in increased soil moisture (see Figure 1). Teutschbein et al. (2022) also observed
the peak streamflow during winter and spring, followed by low streamflow during summer months with a period of recovery

in autumn across southern Sweden. A similar pattern was observed in our analysis for clusters D and E (located in south-
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eastern and south-western Sweden) with high soil moisture occurring in winter and spring, and lower soil moisture during the
summer months. The reduced streamflow and soil moisture in summer is attributed to less precipitation, higher temperatures
and increased evapotranspiration, which deplete the available moisture in the soil and, consequently, affect runoff generation.
Girons Lopez et al. (2021) also analysed the hydrological regimes across about 40,000 sub-catchments by clustering 15
hydrological signatures derived based on the S-HYPE model simulations. They identified seven clusters, each characterized
by distinct topography, precipitation patterns, and intra-annual streamflow variability. Interestingly, these clusters exhibit
regional differentiation in hydrological regimes, with patterns observed along north-south and east-west gradients. However,
the spatial distribution of the seven hydrological clusters differs from our drought-informed results, which could be attributed
to the objective of the clustering analysis. Girons Lopez et al. (2021) aimed to identify regimes primarily defined from
streamflow-based signatures. Here, we aim for drought-informed regimes based on soil moisture, whose dynamics are slower
than those of streamflow (Crochemore et al., 2020). It is consequently expected that fewer clusters with strong spatial proximity
would have been identified in comparison to streamflow-based clustering analysis.

In addition, Spinoni et al. (2014, 2015) analysed the global and European drought frequency, duration, and severity during
1951-2010 using SPI and SPEI. Their findings revealed high drought severity and duration during the period 1951-1970, and
a low drought severity during the period 1971-2010 in Sweden. Caloiero et al. (2018) examined SPI-3 and SPI-6 in Europe
from 1951 to 2016 and identified severe drought conditions in 1964 and extreme drought conditions in 1996, particularly in
northern Europe. They also observed prolonged drought periods before the 1990s for SPI-12 and SP1-24. Teutschbein et al.
(2022) identified severe and extreme drought events based on SSI-6 in 1976, 1989, 1996, 2003, 2017, and 2018; with the
hydrological droughts in 1976, 1996, 2003, and 2018 being particularly widespread, affecting more than half of their study
area. Similarly to our results, Caloiero et al. (2018) observed wetter conditions for SPI-12 and SP1-24 across most of Sweden,
excluding the central-eastern region. Moreover, Chen et al. (2020) observed significant positive trends of wet conditions in
northern Sweden, and significant negative trends in south-eastern Sweden using SPEI-9 for August from 1902 to 2018.
However, they did not observe significant increases of wet conditions in south-western Sweden. According to Chen et al.
(2020), the positive trend in precipitation was most pronounced in northern Sweden, where annual and winter precipitation
has increased significantly. In contrast, central and southern Sweden exhibit weaker or insignificant precipitation increases.
In line with our findings, Dai (2011 a, b) reported increasing drought conditions in southern Sweden based on the Palmer
Drought Severity Index (PDSI) from 1900 to 2008. However, their results showed some discrepancies in drought trends
compared to other studies. For instance, Spinoni et al. (2015) observed a decreasing drought trend using the SPI, SPEI, and
Reconnaissance Drought Index (RDI) from 1950 to 2012. Similar to the findings of Dai (2011 a, b) and our own, Sheffield et
al. (2012) reported a drying tendency in southern Sweden using the PDSI from 1950 to 2008. It is important to note that the
varying significance, magnitude, location, and sign of the trends are sensitive to the selection of the drought index, the analysed
time period and the applied timescale (Chen et al., 2020).

Regarding seasonal trends, Caloiero et al. (2018) identified significant positive trends in northern and parts of southern Sweden

for SPI-3 in February (winter) and found no-significant trends in general for SPI-3 for November (autumn) in their
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investigation of the temporal evolution of drought in Europe from 1951 to 2016, consistent with our findings. In contrast, they
observed significant positive trends of wet conditions for SPI-3 in May (spring) across a wider area in the northern and western
parts of the country. Chen et al. (2020) found a consistent trend of drying conditions in the central-eastern Sweden since 1981.
They noted that SPI-6 showed no-significant increasing positive trends in spring and summer, in contrast to other parts of the
country. Furthermore, they identified significant positive trends in northern Sweden and no-significant negative trends in

south-eastern Sweden for summer and autumn, based on SPEI-9 and PDSI analyses from 1902 to 2018.

4.2 Practical implications

Drought indicators based on precipitation are widely used for drought monitoring and early warnings, but there is a need for
indicators representing drought propagation in different domains of the hydrological cycle and across various spatial and
temporal scales (Bachmair et al., 2016). Addressing this need, the present study analyses historical drought patterns across
Sweden using multiple standardized indicators, thereby contributing to improved drought risk assessment and informing long-
term planning in sectors such as agriculture, water management, and energy. For example, understanding how soil moisture
and streamflow deficits evolve across regions and seasons can help inform agricultural management or reservoir operations in
the energy sector.

Building on previous research that analysed drought effects on water, energy, food, and ecosystems (Teutschbein et al., 2023b;
Aldea et al., 2023; Campana et al., 2018), this study enhances the understanding of spatial and temporal drought patterns. It
provides valuable insights for reservoir management and hydropower production, especially in northern and western Sweden,
where future climate projections suggest increased drought risk (Teutschbein et al., 2023b). Additionally, the study’s insights
into soil moisture trends provide important context for forest management, particularly regarding species like Norway spruce
that are highly susceptible to drought damage in southern Sweden (Aldea et al., 2023). Overall, the integrated drought indicator
approach offered by this study supports cross-sectoral planning and enhances resilience to current and future drought hazards.
By evaluating the performance and limitations of multiple standardized drought indicators, this study identifies which
indicators most accurately capture different dimensions of drought parametrization across various regions and timescales. This
comprehensive assessment highlights the strengths and limitations of each metric in capturing the physical processes and
impacts of drought. It enables decision-makers and practitioners to select the most relevant indicators tailored to their specific
monitoring needs. Additionally, it supports early warning and forecasting systems that can benefit from integrating multiple
data sources to better address the complexity of drought as a systemic risk. This approach aligns with the recommendations by
Hagenlocher et al. (2023) and Van Loon et al. (2024), who emphasize that effective drought risk management requires moving
beyond single-variable, event-based metrics toward multidisciplinary systems that consider hydrological, ecological, and
socio-economic factors. The insights provided by this study therefore support the design of drought monitoring tools that are
both scientifically robust and operationally practical, improving the ability to anticipate, communicate, and mitigate drought

impacts across sectors.
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5 Conclusions

This study aimed to assess drought hazard by analyzing meteorological, agricultural, and hydrological drought dynamics in
Sweden. To achieve this, we defined drought-informed regimes, characterized dreught-eventsdry periods in terms of intensity,
duration, and frequency, and evaluated drought trends. A set of indicators was utilized to capture short- and long-term drought
conditions, incorporating precipitation, evapotranspiration, soil moisture, and streamflow data for 39,635 sub-catchments in
Sweden over the period from 1975 to 2021.

The conclusions from this study are the following:

e Regional variation in drought severity and occurrence was observed across the five clusters of drought-informed
regimes. Drought conditions occurred less often in clusters located in north-western Sweden, whereas catchments in
the south-western and south-eastern parts of the country experienced moderate, severe and extreme droughtsdry
periods more frequently. In addition to the north-south contrast, an east-west gradient iswas observed, with the
catchments located in the north-eastern Sweden exhibiting dreught-eceurrencesdry conditions more often than the
north-western catchments, though still less frequently than those in the south.

o  DreughtsDry periods were more frequently observed when assessed based on precipitation and evapotranspiration,
highlighting the effect of temperature on water depletion through increased evapotranspiration. Notably, the most
severe drought observed using soil moisture data occurred in 2018 and was likely a major factor contributing to the
substantial crop losses reported during that period.

e Central-eastern and south-eastern Sweden exhibited increasing frequency of dreughtsdry periods as evaluated based
on precipitation-evapotranspiration, soil moisture, and streamflow indicators. These regions also shewshowed both
annual and biennial-and-annual trends of drying conditions for these indicators, with a similar pattern observed in
autumn. In spring, however, the negative trend iswas evident across both south-eastern and south-western Sweden.
In contrast, winter shewsshowed a tendency toward wetter conditions across the entire country.

Overall, this study provides novel insights by adopting a comprehensive approach to drought hazard, integrating
climatological, agricultural, and hydrological perspectives to assess drought conditions across the country’s diverse hydro-
climatic regimes. By examining multiple dimensions of drought, results enhance our understanding of drought regional
variability and the interconnected factors driving drought conditions. By characterizing erought—eventsdry periods and
evaluating drought trends, this study contributes to a deeper understanding of drought hazard in Sweden and their consequences

for water-dependent sectors. These results can enhaneecontribute to the development of drought monitoring, early warning

systems, reducing vulnerability, advance understanding of sector-specific impacts, and support the formulation of drought

resilience strategies.
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SML. Calculation of standardized drought indicators: SPI, SPEI, SSMI, SSI

The standardized drought indicators were defined using the daily simulated precipitation, evapotranspiration, soil moisture,
and streamflow from S-HYPE model. The monthly data was defined by the sum of the precipitation and the—average
evapotranspiration, and the average soil moisture; and streamflow for each month. For the calculation of SPI (see Eq. S1) and
SPEI, we used monthly data of precipitation and evapotranspiration applying the SPEI R package: SPEI (Begueria and Vicente
Serrano, 2023; Vicente-Serrano et al., 2010). The statistical tests showed that Gamma probability distribution models best the
observed precipitation values, aligning with the standard recommendations for calculating SPI in Europe (McKee et al., 1993).
The SPEI was defined by computing the monthly difference between precipitation and potential evapotranspiration. And the
statistical, distribution used for obtaining the SPEI was the log-logistic distribution, which was considered a suitable
distribution based on the findings of Vicente-Serrano et al. (2010). To calculate the Standardized Soil moisture Indicator
(SSMI), the SPEI R package and the SPEI function was used, applying the log-logistic distribution (Tian et al., 2021). And for
the calculation of Standardized Streamflow Indicator (SSI), applying the SPEI R package and the SPEI function, the log-
logistic distribution was used (Teutschbein et al., 2022; Tian et al., 2021).

The standardized drought indicator quantifies anomalies in precipitation, precipitation—evapotranspiration, soil moisture, or

streamflow on a dimensionless scale. Monthly values are fitted to a probability distribution (e.g., gamma or log-logistic), and

the cumulative probability of each observation is transformed into a standard normal variable with mean 0 and standard

deviation 1 (see Eq. (2)). Negative values indicate dry conditions, and positive values indicate wet conditions, allowing

comparison across regions and timescales.

U

Standardized drought indicator = = CIJ‘l(H(x)) Eq.(2

where X is the value corresponding to the cumulative probability, n is mean of the standard normal distribution, o is the

standard deviation of the standard normal distribution, @ is the inverse of the standard normal cumulative distribution

function, H(x) is the cumulative probability from the fitted probability distribution.
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650 SMZ2. Spatial-temporal analysis of drought indicators

Figure S1 shows the distribution of the mean SMA values per cluster- using a violin plot. Wider sections indicatedof the violin

indicate a higher probability of SMA values falling within a particular drought severity level. For instance, the largest data
density ranges frembetween -1 teand 1, indicating predominantly non-drought conditions-en—mest-eceasions.. However,
Clusters C, D, and E showed extreme (SMA < -2) and severe (SMA from -2 to -1.5) drought-eventsdry periods more
655 freqguentfrequently. Moderate drought-occurrencedry periods (SMA from -1.5 to -1) is-guitewere common across all clusters;
except cluster A.
(Figure S1 here)

Figure S1. Violin plot of the monthly mean SMA across the 39,635 studied sub-catchments, grouped into the five clusters. Points
represent the monthly mean SMA of a sub-catchment. SMA lower than -2 represents extreme drought, SMA values from -2 to -1.5
660 is severe drought, and SMA from -1.5 to -1 is moderate drought.
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SMa3. Characterization of droughteventsdry periods in Sweden — Additional material

Figure S2 shows the drought frequency, which represents the total number of dreught-eventsdry periods recorded during the
study period from 1975 to 2021. In general, short-term meteorological dreught-eventsdry periods (including SPI-1, SPI-3,
SPEI-1, and SPEI-3) were more frequent and have a lower standard deviation, while short-term agricultural and hydrological
drought-eventsdry periods (including SSMI-1, SSMI-3, SSI-1, and SSI-3) were less frequent and showed larger regional
variation. The SPEI analysis revealed a high frequency of drought-eventsdry periods during the study period. Specifically,
SPEI-1 recorded approximately 70 to 90 dreughteventsdry periods, while SPEI-3 observed around 40 to 50 dreughteventsdry
periods (see Fig. S2 left). Long-term droughtsdry periods (including SPI-12, SPI1-24, SPEI-12, SPEI-24, SSMI-12, SSMI-24,
SSI1-12, and SSI-24) were less frequent but more uniform across regions. Fewer than 30 drought-eventsdry periods were
generally observed across the four standardized indicators for the 12- and 24-month timescales. This corresponds with the
progression of drought, as only prolonged precipitation and evapotranspiration deficits result in reduced soil moisture and
lower streamflow levels.

The percentage of time in droughtdry conditions due to precipitation deficit (as measured by SPI-1 to SPI-24) ranged from 12
to 18% during the study period (see Fig. S2 right). Drought based on short-term precipitation deficits, often show rapid
recovery following precipitation events, which may explain the observed lower percentage of time in droughtdry conditions
as measured by SPI-1 and SPI-3. Short-term dreughts-(SPEI-1 and SPEI-3) and mid-term droughts-(SPEI-6);) dry periods, as
measured by precipitation and evapotranspiration, demonstratedemonstrated a percentage of time in droughtdry conditions
ranging generally from 16% to 20%. The larger percentage of time in droughtdry conditions observed with SPEI compared to
SPI highlights the influence of temperature and evapotranspiration, which contribute the persistence of droughtthese
conditions. The percentage of time in agricultural and hydrological droughtsdry conditions (based on soil moisture and
streamflow) generally ranged from 14% to 18%. However, parts of southern and northern Sweden experienced from 18% to
30% percentage of time in droughtsdry conditions (including SSMI-1 to SSMI-24 and SSI-1 to SSI-24) during the study period.

SSMI and SSI reflectreflected the cumulative effects of drought over time and respond to meteorological changes. This could

explain the generally lower frequency but longer percentage of time in dreughtdry conditions detected by SSMI and SSI.

(Figure S2 here)

Figure S2 The drought frequency (left) and the percentage of time in droughtdry conditions (right) during the study period 1975 —
2021 for the standardized drought indicators —SPI, SPEI, SSMI, and SSI- for the timescales of 1, 3, 6, 12, and 24 months.

Figure S3 shows the drought intensity for 1976, 1996, and 2018. Largest drought intensity was shown for SPI in 1976 and
1996. Moreover, in 2018, high drought intensity was shown for SPI-1, SPEI-1 and SSMI (1 to 12 months).
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(Figure S3 Here)
Figure S3 Intensity of the standardized drought indicators —SPI, SPEI, SSMI, and SSI- for the timescales of 1, 3, 6, 12, and 24
months for the years 1976 (left), 1996 (mid), and 2018 (right).

SSMI-1 for cluster A exhibited extreme in over 50% of the catchments during August 2006 and severe droughtdry conditions
October 1976, May 1977, July 1980, November 1992, October—November 2002, July 2003, September 2014, and July 2018
(Fig. S4). SSMI-1 for cluster B showed severe droughtsdry periods in over 50% of the catchments during April 1985, May
1990, June and November 1992, August 1994, May—-June 2002, September-December 2002, July 2003, August 2006,
September 2014, and July 2018. SSMI-1 for cluster C showed extreme dreughtsdry periods in over 50% of the catchments
during May 1990, December 2002, January 2003, and July 2018; and severe dreughtsdry periods in April 1985, October 1989,
June 1992, August 1994, May—June 2002, September 2002 — January 2003, August 2006, and June and October 2018. SSMI-
1 for cluster D indicated extreme droughtsdry periods in June—July 2018; and severe droughtsdry periods in August,
November—-December 1975, February 1977, August 1983, May 1990, June 1992, May 1993, September 2002, June 2008,
October 2016, August—December 2018, April 2019 and April 2020 affecting over 50% of the catchments. SSMI-1 for cluster
E showed extreme droughtdry periods in June 1992 and April 2019; and severe dreughtsdry periods in August 1975, July—
September 1976, December 1978 — February 1979, January 1982, August 1983, January 1987, May 1990, May 1993, May
and July 1994, April 2002, September—October 2002, June 2008, January—February and December 2010, October 2016, June—
August 2018, April 2019, and April 2020 affecting over 50% of the catchments.

(Figure S4 here)

Figure S4. Heatmap of the percentage of catchments in dreughtdry conditions for SSMI-1 for cluster A — cluster E by severity level:
moderate (-1.5 to -1), severe (-2 to -1.5), extreme {<(< -2).

SM4. Trends of droughteventsdry periods in Sweden

Figure S5 illustrates trends in the severity, intensity, duration and frequency of erought-eventsdry periods across Sweden. Most
of the locations show no-significant trends for severity, intensity, or duration. The few significant positive trends in severity
and intensity are generally found in parts of northern Sweden, while negative trends in duration generally appear in the northern

and western regions. Drought frequency exhibits generally significant pesitivenegative trends (indicating lower frequency) in

parts northern and western Sweden and negativepositive trends in parts of central-eastern and south-eastern Sweden (see Fig.

S6). FheseThe significant negative trends cover a wider area when assessed using SPEI.

(Figure S5 here)

Figure. S5. Trends of the dreught-events’dry periods’ characteristics computed with the standardized drought indicators —SPI,
SPEI, SSMI, and SSI- for the timescales of 1, 3, 6, 12, and 24 months.

(Figure S6 here)



Figure. S6. Trends of the dreught-events’dry periods’ frequency computed with the standardized drought indicators —SPI, SPEI,
SSMI, and SSI- for the timescales of 1, 3, 6, 12, and 24 months. Areas with a black boarder indicate significant tau values (p-value
<0.05).

730



