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ABSTRACT
Climate change poses additional risks for natural and human systems
including the hydrological cycle, leading to altered temporal and spatial
variation of hydroclimatic conditions. This work assessed the current
understanding of the dryness and wetness conditions in Sweden over
the last two millenniums based on proxy and instrumental data, as well
as climate model simulations and projections until the end of the
twenty-first century. The assessment represents a summary of the
existing literature concerning analysis of four selected indices for dry/wet
conditions relating to precipitation, potential evapotranspiration (PET),
and soil moisture (SPEI, PDSI [including scPDSI], SPI, and AI). SPEI
considers both precipitation and PET and can show hydroclimatic
conditions at different time scales. Therefore, it was chosen to summarize
the past and future changes. A focus is put on dry conditions, as drought
has strong influences on groundwater which is an important freshwater
resource for Sweden. The millennium historical perspective reveals that
the current climate is relatively wet and the future would become even
wetter as a general wetting trend started some 120 years ago. However,
there have been and will be large variations of both dry and wet
conditions on short time scales, especially on decadal and interannual
time scales. Further, the changes since the 1950s show a regional pattern
with most significant wetting in the north, a slightly overall wetting in
the south but a drying in central-eastern part including the island of
Gotland since 1981. This pattern is broadly consistent with climate model
projections for the future.
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1. Introduction

Water availability acts as the primary natural constraint regulating vegetation growth (Nemani et al.
2003), food security (Chartres andNoble 2015) and public water supply (Stahl et al. 2016). Therefore,
quantification of anomalously dry conditions becomes one of the key scientific issues, especially
against the background of global warming. Drought is a natural phenomenon defined as sustained
and extensive occurrence of below-average water availability, which can occur in nearly all types
of climates. Hence, it is different from aridity, which is a long-term average feature of a dry climate.

One of the most important challenges facing humanity is climate change. It is directly related to
dynamics of the hydrological cycle, resulting in temporal and spatial variation of dryness and
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wetness conditions. This is threatening freshwater resources worldwide, critical for human liveli-
hoods and vital for nature conservation (Liu et al. 2018a). Understanding the causes behind and
impact of the modified hydrological cycle has become one of the significant scientific issues and
societal concerns.

Long-term trends, shifts in seasonality and short-term variabilities of climate variables, especially
precipitation, can induce extreme situations such as floods and droughts, having both devastating
impacts on ecosystems and regional water resources. Particularly, droughts as a complex climate-
related phenomenon, may critically alter important processes, i.e. infiltration or runoff generation,
directly and indirectly affecting freshwater ecosystems (e.g. Holden and Burt 2002; Fang and
Pomeroy 2007; Gimbel et al. 2016). Direct key impacts include reduced river flow, lowered lake
level, and habitat degradation, whereas indirect impacts include water quality deterioration and
changes in food resources (e.g. Pasho et al. 2011; Stagge et al. 2015). Periods of prolonged water
deficit can propagate through the hydrological cycle, leading to reduced freshwater availability
for extended periods (Park et al. 2018).

Around 96% of the world’s usable freshwater resources are groundwater (Shiklomanov 1993). In
contrast to surface systems, there is a lack of understanding regarding direct and indirect climate
impacts on groundwater (Taylor et al. 2013). Due to the high complexity of groundwater systems,
drought impacts can vary on a variety of scales (Bloomfield and Marchant 2013). Therefore, the
assessment of the vulnerability of groundwater systems to droughts is challenging. For example,
both the total and rate of change in freshwater supply are significant factors for the sustainability
of freshwater-reliant ecosystems and humans (Grafton et al. 2013). Considering the uncertainties
and the high risks with diminishing freshwater reserves in a future warmer climate, management
needs to adopt conservative approaches to ensure sustainability.

Supported by the Swedish research Council FORMAS, a project entitled ‘Safe and Sustainable
groundwater-based water supply in Swedish cities and countryside’ was carried out during 2017
and 2020. In Sweden, 80% of all municipalities use groundwater as a source of drinking water and
in addition around 1.2 million habitants use groundwater from private wells. This roughly accounts
for 60% of the national water supply (Kløve et al. 2017). The main objective of the project was to col-
lect, analyze and summarize existing knowledge of the vulnerability of groundwater-based water
supply in relation to drought, with a special focus on Sweden. As a first step to achieve the goals of
the project, an assessment of the hydroclimatic conditions over Sweden in the last 2000 years with
a focus on the last 120 years (i.e. since the 1900s) and future projections until the end of the
twenty-first century is needed. This work aims at providing a long overdue summary of the existing
information, and in the process filling some of the identified knowledge gaps.

A central part of the project is the development of a knowledge base on groundwater resource
sustainability and vulnerability to drought. Over the recent years, several serious droughts occurred,
which have had sizable impacts. One such example is the drought that occurred in summers 2016/
17 where locally groundwater levels dropped to an all-time low. Especially in the southern part of
the country, many municipalities issued warnings, restricted water use or applied emergency
measures. In fact, the problem started to be seen already in spring 2016 when much less-than-nor-
mal precipitation was observed. In some parts of the country the dry conditions continued over the
winter season into 2017, followed by a hot and dry summer 2018. Over this long period, anomalous
winter snow, precipitation, and evapotranspiration over summer all played a role and need to be
considered. Specifically, this project has examined (i) the past occurrence of wet and dry periods
from paleoclimatic and historical data analysis, and (ii) future projections of hydroclimatic con-
ditions based on global and regional climate model simulations. The overall purpose of this
paper is to summarize our current understanding on dryness and wetness changes and variations
in Sweden with a focus on drought in the past and what future changes we could expect. The review
is based on peer-reviewed papers published in renowned international journals with the keywords
relevant for this work, as well as reports published by the Swedish Meteorological and Hydrological
Institute (SMHI).
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2. The definition of drought and structure of the review

Since water availability of a system is mainly regulated by the systems’ input and output which are
mainly dependent on meteorological conditions, dry (and wet) conditions are usually defined based
on the following variables: precipitation and evapotranspiration (ET) or potential evapotranspira-
tion (PET). Precipitation and PET are only determined by meteorological conditions, while ET
depends on soil moisture (SM) which also involves processes below the surface.

As the main component of the water cycle, precipitation itself serves as a useful and in many
cases the most important indicator for drought conditions. Various drought indices based on pre-
cipitation, ET, and PET have been developed to study drought variations at different scales. The
most frequently used indices for the so called meteorological drought analysis include standardized
precipitation index (SPI), a precipitation probabilistic approach (McKee et al. 1993); aridity index
(AI), generally defined as the ratio of precipitation to an evaporation-related climate variable (e.g.
Nastos et al. 2013); and Standardized precipitation-Evapotranspiration Index (SPEI), based on pre-
cipitation and PET (Vicente-Serrano et al. 2010).

The meteorological drought signal may propagate through the system affecting SM and the
hydrological system. These types of drought can be defined by SM, river runoff and groundwater
level. The selection of standardized indices describing these types of hydrological droughts is smal-
ler compared to meteorological droughts, which is most likely due to the complexity of the involved
processes and the lack of these non-meteorological data.

Due to the importance of SM to agriculture and ecosystem, drought described by SM based
index can be considered agriculture or ecosystem drought. One such index is the Palmer Drought
Severity Index (PDSI) that is based on the supply and demand concept of the water balance
equation (Palmer 1965) and represents a proxy for SM.

River runoff and groundwater level are important components of the hydrological cycle and
often have a direct link to water resources used by human society. Drought based on these two vari-
ables are often termed hydrological drought. Two standardized indices frequently used in Hydro
(geo)logy are SGI – Standardized groundwater level index (Bloomfield and Marchant 2013) and
SRI – Standardized runoff index (Shukla and Wood 2008). However, no regional application of
these indices in Sweden can be found in literature.

SPI is the most applied index to analyze meteorological drought, which is determined by precipi-
tation accumulation over a certain period of time, solely dependent on precipitation amount during
the period (McKee et al. 1993).

AI is commonly used for the evaluation of long-term dry/wet status of climate in a region
(Ahmed et al. 2019). There are various definitions for calculating AI (Huang et al. 2016; Ma
et al. 2017; Liu et al. 2019). However, the ratio of precipitation to PET (or reference evapotranspira-
tion, ET0; UNESCO 1979; UNEP 1992) has been most frequently used (Bannayan et al. 2010; Wang
et al. 2014; Pour et al. 2020).

PDSI is one of the most widely used indices for detecting droughts. PDSI determines the mag-
nitude of drought by quantifying the cumulative departure in surface water balance. It incorporates
antecedent and current moisture supply (precipitation) and demand (PET) into a hydrological
accounting system, which includes a two-layer bucket-type model for SM calculations using vari-
ables of recharge to soils, runoff, and water loss to the soil layers, and their potential values (Palmer
1965). PDSI is a standardized index. To facilitate comparison at a large spatial scale, a self-calibrat-
ing PDSI (scPDSI) was proposed by Wells et al. (2004). A key parameter for calculating scPDSI is
PET, which is an important source of demand in surface water balance. Two methods are com-
monly used to calculate the PET: the Thornthwaite method (Thornthwaite 1948) and the Pen-
man-Monteith method (PM equation, Burke et al. 2006). The former equation only uses
temperature, latitude and month as inputs to calculate PET, which is easy to use, but the calculated
PET is over dependent on temperature compared to the PM equation which accounts for the effects
of temperature, radiation, humidity, and wind speed (Chen et al. 2005; Xu et al. 2008).
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SPEI is a newly developed drought index which quantifies surface dry/wet status using climatic
water balance: the difference between precipitation and potential/reference ET (PET/ET0) (precipi-
tation-PET or precipitation-ET0; Vicente-Serrano et al. 2010). The procedure for calculating SPEI is
similar to that for SPI, except that the latter only uses precipitation as input, while the former uses
precipitation and PET as inputs. Like PDSI/scPDSI, SPEI considers the effect of PET on drought
severity, but due to application of climate water balance model in SPEI instead of surface water bal-
ance model (more for long-term memory of soil hydrological condition, Dai 2011a) in PDSI/
scPDSI, the multi-scalar nature of SPEI enables identification of different surface drought types
(e.g. from short-term 1-month drought to long-term 48-month drought) and drought impacts
on diverse systems (Vicente-Serrano et al. 2012a, 2012b, 2013). SPEI is commonly used together
with SPI to assess regional or global drought variability (Spinoni et al. 2015a, 2017; Stagge et al.
2017). Since both indices have the similar multi-scalar nature, and can detect drought variability
from precipitation-only (SPI) or precipitation-and-water-demand (SPEI) perspectives, they are
sometimes even applied as a combined index (Vicente-Serrano et al. 2010).

In what follows we will summarize published studies on dry/wet conditions for Sweden with a
focus on drought in the past 2000 years and future 100 years, using precipitation, SPI, AI, PDSI
(including scPDSI), and SPEI as indicators due to the facts that (1) they are widely available
over a long period of time, (2) there are many previous studies using them which can be summar-
ized, (3) there are future projections for them by global climate models (GCMs). The review is
structured according to time period and source of information. Specifically, Sections 3 and 4
focus on the past 1000 years using tree-ring data (Section 3) and recent decades using instrumental
records (Section 4), while Section 5 presents climate projections for the future years until 2100.
Since some of these studies cover Fennoscandia, northern hemisphere or even global land, this sum-
mary will inevitably touch upon features outside Sweden, although our focus is on Sweden.

3. The last millennium

In order to determine the possible magnitude of future droughts in Scandinavia, the climate sys-
tems’ response to human-induced forcing and the natural drought variability that underlies it
has to be known. However, while instrumental records are able to provide spatially and temporally
highly resolved data for many types of meteorological and hydrological parameters, the records are
problematically short. In Sweden, these data sets rarely exceed ∼150 years and are hence too short
to include the full range of natural climate variability, and to contextualize contemporary climate
changes. Natural climate proxy archives provide an opportunity for retrospective analysis of past
drought events by extending climate information into the pre-industrial past. These records can
be used to estimate the historical recurrence interval for droughts that are too rare to be evaluated
in the brief instrumental period or to understand the severity of recent droughts in a long-term per-
spective. They could, although not yet tested in Fennoscandia, be directly employed in water
resource management and planning (Woodhouse and Lukas 2006; Rice et al. 2009; Woodhouse
et al. 2016). In Fennoscandia, the paleoclimate community has been active in developing regional
estimates of Holocene hydroclimate variability from a number of proxies, including, but not limited
to, tree-rings, depositional histories of subfossil trees, estimates of peat humification, sediment
grain size, and varve thickness (Ljungqvist et al. 2016; Linderholm et al. 2018; Ljungqvist et al.
2020). These quantitative paleoclimate reconstructions can broadly be categorized into two classes
of data:

(1) Proxy records with a coarse temporal resolution (centennial scale or longer), yet with a long
temporal coverage (typically the entire Holocene); and

(2) Proxies that have a high temporal resolution (seasonal to decadal), but are restricted to the last
2000 years (the Common Era).
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Paleoclimate records falling into the latter category are particularly useful for water resource
planning and management, providing a historical constraint to the present-day statistical charac-
teristics of hydrology (e.g. the mean state, the range of variability, and the long-term persistence
of hydrologic phenomena). This and the fact that this review focuses on the drought concept but
not aridity, will limit the review in the following subsections to high-resolution hydroclimatic
studies over the Common Era. Moreover, only studies that provide a quantitative estimate of the
drought indicators defined previously will be listed. In Fennoscandia, this is mostly limited to
tree-ring based reconstructions. Although there are a number of high-resolution hydroclimate
reconstruction available based on other types of proxies (e.g. sedimentological data, Saarni et al.
2015), these reconstructions are not quantitative per se, and thus will not be included herein.

Tree-ring is one of the most important sources of high-resolution (seasonal to inter-annual),
absolutely dated information about the hydroclimate of the Common Era. It is one of the few
proxies that are able to provide annually-resolved information on past climate variability dated
to the exact calendar year, thus enabling quantitative and precise calibration and verification.
This provides the possibility of precise quantification of past hydrological extremes not possible
using lower-resolution, less temporally well-constrained archives. Depending upon site-ecology
and local climate conditions, variations in tree-ring width, wood density and isotopic composition
can be used to quantitatively reconstruct temperature, precipitation, or drought variations. In gen-
eral, trees growing close to their latitudinal or altitudinal limit of distribution are sensitive to warm-
season temperature, while information on long-term natural hydrologic variability (e.g. precipi-
tation, streamflow, snowpack, drought index and other moisture-related variables) over several cen-
turies can be gained from tree rings in moisture-sensitive trees growing in semi-arid to arid regions
(e.g. trees whose growth correlate well with variations in moisture availability). Consequently, most
tree-ring chronologies in Sweden, as well as other northern high-latitude regions, have been used to
reconstruct past variations in temperature. Since moisture availability rarely is the dominant limit-
ing factor for tree-growth in the region, comparatively little effort has traditionally been directed
towards tree-ring based hydroclimate reconstructions (Linderholm et al. 2018; Ljungqvist et al.
2020). However, by sampling trees from carefully selected sites (e.g. sites with thin well-drained
soil layers) it is possible to develop chronologies that have recorded past changes in moisture con-
ditions (e.g. Jönsson and Nilsson 2009; Seftigen et al. 2013). Moreover, there is a considerable
potential to improve the quality of tree-ring based hydroclimate reconstructions in these cool
and moist high-latitude environments by considering alternative tree-ring parameters (e.g. wood
density) to the commonly used ring-width proxy (Rocha et al. 2020; Seftigen et al. 2020). Tree-
ring based efforts to better understand past regional hydroclimate conditions include both point
reconstructions of summer (Helama and Lindholm 2003; Helama et al. 2009; Jönsson and Nilsson
2009; Rocha et al. 2020) or winter (Linderholm and Chen 2005) precipitation, or drought (scPDSI,
SPEI, SPI, or other) (Drobyshev et al. 2011; Seftigen et al. 2013; Seftigen et al. 2017), as well as
regional gridded so-called ‘drought atlases’ covering Fennoscandia (Seftigen et al. 2015a; Seftigen
et al. 2015b) or extending over the full European domain such as the Old World Drought Atlas
(OWDA) by Cook et al. (2015). These high-latitude reconstructions are in general able to explain
between c. 20% and 55% of the inter-annual variability in the target hydroclimate variable over the
calibration period. However, the fidelity of the estimates at lower frequencies (>centennial) are
much more uncertain, and are commonly not explicitly evaluated. This is because the overlap
between the proxy and instrumental data is temporally limited. Moreover, sample replication is
usually robust in the overlap with instrumental data and diminishes substantially further back in
time.

Tree growth (in terms of tree-ring width) generally occurs over the whole growing season, but
the speed of the growth within the growing season varies depending on climate conditions during
the time (Dannenberg and Wise 2016). There is usually a particular time interval (e.g. specific
months) within the growing season (but may also be extended to outside of growing season [e.g.
Linderholm and Chen 2005]) when climate conditions (such as dry/wet) can contribute most to
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the tree growth, which is generally identified based on linear correlation approach. As long as the
statistical relationship was built for specific months, analysis will be based on the assumption that
tree growth will be mainly influenced by the mean climatic state of the time interval (e.g. seasonal
mean). Thus, tree-ring width for each year, after scaling, is expected to be comparable to the long-
term (e.g. seasonal but for particular time interval) mean from a climate model or from observa-
tional data. However, it would be difficult to distinguish the impacts of single or multi extreme
dry/wet conditions on tree growth from the impacts of the mean condition, since the former
also contribute to the variability of the mean dry/wet state.

3.1. Precipitation and SPI

The temporally longest tree-ring record of past precipitation variability currently available in Fen-
noscandia comes from south-eastern Finland, and provides annual estimates of May-June precipi-
tation from 660 CE to present (Helama and Lindholm 2003; Helama et al. 2009). The
reconstruction is particularly valuable in that it is one of few Fennoscandian high-resolution hydro-
climate records that cover the ‘Medieval Climate Anomaly’ (MCA) period. The MCA represents the
closest natural analogue to anthropogenic post-industrial warming, and thus provides a key bench-
mark by which the recent changes in both temperature and hydroclimate can be compared. How-
ever, while there are still uncertainties concerning the characteristics of temperature variability
during MCA, hydroclimatic conditions are even more poorly constrained. The Helama et al.
(2009) reconstruction shows that southern Finland was subjected to a prolonged period of
warm-season precipitation deficit during parts of the MCA (here early ninth-early thirteenth cen-
tury), only occasionally interrupted by periods of wetness (Figure 1). According to Helama et al.
(2009), the medieval drought coincided with several other ‘mega-droughts’ occurring in a number
of regions around the globe (specifically, in North America (Cook et al. 2004; Ault et al. 2013), east-
ern South America (Stine 1994) and part of equatorial East Africa (Verschuren et al. 2000)).
Although still poorly understood, these evidences may suggest a common driving mechanism
behind the globally widespread droughts of the MCA, possibly linked to the coinciding anomalies
in the El Niño/Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO) (Helama
et al. 2009). Furthermore, joint information from the Scandinavian and other paleoclimate records
of the MCA provide strong evidence that the twentieth century hydroclimate variability does not
appear unprecedented in amplitude or trend, but rather that droughts in the MCA were more
severe, extensive and long-lasting over much of the Northern Hemisphere. In contrast to what
the MCA shows, the south-eastern Finnish record shows that the cool period in the early part of
the Little Ice Age (LIA; in Helama et al. 2009 defined as the period between 1220 and 1650 CE)
was characterized by markedly wetter conditions than the MCA (Helama et al. 2009). The Helama
et al. (2009) reconstruction agrees generally well (r = 0.366, n = 343, p < 0.01) with the fully indepen-
dent summer SPI reconstruction from Southeast Sweden from 1650s to present (Seftigen et al.
2013), signifying a number of region-wide anomalies in warm-season wet and dry spells in the
last ∼350 years (also reinforced by the millennium long, gridded paleo-drought product available
for Fennoscandia [Seftigen et al. 2015a]). The temporal coherency between available tree-ring based
hydroclimate reconstructions from Fennoscandia is further presented in Figure 1 and Table 1. It

Table 1. A cross-correlation matrix showing the coherency between selected tree-ring based warm-season hydroclimate
reconstructions over their common 1590–1993 period.

Correlation Helama et al. (2009) Seftigen et al. (2017) Jönsson and Nilsson (2009) Cook et al. (2015)

Helama et al. (2009) – – – –
Seftigen et al. (2017) 0.44* – – –
Jönsson and Nilsson (2009) 0.08 0.12* – –
Cook et al. (2015) 0.37* 0.31* −0.02 –

Note: Asterisks indicate significance at the 0.05 level.
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should be noted that a number of the reconstructions (Cook et al. 2015; Seftigen et al. 2015a, 2017)
share common predictors with the Helama et al. (2009) record, which makes the tree-ring estimates
not fully independent. The collective comparison nevertheless reveal that droughts were not

Figure 1. (a) Selected hydroclimate reconstructions from Fennoscandia, including the May-June precipitation reconstructions
from southeast Finland (Helama et al. 2009) and mideast Sweden (Jönsson and Nilsson 2009); the 2-month June SPEI estimates
from central Fennoscandia (Seftigen et al. 2017); the OWDA scPDSI reconstruction (Cook et al. 2015) averaged over the region
bounded by the latitude/longitude coordinates 55–70° N/5–25° E (outlined in [b]); the September-April precipitation estimates
from central Sweden (Linderholm and Chen 2005). Observed average June-August precipitation from 86 homogenized meteor-
ological stations in Sweden is added for comparison. The time-series have been transformed into standard normal deviates with
respect to the common 1901–1993 period, and smoothed with a 30-year low-pass filter to highlight decadal variability. A cross-
correlation matrix showing the coherency between the warm-season reconstructions over their common period is provided in
Table 1. (b) The gridded OWDA scPDSI reconstruction averaged over the MCA, LIA and modern periods. (c) Time-series (raw and
30-year low-pass filtered) of OWDA (averaged over region 55–70° N/5–25° E) over the MCA, LIA and modern periods.
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restricted to just the MCA; distinct regional-wide pre-modern drought conditions striking southern
Sweden and Finland are evident in the early decades of the nineteenth century (c. 1800–1850), also
identified in the SPI series reconstructed from early instrumental and historical climate information
from east-central Sweden (Linderholm et al. 2004; Linderholm and Molin 2005). This dry spell
appears not only to have been restricted to Scandinavia, but have also been reported in England
and Wales (Marsh et al. 2007). Other anomalous periods include 1694–1751 CE, evident in the
spring/early summer precipitation estimates from Mideast Sweden (Jönsson and Nilsson 2009).
The period, characterized by low variability and precipitation below mean (Figure 1a), is in
part overlapping with the Late Maunder Minimum (LMM) (Eddy 1976). Anomalous climatic con-
ditions in Europe during this period have been linked to both external forcing (solar irradiance and
volcanic forcing) as well as internal oscillations in the North Atlantic (Luterbacher et al. 2001; Wang
et al. 2017).

While the majority of existing tree-ring reconstructions have focused on warm-season precipi-
tation, relatively few attempts have been made to infer information about the cold season hydro-
climate dynamics in the region. Linderholm and Chen (2005) presented so far the only such
attempt, showing that Scots pine tree-ring data from west-central Scandinavia may contain infor-
mation about regional winter (September-April) precipitation, especially on semi-decadal time
scales. The resulting reconstruction shows that winters from the mid-eighteenth century to the
mid-nineteenth century were predominantly wet, and the last half of the twentieth century
seems to have been the wettest in the past four centuries (Figure 1a).

In addition to the individual site records, a number of gridded precipitation reconstructions are
available from the region (Pauling et al. 2006; Casty et al. 2007). These do not explicitly target Swe-
den, but are rather European wide datasets where Fennoscandia is included. The seasonally-
resolved product provided by Pauling et al. (2006) extends back to the 1500s over European land
areas (30°W–40°E/30–71°N, 0.5°x0.5° resolution). The reconstruction is derived using a multiproxy
approach, where historical archives, long instrumental records, and a number of natural proxy
archives were used to produce the reconstruction fields. The predictor dataset from Fennoscandia,
however, almost exclusively consists of a rather sparse network of long instrumental precipitation
series. Hence, the skill over this region degrades back in time and the early part of the reconstruc-
tion should therefore be taken with caution. Nevertheless, when averaging the reconstruction over
the full European domain, the precipitation variability over the last half millennium shows large
interannual and decadal fluctuation. Yet when turning to Sweden, the authors (Pauling et al.
2006) find no significant agreement between their spring precipitation (March-May, 13–16°E/
62–64°N region mean) estimates and the winter precipitation reconstruction provided by Linder-
holm and Chen (2005). A mismatch in the seasonality of the two reconstructions is proposed as a
contributing factor to the poor agreement between the timeseries.

Gridded datasets of seasonal European (30–80°N to 50W–40°E) precipitation, in addition to
temperature and fields of the 500 hPa geopotential height, are provided by Casty et al. (2007).
These spans between 1766 and 2000, and were developed from only long instrumental data. The
precipitation reconstruction correlates significantly and strongly (r > 0.8 for all seasons) with the
one presented in Pauling et al. (2006). Assessment of the long-term variability shows that both win-
ter and spring precipitation anomalies are generally higher in the twentieth century compared to
the early parts of the record. The summer precipitation variability is low compared to the other sea-
sons, and no clear long-term trend is evident. For the autumn precipitation, a cyclic oscillation on
the scale of 40–60 years appears throughout the whole reconstruction. However, no significant
relationship between this cyclic variability and the Atlantic Multidecadal Oscillation (AMO) with
a similar periodicity, is established. A collective analysis of detrended precipitation and temperature
over the past 235 years, provided in Casty et al. (2007), shows a positive coupling over Fennoscandia
mainly in the winter and spring, but also to some extent in the autumn (indicating the importance
of advective processes). In the summer however, the two variables are negatively correlated, most
strongly in the southern parts of Sweden (suggesting that convection plays a dominant role).
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Furthermore, Empirical Orthogonal Function analysis is applied to the combined fields of pressure,
temperature, and precipitation to investigate the leading modes of pressure patterns affecting the
long-term climate variability (Casty et al. 2007). For winter, the leading spring and autumn pressure
patterns closely resemble the NAO-structure, showing an increasing trend in the latter half of the
twentieth century. The pattern is associated with wet conditions in Sweden and the rest of northern
Europe. The leading summer pressure pattern, on the other hand, reveals a blocking-like structure,
and is connected to warm and dry conditions in Sweden. No detectable effect of natural radiative
forcing (solar and volcanic) on the annually averaged patterns of pressure, temperature or precipi-
tation for Europe are found (Casty et al. 2007).

3.2. PDSI

A significant recent advancement in the assessment of the pre-industrial drought variability include
the development of the ‘OldWorld Drought Atlas’, a tree-ring reconstruction of gridded (0.5° × 0.5°
resolution) warm-season (June-July-August) scPDSI (Cook et al. 2015). The atlas, covering the
Common Era, extends over Europe and the Mediterranean Basin. The northern limits of the
OWDA domain also include the Fennoscandian region, providing a longer and spatially more com-
plete picture of past droughts and pluvials in Sweden compared to previously available estimates
based on instrumental, historical, and natural proxy archives.

The OWDA product gives insight into the spatial dimensions of a number of known historic
extreme hydroclimate events recorded in various documentary sources across central Europe
and the British Isles, and demonstrates that many of these extremes, in fact, also affected
parts of central and southern Sweden. Some of these events include the great drought of
1893, 1741, 1616 and 1540 (see Figure 2 in Cook et al. [2015] for the spatial details of these
droughts). The OWDA also provides support for the extreme hydroclimatic conditions that
have been linked to the ‘Great Famine’ that struck parts of Europe in 1315–1317 (Campbell
2016). This famous historical catastrophe in late medieval European history was caused by a
prolonged period of anomalously wet and cold conditions, leading to crop failure, growing
food prices and eventually starvation, disease spread, and millions of deaths. Although less
severe than in western Europe, OWDA shows that also part of southern Sweden and Norway
were experiencing wet conditions in 1315–1317.

Moreover, OWDA greatly expands our understanding of the spatial pattern and extent of the
dryness during the MCA period, first detailed in Helama et al. (2009). While a widespread drought
affected central Europe and parts of southern and central Scandinavia during this period, generally
wetter conditions prevailed over Northern Fennoscandia and Russia (Figure 1b). Moreover, the
MCA period was shown to be significantly drier in large portions of continental Europe and
southern Fennoscandia than both the LIA and the modern period. Notably, the most recent period
(1998–2012) appears to be anomalously wet in the context of the past 2000 years, and it is necessary
to go back to 1721–1739 to find a wetter period of comparable duration (Figure 1a–c).

Several recent studies have used the OWDA product to more closely assess the dynamics and
drivers of hydroclimate variability across the European domain, Fennoscandia included (Baek
et al. 2017; Markonis et al. 2018; Ljungqvist et al. 2019). Markonis et al. (2018) showed that North-
ern Europe including Scandinavia has experienced an increase in wetness over the recent decades,
in line with the changes seen in the instrumental data. By aggregating OWDA over 30-year time
windows (climatic scale), the last 30 years (1983–2012) emerged as the wettest in Scandinavia
over the last millennium. Moreover, while northern Europe is experiencing a recent increase in wet-
ness, a shift towards dryer conditions, in some regions unique in terms of duration and spatial
extent for the last 1000 years, are seen across southern Europe. Ljungqvist et al. (2019) examined
the co-variability patterns across timescales between the temperature reconstruction of Luterbacher
et al. (2016) and the OWDA scPDSI reconstruction back to 850 CE, comparing them to selected
forced last-millennium CMIP5 model (CCSM4 and MPI-ESM-P) simulations and instrumental
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records over the twentieth century. At decadal-centennial scales, they found a positive coupling
between warm-season temperature and hydroclimate (i.e. warm and wet) in Fennoscandia and
other parts of northern Europe. In contrast, tendencies for a negative relationship (i.e. warm and
dry) were found in southern Europe. However, compared to instrumental data, the proxy tree-
ring based reconstructions were shown to have a too positive temperature-hydroclimate relation-
ship, particularly in the high frequency (annual resolution) domain, while forced last-millennium
model simulations showed a too negative relationship across all timescales. This temperature bias in
the Scandinavian portion of the OWDA reconstruction was at partly attributed to the fact that sev-
eral of the predictor chronologies from northern Scandinavia were strongly and positively related to
warm-season temperature rather than being direct predictors of drought. These chronologies were
used to indirectly predict soil moisture availability by leaning on its inverse relationship to clear
skies and consequently on high temperatures and reduced rainfall (see Cook et al. [2015] and
the discussion in Ljungqvist et al. [2019] for details). Despite the observed differences in the temp-
erature-hydroclimate co-variability patterns in instrumental, reconstructed and model simulated
data, Ljungqvist et al. (2019) found that all data types share relatively similar phase-relationships
between temperature and hydroclimate.

3.3. SPEI

A number of historical reconstructions utilizing warm-season SPEI as a predictor of past hydrocli-
mate variability are available from Fennoscandia (Seftigen et al. 2015a; Seftigen et al. 2015b; Seftigen
et al. 2017). In fact, the first gridded hydroclimate proxy reconstruction (0.5° latitude x 0.5° longi-
tude) developed for Fennoscandia used SPEI as the target variable (Seftigen et al. 2015a), recon-
structed from a dense network of moisture sensitive tree-ring chronologies in Sweden. The
reconstruction reveals large decadal-scale variability in wet and dry periods over the last 1000
years. The eleventh, twelfth and seventeenth centuries are standing out with its high number of
spatially extensive moisture anomalies (defined as area [no. of grid points] where SPEI > 2.0 or
<2.0). The seventeenth century anomalies are notably coinciding with the coldest period in Scan-
dinavia in the past millennium (Linderholm et al. 2015). The fifteenth and sixteenth centuries are
on the contrary rather absent of any widespread droughts/pluvials. Moreover, the reconstruction
shows evidence for a zonal anti-phasing behavior in wet and dry periods, where there is a tendency
for northern Fennoscandia to be wet when the southern parts of the domain are experiencing drier
than normal conditions. This zonal dipole structure is also evident in the instrumental data, and is
associated with the summer NAO-like atmospheric pressure patterns, indicating an important role
of the circulation on the moisture distribution in the region.

Building on the previous tree-ring based SPEI reconstruction efforts in Seftigen et al. (2015a),
Seftigen et al. (2017) employed a paleoclimate data-model comparison framework to further
explore the drivers and dynamics of drought and pluvials across Fennoscandia. The collective com-
parison reveals large differences between GCM-simulated and reconstructed SPEI time series,
despite a general agreement on the modes of atmospheric variability that produce regional hydro-
logic anomalies in the proxy and model datasets. Moreover, the GCM-simulated multi-decadal and/
or longer hydroclimate variability was shown to be systematically smaller than the proxy-based esti-
mates, whereas the dominance of GCM-simulated high-frequency components of variability were
not reflected in the proxy record. Further, Seftigen et al. (2017) explored the link between regional
hydroclimate and temperature in the model simulations and in the paleoclimate evidence. Notably
and in line with Ljungqvist et al. (2019) the authors found an in-phase coherence between regional
hydroclimate and temperature in the tree-ring reconstructions on decadal timescales, i.e. sustained
wet periods in the past are often concurrent with warm periods and vice versa. The CMIP5-PMIP3
archive showed, however, an out-of-phase coherence between the two variables in the last millen-
nium. This discrepancy and the lack of adequate understanding of mechanisms linking temperature
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and moisture supply on longer timescales was pointed out to have serious implications for attribu-
tion and prediction of regional hydroclimate changes.

3.4. Summary

The collective comparison of climate proxy evidence suggests hydroclimatic conditions have per-
sistently been shifting in Fennoscandia over the Common Era, with large interannual and decadal
fluctuations. There is support for long periods of rather severe dry warm-season conditions from
∼1000 to 1200 CE, while overall wetter summers prevailed in the thirteenth and fourteenth centu-
ries, in parallel to the global onset of the LIA. A shift towards drier conditions in the early nine-
teenth century appears in the proxy records from southern Sweden and Finland, yet not in the
record from Mideast Sweden, suggesting a somewhat spatially confined anomaly. Putting the mod-
ern-day warm-season hydroclimate in Fennoscandia in a millennia perspective suggests that we
might currently experience a slow progression towards increasingly pluvial conditions, already in
the marginal bands of its historical fluctuations. We caution, however, that this twentieth-century
trend is far from conclusive amongst the available hydroclimate proxy data and that additional evi-
dence is needed to reach a more definite conclusion.

4. Variation of drought since the 1900s

The literature reviewed in this section are those that focused on hydroclimate changes (including
extreme precipitation changes) since 1902 and until 2018 based on observational precipitation
and observational-data-derived SPI, AI, PDSI (including scPDSI) and SPEI. We aimed at reviewing
all existing published papers that fulfill the above criterion. Therefore, besides the papers that
focused on Sweden, we also include those that covered Continental Europe or even the globe.
Some papers concerning assessment of climate model capability in simulating the observational
hydroclimate changes and concerning the causes of the changes (e.g. from atmospheric circulation
perspectives) are also included.

4.1. Precipitation and SPI

Annual precipitation in Sweden has increased over the period 1901–2010 and 1951–2010 according
to the records from Climatic Research Unit (CRU), Global Historical Climatology Network
(GHCN) and Global Precipitation Climatology Centre (GPCC) datasets (Hartmann et al. 2013).
The magnitudes of the trends are similar in the three datasets, which are about 2.5–25 mm/year
per decade (Hartmann et al. 2013). The trends are significant over whole Sweden since 1901,
while they become insignificant in central-southern Sweden since 1951 (Becker et al. 2013; Hart-
mann et al. 2013). According to Caloiero et al. (2018).

The increase of winter precipitation contributed most to the increase of annual precipitation,
particularly in southern Sweden (Bengtsson and Rana 2014; Caloiero et al. 2018). At the same
time, the increased annual precipitation in northern and northeast Sweden were mainly the result
of the increased precipitation in spring (mainly in March and May) and summer (mainly in July)
respectively. Further, the increased autumn precipitation (mainly in September for southern Swe-
den and November for whole Sweden) is a major factor for the increased annual precipitation for
central and southern Sweden.

Large-scale atmospheric circulation such as North Atlantic Oscillation (NAO) influences the
precipitation variation in Northern Europe (Hurrell 1995; Busuioc et al. 2001), particularly during
winter (Uvo 2003; Trigo et al. 2008). For example, the increase of March precipitation in northern
Sweden has been linked to the increase of cyclonic activities caused by the enhanced NAO (Paredes
et al. 2006). The synoptic circulation pattern changes, reflecting large-scale changes in the atmos-
pheric wave (Hurrell and Deser 2010), are found to contribute to wetting trends in Northern

GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY 11



Europe from January to March and June over 1963–2001 (Fleig et al. 2015). The summer North
Atlantic Oscillation (SNAO) and also the planetary-scale wave-train pattern can significantly influ-
ence the summer precipitation variability in Scandinavia (Folland et al. 2009; Bladé et al. 2012;
Saeed et al. 2014). However, climate model simulations from two CMIP3 models (HadCM3 and
GFDL-CM2.1) fail in simulating the impacts of SNAO on the summer precipitation variability
(Bladé et al. 2012).

The ensemble mean of climate model simulations from CMIP5 historical runs replicates the
increasing trend of annual precipitation in Sweden over 1901–2010, but weaker compared to the
observational trend derived from the GPCC dataset (Krakauer and Fekete 2014). Regional climate
model simulations underestimate the magnitude of the positive trend of winter precipitation in
Northern Europe over recent decades possibly due to the low signal-to-noise ratio of anthropo-
genic-induced changes in NAO, which can largely influence winter precipitation in Northern
Europe (Bhend and Von Storch 2008).

Annual precipitation extremes, derived from various precipitation indices, show increasing
trends in Sweden over 1961–2004 according to records from the majority of Swedish meteoro-
logical stations, yet only a small number of the stations show significant trends (Achberger and
Chen 2006). Most of the stations show an increasing trend of precipitation extremes in winter,
spring and summer, while in autumn, a significant amount of stations show negative trends
(Achberger and Chen 2006). Spring and summer are the seasons when Sweden has the largest
number of stations having positive trends in precipitation extremes (Achberger and Chen
2006). The spatial structure of the annual and seasonal trends greatly varies in magnitude and
sign even within a short distance in Sweden (Achberger and Chen 2006) and also for the
whole Europe (Zolina 2012; Hov et al. 2013). This may reflect an impact of topography on pre-
cipitation distribution features (Johansson and Chen 2003; Jeong et al. 2011). Differences in the
magnitude and sign of trends depending on seasons is also a common feature that has been
observed from other analysis of precipitation extreme trends in Europe (Hundecha and Bárdossy
2005; Moberg and Jones 2005; Schmidli and Frei 2005). Using updated station data, Kivinen et al.
(2017) found that the frequency of the 1% most extreme daily precipitation in northern Fennos-
candia showed a weak increasing trend over the period 1914–2013. The annual maximum daily
precipitation in Sweden shows an increasing trend but not significant over 1880–2017 (Belusic
et al. 2019). Over the entire twentieth century, most significant increasing trends of precipitation
extreme indices appear in cold seasons in Northern Europe (Chen et al. 2014). Global climate
models in general underestimate rainfall extremes partly because of their coarse spatial resol-
ution (Hov et al. 2013). This is especially true for convective precipitation in summer (Chen
et al. 2020) which can be more realistically simulated by higher resolution convection-permitting
models (Lind et al. 2020).

For the period 1951–2016, the 3-month SPI show significant increasing trends over parts of
southern and northern Sweden in winter and summer, and over northern and eastern Sweden in
spring (Caloiero et al. 2018); the 6-month SPI show significant increasing trends mainly in northern
Sweden during autumn and winter, and in most of Sweden except for central-eastern part during
spring and summer (Caloiero et al. 2018); the 12- and 24-month SPI show significant increasing
trends over most of Sweden except for the central-eastern part (Caloiero et al. 2018). A significant
tendency towards less frequent droughts in Northern Europe, especially in winter and spring has
been detected since the 1950s based on 3-month SPI (Spinoni et al. 2014; 2017; Gudmundsson
and Seneviratne 2015), although both precipitation and potential evapotranspiration have increas-
ing trends over the same time period (Spinoni et al. 2015a).

4.2. AI

According to the AI, Sweden was classified as a humid hydroclimate type over 1960–2009 (Zarch
et al. 2015). Over this period the annual AI shows an increasing trend (indicating a wetting
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tendency) in northern Sweden due to increase of precipitation and decrease of PET, and a decreas-
ing trend (indicating a drying tendency) in southern Sweden due to increasing PET (Zarch et al.
2015). The increasing trend in northern Sweden is mainly due to the wetting over 1960–1979,
while after 1979, northern Sweden shows a drying trend; The decreasing trend of AI in southern
Sweden is also contributed by the period of 1960–1979, while after 1979, it shows a wetting
trend (Zarch et al. 2015). However, the shifts of the trends between the two periods are insignificant
(Zarch et al. 2015; Prăvălie et al. 2019). For the period of 1948–2005, AI also shows a wetting trend
over northern Sweden (Greve et al. 2014). However, there is a lack of study on changes in seasonal
variability of AI over Sweden.

4.3. PDSI

Several PDSI including PDSI_th, scPDSI_th, PDSI_pm and scPDSI_pm (th: PET based on
Thornthwaite equation; pm: PET based on PM equation) show increasing trend (indicating a wet-
ting tendency) over northern and southern Sweden, and slightly decreasing trend (indicating a dry-
ing trend) over central and southeast Sweden over 1950–2008 (Dai 2011a; 2011b). A similar pattern
of annual scPDSI trends over Sweden can be found from Sheffield et al. (2012), although there is a
larger domain with a drying trend appearing in the south. The discrepancy between these two
studies might be caused by differences in the datasets used to determine the PET component (Tren-
berth et al. 2014; Dai and Zhao 2017). The drying trend domain revealed by scPDSI_th is slightly
larger than that revealed by scPDSI_pm in Dai (2011b), which is due to lager impacts of tempera-
ture increase on the drying trend revealed by scPDSI_th in which the calculation of PET is more
dependent on temperature than that in scPDSI_pm (Sheffield et al. 2012). The wetting trend
may be due to increasing annual precipitation over whole Sweden and weaker increasing trend
of air temperature in the north, while the drying trend is mainly due to increasing air temperature
and weaker increasing trend in precipitation in eastern Sweden (Dai 2011a, 2013). PDSI shows a
wetting trend over northern Sweden and a drying trend over southern Sweden for the period
1950–2002 (Dai et al. 2004). A similar pattern can also be found for the period 1901–1949, but
the wetting trend over northern Sweden is weaker than the late half of the twentieth century
(Dai et al. 2004).

The state-of-the-art climate models can replicate the increasing trend of annual scPDSI_pm over
parts of far-southern Sweden during 1950–2014, but with a weaker magnitude compared to obser-
vations (Zhao and Dai 2017). However, assessment of climate models in replicating the pattern of
the observed wetting/drying trends over other parts of Sweden is lacking.

4.4. SPEI

SPEI at the combined timescale (ranging from 1-month to 48-month) shows increasing trend (wet-
ting tendency) in northern and southern Sweden, and decreasing trend (drying tendency) or even
slightly increasing trend in scattered areas of central Sweden over 1950–2009 (Beguería et al. 2014).
According to the 3-month SPEI, there is a wetting trend in Sweden over 1950–2014, especially for
winter and autumn (Spinoni et al. 2017). The wetting trends are slightly weaker than those revealed
by 3-month SPI, indicating a negative impact of temperature increasing on wetting trends over the
period (Spinoni et al. 2017). The drought event frequency and severity also show a decreasing trend
especially for winter and autumn over whole Sweden and for all the four seasons in southern Swe-
den over 1950–2014 (Spinoni et al. 2017). However, since 1981, drought event frequency has shown
an increasing trend in spring especially over southern Sweden (Spinoni et al. 2017). 6-month SPEI
shows a wetting trend over the whole of Sweden for the period 1958–2014, with significant trends in
far-southern Sweden (Stagge et al. 2017). Based on a combined index made based on three annual
drought indices (SPI, SPEI and Reconnaissance Drought Index [RDI]), the frequency and severity
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of meteorological drought show significant decreasing trend over most of Sweden over 1950–2012
(Füssel et al. 2012; Spinoni et al. 2015a).

Figure 2 shows the spatial pattern of the 9-month SPEI trend for August over Sweden during the
period 1902–2018. The trend analysis is based on Sen’s slope and Mann-Kendall Tau
trend (MKtrend) significance test (Burkey 2006). The timescale of 9-month was used to calculate
the SPEI, so the drought status of a month is calculated based on the hydroclimate conditions (pre-
cipitation and potential evapotranspiration) of the previous 9 months. The selection of the time-
scale is based on its suitability on reflecting the typical timescale of groundwater recharge
(usually 6 months and above). Over 1902–2018, significant wetting was shown over Northern Swe-
den while significant drying was found over Southeastern Sweden.

4.5. Summary

According to the studies reviewed above, Sweden shows an overall wetting trend since the 1900s, in
particular since the middle of the twentieth century. The wetting trend is most clear in northern
Sweden where annual precipitation, especially winter precipitation, has significantly increased. In
contrast, drying trends have been detected in central or southern Sweden where the increasing
trend of precipitation is smaller than that in the north. However, the significance, magnitude,
location and even sign of the trends are sensitive to drought index used, time period, and timescale.
Nevertheless, a drying trend (relevant to hydrological drought such as low groundwater level) since
1981, seems to be robust in central-eastern part of Sweden where 6-month SPI does not show sig-
nificant increasing trends in spring and summer as can be seen in other parts of Sweden.

Figure 3 summarizes annual and seasonal trends of precipitation and the three drought indices:
SPI, SPEI and scPDSI, for the whole Sweden and three sub-domains over 1902–2018. The timescale
of 9-month was used to calculate the SPI and SPEI indices. scPDSI usually has a fixed temporal scale
between 9 and 12 months (Guttman 1998). The precipitation data is derived from GPCC Full Data

Figure 2. Spatial pattern of 9-month SPEI trend for August over the period 1902–2018, calculated based on CRU TS4.03 monthly
precipitation and evapotranspiration dataset (Harris et al. 2020). Grids, where the trends are significant at p < 0.05 level, are
shown in black dots.
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Monthly Product Version 2018 (Schneider et al. 2018). The scPDSI data is derived from CRU
drought indices dataset (https://crudata.uea.ac.uk/cru/data/drought/#global). The calculations of
SPI and SPEI are based on precipitation and PET data derived from CRU TS v.4.03 dataset (Harris
et al. 2020). The trend analysis is also based on Sen’s slope and Mann-Kendall Tau trend signifi-
cance test. The subdomains are defined based on the trend analysis shown in Figure 2. The northern
Sweden domain (Swe_N) is defined as the region where 9-month SPEI in August over 1902–2018
was significantly increasing; the southwestern domain (Swe_SW) is defined as the region where the
SPEI was increasing but not significant; the southeastern domain (Swe_SE) is defined as the SPEI
was decreasing. From Figure 3, we can see that there are drying trends only in southeastern Sweden
during summer and autumn over 1902–2018.

5. Future (-2100) projections

Future projection of drought is based on simulations using GCMs under different future emission
scenarios for the twenty-first century. In terms of the published results, most models either belong
to GCMs participated in the Coupled Model Intercomparison Project Phase 3 (CMIP3) (Meehl
et al. 2007a) or the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al.
2012). Projections based on the Coupled Model Intercomparison Project Phase 6 (CMIP6) (Eyring
et al. 2016) are being used by the upcoming IPCC 6th Assessment report and some of these projec-
tions are starting to be published. However, projections by GCMs are generally on a coarse hori-
zontal resolution, e.g. around 250 km. High-resolution regional climate models (RCMs), e.g.
0.44° (∼50 km) over Europe was used by Strandberg et al. (2015). These RCMs were forced by
the GCM simulations to provide high-resolution drought projections. Given realistic boundary
conditions RCMs have been shown to realistically reproduce conditions of drought in parts of
Europe including southern Scandinavia (Maule et al. 2013).

The emission scenarios for the twenty-first century of the CMIP3 projections were produced and
documented in the Special Report on Emission Scenarios (SRES emission scenarios; Nakićenović

Figure 3. Trends of annual (ANN) and seasonal (winter: DJF, spring: MAM, summer: JJA, autumn: SON) precipitation, 9-month SPI,
9-month SPEI and scPDSI of whole Sweden (Swe) and three sub-domains (northern Sweden: Swe_N, southwestern Sweden:
Swe_SW, southeastern Sweden: Swe_SE) over the period 1902-2018. Shadings on the map indicate the three identified sub-
domains over Sweden.
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et al. 2000). The SRES include A1 scenarios and A1 family (A1T; A1B; A1Fl), B1, A2, and B2. Start-
ing from the CMIP5 projections, a new greenhouse gas concentration (not emissions) trajectory,
the so-called Representative Concentration Pathways (RCPs), was adopted which superseded the
SRES projections (Moss et al. 2010). The RCPs include RCP2.6, RCP4.5, RCP6 and RCP8.5. In
terms of global mean temperature change, RCP8.5 is close to A2, but below A1F1; RCP6.0 is
close to RCP4.5, but with a lower (higher) temperature change before (after) the later 2060s com-
pared to that of RCP4.5, which follows B1 but increases toward B2 by 2100; there is no SRES which
is comparable with RCP2.6; scenarios A1B, A1T, and B2 lie in the large gap between RCP8.5 and
RCP4.5/6.0 (Burkett et al. 2014). The shared socio-economic pathways (SSPs) were adopted in
CMIP6 (Riahi et al. 2017), in which both the socioeconomic challenges for mitigation and socio-
economic challenges for adaptation were considered (O’Neill et al. 2017). There are five distinctly
different pathways about future socioeconomic developments, i.e. SSP1 (Sustainability), SSP2
(Middle of the Road), SSP3 (Regional Rivalry), SSP4 (Inequality), and SSP5 (Fossil-fueled develop-
ment) (O’Neill et al. 2017). The SSPs are developed focusing on the forcing levels covered by the
RCPs (Riahi et al. 2017), in which their instantaneous radiative forcing matches that of the corre-
sponding RCPs, e.g. SSP2-4.5 and SSP5-8.5 have the same forcing levels as RCP4.5 and RCP8.5.
However, the effective radiative forcing (ERF) of the prescribed concentrations of greenhouse
gases (GHG) is larger in the SSPs than those of corresponding RCPs, which may lead to stronger
warming in the CMIP6 projections (e.g. Wyser et al. 2020).

In addition to SRES and RCPs, the response of changes in drought conditions under high CO2

concentration (double CO2: 2 × CO2) is summarized in this work, which highlights the human
impact on the changes in drought conditions. Projected changes in drought condition when the glo-
bal temperature reaches 1.5°C, 2.0°C, and 3.0°C warming are also included in this work.

5.1. Precipitation and SPI

Annual precipitation in Sweden is projected to significantly increase associated with the increase in
temperature under all RCPs during 2006–2100, especially over northern Sweden (Greve et al. 2018;
Martin 2018). Annual precipitation is projected to increase during near-term (∼2011–2040), mid-
term (∼2041–2070), and long-term (∼2071–2100) under RCP4.5, RCP8.5, A1B, A2, and B3 with
reference to (w.r.t.) a 30-year historical period during 1961–2010 (Räisänen et al. 2003; Dai
2011a; Eklund et al. 2015; Sjökvist et al. 2015; Zhao and Dai 2017; Dezsi et al. 2018; Spinoni
et al. 2020). In addition to the projected increase in annual precipitation over Sweden under
RCPs and SRES, the precipitation is also projected to increase following the increase in the CO2,
based on CMIP5 transient CO2 increase to 2 × CO2 simulations (Fu and Feng 2014). The increase
in precipitation is associated with an increase in heavy precipitation, especially over Northern Swe-
den during 2071–2100 under RCP8.5 (w.r.t. 1971–2000) (Olsson and Foster 2013; Olsson et al.
2017; Davour 2019).

For most regions, the large-scale patterns of wetting and drying, based on precipitation, are simi-
lar between CMIP5 under RCP 4.5 and 8.5 and CMIP6 under the Shared Socioeconomic Pathways
(SSP) 2-4.5 and 5-8.5 (e.g. Cook et al. 2020; Ukkola et al. 2020). However, there is a clear difference
in the changes between CMIP5 under RCP8.5 and CMIP6 under SSP5-8.5 over southern Sweden
during the warm season (AMJJAS), with a projected drying in CMIP6 while a wetting in
CMIP5 during the long-term w.r.t. 1851–1880 (Cook et al. 2020). The difference may be due to
the projected stronger warming in the CMIP6 models, which is caused by the stronger ERF of
GHG in the SSPs than those of the corresponding RCPs with the same forcing levels (e.g. Wyser
et al. 2020).

Seasonal difference in the projected changes in precipitation is evident. Precipitation is pro-
jected to increase over whole Sweden in winter and spring, increasing more (less) in northern
(southern) in summer and autumn during the mid-term and long-term under A1B, RCP8.5
and 4.5 w.r.t. 1961–1990 or 1971–2000 (Heinrich and Gobiet 2012; Eklund et al. 2015; Strandberg
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et al. 2015). Here, four seasons are defined using the commonly used definition, i.e. winter (DJF),
spring (MAM), summer (JJA), and autumn (SON). Lind and Kjellström (2008) pointed out that
the largest increase signals are seen in winter and in northern Sweden, where precipitation
increases by around 25% (6–44%) during the long-term under A1F1, A1, A1T, A1B, B2, B1
w.r.t. 1961–1990. In southern Sweden, the corresponding value is +11%. In summer, the precipi-
tation increase is moderate and some projections even indicate a decrease in southern Sweden
during the long-term under A2 and B2 w.r.t 1961–1990 (Räisänen et al. 2003; Eckersten et al.
2008).

The annual number of dry days (number of days with precipitation less than 1 mm) will not
likely increase over Sweden during the long-term under RCP4.5 and 8.5 w.r.t. 1971–2000 (Strand-
berg et al. 2015). The maximum number of consecutive dry days will decrease in northern Sweden
during 2069–2098 w.r.t. 1961–1990 under both RCP4.5 and 8.5, while there is no change in
southern Sweden (Eklund et al. 2015). Dry events are projected to decrease over Sweden based
on SPI (Heinrich and Gobiet 2012; Spinoni et al. 2015b). The SPI-3 (3 months) would increase
during the mid-term under A1B w.r.t. 1961–1990 which is similar to that of changes in precipitation
(Heinrich and Gobiet 2012). Significantly increasing trend in SPI-6 (6 months) is found over Swe-
den during 2006–2100 under RCP8.5 (Martin 2018). The mean, duration, and frequency of drought
based on SPI-6 is projected to decrease over Sweden under 1.0°C, 1.5°C, and 2.0°C global warming
w.r.t. 1971–2000 based on projections under RCP2.6, RCP6.0, and RCP8.5 (Xu et al. 2019). Based
on SPI-6, exceptional drought (<2% percentile of the index over the 1961–2005 baseline period) is
projected to decrease during 2010–2054, 2055–2099 under RCP8.5 w.r.t. 1961–2005 (Touma et al.
2015). SPI-12 (12 months) based drought events in Sweden is projected to be less frequent during
the mid-term under A1B w.r.t. 1981–2010, especially over the northern part (Spinoni et al. 2015b).
Similarly, SPI-12 is projected to increase over Sweden during the long-term under RCP8.5 w.r.t.
1980–1999 (Orlowsky and Seneviratne 2013).

5.2. AI

PET is projected to significantly increase over Sweden during the long-term under RCP8.5 w.r.t.
1980–2000 (Greve and Seneviratne 2015; Scheff and Frierson 2015). Both ET and PET are projected
to increase over Sweden during the near-term and mid-term under RCP4.5 w.r.t. 1961–1990 (Dezsi
et al. 2018).

Precipitation-PET (P-PET) is projected to significantly increase over northern Sweden during
the long-term under RCP8.5 w.r.t. 1980–2000 (Greve and Seneviratne 2015). In the same period,
an increasing trend in P-PET can also be found in southern Sweden, but the change is not signifi-
cant. The projected changes in the difference between precipitation and ET (P-PET) are similar to
that of P-PET (Greve and Seneviratne 2015). Greve et al. (2018) also shows an overall increasing
trend in P-PET over Sweden, especially over the northern part, under all the RCPs w.r.t. 1980–
1999 associated with the increase in temperature.

There are no clear projected changes in the aridity index (ET/precipitation) during the near-term
and mid-term under RCP4.5 w.r.t. 1961–1990, although a slightly drying trend can be found over
southeast Sweden during the two future periods (Dezsi et al. 2018). No increase/decrease in precipi-
tation/PET (P/PET) over Sweden can be found during the long-term under RCP8.5 w.r.t. 1981–
1999 (Scheff and Frierson 2015). P/PET was projected to increase over the whole Sweden with
the increasing CO2 based on the CMIP5 transient CO2 increase to 2 × CO2 simulations (Fu and
Feng 2014).

5.3. PDSI

A clear regional difference in the projected changes in PDSI and scPDSI can be found over Sweden.
scPDSI is projected to increase over northern Sweden while a decrease over the south is expected
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during 2090–2099 under A1B w.r.t. 1975–1984 (Dai 2011a). Projected PDSI shows a decreasing
(drying) trend during 2000–2046 and 2050–2096 (with a larger trend in the later period) over
southern Sweden under A2 using HadCM3 (Burke et al. 2006). An increasing trend can be
found over northern Sweden during the period 2050–2096.

The frequency of dry events are projected to decrease over Scandinavia during 2021–2050 w.r.t.
1961–1990 based on scPDSI calculated using RCMs downscaled GCMs projections under A1B
(Heinrich and Gobiet 2012). A wet (dry) condition is projected over northern (southern) Sweden
during the long-term under RCP8.5 w.r.t. 1931–1990, based on PDSI, which is due to the increase in
precipitation (PET) (Cook et al. 2014). Based on a different approach, PDSI is expected to decrease
w.r.t. 1985–2005 over Sweden, especially over southern Sweden, with the global temperature
increase of 1.5°C and 2.0°C (Liu et al. 2018b).

Figure 4. Variation of regional averaged August 9-month SPEI from observation and model simulations in the three subdomains
defined in Figure 3. (a) Southeastern Sweden (Swe_SE): where a decreasing (drying) trend in SPEI is observed as shown in Figure
2; (b) Northern Sweden (Swe_N): where a significant increase (wetting) in SPEI is found as shown in Figure 2; (c) Southwestern
Sweden (Swe_SW): where a weak increasing (wetting) trend in SPEI is observed as shown in Figure 2. The observation is based on
CRU TS4.03 as shown in Figure 2. The model simulations are monthly historical simulation (1951-2005) and RCP8.5 projection
(2006-2100) of Rossby Centre regional atmospheric model, RCA4, driven by 8 GCMs. The 8 GCMs are CanESM2, CSIRO-
Mk3.6.0, IPSL-CM5A-MR, MIROC5, HadGEM2-ES, MPI-ESM-LR, NorESM1-M, GFDL-ESM2M. The reference period for calculating
the SPEI index is set to the historical simulation time period, i.e. from January 1951 to December 2005, for both observation
and model simulations. (Thick lines show a 9-year running average.)
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5.4. SPEI

Based on SPEI-12 (12 months), a clear increase (decrease) in the drought events/frequency
during the mid-term and long-term under A1B, RCP4.5 and 8.5 w.r.t. 1981–2010 can be
found over southern (northern) Sweden, while a general decrease in drought events during
2071–2100 is shown over Sweden (Spinoni et al. 2015b; 2020). A wetter (drier) condition is
projected over northern (southern) Sweden during the long-term under RCP8.5 w.r.t. 1931–
1990 (Cook et al. 2014) Drought magnitude is projected to increase (decrease) in south
(north) Sweden under 1.5°C, 2.0°C, and 3.0°C warming w.r.t. 1976–2005 (Naumann et al.
2018).

Based on SPEI-6 (6 months), exceptional droughts (<2% percentile of the index over the 1961–
2005 baseline period) are projected to increase over southern Sweden during both 2010–2054 and
2055–2099 under RCP8.5 w.r.t. 1961–2005 (Touma et al. 2015); mean and frequency of drought are
projected to increase under 2.0°C warming w.r.t. 1971–2000, especially over southern Sweden (Xu
et al. 2019).

Figure 4 shows the variation of August 9-month SPEI averaged over the three subdomains of
Sweden shown in Figure 3. It should be pointed out that the results are based on the ensemble
mean of the Rossby Centre regional atmospheric model, RCA4, driven by eight GCMs and one
observation realism (CRU TS4.03; Harris et al. 2020). Consequently, the decadal variability of
the model ensemble mean is weaker than that of the observation. Individual model simulation
has similar decadal variability with the observation. The results show that the future projected
changes in the SPEI are generally following the trend as observed during the past century. Northern
Sweden, where a wet tendency was observed, is projected to be wetter than the current condition.
Large inter-model variation is found for southeast Sweden, where a dry tendency was observed
during the past century. We may expect a drying trend over some parts of this region at the end
of the twenty-first century.

5.5. Summary

Overall, precipitation is projected to significantly increase in Sweden, especially over northern
Sweden. This is consistent with the observed changes over the last 120 years. Projected changes
in the drought index based on precipitation only, i.e. SPI, is similar to the projected changes in
the precipitation. Projected changes in other drought indices, with temperature and moisture
considered, are different from that of the SPI. There is no clear trend in AI. Projected changes
in PDSI (including scPDSI) and SPEI are similar to each other, which shows a wetting trend in
northern Sweden and a drying trend in southern Sweden. The projected wet (dry) condition
over northern (southern) Sweden may be due to the increase in precipitation (PET) (Cook
et al. 2014). The main information of projected changes in precipitation and drought indices
is summarized in Figure 5.

In addition to using a single drought index, Spinoni et al. (2018) uses a combined drought indi-
cator (based on SPI, SPEI, and reconnaissance drought indicator (RDI ∼ P/PET)) based on high-
resolution (0.11°) bias-corrected regional downscaling. Their results show that the drought fre-
quency over Sweden is projected to increase during 2041–2070 and 2071–2100 under RCP4.5
and 8.5 w.r.t. 1981–2010. However, this is no other work to compare due to different drought
index and model products used.

The current work focuses on the changes in drought conditions under different scenarios, which
to a large extent is a response to human impact. We should keep in mind that natural variability can,
to a strong degree, mask out more or less any long-term signal even on decadal time scales in pre-
cipitation in this region (e.g. Martel et al. 2018). Large ensembles of simulations with the same or
many GCMs are needed to address future climate change.
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6. Conclusions and discussions

This review summarizes trends of dryness/wetness over Sweden in the past and future accord-
ing to reconstructions based on proxy data (mainly tree-ring) for the past 2000 years (0–2012
CE), instrumental observations since 1902 (until 2018), and GCM/RCM model simulations for
the past 2000 years and future 100 years (until 2100). The followings conclusions can be
drawn:

. Hydroclimatic conditions in Fennoscandia including Sweden experienced large interannual and
decadal fluctuations between dry and wet periods over the Common Era. Compared to the last
2000 years, especially those severe dry conditions from ∼1000 to 1200 CE, the current climate is
relatively wet.

Figure 5. Summary of the projected changes (or linear trend when no reference period is given) in precipitation and drought
indices with major references cited. Sweden has been roughly divided into two parts, northern Sweden (North S) and southern
Sweden (South S), since most of the results are based on a global picture. Cited references: (1) Burke et al. 2006 [HadCM3 3
member; SRES A2]; (2) Collins et al. 2013 [39 CMIP5 GCMs; RCP8.5]; (3) Cook et al. 2014 [15 CMIP5 GCMs with 34 members;
RCP8.5]; (4) Cook et al. 2020 [13 CMIP6 GCMs; SSP1-2.6 37 member, 2–4.5 37 member, 3–7.0 44 member, 5–8.5 35 member
]; (5) Dai 2011a [22 CMIP3 GCMs; SRES A1B]; (6) Dezsi et al. 2018 [15 CMIP5 GCMs; RCP4.5]; (7) Eklund et al. 2015 [RCA4 driven
by 9 CMIP5 GCMs; RCP4.5, 8.5]; (8) Greve and Seneviratne 2015 [30 CMIP5 GCMs; RCP8.5]; (9) Heinrich and Gobiet 2012 [8 RCMs
driven by 6 GCMs; A1B]; (10) Knutti and Sedlacek 2013 [30 CMIP5 GCMs; RCP8.5; 19 CMIP3 GCMs; SRES A2]; (11) Martin 2018 [24
CMIP5 GCMs; RCP8.5]; (12) Meehl et al. 2007b [21 CMIP3 GCMs; SRES A1B]; (13) Orlowsky and Seneviratne 2013 [39 CMIP5 GCMs;
RCP4.5]; (14) Räisänen et al. 2003 [RCAO driven by HadAM3H and ECHAM4/OPYC3; SRES A2, B2]; (15) Spinoni et al. 2020 [31
CORDEX downscaling; RCP 4.5 and 8.5]; (16) Strandberg et al. 2015 [RCA driven by 9 GCMs; RCP8.5]; (17) Zhao and Dai 2017
[40 CMIP5 GCMs; RCP4.5. 23 CMIP3 GCMs SRES A1B]. Significant test: S1 (more than two-thirds of the simulations agree with
the sign of change), S2 (more than 75% of the simulations agree with the sign of change), S3 (more than 80% of the simulations
agree with the sign of change), S4 (more than 90% of the simulations agree with the sign of change), S5 (Robustness metric R >
0.8; see Knutti and Sedlacek 2013 for more information of the R), S6 (Robustness metric R > 0.9), S7 (significant at 95% level), NoS
(no significant test has been given in the reference).
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. Over the period 1902–2018, in particular from 1950 to 2014, there is an overall wetting trend
mainly caused by an increase in winter precipitation for Sweden. The north experienced the
most significant increase in precipitation, while the middle and the south saw smaller increases
or even a decreasing trend.

. The characteristics of the wetting and drying trends detected depend on the index used. How-
ever, the overall wetting trend over 1902–2018, and the drying trend (relevant to hydrological
drought) in central-eastern part of Sweden over 1981–2018 seem to be robust.

. Climate model projections for the future show that there would be a wetting trend in northern
Sweden and a drying trend in southern Sweden, which is broadly consistent with what has been
observed by the instrumental data.

. The differences among the indices seem to become larger in future projections, which indicates
the more important roles played by variables other than precipitation (e.g. temperature).

While integrating hydroclimatic indicators across proxy data, instrumental observations, and
model simulations starting from 1300 years ago till the end of this century is a useful exercise,
the integration met several challenges and the interpretation of the results needs some cautions.

First, it is not surprising to have divergent results on trend analysis based on different drought
indices, because each of them focuses on different aspects of dryness, and can represent water
surplus/deficit from different perspectives. Proper interpretation of the discrepancy of the results
may bring insights into the cause and impact of drought trends. It is therefore often motivated
to use multi drought indices to assess drought variability for a given region. The drought indices
reviewed in this paper represent surface dry/wet conditions at various aspects. When AI, SPI
and SPEI represent top-layer surface hydrological condition, PDSI/scPDSI can even significantly
correlate with observed SM content within the top 1-meter depth during warm-season months
in some regions (Dai et al. 2004), which may be used as an estimation of the 1-meter SM obser-
vations. These subtle differences among the drought indices and the distinct trends detected
from different indices (e.g. as shown in Figure 3) imply that the inferences of past hydrological
variability based on different proxies may have some discrepancy, if the proxies represent different
aspects of surface dry/wet conditions. Observations of the deep-layer (deeper than 1-meter depth)
hydrological condition are very limited. This hampers our understanding of the variability of the
hydrological condition related to deep-layer SM and groundwater, and their relationship with cli-
mate change and ecosystem. Deep-layer SM data have been generated by the state-of-the-art land
surface models together with an advanced data assimilation system (Rodell et al. 2004). Although
the modeled SMmay show large agreement to each other in some regions, there is still lack of obser-
vational data to make independent validations on the model outputs. Satellite data provide obser-
vational variability of land surface total water storage (Rodell et al. 2018), but the low spatial
resolution and ambiguous representative on soil depth are still the disadvantages that need to be
overcome for a regional analysis.

Second, the various paleoclimate data sets reviewed here are far from being conclusive in their
evidence of past hydroclimate variability and change. It is important to recognize that moisture-
related climate variables seldom are the dominant tree growth-limiting factors in Fennoscandia,
as well as other regions characterized by a relatively cold and humid climate regime. This poses
a challenge in developing reconstructions with a strong and temporally stable hydroclimate signal.
In this context, it is wise to bear in mind that moisture availability will rarely control more than 50%
of the inter-annual tree-growth variability, even at the most moisture-limited sites in the region.
The tree-ring chronologies will therefore contain a significant fraction of variation that is unrelated
to the hydroclimate, which will limit the interpretation of the tree-ring based estimates. Moreover,
the quantification of the tree-ring response to climate almost always focuses on the high-frequency
portion of variability, rendering the long-term changes (centennial to multi-centennial) the least
reliable component of their variation. An additional challenge is posed by the spatial heterogeneity
of precipitation and other hydroclimate related metrics, making tree-ring based hydroclimate
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reconstructions of these variables more challenging than reconstructions of e.g. temperature, and
hence requiring denser networks of tree-ring predictors for meaningful reconstructions and
interpretations of regional-scale patterns and changes. The fairly limited number of available
hydroclimate proxy records currently available in Fennoscandia are not sufficient to represent
such a climatologically heterogeneous region. Continued efforts to expand the spatial and temporal
coverage of hydroclimate proxy records in this region is therefore paramount to advance our under-
standing of regional drought dynamics and underlying physical mechanisms.

Third, the impact of changing climate on groundwater resources is difficult to predict. In Swe-
den, inter-annual groundwater head fluctuations and therefore dynamic groundwater storage are
strongly related to the migration of the temperate-cold climate zone boundary (Nygren et al.
2020). According to RCP8.5, the northwards retreat of cold humid climate zones are expected to
continue within this century (Beck et al. 2018). This will have an influence on the processes and
seasonality of groundwater recharge. Major differences are the dominant types of precipitation
in winter, snow storage and the changing soil properties in winter due to frost (Jyrkama and
Sykes 2007; Okkonen and Kløve 2011). These differences result in specific recharge patterns for
the climate zones. In temperate climate, groundwater recharge mainly occurs in autumn and winter
due to extensive rainfall whereas in cold climate, groundwater recharge mainly occurs during the
snowmelt season in spring and early summer. These changes in recharge processes need to be con-
sidered in future prediction of groundwater droughts, e.g. based on the presented drought indices,
and future groundwater management in general.

Finally, the existing studies often used different periods, different data sources, and different
trend estimators, which makes it difficult to compare the results and to draw conclusions about
the changes of dryness over Sweden in the past and into the future. Therefore, a unified framework
such as using the same timescale, time period and even trend-detecting method is desirable to
exclude the uncertainties associated with diversified analysis methods.
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