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A B S T R A C T   

Study Region: Sweden 
Study focus: 
Although Sweden has historically been a country abundant with water, observed changes in 
temperature and precipitation patterns during the past century have perturbed regional hydro-
logic regimes, including the severity, frequency and duration of streamflow droughts. This study 
utilizes the standardized streamflow index (SSI) and the threshold-level method to provide an 
unprecedented overview of spatiotemporal patterns of streamflow droughts in 50 Swedish 
catchments over the past six decades. The study catchments were categorized into five clusters, of 
which each was analyzed for changes in various drought characteristics over the period 
1961–2020. 
New hydrological insights for the region: Multiple severe streamflow drought events were detected 
over the past 60 years. Remarkably, droughts in 1976 and 1996 were identified as the most 
extreme and wide-spread events, also compared to the latest 2018 drought. Southern catchments 
were generally more often and more severely affected than northern catchments. Our results 
suggest a wetting tendency over the past six decades across the entire country. This occurs in 
conjunction with less severe, shorter and less frequent droughts, especially during colder winter 
months. Only in the southernmost regions, a slight drying trend in spring and summer was found. 
Thus, we argue that a better understanding and regional management of streamflow droughts is 
essential to secure the needs of the environment, society and economy now and in the future.   

1. Introduction 

Hydrological droughts, which are defined as the negative deviation of surface and subsurface water supplies from average con-
ditions at various points in time (Tallaksen and Lanen, 2004; WMO, 2006), can cause problems for drinking water supply, agriculture, 
forestry, industry, energy production, and can lead to a severe habitat damage (Swedish Commission on Climate and Vulnerability, 
2007). Hydrological droughts include groundwater droughts and streamflow droughts (Goyal et al., 2017). While groundwater 
droughts are characterized by below-normal groundwater levels, streamflow droughts refer to periods when flows and water levels in a 
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river are below a given threshold (Van Loon, 2015). Hydrological droughts tend to gradually emerge over longer time scales than 
deficits in precipitation or soil moisture (Zaidman et al., 2002). Hydrological droughts are cumulative in nature because they become 
increasingly severe as long as water input into the system remains insufficient (Zaidman et al., 2002). Similar to the onset of droughts, 
recovery from droughts is also slow due to long recharge times (WMO, 2006). 

Streamflow droughts play a fundamental role in water resources management, and influence the balance between in-stream uses, 
such as aquatic life and recreation, and out-of-stream uses, such as reservoir regulation (Smakhtin, 2001). A reduction of in-stream 
flow can cause interruptions in stream connectivity and loss of habitat (Lake, 2003). Lower stream velocities can trigger higher 
sedimentation rates (Wood and Armitage, 1997), which, in combination with higher stream temperatures and higher concentrations of 
pollutants, such as nitrogen (Lee et al., 2021), also lead to deterioration of water quality (van Vliet and Zwolsman, 2008). These effects 
inevitably result in a loss of biodiversity, which eventually alters food resources for other animals (Lake, 2003). Crop production 
during drought years can be substantially reduced (up to 50%) if irrigation is not provided (Campana et al., 2018). Droughts can 
severely affect hydropower production, including in Nordic regions (Jääskeläinen et al., 2018): for example, hydropower production 
by Swedish hydropower stations dropped by more than 30% during droughts conditions (van Vliet et al., 2016). Negative impacts of 
droughts on forestry in Nordic countries have frequently been reported (Stahl et al., 2016). These severe consequences clearly illustrate 
the importance of knowledge about streamflow droughts for many aspects of water resources management, including hydropower 
planning, determining allowable water transfers and withdrawals, or decisions regarding environmental flows. It is, thus, essential to 
better understand, simulate and predict streamflow droughts to secure the needs of the environment, society and economy now and in 
the future. 

Fig. 1. Comparison of (a) total annual streamflow and (b) summer (JJA) streamflow during the period 1960–2020, averaged over 50 stations in 
Sweden (upper panels), averaged over 26 stations in northern Sweden above 60◦N (center panels), and averaged over 24 stations located in the 
southern part of Sweden below 60◦N (lower panels). Linear trends, obtained from all years, wet years and dry years, are shown in dashed lines. Years 
with the lowest streamflow (below the 10th percentile) are labeled. Information on the underlying data is provided in Section 3.1 Streamflow Data. 
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Although Sweden has historically been a region abound with water, it is not exempt of streamflow droughts (Fig. 1, upper panels). 
The 1976 Northwest European drought, the drought of 1996 and the 2003 European heatwave/drought will long be remembered for 
their devastating effects in Europe, including Scandinavia (Bradford, 2000; Fink et al., 2004). The slowly developing drought in 1976 
smashed records nationwide. It had a relatively slow onset and resulted from a warm and dry summer following a dry winter with 
record rain deficits (Bradford, 2000; Stagge et al., 2004). This led to reductions of annual streamflow of roughly 20% in northern 
Sweden (Fig. 1a, center panel) and 58% in southern Sweden (Fig. 1a, bottom panel). The 1996 streamflow drought started with 
precipitation deficits in late 1995 in the UK, followed by an ever-expanding meteorological drought in Scandinavia continuing into 
spring 1996. This led to a considerable reduction in available water for northern Europe in the early spring of 1996, which in turn 
caused streamflow to decrease on average by 25% in northern Sweden (Fig. 1a, center panel) and by 35% in Southern Sweden (Fig. 1a, 
bottom panel) that year. In 2003, drought conditions developed rather quickly due to a heat wave accompanied by a lack of summer 
rainfall (EurAqua, 2004). Annual streamflow was on average 24% below normal (20% in the north, 32% in the south), which caused 
substantial reductions in hydroelectric production (Energimyndigheten, 2012). 

More recently, 2016 and 2017 were rather dry years. Especially in southern Sweden, streamflow was 28% below normal and many 
regions issued local water use restrictions (Geological Survey of Sweden, 2017). This drought continued and culminated in 2018 
(Fig. 1b), which was yet another dry and unusually warm year (Swedish Board of Agriculture, 2019) that led to the most serious 
wildfires in modern history (The Local, 2018). This latest drought event had the epicenter over the UK and Scandinavia (Peters et al., 
2020). 

In all cases, however, there were large seasonal and spatial variations in streamflow across the country (Fig. 1a,b), which was likely 
caused by a large spatiotemporal variability in hydro-climatic patterns and a complex interplay of meteorological conditions and 
catchment properties. Yet, research on drought conditions and resulting hydrological impacts in Sweden is still in its infancy and 
scientific studies dedicated to streamflow droughts in Sweden are lacking, even though hydropower, forest industry and drinking water 
supply depend largely on a sufficient quantity of surface water (Anderegg et al., 2013; Barthel et al., 2021; Lehner et al., 2005). 

Given the large observed change in mean air temperature (Fig. 2a) accompanied by changes in mean precipitation patterns (Fig. 2b) 
over the past six decades, we hypothesize that streamflow droughts in Sweden have become more common and that not all regions are 
affected by streamflow droughts to the same extent. 

To test this hypothesis, we computed drought indices for 50 Swedish catchments over a period of 60 years (from January 1961 to 
December 2020). The scientific literature provides two types of indices, which can be used to identify and characterize streamflow 
droughts from existing streamflow series: (1) standardized indices that provide standardized information on drought strength, and (2) 
threshold-based indices that allow for the estimation of deficit volumes as an additional severity measure (Van Loon, 2015). In our study, 
we combined both types of indicators: We used a standardized index to compute spatiotemporal streamflow anomalies in 50 Swedish 
catchments over a period of 60 years (from January 1961 to December 2020), identified the most severe droughts, and analyzed spatial 
prevalence of these events (Section 4.1). We then clustered the 50 catchments into spatially contiguous regions based on their 
streamflow anomalies (Section 4.2) to facilitate a comprehensive analysis of multiple threshold-based drought characteristics across 
Sweden (Section 4.3), and their patterns over time in a changing climate (section 4.4). 

2. Study area 

Sweden spans an area of approximately 408,000 km2 (SLU, 2015) with an elevation range of − 2–2100 m.a.s.l. (Fig. 3a). More than 
two thirds (69%) of the land area are currently covered by forests (SLU, 2015), 9% by wetlands and water bodies, 8% by shrubs and 
grass land, 8% by agriculture (mostly in Southern Sweden), 3% by human settlements (urban areas) and the remaining 3% are open 
land and glaciers (Fig. 3b). The dominant soil class is till, which covers about 75% of the land area (Fig. 3c). Sweden has three major 
climate zones (Fig. 3d) according to the Köppen-Geiger classification (Beck et al., 2018): The Scandinavian Mountains in northwestern 
Sweden are located in the polar tundra climate zone (ET) with monthly mean temperatures below 10 ◦C, central and northern Sweden 

Fig. 2. Overview of (a) annual mean temperature and (b) total annual precipitation from 1961–2020 averaged over the entire Swedish land area 
based on the spatially interpolated 4 km x 4 km national PTHBV grid. Fitted linear regression lines (black dashed line) and a 10-year moving average 
(gray lines) are shown as well. Information on the underlying data is provided in section 3.2 Meteorological Data. 

C. Teutschbein et al.                                                                                                                                                                                                   



Journal of Hydrology: Regional Studies 42 (2022) 101171

4

experiences a subarctic boreal climate (Dfc) with cool summers, very cold winter, persistent seasonal snow cover and soil frost during 
winters, and southern Sweden is located within the warm-summer hemiboreal climate zone (Dfb). 

During the period 1961–2020, annual mean temperature in Sweden was on average 2.6 ◦C (3.2 ◦C in the selected catchments) 
while the annual precipitation averaged 784 mm (800 mm in the selected catchments). During this period, annual temperature has 
been significantly rising at a rate of 0.037 ◦C per year (at 5% significance level), which adds up to a total warming of + 2.2 ◦C from 

Fig. 3. Overview of (a) Sweden’s topography obtained from Lantmäteriet, the Swedish Mapping, Cadastral and Land Registration Authority, (b) 
land cover classes according to the CORINE Land Cover CLC2018 dataset (Büttner, 2014), (c) soil types derived from the Geological Survey of 
Sweden 1:1000000 soil type map, (d) climate zones according to the Köppen-Geiger classification (Beck et al., 2018), including polar tundra climate 
zone (ET), subarctic boreal climate (Dfc) and warm summer hemiboreal climate (Dfb), and (e) average annual and seasonal streamflow patterns 
during the period 1961–2020 based on ordinary kriging interpolation between 50 stream gauges with continuous flow measurements (division in 
northern and southern catchments is highlighted in the left panel). Please note that the applied kriging provides a smoothed and overly simplistic 
representation of spatial streamflow patterns. 
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1961 to 2020 (Fig. 2a). At the same time, precipitation has been increasing at a significant rate of 2.4 mm per year (Fig. 2b), which 
corresponds to a total increase of 144 mm (or 20%). For the same period, average annual streamflow showed spatial variations 
(Fig. 3e) with the highest runoff (810 – 1300 mm/year) in the Scandinavian Mountains in northwestern Sweden and the lowest (168 – 
300 mm/year) in Southeastern Sweden (Fig. 3a), which reflected the spatial variations in topography (Fig. 3a), land use (Fig. 3b), soil 
types (Fig. 3c) and climate zone (Fig. 3d, Table 1). 

For the subsequent analysis, catchments were divided into northern catchments (above 60◦N) and southern catchments (below 
60◦N), which corresponds to the prevailing climate conditions and streamflow regimes. Northern catchments featured ET or Dfc 
climates were characterized by temperature-based snowmelt-driven regimes with a clear snowmelt peak (i.e., spring flood) in the 
spring or early summer, and low streamflow in the winter due to snow accumulation on the ground. In contrast, southern catchments 
exhibited a Dfb climate and rainfall-driven regimes with higher flows in the winter and lower flows in the summer due to high 
evapotranspiration demands. 

3. Data 

3.1. Streamflow data 

Daily streamflow measurements were downloaded from a publicly accessible streamflow database (http://vattenwebb.smhi.se/) 
provided by the Swedish Meteorological and Hydrological Institute (SMHI). The data has been quality checked and is commonly used 
for hydrological studies in Sweden as well as for national predictions, warnings and statistical assessments. Geospatial data for the 
streamflow stations and their catchments was obtained from SMHI’s SVAR database (Eklund, 2011), which offers information on more 
than 100,000 lakes, 28,000 streams and roughly 52,000 catchments (Henestål et al., 2015). From all these catchments, we selected 
only 50 for this study (Table 1, Fig. 3e), which had continuous streamflow measurements (with gaps up to 14 days that were filled 
through linear interpolation) during the period January 1961 to December 2020, and which were not affected by bifurcations or 
backwater effects. 

3.2. Meteorological data 

For each of the 50 catchments, gridded daily mean temperature and daily precipitation were obtained from SMHI’s PTHBV 
database (SMHI, 2005), which provides a spatially interpolated 4 km x 4 km national grid for the period 1961–2020 (Johansson, 
2002). Catchment-specific temperature and precipitation values (Table 1) were calculated by an area-weighted average of all grid cells 
partly or fully lying within the catchment boundaries. 

4. Methods 

4.1. Streamflow anomalies over space and time 

4.1.1. Computation of streamflow anomalies 
To identify spatiotemporal streamflow anomalies (i.e., drought periods) over Sweden, we used the Standardized Streamflow Index 

(SSI) that was originally developed by Shukla and Wood (2008) and later improved by Vicente-Serrano et al. (2011). The SSI quantifies 

Table 1 
Summary of the properties of the 50 selected catchments.  

Catchment Properties Mean Median Min - Max  

(1) Geographic properties Latitude [◦N, WGS84] 61.2 60.6  55.9 – 68.4 
Catchment area [km2] 1452 1019  2 – 8425 
Mean elevation [m a.s.l.] 365 258  12 – 942  

(2) Land cover Agriculture [%] 10 2  0 – 99 
Forest [%] 55 62  0 – 86 
Glaciers [%] 0 0  0 – 2 
Open land [%] 3 0  0 – 38 
Shrubs and grassland [%] 16 11  0 – 77 
Urban [%] 1 0  0 – 3 
Water [%] 14 12  0 – 37  

(3) Soil types Bedrock and glaciers [%] 18 10  0 – 60 
Clay [%] 4 1  0 – 26 
Glaciofluvial sediments [%] 3 2  0 – 13 
Peat [%] 16 12  0 – 39 
Sand-gravel [%] 7 2  0 – 88 
Silt [%] 1 0  0 – 9 
Till [%] 45 51  7 – 72  

(4) Hydroclimatic properties Mean annual temperature [◦C] 3.2 2.7  -2.8 – + 7.9 
Mean annual precipitation [mm year-1] 800 761  544 – 1196 
Mean annual streamflow [mm year-1] 480 377  169 – 1303  
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streamflow anomalies as dimensionless deviations from normal conditions. It is computed by fitting a probability distribution function 
to the monthly streamflow series to estimate cumulative probabilities, which are then transformed into so-called z-scores based on a 
normal distribution with zero mean and a standard deviation of one. The SSI equals these z-scores, which implies that it represents the 
number of standard deviations away from the mean. Positive SSI values indicate streamflow conditions above normal, while negative 
values represent below-normal conditions. The magnitude of streamflow anomalies can also be described qualitatively, e.g., following 
the classification scheme, originally introduced Lloyd-Hughes and Saunders (2002) for precipitation anomalies (Table 2). 

According to Mishra and Singh (2010), SSI is a powerful tool to characterize streamflow droughts because it can be calculated for 
different aggregation periods (e.g., for 1, 3, 6, 12 or 24 months) and because it enables comparison of events across regions. Short 
aggregation periods ( ≤ 3 months) can be useful to capture short-term hydrological responses to droughts, while longer aggregation 
periods reflect longer-lasting streamflow anomalies (Seibert et al., 2017). 

Here, we applied the SSI to identify the most severe drought periods and to identify the overall spatiotemporal patterns. It should, 
however, be noted that the estimated SSI is strongly affected by the length of the streamflow record (Wu et al., 2005) and by the chosen 
probability distribution function (Stagge et al., 2015b). In the literature, a number of different probability distributions has been fitted 
to streamflow (Soľáková et al., 2013; Svensson et al., 2017; Vicente-Serrano et al., 2011). Vicente-Serrano et al. (2011) concluded that 
the use of any single distribution is inappropriate in regions with highly variable streamflow regimes. Given the wide north-south span 
of our study area, and the associated regional differences in streamflow regimes (snow-melt driven in the north versus rainfall-driven 
in the south), we tested a variety of probability distributions for each considered series (obtained for 50 gauging stations, 12 months of 
the year and 5 different aggregation periods) separately. We selected 16 distributions (including several one-, two- and 
three-parameter distributions, see Table 3) to fit to the monthly streamflow series, and applied the Kuiper’s goodness-of-fit test 
(Kuiper, 1960) to decide on the best-fitting distribution. The Kuiper test statistic is the sum of maximum negative (D-) and maximum 
positive (D+) distances between two cumulative distribution functions. This test is similar to the widely known two-sample Kolmo-
gorov-Smirnov test (Massey, 1951), but is generally considered superior (Louter and Koerts, 1970), because it is equally sensitive at the 
mean and at the tails. This feature makes the Kuiper test especially useful in analyzing extreme events, such as droughts and floods. 

We calculated the SSI based on the following procedure:  

I. First, mean monthly flows (in mm/month) were obtained from the observed daily streamflow series. This represented the one- 
month aggregation period equaling SSI-1.  

II. These monthly series were further averaged over 3, 6, 12, and 24 months using a moving average to obtain SSI-3, SSI-6, SSI-12 
and SSI-24 (Svensson et al., 2017). For example, the 3-month streamflow (SSI-3) in June 1990 is the average streamflow over 
April, May and June 1990.  

III. These monthly time-series were split by calendar month, resulting in 12 monthly series (one for each month from January to 
December, each consisting of 60 values from 1961 to 2020) for each of the five considered aggregation periods (SSI-1, SSI-3, SSI- 
6, SSI-12 and SSI-24) for each of the 50 catchments. Thus, a total of 3000 series were created.  

IV. Sixteen candidate probability distribution functions (Table 3) were fitted to each of the 3000 monthly streamflow series.  
V. Kuiper’s test (Kuiper, 1960) was used to decide on the best-fitting distribution for every series independently.  

VI. The selected best-fitting distribution for a particular series was transformed into z-scores (i.e., a normal distribution with zero 
mean and a standard deviation equal to 1), which directly provided the SSI values in each catchment, for each calendar month 
and each aggregation period. Drought periods were identified by applying the scheme given in Table 2 over the SSI values. 

It should be noted that the SSI is based on monthly streamflow series and does not allow for a high temporal resolution, i.e., 
identification of drought events of shorter durations. Thus, in this study, the SSI was used only to explore the overall large-scale 
spatiotemporal patterns of droughts across Sweden from 1961 to 2020. 

4.1.2. Detection of spatiotemporal patterns across Sweden 
We analyzed general spatiotemporal patterns in droughts by considering the SSI values (obtained from the 5 aggregation periods) 

jointly over the entire record period (1961–2020), and across all catchments. As a result, we were able to identify droughts, and to 
analyze their spatial prevalence. Special emphasis in our analyses was put on evaluating potential north-south patterns, which we 
expected to emerge due to variations in evaporation as well as snow accumulation and snow melt. For example, we analyzed if the 

Table 2 
Classification of low- and high-flow conditions by SSI values and corresponding probabilities, following the scheme of categories by Lloyd-Hughed 
and Saunders (2002) for precipitation anomalies.   

Streamflow class SSI range Probability [%] 

High flows Extreme high flows ≥ +2.00  2.3 
Severe high flows + 1.50 to + 1.99  4.4 
Moderate high flows + 1.00 to + 1.49  9.2 
Mild high flows 0 to + 0.99  34.1 

Low flows Mild low flows -0.99–0  34.1 
Moderate low flows (drought) -1.49 to − 1.00  9.2 
Severe low flows (drought) -1.99 to − 1.50  4.4 
Extreme low flows (drought) ≤ − 2.00  2.3  
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magnitude of a specific severe drought event was the same in the northern and in the southern catchments. Comparisons between 
drought severity in the northern catchments to the severity in the southern ones were performed based on the non-parametric Wil-
coxon rank-sum test (Asadzadeh et al., 2014). The null hypothesis of this test is that the samples’ medians are equal, under the un-
derlying assumption that the two distributions have the same shape and variance (Montgomery and Runger, 2010). The test statistic is 
considered normally distributed for sample sizes greater than 15 (Kottegoda and Rosso, 2008). 

Most of these analyses were based on the SSI-6 (obtained from 6-month moving average flows) as this particular aggregation period 
reflects seasonal anomalies, and is regularly considered for assessment of drought impacts on freshwater ecosystems, water supply, 
hydropower production and industry (Faiz et al., 2022; Stagge et al., 2015a). 

4.2. Clustering of catchments based on streamflow anomalies 

To facilitate comprehensive analyses of drought characteristics across Sweden, a cluster analysis (Cattell, 1943) was performed to 
generate five groups out of the 50 catchments. Five was chosen as the optimal number of groups based on the Silhouette method 
(Rousseeuw, 1987), which is an approach to graphically detect how close each point in a cluster is to other points within the same 

Table 3 
List of candidate distributions for the estimation of SSI.  

Distribution Function Parameters Probability density function y=f (x) 

1-parameter distributions  
1. Exponential  • mean (μ) 

y =
1
μe

− x
μ with x ≥ 0  

2. Rayleigh  • defining parameter (b) 
y =

x
b2e

(− x2

2b2

)

with x ≥ 0 

2-parameter distributions  
3. Birnbaum Saunders  • scale (β)  

• shape (γ) y =
1̅̅
̅̅̅̅

2π
√ exp

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

−

( ̅̅̅x
β

√

−

̅̅̅
β
x

√ )2

2γ2

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

⎛

⎜
⎜
⎝

( ̅̅̅x
β

√

+

̅̅̅
β
x

√ )

2γx

⎞

⎟
⎟
⎠,withβ 0andγ > 0, for x >

0  
4. Extreme Value  • location (μ)  

• scale (σ) 
y = σ− 1exp

( x − μ
σ

)
exp

(
− exp

( x − μ
σ

) )

5. Gamma  • shape (a)  
• scale (b) y =

1
baΓ(a)

xa− 1e
− x
b with x > 0 where Γ is the Gamma function  

6. Half-normal  • location (μ)  
• scale (σ) y =

̅̅̅
2
π

√
1
σe

−
1
2

(x − μ
σ

)2

with x ≥ μ  

7. Inverse Gaussian  • shape (λ)  
• scale (μ) 

y =

̅̅̅̅̅̅̅̅̅̅̅
λ

2πx3

√

exp
{
−

λ
2μ2x

(x − μ)2
}

with x > 0  

8. Logistic  • mean (μ)  
• scale (σ) y =

exp
{x − μ

σ

}

σ
(
1 + exp

{x − μ
σ

} )2  

9. Loglogistic  • logarithmic mean (μ)  
• logarithmic scale (σ) 

y =
1
σ

1
x

ez

(1 + ez)
2 with x ≥ 0, where z =

log(x) − μ
σ  

10. Lognormal  • logarithmic mean (μ)  
• logarithmic standard deviation 

(σ) 

y =
1

xσ
̅̅̅̅̅̅
2π

√ exp

{
− (lnx − μ)2

2σ2

}

with x > 0  

11. Nakagami  • shape (μ)  
• scale (Ѡ) y = 2

( μ
ω

)μ 1
Γ(μ)x

(2μ− 1)e
− μ
ω x2 

with x > 0where Γ is the Gamma function  

12. Normal (Gaussian)  • mean (μ)  
• standard deviation (σ) y =

1
σ

̅̅̅̅̅̅
2π

√ e
− (x − μ)2

2σ2  

13. Weibull  • shape (a)  
• scale (b) y =

b
a

(x
a

)b− 1
e
− (

x
a

)b 

with x > 0  

• 3-parameter distributions  
14. Generalized Extreme 

Value  
• Location (μ)  
• Scale (σ)  
• Shape (k) 

y =
( 1
σ

)

exp
(

−
(

1 + k
(x − μ)

σ

)−
1
k
)(

1 + k
(x − μ)

σ

)− 1−
1
k for 1 + k

(x − μ)
σ > 0  

15. Generalized Pareto  • Location (μ)  
• Scale (σ)  
• Shape(k) 

y =
( 1
σ

)(
1 + k

(x − μ)
σ

)− 1−
1
k for μ < x, when k > 0, or for μ < x < μ - σ/k when 

k < 0  
16. t-Location-Scale  • Location (μ)  

• Scale (σ)  
• Shape (v) 

y =

Γ
( v + 1

2

)

σ
̅̅̅̅̅
vπ

√
Γ
( v
2

)

[v +
( x − μ

σ

)2

v

]− (
v + 1

2

)

where Γ is the Gamma function  
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cluster, and to points in other clusters. We applied the K-means clustering algorithm (Kaufman and Rousseeuw, 2009) to the 50 SSI-6 
time series (6-month aggregation) to generate clusters on the basis of similarity in streamflow anomalies (i.e., general streamflow 
drought behavior). In a preliminary analysis, the clustering was also tested based on the other aggregation periods (SSI-1 to SSI-24). 
However, using a different aggregation period resulted only in minor differences (2–4 catchments ending up in another neighboring 
cluster) and, thus, we deemed the clustering based on SSI-6 sufficiently robust and representative. Analyses of temporal patterns in the 
SSI values and in drought characteristics were subsequently conducted on a per-cluster basis. 

4.3. Characterization of streamflow drought events 

4.3.1. Identification of drought events 
To assess characteristics of individual drought events, such as drought duration, severity, magnitude and frequency (Wanders and 

Van Lanen, 2015), and to enable a statistical analysis of drought properties across Sweden, we applied the threshold-level method 
originally developed by Yevjevich (1967). This method is based on a predefined streamflow level below which flows are considered to 
be insufficient and, thus, to cause drought conditions. This approach can be used to compute various drought properties, such as 
drought durations, deficit volumes, minimum flow and time of occurrence (Hisdal et al., 2001; Van Loon, 2015). These estimates 
strongly depend on the selected threshold level (Fleig et al., 2006; Mishra and Singh, 2010), which is typically derived from 
non-exceedance probabilities (usually 5th - 25th percentile) of the flow duration curve. In Sweden, the threshold levels are often 
calculated by averaging all annual minimum values (based on daily streamflow) over a period of 30 years (Naturvårdsverket, 2003). 
This approach results in a constant value for the entire year (i.e., no seasonal variability), which is often used for long-term planning of 
drinking water supply or irrigation, and as a target for minimum environmental flows at hydropower stations (Vattenfall, 2012). It has, 
however, been suggested, that the minimum required environmental flow in Sweden should be increased considerably up to a 
non-exceedance probability of 20% (Q80) to support the preservation of aquatic organisms (Länsstyrelsen Värmland, 2007). As the 
Q80 is also the most frequently applied threshold in the scientific literature (Heudorfer and Stahl, 2017), we computed the Q80 in each 
catchment separately over the entire period 1961–2020 as a threshold for streamflow drought definition in this study. However, 
instead of calculating one fixed threshold, we utilized a variable threshold for each day of the year (using a moving window) to account 
for seasonal patterns (Van Loon, 2015) as follows: For each day of the year, we gathered the streamflow values of the 15 days before 
and 15 days after that day, resulting in 31 streamflow values for a single day in a specific year in a particular catchment. These 31 
values were selected from each year of the record period (1961–2020), providing us with 1860 values in total. Then, the 20th 
percentile was computed from these 1860 values to serve as the threshold value of streamflow for that particular day in a considered 
catchment. Consequently, every day of the year had a distinct streamflow threshold based on the 20th percentile of streamflow in that 
particular catchment on that specific day and the 15 days before and after. 

A drought event was identified if streamflows were below the given threshold. It is crucial to note that - even during a longer dry 
period - streamflow can shortly exceed this given threshold level, which would cause the above procedure to identify several shorter 
and mutually dependent drought events, instead of one prolonged dry period. To avoid this splitting, the time series was filtered with a 
30-day backwards moving-average (MA) pooling procedure (Fleig et al., 2006; Tallaksen et al., 1997) to produce more coherent, 

Table 4 
List of annual and seasonal drought statistics.  

Name Abbreviation Unit 

Duration    
1. Annual average drought duration dANN,mean days  
2. Annual maximum drought duration dANN,max days 
Number of drought days    
3. Annual cumulated drought duration (i.e., total number of drought days) dANN,cum days  
4. Spring cumulated drought duration (MAM) dSPR-MAM,cum days  
5. Summer cumulated drought duration (JJA) dSUM-JJA,cum days  
6. Autumn cumulated drought duration (SON) dAUT-SON,cum days  
7. Winter cumulated drought duration (DJF) dWIN-DJF,cum days 
Absolute deficit volume    
8. Annual average deficit volume vANN,mean mm  
9. Annual maximum deficit volume vANN,max mm 
Standardized deficit volume    
10. Annual cumulated deficit volume divided by mean annual flow vS,ANN,cum days  
11. Spring cumulated deficit volume divided by mean spring flow (MAM) vS,SPR-MAM,cum days  
12. Summer cumulated deficit volume divided by mean summer flow (JJA) vS,SUM-JJA,cum days  
13. Autumn cumulated deficit volume divided by mean autumn flow (SON) vS,AUT-SON,cum days  
14. Winter cumulated deficit volume divided by mean winter flow (DJF) vS,WIN-DJF,cum days 
Magnitude    
15. Annual average magnitude mANN,mean mm/day  
16. Annual maximum magnitude mANN,max mm/day 
Drought Events    
17. Annual average number of drought events nANN –  
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uninterrupted sequences of independent droughts (Tallaksen et al., 2009; Tu et al., 2016; Van Loon and Van Lanen, 2012; Zelenhasić 
and Salvai, 1987). In a last step, we removed minor drought events with durations of less than three days, as suggested by Van Loon and 
Laaha (2015). 

4.3.2. Statistical characterization of streamflow droughts 
After the identification of drought events for each catchment based on the threshold-level method, statistical drought properties 

were summarized, including drought duration, deficit volume (also known as severity), magnitude and the number of drought events 
(Clausen and Pearson, 1995; Hisdal et al., 2001). Drought duration (d) is defined as the number of consecutive time steps (here: days) 
in which streamflow is below the pre-defined threshold, i.e., flow with a non-exceedance probability of 20% (Q80). Deficit volume (v) 
for a particular drought event is obtained by summing up the deviations of streamflow from the threshold value during period d, and is 
given in millimeters. To be able to compare deficit volumes (or severities) among different catchments, we also calculated a stan-
dardized deficit volume (vS), as suggested by Van Lanen et al. (2013). The standardized deficit volume is computed by dividing v by the 
average annual or seasonal flow, and can be interpreted as the number of days with average flow conditions needed to make up the 
deficit (Van Loon, 2015). Drought magnitude (m) is calculated by dividing v by duration d, while the number of drought events n is a 
simple count of drought events over the analyzed period. 

We used a selection of 17 drought statistics (Table 4), which are commonly used in the scientific literature (cf., Clausen and 
Pearson, 1995; Dracup et al., 1980; Hisdal et al., 2001; Mishra and Singh, 2010; Vicente-Serrano et al., 2017; Yevjevich, 1967). These 
indicators were computed separately for each catchment on an annual basis. Additionally, both the cumulated drought duration (i.e., 
number of drought days) and the cumulated deficit volume were also calculated separately for each season. Seasons were here defined 
by calendar months: (1) spring consists of March, April and May (MAM), (2) summer period covers June, July and August (JJA), (3) 
autumn refers to September, October and November (SON), and (4) winter refers to the months of December, January and February 
(DJF). Annual and seasonal drought statistics were averaged over the entire record period to obtain one single value for each drought 

Table 5 
Overview of candidate distributions sorted by the percentage of times they were chosen to fit the data best separately for each SSI (columns SSI-1 to 
SSI-24) and summarized for all fitting instances (last column). The best fitting distributions are highlighted in different shades of blue (darker blue =
higher percentage) and the worst fitting in shades of red (darker red = lower percentage).  
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statistic per catchment. 

4.4. Droughts in a changing climate 

We performed the Mann-Kendall’s test (Kendall, 1938; Mann, 1945) and Sen’s slope estimate (Sen, 1968; Theil, 1992) to detect 
potential significant trends and their signs in annual and seasonal streamflow anomalies. For trends in annual streamflow anomalies, 
we chose the SSI-12 of the month of September of each year, which aggregates the 12 months of the water year (i.e., from October of 
the previous year to September of the present year) and, thus, provides a good estimate of overall streamflow conditions in each water 
year. For seasonal trend tests, we chose the SSI-3 of the last month of each season: SSI-3 of May for spring (MAM), SSI-3 of August for 
summer (JJA), SSI-3 of November for autumn (SON) and SSI-3 of February (DJF). Therefore, for each catchment we obtained a series of 
60 values (1961–2020) of September SSI-12, and four series of 60 SSI-3 values taken at different seasons of the year, all of which were 
tested for trends. 

We further assessed if annual and seasonal streamflow anomalies as well as drought characteristics during two so-called ‘climate 
normal periods’ (CNPs), which correspond to a 30-year average of the Earth’s climate as defined by the World Meteorological Or-
ganization (WMO, 2020), were significantly different. For this, we applied the non-parametric Wilcoxon rank sum test (Montgomery 
and Runger, 2010) over two CNPs from 1961 to 1990, and from 1991 to 2020, respectively. All analyses related to temporal changes of 
droughts were conducted for the five identified clusters, rather than for individual study catchments. 

Fig. 4. Calculated SSIs during the period 1961–2020 for all Swedish study catchments sorted by latitude (y-axis) over time (x-axis) and over several 
different aggregation periods: (a) 1-month SSI, (b) 3-month SSI, (c) 6-month SSI, (d) 12-month SSI, and (e) 24-month SSI. White colors indicate no 
drought conditions, while gray highlights only mild drought conditions. Darker red and blue colors indicate a more severe drought than lighter 
yellow colors. For SSI-6 (c), the most severe drought years are highlighted. 
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5. Results 

5.1. Streamflow anomalies over space and time 

5.1.1. Computation of streamflow anomalies: selection of distributions 
The monthly SSIs for five different aggregation periods were computed after fitting and evaluating 16 different candidate distri-

butions to the time series of 50 different catchments separately for each of the 12 months (January-December). From all tested dis-
tributions, both the Generalized Extreme Value and Loglogistic distributions were chosen most often (i.e., both in 13% of all cases,  
Table 5), closely followed by the Weibull (11%) and Gamma distributions (10%). Exponential, generalized Pareto and half-normal 
distributions were the least favorable, each chosen in less than 1% of all cases (Table 5). While some distributions, such as 
Lognormal, Normal or Weibull had an increasing success rate with increasing aggregation period lengths (e.g., SSI-12 or SSI-24), other 
distributions, such as Birnbaum Saunders, Gamma or Inverse Gamma showed the exact opposite behavior. 

5.1.2. Detection of spatiotemporal patterns across Sweden 
According to the computed SSIs, each catchment experienced a number of streamflow droughts during the period 1961–2020 

(Fig. 4). Expectedly, the SSI calculated over shorter aggregation periods (e.g., SSI-1 to SSI-6 in Fig. 4a-c) resulted in more drought 
events of less severity (e.g., short mild and moderate droughts), of which many become invisible as the aggregation periods lengthen 
(e.g., SS12 or SSI-24 in Fig. 4d-e). This behavior is particularly pronounced during the period 1981–1991. 

The well-remembered drought events of 1976, 1996, 2003 and the dry conditions in more recent years (e.g., 2017 and 2018) are 
clearly visible in the SSI visualizations (cf. Fig. 4c, purple annotation). However, these visualizations also indicate long-lasting drought 
conditions in the early 1960’s (i.e., 1963 and ’64), in the late 1960’s (i.e., mainly northern Sweden in 1969 and ’70) and drought 
conditions in southern Sweden in the late 1980’s. In total, 10 drought years with different severity and different spatial extent were 
identified for all aggregation periods: namely, in temporal order 1963, 1964, 1969, 1970, 1976, 1989, 1996, 2003, 2017 and 2018 (cf. 
Fig. 4c, turquoise annotation). 

For each month, we calculated the total number of catchments that were in drought state based on the SSI-6 values (Fig. 5). Over 
the 60-year record period, the 1976-drought clearly sticks out as the drought that affected most catchments over the longest time. In 
fact, from April 1976 to February 1977, more than half of the catchments were either in severe or extreme drought state. During the 
summer months June to August the situation escalated, with roughly 50% of the catchments having extreme drought conditions, 20% 
suffering from severe drought, 15% from moderate to mild drought and only 15% (i.e., 8 catchments) not being in drought state. 
Similar conditions were observed 20 years later in April to June 1996. During this period, all 50 catchments were in drought state. In 
May 1996, 50% of catchments suffered from an extreme drought, 20% from a severe drought, and the remaining 30% were either in 
moderate or mild drought conditions. Both of these drought events had the widest spatial impact, with about 70% of catchments either 
suffering from extreme or severe drought conditions (Fig. 5). With 50–60% of catchments suffering from extreme or severe droughts, 
the events in 1964, 2003 and 2018 also had widespread consequences, but to a somewhat smaller spatial extent than the events in 1976 
or 1996 (Fig. 5). From the 10 identified drought years, the droughts in 1963, 1969, 1970, 1989 and 2017 had the smallest spatial 
coverage. However, still roughly 30–40% of catchments were in extreme or severe drought states during these events. 

These patterns and drought years were to a large extent confirmed by analyzing the occurrence of major drought events across the 
country that were identified with the threshold-level method for the period 1961–2020. When obtaining for each catchment the ten 
longest drought events of the study period, the most reappearing events amongst all the catchments were those of 1970, 1974, 1976, 
1996 and 2018. The same ranking was done in terms of mean deficit volume and in this case the most reappearing drought events 
occurred during 1963, 1970, 1976, 1996 and 2018. 

Spatial differences revealed themselves both in the number of affected catchments (Fig. 5), as well as in the average magnitude of 
SSI values for northern (>60◦N) versus southern (<60◦N) catchments (Fig. 6). In most cases (i.e., 1964, 1970, 1976, 1989, 2017, 

Fig. 5. Total number of catchments per drought category over time based on the estimated SSI-6. A 2-yr moving mean over the sum of catchments 
affected by either extreme or severe drought conditions is shown as a black curve. Years with the largest numbers of catchments suffering from 
extreme or severe conditions are labeled. 
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2018), southern catchments experienced significantly stronger (i.e., more severe) droughts than northern catchments. 
The only exceptions were the droughts in 1969 and 2003, for which the Wilcoxon rank sum test identified significantly stronger 

droughts in the North. In 1969, mild drought conditions prevailed in the South (median SSI-6: − 0.6), while the North was impacted by 
a severe drought (median SSI-6: − 1.7). As for severity, northern catchments experienced similar drought conditions in 2003 as in 1969 
(median SSI-6: − 1.6), but southern catchments were affected slightly more as they were in a moderate drought state (median SSI-6: 
− 1.2). Furthermore, for the years 1963 and 1996, the Wilcoxon rank sum test failed to reject the null hypothesis at the 5% significance 
level, indicating that southern and northern catchments experienced droughts of similar severity. This can also be seen in the spatial 
distribution of different severities in these two years (Fig. 6), for which the maps do not reveal any clear north-south pattern. 

5.2. Clustering of catchments based on streamflow anomalies 

All 50 catchments were grouped into five homogenous clusters based on their similarity in SSI-6-streamflow anomalies. Five 

Fig. 6. Spatial pattern of the SSI-6 values for all Swedish study catchments during the most severe drought month in each of the identified drought 
years. The severity of drought conditions is shown in different shades of red. The labels in the figure denote the median values of SSI-6 obtained from 
all northern (>60◦N) and southern catchments (<60◦N). Annual circles to the right of each map indicate the season during which the most severe 
droughts occurred. 
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geographically distinct regions emerged from the clustering (Fig. 7), which also distinguished themselves through varying geographic, 
hydroclimatic, and land cover characteristics (Table 6). 

Catchments in cluster 1 are located in the mountainous region (623 – 942 m a.s.l.) of Sweden within the Dfc and ET climate zones. 
They receive high annual precipitation rates, which lead to overall higher streamflows, especially in the spring when snow is melting 
(Fig. 7a). These catchments are characterized by a high fraction of shrubs (46%) and open land (10%). 

Catchments in cluster 2 are in the most northern parts of Sweden at an elevation ranging from 255 m a.s.l. to 645 m a.s.l. Their 
streamflow regime shows a distinct peak during late spring and early summer (May to June) and low flow during winter (Fig. 7b). 
Cluster 2 has the largest share of surface water bodies (26%) of all clusters. 

A somewhat similar regime is shown by catchments in cluster 3, which are located in the central Swedish Dfc climate zone. These 
catchments have a tendency towards an earlier spring flood peak (April to May) and feature a more pronounced autumn peak (Fig. 7c), 
compared to cluster 2. Catchments in cluster 3 feature somewhat higher elevations, ranging from 285 m to 758 m a.s.l., and have large 
areas covered with boreal forest (65%) and shrubs/grassland (18%). 

Catchments grouped in clusters 4 and 5 are in the lowlands (12–240 m a.s.l.) of southern Sweden. They are characterized by a Cfb 
climate (mostly cluster 4) or a Cfc climate (mostly cluster 5), and their annual streamflow regime has low flow during the summer and 
higher flow during spring and winter (Fig. 7d,e). Large areas of these clusters are covered by forests (64%− 72%), yet, most agricultural 
activity in the country is also concentrated here. 

These cluster profiles link the streamflow anomalies to the hydroclimatic conditions (following the north-south and elevation 
gradients), and to landscape characteristics, which strongly affect streamflow-generating processes at the catchment scale. Each cluster 
also features – in line with its geographical location – a distinct hydrological regime, ranging from snowmelt-driven regimes with 
pronounced spring flood peaks (Fig. 7a-c) to rainfall-driven regimes with summer low flows in the south (Fig. 7d-e). 

Fig. 7. Spatial distribution of the five identified catchment clusters and their streamflow regimes for the period 1961–2020: (a) cluster 1 in the 
northwestern highlands with a snowmelt-driven regime with winter low-flows and a spring flood peak in May-July, (b) cluster 2 in the far Northeast 
with a snowmelt-driven regime with winter low-flows and a spring flood peak in May-June, (c) cluster 3 in centraleast Sweden with a snowmelt- 
driven regime with winter low-flows and a spring flood peak in April, (d) cluster 4 in southwest Sweden with a rainfall-driven regime with summer 
low-flows, and (e) cluster 5 in southeast Sweden with a rainfall-driven regime with summer low-flows. 
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5.3. Characterization of streamflow drought events 

A total of 17 drought statistics (Table 4) was computed for each study catchment (a single value per catchment of each statistic, see 
Section 4.3.2), and then presented for each cluster (Fig. 8). These characteristics revealed clear differences across clusters. Cluster 1 in 
far north-east Sweden had, on average, the shortest duration of drought events (Fig. 8a,b), and generally the lowest number of drought 
days (Fig. 8c-f), except for the cold winter season (Fig. 8c-g). It also featured the highest absolute deficit volume (Fig. 8h,i), but the 
lowest standardized deficit volume, both annually (Fig. 8j) and seasonally (k-n). Furthermore, it was characterized by the highest 
drought magnitudes (Fig. 8o-p) and one of the highest numbers of drought events (Fig. 8q), which was only topped by cluster 4. 

For many statistics, a north-south gradient (i.e., gradual changes from cluster 1 to 5) emerged, e.g., for drought duration (Fig. 8a,b), 
annual number of drought days (Fig. 8c) and number of drought days in spring and summer (Fig. 8d,e), as well as for standardized 
deficit volumes (Fig. 8j-n). 

Cluster 2 showed on average the least spread across catchments, while other clusters showed a relatively large variability for some 
statistics. In particular, clusters 1 and 4 had a wide spread in absolute deficit volume (Fig. 8h,i) and drought magnitude (Fig. 8o,p), 
while clusters 3 and 5 showed a particularly large variability in drought duration (Fig. 8a,b), number of drought days (Fig. 8c-g), and 
number of drought events (Fig. 8q). Cluster 5 additionally also featured the widest spread in standardized deficit volume (Fig. 8j-n). 

5.4. Streamflow Droughts in a changing climate 

5.4.1. Trends and changes in streamflow anomalies (1961–2020) 
The trend analysis revealed considerable differences among the clusters: when considering anomalies in the annual streamflow 

conditions (Fig. 9a), the majority of catchments (74%) featured a positive trend, implying that streamflow conditions became wetter 
over time. However, only 12 catchments (24%), mostly located in northern Sweden (clusters 1 and 2), exhibited significant trends, 
which were all positive (pointing towards a wetting over time). Only a minority of catchments (26%) – mostly located further south 
(clusters 3–5) - featured a negative (drying), yet insignificant trend at 5% level of significance. 

This pattern was, however, not consistent across all seasons. In fact, spring (MAM) was characterized by a strong north-south 
pattern (Fig. 9b), with clusters 1 and 2 becoming wetter (54% of all catchments) and clusters 4 and 5 drier (46%). However, many 
of the drying trends were not statistically significant: only 4 catchments in the South had significant drying trends compared to 15 
catchments with significant wetting trends in the North. 

While there also seem to be spatial differences in summer (JJA) and autumn (SON), most of the observed trends (92% in summer 
and 98% in autumn, respectively) were not significant (Fig. 9c-d). In contrast, winter (DJF) sticks out as the season with the highest 
proportion (92%) of positive trends (Fig. 9e), implying wetting over time. The majority of trends in winter (62%) were significant. 

Changes over time in the streamflow anomalies across the clusters were also analyzed by comparing the anomalies between the two 
climate normal periods (Fig. 10). Cluster 1 in the north-west of Sweden experienced an overall wetting (Fig. 10a), which mostly 
occurred in winter and spring (both significant), while summer experienced only slight wetting (insignificant). In contrast, during 
autumn, cluster 1 exhibited a significant drying trend. Cluster 2 showed similar patterns as cluster 1, except for an insignificant and 
neglectable drying during autumn (Fig. 10b). All other seasons experienced a significant wetting over the 60-year study period. Cluster 
3, which is located further south of clusters 1 and 2, underwent a significant wetting in winter, which also caused an overall wetting on 
an annual basis (Fig. 10c). We did not detect any significant trends during the other 3 seasons. 

Clusters 4 and 5, both located in the southern parts of Sweden, experienced slight but insignificant overall wetting (Fig. 10d,e), 
which was most pronounced and significant during winter. Both clusters also became significantly drier during spring. Overall, 
positive changes (i.e., wetting) in the annual and winter streamflow were detected across all clusters, and positive changes in the spring 
anomalies in the northern clusters (1 through 3) and negative in the southern clusters (4 and 5). 

In clusters with a large number of catchments exhibiting strong, significant trends (cf. Fig. 9), significant differences in the 

Table 6 
Overview of catchment properties of each cluster, including geographic and landcover characteristics as well as hydroclimatic features. The median 
values of each property, obtained from all catchments within a cluster, are presented.  

Catchment Properties Cluster 1 
9 catchments 

Cluster 2 
8 catchments 

Cluster 3 
9 catchments 

Cluster 4 
10 catchments 

Cluster 5 
14 catchments  

(1) Geographic properties Latitude [◦N, WGS84] 64,1 66,4 61,8 58,3 57,4 
Catchment area [km2] 428 1258 2164 452 1080 
Mean elevation [m a.s.l.] 784 403 461 159 174  

(2) Land cover Agriculture [%] 0% 0% 1% 18% 15% 
Forest [%] 21% 54% 65% 72% 64% 
Glaciers [%] 0% 0% 0% 0% 0% 
Open land [%] 10% 0% 1% 0% 0% 
Shrubs and grassland [%] 46% 16% 18% 2% 3% 
Urban [%] 0% 0% 0% 1% 1% 
Water [%] 12% 26% 14% 8% 9%  

(3) Hydro-climatic properties Mean ann. temperature [◦C] -0.6 0.1 1.8 6.3 6.4 
Mean ann. precipitation [mm] 979 651 742 959 696 
Mean annual streamflow [mm] 896 363 420 523 226  
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anomalies between the two CNPs were found according to the Wilcoxon rank sum test (e.g., annual, spring or winter anomalies in 
cluster 1, Fig. 10). However, significant differences between the two periods were obtained only rarely in clusters with a low number of 
catchments with significant trends, such as autumn streamflow anomalies of cluster 1, summer anomalies of cluster 2, annual 
anomalies of cluster 3 or spring and summer anomalies of cluster 4. 

Fig. 8. Overview of average drought characteristics per cluster over the 60-year period 1961–2020, including drought duration (a-b), number of 
drought events (c-g), absolute deficit volume (h-i), standardized deficit volume, (j-k), drought magnitude (o-p) and number of drought events per 
year (q). For better visualization, extreme outliers are shown next to an arrow on top of the boxes. Note that the vertical axes scales differ between 
annually and seasonally calculated characteristics. 
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5.4.2. Differences in streamflow drought characteristics between two climate normal periods (1961–1990 versus 1991–2020) 
Our analysis revealed clear shifts in the drought characteristics of different clusters between the two climate normal periods 

1961–1990 and 1991–2020 (Fig. 11). It should, however, be noted, that only about one third of the detected drought transitions was 
significant at the 5% significance level according to the Wilcoxon rank sum test. 

The duration of drought events declined in all five cluster groups, which is shown both in the average (Fig. 11a) and maximum 
drought duration (Fig. 11b). Those shifts were significant only for clusters 1 and 2 (and 4 for average duration). A pronounced 
variability in the changes in drought duration are apparent in clusters 2, 4 and 5. 

The number of drought days per year declined significantly in all clusters, except for the southernmost cluster 5 (Fig. 11c). A 
gradual north-south pattern emerged, with northern clusters experiencing a stronger decline. The change in number of drought days 
varied considerably among seasons and clusters. In spring (Fig. 11d), only the northern clusters 1–3 experienced a significant decline. 
In summer (Fig. 11e), only the southernmost cluster 5 increased significantly. During autumn (Fig. 11f), none of the clusters underwent 
a significant change, while all clusters had significantly fewer drought days in winter during the second period (1991–2020, Fig. 11g). 
Most of these changes (i.e., annual, spring and winter) exhibited a gradual pattern, reflecting milder decrease towards the south. 

Shifts in absolute drought deficit were mostly insignificant (Fig. 11h,i), apart from cluster 4, which showed a somewhat stronger 
decline in the deficit volume compared to other clusters, especially a significant decline in the maximum deficit (Fig. 11i). 

The shifts in standardized deficit volume indicated a clear north-south gradient (Fig. 11j), with relatively little change in the north 
and stronger changes in the south, where catchment 5 featured a pronounced, significant decline. However, the patterns differed 
seasonally, with spring (Fig. 11k), summer (Fig. 11 l) and autumn (Fig. 11 m) mostly featuring weak and insignificant changes. Only 
winter season experienced stronger declines across all clusters, of which cluster 1, 3 and 5 exhibited significant changes (Fig. 11 n). 

Transitions in drought magnitude (Fig. 11o,p) were significant only for cluster 5 that showed a decline over time. Similarly, cluster 
4 experienced a strong, but insignificant decline in drought magnitude, while drought magnitudes in catchments of clusters 2 and 3, on 
average, did not change significantly between the two periods. Conversely, average annual drought magnitude in the north-west of 
Sweden (cluster 1) increased; however, these changes were not statistically significant according to the Wilcoxon rank sum test. 

Fig. 9. Spatial patterns of observed trends in (a) annual and (b)-(e) seasonal streamflow anomalies as measured by SSI-12 and SSI-3, respectively. 
Filled circles represent significant trends (p < 0.05), hollow circles insignificant trends (p > 0.05). Sen’s slope estimates were used to express 
magnitude (change in z-score per year) and direction of trends in SSI. Red shades imply a drying, while blue shades embody a wetting of the 
catchment over the past 60 years. Full circles indicate statistically significant trends according to the Mann-Kendall test at 5% level of significance, 
as opposed to the hollow circles. 
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The total number of drought events (Fig. 11q) declined in all clusters except for cluster 5, but only the northernmost clusters 1 and 2 
featured significant and strong trends. Changes in the number of drought events largely follow a gradual north-south pattern, from a 
decrease in the north to a slight increase in the south. 

6. Discussion 

6.1. Identification of drought events 

Our analysis of streamflow anomalies over space and time was based on the standardized streamflow index (SSI) over several 
different aggregation periods. By testing a wide range of possible candidate distributions for each catchment, each aggregation period 
and each month of the year, we ensured an optimal fit in each case to increase the robustness of our results. The selection of a best- 

Fig. 10. Comparison of average annual and average seasonal (spring, summer, autumn and winter) streamflow anomalies over two climate normal 
periods: 1961–1990 (CNP1) and 1991–2020 (CNP2). Boxplots are shown separately for each of the five clusters in northern (a and b), central (c) and 
southern Sweden (d and e). The boxplots were obtained by averaging December-SSI-12 (annual) respective May-, August-, November- and February- 
SSI-3 values (seasonal), on a per-catchment-basis, over the CNPs. Changes were tested for significance at a 5% level (p < 0.05), based on the 
Wilcoxon rank sum test and labeled accordingly. 
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fitting distribution varied across catchments and aggregation periods. While Loglogistic, Generalized Extreme Value and Weibull 
distributions provided the best fit more often than other candidate distributions, there was generally not a single best-fitting distri-
bution. These distributions have different features: for example, two of them have two parameters, and only one is applied with the log- 
transformed data. Based on earlier findings by Vicente-Serrano et al. (2011), these results are not surprising, as the authors already 

Fig. 11. Differences of the drought characteristics across clusters between the two climate normal periods (1961–1990 and 1991–2020), including 
differences in drought duration (a-b), number of drought events (c-g), absolute deficit volume (h-i), standardized deficit volume, (j-k), drought 
magnitude (o-p) and number of drought events (q). For better visualization, extreme outliers are shown next to an arrow on top of the boxes. Filled 
boxes indicate significant changes according to the Wilcoxon rank sum test at 5% level of significance. Negative numbers correspond to a decrease in 
the respective characteristic in the period 1991–2020 compared to the period 1960–1990, and vice versa. 
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stated over a decade ago that each theoretical distribution assumption has one or more limitations that influences their suitability for 
obtaining robust standardized streamflow series. What is surprising, however, is that many recent publications utilizing the SSI (e.g., 
Abdelkader and Yerdelen, 2022; Bevacqua et al., 2021; Botai et al., 2021; Lee et al., 2022; Taraky et al., 2021; Wu et al., 2022; Xing 
et al., 2021; Zalokar et al., 2021) applied one preselected probability distribution (most often gamma) instead of assessing several 
candidate distributions. Such an approach would have resulted in an optimal fit in only 10% of all cases in our study. Features of 
different hydrologic regimes, as well as the length of an aggregation period, greatly affect statistical moments of the monthly flow 
series. Considering the differences in the statistical properties of these series, it should become a standard practice to evaluate a wide 
range of candidate probability distributions (not only one distribution function with catchment- and aggregation period-specific 
parameters) to ensure reliable assessments, especially in large-ensemble studies across different hydroclimatic conditions and regimes. 

6.2. Clustering of catchments based on streamflow anomalies 

Five regions with homogeneous behavior in streamflow (SSI-6) anomalies emerged from the clustering approach. Differences in 
streamflow patterns in these clusters were reflected by variations in independent cluster properties, including geographical location 
(latitude, longitude), elevation and climate characteristics. The clusters identified in our study resembled to some extent the official 
Swedish River Basin Districts (Fig. 12) that were established in response to the European Water Framework Directive (Directive 
2000/60/EC, 2000). However, there were also some differences, which imply that caution is needed in interpreting cluster-based 
results in the context of River Basin Districts. Cluster 1 was the one that differed most from the boundaries of the Swedish River 
Basin Districts. This cluster has a somewhat special status as it stretches over two river basins (and over two districts), but includes only 
the highest-elevation, headwater catchments. Catchments at this elevation feature a different type of vegetation and land use 
compared to lower-lying catchments at similar latitudes, which naturally also affects their streamflow regimes and particularly their 
drought behavior. Cluster 2 lies completely within the Bothnian Bay district, while cluster 3 is situated within the Bothnian Sea district. 

Fig. 12. Official Swedish River Basin Districts based on data provided by WISE - Water Information System for Europe (European Environment 
Agency, 2020). 
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Cluster 4 matches the Skagerrak and Kattegat district, while cluster 5 spreads over both the Northern and Southern Baltic Sea districts. 
Our results clearly show that no grouping of catchments into different districts or regions is sufficiently versatile to reflect all properties 
of hydrologic regimes, and that groups of catchments might vary, depending on the features that the grouping/clustering is based 
upon. 

6.2.1. Overall spatiotemporal patterns in streamflow droughts 
Standardized indices, such as the SSI, are considered to be rather convenient measures for drought comparison across different 

regions (Mishra and Singh, 2010; Van Loon, 2015). However, they are often less useful for practical water management purposes as 
they do not quantify needs or conditions in a specific catchment, such as water demand, in an easily interpretable way (Mishra and 
Singh, 2010). Thus, the SSI was used in this study solely to identify the most drought-prone regions, i.e., regions with high drought 
hazard, which - according to the latest definitions by the United Nations Office for Disaster Risk Reduction - merely reflects a process or 
phenomenon that “may cause loss of life, injury or other health impacts, property damage, social and economic disruption or envi-
ronmental degradation” (UNDRR, 2019). Despite this limitation, the SSI-based approach allowed us to identify overall spatiotemporal 
patterns in streamflow anomalies (i.e., drought periods) over Sweden, and to identify five distinct regions in Sweden by clustering the 
study catchments based on these anomalies. By also using a threshold-based approach, we were able to reaffirm the results from the 
indicator-based assessment and complemented these analyses by statistically analyzing trends and differences in annual and seasonal 
streamflow characteristics. 

Identification of drought events provides a useful reference to place more recent drought events into an appropriate context, despite 
clearly depending on the chosen aggregation period. The SSIs obtained for the five aggregation periods all revealed 10 drought years 
with different severity and different spatial extent: namely, 1963, 1964, 1969, 1970, 1976, 1989, 1996, 2003, 2017 and 2018. 
Although not all these drought years seem to be remembered by the general public (e.g., the authors were unaware of drought events in 
the 1960 s and 70 s), these years are in line with historic drought reporting in national newspapers (e.g., Atterstam, 2003; Beckerman 
and Larsson Ask, 1996; TT Nyhetsbyrån, 1989). 

The ongoing public discussion often focuses on the most recent drought events of 2017 and 2018, which have been pointed out as 
“historic” or “unprecedented” droughts (Dauschy, 2018; McElwee, 2018). While these events were undoubtedly included in the list of 
the top 10 drought events over the past 60 years in our study, these statements are, hydrologically speaking, not correct. In fact, we 
found the droughts of 1976 and 1996 to be the most severe events as they had the most extreme drought conditions (i.e., the strongest 
deviations from normal conditions) and affected the largest number of catchments across Sweden. This discrepancy between hy-
drological facts and public debate indicates a weak “collective memory” of the Swedish society. Viglione et al. (2014) defined “col-
lective memory” as the capacity of a society to keep awareness of a risk high. Pfister (2011) even argues that the collective memory of 
natural disasters, such as flood and droughts, is relatively short-lived in our globalized world. We here argue that, given a projected 
warming and changing climate, and severe drought events already recorded, we can and should constantly learn from the past events 
and should, as a society, not forget about past events. 

These past drought events demonstrated that southern catchments often suffered from significantly stronger (i.e., more severe) 
droughts than the northern ones. The only exceptions were the years of the 1969 and 2003 droughts, for which we found significantly 
stronger droughts in the North. These findings highlight that the complex interplay of hydroclimatic conditions and physical processes 
at the land surface can influence the evolution and the propagation of droughts in different regions (Peña-Gallardo et al., 2019). In fact, 
Fleig et al. (2011) argued that different atmospheric conditions have a key role in the development of individual drought events. 
Consequently, even regions that are commonly known for their abundance of water are not exempt from droughts, as corroborated by 
our results. 

6.3. Streamflow drought characteristics 

For a more detailed quantification of streamflow drought characteristics at a finer temporal resolution (i.e., on a daily basis), the 
threshold-level approach was utilized. This approach provided information on drought frequency, duration and severity for the period 
1961–2020, as well as over the two climate normal periods (1961–1990 and 1991–2020). This method is more suitable for water 
management purposes than the SSI as it can serve as a point for action (Van Loon, 2015). For example, it can be used for assessing 
environmental flows required to preserve aquatic ecosystems (Länsstyrelsen Värmland, 2007). However, the threshold-level method is 
sensitive to numerous pre-defined parameters that control the pooling of droughts (Tallaksen et al., 2009; Tu et al., 2016; Van Loon and 
Van Lanen, 2012) and removal of minor drought events (Heudorfer and Stahl, 2016; Tallaksen et al., 1997; Van Loon, 2015; Zelenhasić 
and Salvai, 1987), both of which can affect identification of drought events and, consequently, cause uncertainties in estimated 
drought characteristics. Previous studies showed that the approach for setting the threshold primarily impacts droughts of short 
durations, while its impact drops with increasing drought duration (Heudorfer and Stahl, 2017). The focus of our study was primarily 
on analyses of spatiotemporal patterns and an inter-comparison of drought characteristics across a large sample of catchments, rather 
than on accuracy of the estimates of drought characteristics per se. Furthermore, we followed the same methodology across all 
catchments and in all periods to identify drought events (including removal of minor events), and, consequently, their characteristics. 
Thus, we deem that the impact of the threshold selection and removal of minor drought events on our conclusions was largely reduced 
(Heudorfer and Stahl, 2017). 

The computed drought characteristics were not consistent across the clusters. Clusters 1 and 2 in the north generally experienced 
shorter and less severe droughts than clusters in the southern regions. Such spatial differences in drought characteristics were also 
found in other studies in comparable climate zones, e.g., for the 2006 drought in Finland (Gao et al., 2016), for the 2015 drought in 
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Canada (Szeto et al., 2016) or for the 2018 drought in Norway (Bakke et al., 2020). 
Seasonal differences that can be linked to the underlying streamflow regimes in the clusters were found in our study. While all 

clusters can suffer from streamflow droughts caused by a rainfall deficit during any season (Van Loon and Van Lanen, 2012), 
catchments within clusters 1, 2 and 3 in the northern parts of the country are additionally prone to other drought types, which include: 
(1) rain-to-snow-season droughts in autumn and winter that are caused by a prolonged lack in rainfall in summer/autumn that 
continues into the snowy winter season, (2) cold-snow-season droughts that are caused by a prolonged winter season, meaning that 
precipitation falls as snow over a longer than normal period, and (3) warm-snow-season droughts in spring/summer due to a shortened 
winter season that causes precipitation to fall as rain over a longer than normal period, and implies smaller amounts of water stored in 
the snowpack. These drought types are the reason for a higher number of winter drought days in clusters 1–3 and more autumn drought 
days in clusters 2 and 3. In contrast, clusters 4 and 5 are more prone to wet-to-dry-season droughts in spring and summer, which occur 
due to a rainfall deficit in winter/spring that continues into the dry summer season. Thus, droughts in these southern regions are 
predominantly related to precipitation (Van Loon and Van Lanen, 2012). This is reflected in the higher number of drought days in 
spring and summer in these clusters. 

6.4. Streamflow droughts in a changing climate 

This paper reveals a tendency towards wetter conditions across the country. Our results suggest an overall increase in the annual SSI 
in all 5 clusters, which is consistent with the detected decrease in drought durations, frequencies and severities. These results generally 
do not support our hypothesis that streamflow droughts in Sweden have become more common. Our examination indicates the 
opposite tendency, implying that increasing annual precipitation and higher temperatures have overall lead to an increase in 
streamflow in the majority of catchments. However, a more precise analysis of seasonal shifts provided a clearer picture of the dy-
namics and patterns over the past 60 years: although the majority of drought characteristics pointed towards wetter conditions, we 
observed a drying trend (based on the SSI-12 values) in spring in clusters 4 and 5, as well as in summer in clusters 3 and 5. In these 
southern regions, the number of drought days in summer slightly increased, while they decreased in all other seasons. 

These changes suggest a shift in the prevailing streamflow regimes, and delineate two distinct regions with different temporal 
evolution of droughts: northern parts (clusters 1–3) versus southern parts (clusters 4–5). In the northern temperature- and snowmelt- 
driven catchments, warmer temperatures (+0.9 to +1.5 ◦C), and in particular the strong increase in winter temperatures (+2.3 ◦C 
compared to +0.6 ◦C in summer) caused more precipitation to fall as rain instead of snow, which led to more streamflow during 
winter. An earlier onset of snowmelt also pushed the spring flood peak towards earlier dates, which caused more streamflow in the 
spring. At the same time, increasing precipitation (+3% to +18%) outweighed the effects of increasing temperatures and evapo-
transpiration during summer, leading to an overall wetting of the catchments. In the southern catchments with rainfall-driven regimes, 
winter streamflow was less affected by warming temperatures (+1.0 to +1.3 ◦C) as there was only little to no snow in these areas to 
melt. However, the winter streamflow in these clusters increased due to the increasing precipitation (+5% to +16%). In spring and 
summer, the increase in precipitation was not as pronounced, so changes in drought characteristics where somewhat outweighed by 
increasing temperatures and evapotranspiration rates. 

These results confirm earlier findings from large-scale pan-European studies on droughts. For example, Gudmundsson and Sen-
eviratne (2015) found overall wetting trends in the standardized precipitation index on an annual and seasonal basis, which are in line 
with the increasing precipitation values over our study area. These changes in precipitation manifested themselves in streamflow 
changes, and Stahl et al. (2010) highlighted that low flows have increased (i.e., became less severe) in most winter low-flow regimes (e. 
g., Norway, Sweden and Finland). In another European study that also included 9 streamflow stations in Sweden, Stahl (2001) found 
slightly negative trends in annual standardized maximum deficit volume in northern catchments, no significant trends in central 
Sweden and slightly positive trends in southern areas for the period 1962–1990. These results were somewhat different from ours, as 
we could not observe significant trends in annual standardized deficit volumes in the northern parts, and found – contrasting to Stahl 
(2001) - a wetting trend in the south. One possible explanation for this discrepancy might be the different length of the study period, 
which was much shorter in the study of Stahl (2001). This highlights the importance of choosing an appropriate record length to avoid 
uncertainties (Link et al., 2020). We believe that our study, which was based on a larger ensemble of streamflow stations and on a 
period more than twice as long, provides a reliable representation of spatial drought patterns across Sweden. In fact, our patterns are 
consistent with findings in other studies in comparable climate zones: For example, Asong et al. (2018) and Yang et al. (2020) studied 
trends in hydrological droughts over Canada and detected a wetting in northern areas and a drying in southern areas. In Finland, 
Korhonen and Kuusisto (2010) discovered significant streamflow shifts in line with what we observed in northern Sweden, which lead 
to less severe low flow conditions at about half of their study sites. Wilson et al. (2010) found similar spatial patterns in mean 
streamflow with mostly weak and insignificant trends in the south and stronger wetting trends in the northern parts of Norway and 
Sweden (but based on much fewer catchments). In the same studies, the authors also analyzed drought deficit volumes over the period 
1920–2000 and were not able to find any strong trends over Sweden. 

Droughts are extreme events, which - by definition - occur only rarely. As such, observations are scarce. This poses challenges for 
meaningfully testing for the presence of trends in the frequency of occurrence of these most extreme events (e.g., by applying the 
Mann-Kendall’s test). The outcome of any trend detection procedure strongly depends on the selected time period (Hisdal et al., 2001) 
as natural variability in hydroclimatic conditions is relatively large. Mao et al. (2015) analyzed droughts during a 95-year-long period 
with reconstructed hydrological variables, and found that the most severe droughts did not occur only in the 21st century. In other 
words, occurrence of the most severe drought events cannot be attributed to global warming alone, as the natural variability in fre-
quency of occurrence of these events is rather high. Even though the record used in our study encompasses two consecutive climate 
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normal periods, it cannot be deemed sufficiently informative about rare extremes. To address this issue, climate reanalysis data could 
be used as a proxy for observed temperature and precipitation to force a hydrological model (Essou et al., 2016) to artificially create 
longer data sets that might allow the assessment of truly rare events (Caillouet et al., 2017). Nonetheless, our data records provide a 
solid basis for trend analysis in the SSI values, and for exploring the significance of the differences in average drought characteristics 
between the two periods (1961–1990 versus 1991–2020), both of which were the focus of our study. 

The question arises whether these observed patterns are consistent with future hydrological projections under climate change. 
Although such a comparison would be of key interest, it is a difficult one to make, because climate models do not directly project 
reliable estimates of hydrological catchments components (Teutschbein and Seibert, 2010). Thus, hydrological models are needed to 
provide dependable streamflow projections in a future climate (Hakala et al., 2019; Teutschbein et al., 2011; Teutschbein and Seibert, 
2013). Several recent attempts have been made to project future streamflow conditions in Sweden (Arheimer and Lindström, 2015; 
Teutschbein et al., 2018, 2015; Teutschbein and Seibert, 2012). While none of these studies specifically simulated future droughts, 
they showed tendencies towards wetter conditions. For example, Arheimer and Lindström (2015) projected temperatures to rise by 
3–5 ◦C and precipitation by 100–400 mm/year in different parts of Sweden by the end of the 21st century. Although their streamflow 
projections showed large uncertainties, they followed a similar pattern as our observations with increasing streamflow in northern and 
decreasing flows in south-eastern parts of Sweden. Teutschbein et al., (2015, 2018) specifically computed the low-flow segment of flow 
duration curves for a set of nested catchments in northern Sweden (within cluster 2). Future changes varied from + 40 and + 170% for 
the period 2071–2100, which clearly indicates a lower drought risk in the future for northern catchments. 

Results from pan-European drought projections (e.g., Forzieri et al., 2014; Marx et al., 2018; Roudier et al., 2016a) point towards 
similar patterns: minimum flows in Scandinavia and the Baltic countries are expected to increase by 8% (Marx et al., 2018) to 40% 
(Forzieri et al., 2014), low flow durations will be up to 40% shorter (Roudier et al., 2016), while deficit volumes in non-frost seasons 
might decrease by up to 60% by the end of the 21st century (Forzieri et al., 2014). 

6.5. Implications for drought mitigation strategies and water management 

Overall, the existing future climate projections are in line with the direction of our observed trends. Due to ongoing regime shifts in 
northern Sweden, water got more equally distributed throughout the year and water availability increased, which lowered the risk for 
cold-snow-season droughts and mitigated the effects of classic rainfall deficit droughts in the summer. This had positive implications 
for water management and in particular hydropower production, which is predominantly present in the northern regions (Hamududu 
and Killingtveit, 2012). However, the ongoing warming caused an increase in the portion of liquid precipitation (as opposed to snow), 
which increased the risk for warm-snow-season droughts, especially in northern areas. 

Our findings support our hypothesis that not all regions were affected by streamflow droughts to the same extent. In fact, the results 
suggest that the five regional clusters faced differently sized changes in drought characteristics. Given the ongoing shifts in the 
hydroclimatic drivers that control streamflow generating processes, these outcomes have implications for local water management at 
the river basin level, and in particular for the regulation of hydropower dams and storage/distribution of drinking water (Rivera et al., 
2021), but also for maintenance of environmental flows (Vanham et al., 2022). From our long data records, we can learn for future 
developments that there is large natural variability, both within and across regions. Particularly crucial for water resources man-
agement are, however, events that simultaneously alter several regions or even span over the entire country (Dobson et al., 2020), such 
as the droughts of 1976 or 1996, during which more than two thirds of the country suffered from drought conditions. During such 
large-scale droughts, the possibility of long-distance water transfer from regions not affected by a drought to drought region is no 
longer given (Rahiz and New, 2012). 

We argue that the future risk of droughts calls for substantial efforts by authorities to adapt at local levels, as a drying trend in 
southern catchments requires other actions and preparedness measures than a wetting trend in other parts of the country. However, it 
should be noted that the presented study assesses droughts only as a hazard, and does not account for exposure or vulnerability of the 
regions, or compound or cascading hazard events (Sutanto et al., 2020). To make generalizable conclusions for regional water 
management, the entire propagation chain from precipitation and soil moisture drought to streamflow and groundwater drought 
would have to be explored in combination with local water demand and socio-economic components, and other natural hazards. 
Nonetheless, we argue that region-specific drought risk reduction and action plans are needed to avoid or reduce future impacts of 
streamflow droughts on water quality, water supply, hydropower production, agriculture and ecosystems. 

7. Conclusions 

While Sweden has historically been a country abundant with water, it has not been exempt of droughts. Numerous severe 
streamflow drought events have hit the country over the past 60 years, of which the years of 1976 and 1996 were the most extreme and 
wide-spread events. Based on a set of streamflow data from 50 gauging stations, spanning a north-south gradient from 68◦N to 56◦N 
and covering three different climate zones, we found that southern catchments were generally more often and more severely affected 
than northern catchments. Moreover, we provided evidence for a decline in drought severity over the past six decades, which man-
ifested in fewer and shorter drought events with lower deficit volumes over time. Thus, a general wetting across the entire country 
prevailed, especially during colder winter months. Only in the southernmost regions, a slight drying trend in spring and summer was 
found. 

Our results provide a better understanding of spatiotemporal patterns of streamflow droughts and their characteristics, which is 
crucial for regional water management and for securing the needs of the environment, society and economy now and in the future. We 
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should use knowledge about past events to examine and reinforce the existing strategies for coping with droughts, and, thereby, 
improve our preparedness as society and efficiency of water resources management, and aid sustainability of ecosystems. We argue, 
however, that more research is needed to (1) entangle the complex processes underlying streamflow drought development, (2) 
investigate potential future implications of a continued warming and changing patterns in precipitation for streamflow droughts, (3) 
examine corresponding human or ecosystem responses that can even further modify hydroclimatic processes at the catchment scale 
and, thus, exacerbate or even reverse existing trends, and (4) provide insights on regional and sectoral drought vulnerability in 
Sweden, which may even be amplified in a future with growing anthropogenic and climate pressure. 
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Jääskeläinen, J., Veijalainen, N., Syri, S., Marttunen, M., Zakeri, B., 2018. Energy security impacts of a severe drought on the future Finnish energy system. J. Environ. 
Manag. 217, 542–554. https://doi.org/10.1016/j.jenvman.2018.03.017. 

Johansson, B., 2002. Estimation of areal precipitation for hydrological modelling in Sweden (Doctoral dissertation, Report A76) Earth Sci. Cent., Göteborg Univ., 
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