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ABSTRACT

Climate change is not only about changes in means of climatic variables such as temperature, precipitation and
wind, but also their extreme values which are of critical importance to human society and ecosystems. To inspire
the Swedish climate research community and to promote assessments of international research on past and future
changes in extreme weather events against the global climate change background, the Earth Science Class of the
Royal Swedish Academy of Sciences organized a workshop entitled ‘Extreme weather events in a warming world’
in 2019. This article summarizes and synthesizes the key points from the presentations and discussions of the
workshop on changes in floods, droughts, heat waves, as well as on tropical cyclones and extratropical storms. In
addition to reviewing past achievements in these research fields and identifying research gaps with a focus on
Sweden, future challenges and opportunities for the Swedish climate research community are highlighted.
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1. Introduction

Externally driven climate change, now detectable from a
single day of globally observed temperature and moisture
(Sippel et al., 2020), is often described in terms of average
changes in e.g. temperature, precipitation. However, most
of the social and economic impacts are caused by extreme
weather events (e.g. Perera et al., 2020). Extreme weather
events can occur naturally, i.e. without anthropogenic
influence. Therefore, relevant questions in this context
can be To what extent has global warming changed char-
acteristics of extreme weather events? Are they becoming
more or less frequent/intense? What research is being car-
ried out in Sweden in this field and what research can
and should be prioritized in the future? To answer these
and other related questions, the Earth Science Class of
the Royal Swedish Academy of Sciences (RSAS) organ-
ized a workshop entitled ‘Extreme weather events in a
warming world’ at the University of Gothenburg in
Sweden on November 11-12th 2019.

The main purpose of this workshop was to inspire the
Swedish climate research community and to contribute to
assessments of the subject. Focus was placed on recent
and future trends in flooding and drought, as well as on
tropical cyclones and extratropical storms. Although
these extremes can occur in different parts of the world,
most attention was paid to Fennoscandia. Specifically,
the following objectives were addressed: (1) review and
synthesize recent advances in studying extreme weather
events, with a focus on detection and attribution of the
events to anthropogenic forcings, (2) identify challenges
and critical knowledge gaps in the research on extreme
weather events, and (3) promote and stimulate future
cooperation among Swedish climate researchers and
between the Swedish and international research
communities.

The workshop was attended by 13 RSAS Earth
Science Class members, 19 researchers active in the field
and three outstanding international experts specialized in
this research field. After half a day of presentations by
the three invited international experts and six of the
Swedish researchers, the participants spent nearly one
day on discussions. The presentations and discussion
were focused on the following three questions: (1) How
have selected extreme events changed in the past (about
100 years back)? (2) How much of the changes can be
attributed to global warming? and (3) What are the
future outlooks (20-30 years from now)?

We focused on three types of extreme events, (1)
storms and cyclones, (2) heat waves, and (3) floods and
droughts. Below we summarize the presentations and dis-
cussions/deliberations of the workshop.

2. Results from the workshop
2.1. Presentations by the invited speakers

Prof. Sonia 1. Seneviratne from the Institute for
Atmospheric and Climate Science, ETH Ziirich,
Switzerland gave a keynote on ‘Climate extremes in a
warming climate: 1.5°C, 2°C and higher’. She started
with the extreme weather events of 2018 around the
globe, including what has happened in Sweden. Then she
focused on introducing the Special report on ‘Global
warming of +1.5°C’ published by the Intergovernmental
Panel on Climate Change (IPCC, 2018). The key mes-
sages from this report are (1) we already have +1°C of
global warming since the industrial revolution; (2) under
present climate change (4 1°C) there are already detect-
able changes in extreme events which are attributable to
anthropogenic greenhouse gas including
increases in heat waves/hot extremes in most land regions,
increases in heavy precipitation at global scale, increase
in drought in the Mediterranean region, and higher inten-
sity of precipitation associated with tropical cyclones; (3)
a limitation of global warming to 1.5°C compared to
2°C would contribute to avoid substantial increase in
extreme events and related impacts; half a degree differ-
ence in warming level matters; and (4) emissions so far
do not commit us to a world with more than +1.5°C
warming; they however require unprecedented changes,
i.e. immediate reduction of CO2 emissions (until 2030:
50% of 2010), and net-zero CO2 emissions at the latest in
2040-2050. Meanwhile, the present commitments would
lead to more than +3°C of global warming.

Other aspects of interest were covered by Sonia I.
Seneviratne. The analysis of observational data during
the so-called global warming hiatus or ‘pause’ demon-
strated a continued increase of hot extremes over land
(Seneviratne et al. (2014). This tendency was shown to be
greater for the most extreme events. Seneviratne et al.
(2016) also demonstrated that regional changes in
extreme temperature and precipitation were related to
global mean temperature and cumulative CO2 emissions,
and that this was particularly relevant for changes in
regional extreme temperatures on land that are much
greater than changes in the associated global mean (see
also Wartenburger et al., 2017). She also stressed that
a+1.5°C climate is very different from a+2°C climate
(e.g. Wartenburger et al. 2017). An increase of global
warming to +2° C would imply e.g. an increase in hot
extremes in most inhabited regions of the world, heavier
precipitation in several regions, and increased drying in
some regions (e.g. Mediterranean, Southern Africa).
Drijfhout et al. (2015) also show that the risk of reaching
tipping points increases when global warming is > 1.5°C,
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and additional risks become very high for > 2°C warm-
ing. Moreover, several risks are not yet well assessed, i.e.
compound extreme events and co-occurrence of extreme
events at several locations. Extreme events have long
been studied as isolated events. However, Zscheischler
et al. (2018) show that drivers of compound events (i.e.
multivariate extremes) are often positively correlated, and
therefore compound events could substantially increase
impacts. Floods, wildfires, heatwaves and droughts often
result from a combination of interacting physical proc-
esses, e.g. fire is correlated to both drought and heat-
waves, and coastal floods to sea-level rise and higher
precipitation. Baldwin et al. (2019) present the first quan-
tifications of hazard from compound heat waves, and
demonstrate that compound events will lead to a larger
proportion of heatwave risk with global warming. Vogel
et al. (2019) discuss co-occurrence of extreme events at
multiple locations and show that model simulations agree
with observations. They conclude that the concurrent
heat events in the Northern Hemisphere in summer 2018
could not have occurred without anthropogenic climate
change, and that a 2018-like situation could occur nearly
every year with a+2°C global warming.

Prof. Panmao Zhai from the Chinese Academy of
Meteorological Sciences presented a keynote entitled
‘Changes in Frequency, Intensity and Persistency of
Extreme Precipitation in China’ in which he focused on
extreme precipitation changes in the last decades over
eastern China. Notable changes in persistency of precipi-
tation are identified in North China, the Yangtze River
Valley, South China and Southwest China. Such precipi-
tation changes have led to increased flooding intensity
and drought duration/intensity in these regions. The
changes in persistence of precipitation seem to link to
low-frequency water vapor transportation in association
with large scale circulation changes since late 1970s.

Prof. Kerry Emanuel from the Lorenz Center,
Massachusetts Institute of Technology, presented a key-
note on ‘Tropical Cyclones, Medicanes, and Polar Lows
in a Warming World’. He started by showing compelling
observational evidence for significantly increasing trend
in the historical records for major hurricanes in the
North Atlantic during 1851-2016 (Lavender et al., 2018)
and for global Tropical Cyclone (TC) intensity during
1980-2016 (Zhan and Wang, 2017). Based on a simple
Carnot cycle model to estimate the maximum intensity of
TCs under somewhat warmer conditions, he showed that
a 40-50% increase in the destructive potential of hurri-
canes and 12-15% increase in wind speed can be expected
in a warmer climate caused by a doubling of CO2
(Emanuel, 1987). Theoretically, the potential intensity of
hurricanes can be expected to increase, leading to
increased frequency of high-intensity hurricanes under

global warming. Increases in potential intensity should be
faster in the sub-tropics, and future hurricanes will pro-
duce substantially more rain. Reanalysis data beginning
in 1979 show that potential intensity is indeed increasing,
and doing so more rapidly in the subtropics. He also dis-
cussed the problem that the resolutions of today’s global
climate models are far too coarse to simulate destructive
hurricanes and presented a novel method to use a statisti-
cal-deterministic approach based on physics to estimate
hurricane risk with examples for Mediterranean
Hurricanes (‘Medicanes’) and Polar Lows (Romero and
Emanuel, 2017). In summary, global warming results in
more rain, stronger storms but more compact hurricane
inner regions, and possibly larger storm diameters. The
response of Medicanes and polar lows to climate change
is more complex, with decreasing frequency of polar lows
indicated in most regions.

2.2. Presentations by other speakers

Five scientists from Sweden presented their research on
past and/or future changes in extreme weather and cli-
mate events in the US, India, and the Euro-Atlantic and
Baltic Sea region. They reported on summer heat waves
and precipitation extremes, storminess, statistical model-
ing of extreme precipitation, as well as influences of
large-scale atmospheric circulation, ocean-atmosphere
interactions, and land-atmosphere feedback on some of
the changes.

Dr. Frederik Schenk (Stockholm University) presented
the latest research on Euro-Atlantic storminess in the past,
present and future. In general, two antagonistic physical
processes related to extra-tropical storminess compete
under global warming: (1) A change in the thermal wind
balance in response to a more rapid warming of high lati-
tudes (Arctic Amplification) might reduce the pole-equator
pressure gradient and weaken formation.
However, (2) continued warming will increase heat release
from condensation which may intensify storms.

On centennial- to millennial time scales, a new geo-
logical study for the last >6000 years finds higher stormi-
ness in NW-Scotland during cold periods with larger sea-
ice extent and low solar activity (Kylander et al., 2020).
This suggests that changes in external forcing and Arctic
Amplification will have an impact also on
future storminess.

Historical storm indices from Scandinavia (e.g. Barring
and Fortuniak, 2009; Rutgersson et al., 2014; BACC
Author Team, 2015) and other regions do not show con-
sistent long-term trends. However, long-term variability
on timescales of decades or more are seen in these studies
as well as in Feser et al (2015) who finds a NE-shift of
the storm track towards Scandinavia since the 1980s,

cyclone
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Fig. 1. Annual mean warm-season temperatures (April to September) in Stockholm 1756-2018. Left: Time evolution and long-term

trend of warm-season temperatures normalized relative to the mean of 1756-2018. Right: Ranked warm seasons >1 z-score relative to
1756-2018 (grey) and their z-scores relative to 1981-2018 (black). The data was corrected for urban heat island effect (Moberg et al.,
2002a). The linear warming trend is significantly different from zero at p<0.01. Data by A. Moberg is taken from the Bolin Centre

Database https://bolin.su.se/data/.

which is consistent with previous studies based on
reanalysis and climate model data (Ulbrich et al., 2009).

Such a NE-shift of the Euro-Atlantic storm track is
also projected by new very high-resolution (~25km) glo-
bal climate simulations with increased precipitation and
wind extremes over Scandinavia under +1.5 and +2°C
warming levels (Barcikowska et al., 2018). While these
results confirm comparable results from a majority of
previous multi-model studies (e.g. Ulbrich et al. 2009;
Feser et al., 2015), these simulations suggest that most of
the changes will only occur after exceeding the +1.5°C
warming level. It remains unclear whether current climate
models underestimate variations and changes in stormi-
ness given that long observational indices and geological
proxies suggest considerably larger changes in the past
than typically encountered in simulations.

Prof. Anna Rutgersson (Uppsala University) presented
an ongoing assessment focusing on extreme events in the
Baltic Sea region (defined by the Baltic Sea drainage
basin). This work is done within the framework of the
Baltic Earth scientific program. The climate of the Baltic
Sea region (including extreme events) is to a large extent
determined by the larger scale dynamics and the circula-
tion patterns. An increase in the persistence of circulation
patterns has been observed and an eastward and pole-
ward extension of storm tracks is expected according to
scenario simulations. As global warming is associated
with an intensification of the hydrological cycle, heavy
precipitation is projected to increase in this area. There is
also an increasing risk of heat waves. Extreme events can

also include ecosystem response to global warming, for
the Baltic Sea one example includes an expected increased
frequency of phytoplankton blooms (BACC Author
Team, 2015).

Dr. Kaiqgiang Deng (University of Gothenburg) pre-
sented a study on North American summer heat waves.
This research indicates that southern North America
experienced more frequent heat waves over the past few
decades. While the interannual variability of heat waves
in southern North America is linked to ENSO (El Nino
Southern Oscillation) conditions, the upward trend in
heat waves is found to be significantly associated with the
tropical Pacific zonal sea surface temperature gradient
(PZSSTG) (Deng et al., 2018a). They further propose
that the amplification of PZSSTG led to both enhanced
convection in the western Pacific and suppressed convec-
tion in the central-eastern Pacific, both of which can
induce anomalous anticyclones over the Texas area
through two distinct planetary wave trains during the
antecedent spring. As a result, anomalously sinking
motions and divergent water vapor flux appear over
southern North America, which reduced the local precipi-
tation and increased downward solar radiation, leading
to dry and hot soil that favors the occurrence of summer
heat waves.

Prof. Erik Kjellstrom (SMHI) presented a talk on
‘Changing summertime precipitation extremes
warmer climate — Findings from a new convection-per-
mitting regional climate model’. A joint Nordic collabor-
ation has resulted in the very first 20-year simulations of

in a
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historical and future climate covering Fennoscandia at
convection-permitting scales (3km grid spacing) (Belusi¢
et al. 2020). The results corroborate findings from other
regions. This includes significant improvements over
coarser-scale climate models in simulating the diurnal
cycle of convective precipitation and in representing high-
intensity low-frequency precipitation events. First results
clearly shows added value from using a high-resolution
convection-permitting model both at aggregated spatial
scales representing the coarser-scale climate models and
by producing information at the higher resolution not
covered by such coarse-scale models as illustrated in Fig.
1 (see also Belusi¢ et al. 2020). Furthermore, the results
are indicative of stronger increases in heavy precipitation
compared to the coarser-scale models. For some parts of
Scandinavia super-Clausius-Clapeyron scaling, meaning
that hourly precipitation has a response to warming
exceeding the Clausius—Clapeyron (CC) relation, is found
comparable to findings for other regions (e.g. Kendon
et al., 2014; Lenderink et al., 2019). An important impli-
cation of this finding is that earlier assessments of
changes of extreme precipitation based only on coarser-
scale climate models may have shown too weak increases
in heavy precipitation related to summertime cloudbursts
in a range of climates now including also the high-lati-
tude Nordic region.

Dr. Wilhelm May (Centre for Environmental and
Climate Research at Lund University) gave a presenta-
tion ‘On the variability and extremes of daily precipita-
tion for present and future times’, focusing on two
specific issues that can be relevant when analyzing the
variability and extremes of daily precipitation.

The first issue was on choosing the appropriate
extreme value distribution when computing longer (i.e.
30-year) return levels of daily precipitation. From obser-
vations of daily precipitation in India during the mon-
soon season (June through September), 30-year return
levels were derived wusing two distributions, the
Generalized Extreme Value (GEV) and the Generalized
Pareto (GPA) distribution (e.g. Coles, 2001). The results
revealed that the GPA distribution is generally better
suited for describing the behavior of 30-year return levels
of daily precipitation during the Indian summer monsoon
than the GEV distribution (May, 2004). That is, the mag-
nitude of these return levels is markedly (typically by
around 30%) underestimated when the GEV distribution
is applied. This is related to the substantial variability of
daily rainfall during the Indian summer monsoon, both
on sub-seasonal and interannual time scales. Thus, the
consideration of block maxima (i.e. the maximum value
for each monsoon season) misses out many rather strong
daily precipitation events but admits many relatively
weak ones.

The second issue was on choosing better suited varia-
bles for describing extreme precipitation events with
regard to the impacts of such events. That is, potential
future changes in the 30-year return levels of daily pre-
cipitation in Europe were compared to the respective
changes in the 30-year return levels in the precipitation
accumulated during wet spells as obtained from a scen-
ario simulation for Europe. During extended wet periods
the soil will be saturated and all the precipitation will run
into streams and rivers, possibly causing large-scale flood-
ing. The results revealed that regional variation of the
future changes across Europe are much more distinct for
the 30-year return level of precipitation accumulated dur-
ing wet spells than for the 30-year return level of daily
precipitation (May, 2008). That is particular the case for
summer (June through August), when the differences
between the southern part of Europe with decreased
return levels and the northern part with increased values
is more pronounced. Furthermore, the projected changes
in the 30-year return level of accumulated precipitation
are generally more robust than for the 30-year return
level of daily precipitation.

3. Discussions and deliberations

Based on the presentations and the overarching objectives
of the workshop, three break-out groups discussed the
three major questions presented above and four add-
itional issues, as follows: (1) What role can Swedish scien-
tists play in the analysis of extreme weather events? (2)
Do we have unique data or unique expertise? (3) What
critical research concerning extreme weather events in a
changing climate is missing? (4) Given the gaps identified
in (3), what major research questions would be rewarding
for Swedish scientists to focus on in the future?

3.1. Group one on storms and cyclones

The discussion was chaired by Leif Anderson. A recent
assessment of TCs (Knutson et al., 2019, 2020) was dis-
cussed in some detail during the workshop. On a global
scale, it is difficult to find changes in TC frequency.
However, a poleward migration of the latitude of TC
peak intensity under global warming is clear, as is an
increase in TC rain in those few regions with adequate
rainfall data.

For polar lows, our knowledge is generally limited. It
was noted that no significant hemispheric long-term
trends over the last decades are observed, although some
regions have experienced significant downward or upward
trends (Stoll et al., 2018). But a significant declining trend
for intensive polar lows in the northern hemisphere has
been identified. For the next 2-3 decades, the trends in
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hourly precipitation from all model grid points in Sweden.
HIPRAD is a combined radar and rain gauge data set covering
Sweden at 2 x 2 km at 1-hourly time resolution (Berg et al., 2016).
ERAS is the global reanalysis data at 30 km horizontal resolution
(Hoffmann et al., 2019) used to force the regional climate models at
12 km (HCLIM12) and 3 km (HCLIM3). All model results have
been calculated at their native grid resolution and only data from
events with > 0.1 mm/hour has been included. The figure clearly
shows higher precipitation intensities with higher model resolution
that is closer to the observations..

the model projections are not clear, but downscaling
methods show decreasing frequency of polar lows in the
North Atlantic. In general, global warming is projected
to cause a significantly lower number of polar lows and a
northward shift of their mean genesis region over the
North Atlantic (Zahn and von Storch, 2010).

Gaps in the understanding of lake effect snow, factors
influencing surface mean and gust winds (e.g. increased
friction, see Zhang et al., 2019), and the role played by the
North Atlantic Oscillation (NAO) on storms were identi-
fied. Future efforts need to make long records of observa-
tions accessible (incl. digitization of relatively long
instrumental data in Swedish records on papers), and to
aim at developing high-resolution coupled atmosphere-
ocean models, which is important for a correct representa-
tion of the NAO centers of action (Davini and Cagnazzo,
2014) and for a better description in and around coastal
areas such as in the North Sea and the Baltic Sea, thereby
increasing the ability of such models for use in climate
change impact studies (Rechid et al., 2016).

Swedish scientists have been leading in the develop-
ment of coupled regional climate models including com-
ponents for the ocean and waves (Doscher et al., 2002;
Wu et al., 2019) and for dynamic vegetation (Smith et al.,
2011). For the Baltic Sea this has resulted in tools that
are better suited for addressing regional features such as
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Fig. 3. Time series of (a) anomalies of TX90p (number of days

when daily maximum temperature (TMax) > 90th percentile) during
1756-2018, (b) anomalies of R x Sday (maximum consecutive 5-day
precipitation) and CDD (maximum number of consecutive days with
daily precipitation amount < Imm) during 1859-2018, with reference
period 1961-1990, for Stockholm. Thick lines show the 9-years
running average of the time series. Daily temperature and
precipitation data for Stockholm were provided by Moberg et al.
(2002a) (Same as Figure 1) and SMHI (downloaded from https:/
opendata.smhi.se/). Since there was no TMax observation during
1756-1858, the noon (13-14 PM CET) observation of the three times
per day observations of temperature was taken as a proxy for Tmax
in the calculation of TX90p during 1756-1858. The two curves of
TX90p using Tmax and the noon observation during 1859-2018
generally follow each other well, which makes the longer perspective
by extending the data back to 1756 meaningful and interesting.
Values in the brackets show the climatological means during
1961-1990 for each index..

lake effect snow fall (Jeworrek et al., 2017) and storm
simulations (Wu et al., 2017).

Swedish scientists have also been playing a major role
in the development of EC-Earth model which provides
global, high resolution and many ensemble member simu-
lations. A recent study shows that Millennia-long simula-
tion with EC-Earth can provide statistical estimation of
maximum annual number of tropical cyclones (Lavender
et al., 2018).

3.2. Group two on heat waves and droughts

This group was chaired by Anna Rutgersson. A heat
wave is associated with unusually high temperatures and
as such it can occur in any season, although summer heat
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waves are a natural concern to many. In fact, unusually
warm days outside summer such as long warm winter
spells are also of concern for Sweden. Fig. 2a displays
evolution of all-season heat waves in Stockholm charac-
terized by a frequently used index based on daily max-
imum temperature TX90p - the 90th percentile of
maximum temperature (e.g. Chen et al., 2015). Despite
the high variability, the frequent high peaks in the recent
decades do stand out compared to the series since 1859.
However, if the data is extended back in time until 1756,
some similar high peaks around 1810 (though not so con-
centrated and somewhat lower compared to the recent 2
decades) can also be found, which demonstrates the
importance of the natural variability of the
Swedish climate.

Like previous heat waves, the extremely high summer
temperatures in 2018 in Stockholm were to a large extent
due to unusually persistent atmospheric blocking patterns
over Fennoscandia from May to August which are com-
parable to previous blocking situations causing an abrupt
increase in major heatwaves in Europe in recent decades
(e.g. Duchez et al. 2016; Liu et al. 2020).

An increase in persistence can add to the problem of
extreme ‘compound events’ (e.g. Zscheischler et al. 2018)
which may have high impacts on society and ecosystems
beyond daily or weekly extreme events. In fact, dry con-
ditions seem to be closely linked with heat waves in
Europe (Miralles et al., 2012; Liu et al., 2020; Seneviratne
et al., 2010).

A meteorological drought can be defined by precipita-
tion only, while agricultural/hydrological drought needs
to take both precipitation and evapotranspiration into
account (Vicente-Serrano et al. 2012). There are a number
of drought indicators using precipitation only. Fig. 2b
gives an example of evolution of Consecutive Dry Days
(CDD) for Stockholm. CDD is defined as the maximum
number of consecutive dry days per year with daily pre-
cipitation amount of less than 1 mm and shows length of
dry spells. Thus, this index is a measure of low precipita-
tion, with high values corresponding to long periods of
low precipitation and potentially drought-favoring condi-
tions. It is interesting to note that the positive anomalies
are much than
1859-2018, which indicates that dry spells require a spe-
cial attention.

The Standardized Precipitation Evapotranspiration
Index (SPEI) is designed to consider both precipitation
and potential evapotranspiration (PET) in determining
drought (Vicente-Serrano et al. 2010). It is a drought
index defined as the difference between atmospheric sup-
ply (precipitation) and demand (potential evapotranspir-
ation) of land surface water. It estimates drought severity
by taking not only precipitation but also multi-factors

stronger the negative ones during

such as temperature, wind speed, and near-surface incom-
ing solar radiation into account (Vicente-Serrano et al.
2010). Due to its multi-scalar feature, the index can esti-
mate drought status of each month based on the data
preceding the target month over a selected length of
period (number of months). Thus, by selecting a corre-
sponding timescale in the calculation, the drought index
can estimate drought status related to a particular water
resource such as soil moisture, ground water, snowpack,
streamflow or reservoir storage (Vicente-Serrano
et al. 2012).

Figure 3 shows the variability of monthly SPEI over
Sweden at four particular timescales ranging from 1 to
24 months. The results show an overall wetting trend over
Sweden since the start of the 20th century for all the time
scales considered, as indicated by more months having
SPEI values above zero over the second half of the whole
period. The wetting results from a general increase in pre-
cipitation as can be seen from SMHIs precipitation obser-
vations (not shown). As there are uncertainties related to
historical precipitation measurements and as observa-
tional systems have been upgraded over the years there is
an uncertainty to this wetting trend. However, the wetter
conditions in recent decades and also in the 1920s are
consistent with findings based on river discharge data
(Lindstrom and Bergstrom, 2004) increasing our confi-
dence in the long-term evolution of the SPEI. Despite the
generally wetter conditions in recent decades, the magni-
tudes of the short-term (up to 6 months) dry conditions
in the recent decades have been the highest over the
whole period although the frequency of these dry condi-
tions has been relatively low. As 6-month SPEI is
expected to be related to ground water resource (McKee
et al. 1993), the recent rare but extremely dry years cau-
tion the risk of possible shortage of groundwater even
within wetness-prevailing periods.

Precipitation deficit and high evapotranspiration
caused by lasting heat waves during the groundwater
recharge period has become an issue in Sweden because it
can result in falling groundwater levels. This type of
drought in Sweden needs to be studied further in the
future. Furthermore, the discussion pointed to the need
to distinguish between dynamical and thermodynamic
effects when studying heat waves and drought.
Thermodynamic effects are mainly related to temperature
increase and faster depletion of soil moisture (positive
warming feedback caused by decrease of evaporative
cooling), affecting the threshold of an extreme, while
dynamical effects are associated with atmospheric circula-
tion, which affects spell length/persistence and frequency
of extremes.

Once a certain meteorological situation is set, tempera-
ture extremes such as heat waves can to a large extent be
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Fig. 4. Multi-timescale monthly SPEI variability in Sweden over

1901-2018. (a) 1-month SPEI from 1901-01 to 2018-12; (b) 6-
month SPEI from 1901-06 to 2018-12; (c) 18-month SPEI from
1902-06 to 2018-12; (d) 24-month SPEI from 1902-12 to 2018-12.
Upper and lower horizontal dashed lines in each panel indicate 95th
and 5th percentile of SPEI over the whole time period, respectively.
The SPEI calculations are based on CRU TS v.4.03 monthly
precipitation and potential evapotranspiration 0.5 longitude x 0.5
latitude grid dataset (Harris et al. 2014), which is accessible from
http://dx.doi.org/10.5285/10d3e3640f004c578403419aac167d82.

described by thermodynamic reasoning. Thus, future
changes in this type of extremes are expected to be closely
linked to global warming trends. A recent study evaluated
the climate models that were used in the IPCC 4th
Assessment Report by comparing their approximately 20-
year predictions for global mean temperature with what
actually happened (Hausfather et al., 2020). The results
show that most of the climate models have been quite
accurate in their predictions. This is encouraging, espe-
cially in light of the continued improvement of global cli-
mate models used in the framework of CMIP5 (Reichler
and Kim, 2008) and CMIP6 (e.g. Gusain et al. 2020). As
for extra-tropical storminess, summer weather and Arctic
Amplification may also contribute to weakening the jet-
stream, which, in turn, can dynamically induce more per-
sistent blocking patterns and therefore heat waves and
droughts (e.g. Zhang et al., 2017; Coumou et al., 2018).

Droughts are more complex, and require improved
understanding of modes of and persistence in atmospheric
circulation. So far it is only in southern Europe that clear
trends can be detected. There is currently no consensus
on the mechanisms causing the sudden increase in major
European heat waves in recent decades. One possible
mechanism, although its robustness is yet uncertain
(Borchert et al., 2019), suggested that most major heat
waves/droughts during this period appear to be linked
with unusually cold North Atlantic sea-surface tempera-
tures (e.g. Duchez et al., 2016) possibly due to a slow-
down of the Atlantic Meridional Overturning Circulation
(e.g. Caesar et al., 2018). Paleoclimate studies show evi-
dence for an Atlantic sea-surface temperature control on
past heat waves and fire activity in particular for central-
northern Europe (e.g. Drobyshev et al., 2016; Zhang
et al., 2017), suggesting a cold-ocean-warm-summer
mechanism with more persistent atmospheric-blocking sit-
uations consistent with recent observations (Duchez
et al., 2016), paleoclimate simulations (Schenk et al.,
2018) and possibly future scenario simulations (e.g.
Haarsma et al., 2015). These results stand in contrast to
modelling studies e.g. from CMIP6 suggesting a 0 to 8%
probability for heat waves following cold surface temper-
atures (Borchert et al., 2019) or single-event attributions
which show a small or no surface temperature control
(Wehrli et al., 2019).

Sweden is one of the few countries in the world which
have long daily instrumental meteorological records, not-
ably with regard to temperature and precipitation (Chen
et al., 2015; Moberg et al., 20006), as illustrated in Figs. 2
and 4. This provides unique opportunities to study long-
term changes of extreme weather events. In addition,
Fennoscandia including Sweden has uniquely long, dense
and reliable tree-ring paleo records of temperature and
hydroclimate over the last 1000years (e.g. Linderholm
et al., 2015; Seftigen et al., 2017), which provides a nat-
ural variability (and solar, ocean, volcanic forcing) con-
text of current changes. There is thus a great potential to
combine the proxy data with modeling and reanalysis to
gain new insights. Further, Sweden has a long and strong
tradition in forestry studies. Some of the records, if digi-
tized, can be useful to climate studies with a focus on
extremes (e.g. storminess), and may even shed light on
the robustness of the cold sea-surface temperature mech-
anism in the North Atlantic Ocean in triggering major
heat waves, as discussed above.

3.3. Group three on flooding

The last group was chaired by Erik Kjellstrom. Currently
snowmelt and rain-on-snow events are the most import-
ant cause of flooding across Scandinavia and north
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eastern Europe in spring and winter with rain driven
events being the main responsible for flooding during the
rest of the year. Snowmelt and rain-on-snow events are
also the dominant cause of flooding in 31% of European
catchments. Furthermore, soil moisture excess is the dom-
inant mechanism in a plurality of catchments whilst
extreme precipitation plays a dominant role in 22% of
catchments (Berghujis et al., 2019). In western North
America significantly increased flood risk in a majority of
catchments is projected due to increases in water avail-
able for runoff and increased rainfall intensity
(Musselman et al., 2018).

Many new insights on extremely intensive precipitation
have been obtained since the publication of the IPCC
AR5 (IPCC, 2013), including (1) a larger contribution of
changes in heavy precipitation to changes in mean pre-
cipitation (Jacob et al., 2014), (2) increased precipitation
associated with tropical cyclones (IPCC, 2012; Kitoh and
Endo, 2019), (3) convection permitting models indicate
stronger changes in (extreme) heavy precipitation events
(Kendon et al., 2014; Prein et al., 2017; Lenderink et al.,
2019). However, there is still a large uncertainty in
observed changes in heavy precipitation events in Europe,
especially for such extremes as 50-year return levels (there
are contradictory results for Northern Europe, either
showing an increase or no trends, see e.g. Belusi¢ et al.
(2019) for a review). Thus, it is desirable to continue
observations at the limited number of stations with a
long history, and to ensure quality of the observations,
especially with regard to solid precipitation. Also, high-
frequency (e.g. sub-daily) data is crucial here. Most data
series with high temporal resolutions do not go back
more than 20-30years. Thus, there are large needs here
for monitoring, handling and treating such data.

Maximum consecutive 5-day precipitation (Rx5day) is
a frequently used index for extremely heavy precipitation
and to some extent also flooding risk. Fig. 2b provides
an example showing the long-term annual variations of
Rx5day for Stockholm. While the interannual variability
is large, a long-term wetting trend is also observed. This
is in line with the overall wetting in Sweden reflected by
SPEI (Fig. 3). In fact, SPEIL especially those for longer
time scales (3 month and upwards) are more useful indi-
cators for floods than precipitation-based indexes. As an
example, the high SPEI values around 2000 shown in
Fig. 3 correspond to the historical peak river discharge in
Sweden well (Arheimer and Lindstrom, 2015).

For an outlook at the next 2-3 decades, climate projec-
tions at regional scale are difficult to interpret due to the
large natural variability (Kjellstrom et al., 2013). Also,
the insufficient representation of processes relevant for
heavy precipitation events in current coarse-scale climate
models limits the ability of assessing future changes (e.g.

Kendon et al. 2014; Belusi¢ et al. 2019). Nevertheless,
most of the model projections point to an overall wetting
effect in Northern Europe and further increase in the
contribution of the changes from heavy precipitation
events to the changes in mean precipitation (Jacob et al.,
2014). In addition, there is also a strong theoretical basis
pointing to more intense precipitation simply as a result
of the fact that warmer air can hold more water vapor.

For future research, the following issues are considered
critical: (1) to improve our understanding of the role
played by aerosols for heavy precipitation; (2) to consider
the effect of the land surface conditions (e.g. soil mois-
ture) on heavy precipitation and its impacts; (3) to deter-
mine linkages between heavy precipitation events and
variations of the large-scale circulation; (4) to use changes
in relevant circulation patterns as precursors for changes
in heavy precipitation events; (5) to conduct research on
event-based attribution; (6) to understand spatial patterns
in extreme events across multiple scales from local to
regional; (7) identify the cause and mechanisms behind
the abrupt increase in unusually persistent heat waves in
Europe in recent decades. Given the seemingly continu-
ous increase and high impact of such extreme events, a
new ‘event-based attribution science’ gradually appeared
in the 2000s (e.g. Stott et al., 2004; Otto, 2017). Event-
based attribution makes it possible to attribute a specific
past extreme event from a probabilistic point of view to
forcings such as greenhouse gas emissions and urbaniza-
tion (e.g. Zhou et al., 2020).

Aerosol particles have been found to invigorate deep
convective clouds by suppressing precipitation in the ini-
tial stages of cloud formation due to a reduction in drop-
let sizes (Rosenfeld et al., 2008). This type of invigoration
has been found to result in increased precipitation inten-
sity (Fan et al., 2018). High aerosol concentrations could
thus lead to more extreme precipitation. However, there
are studies that indicate that this type of invigoration
does not occur in convective clouds formed in colder cli-
mates more relevant for Scandinavian conditions (Li
et al., 2011, Sporre et al., 2014). Aerosol can also affect
heavy precipitation through effects on the radiation bal-
ance. Both these effects are still associated with large
uncertainties and more research is needed to assess how
aerosol particles affect heavy precipitation.

In a recent knowledge synthesis produced at SMHI,
Belusi¢ et al. (2019) discuss global scale research results
on climate extremes interpreted with a focus on Sweden.
They review the knowledge situation about climate
extremes with respect to occurrence of past and present
extremes, possible future changes in response to increas-
ing levels of atmospheric greenhouse gas concentrations
and impacts of climate extremes on society as well as col-
lecting gaps in the existing research. They found that in
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western Europe summertime heat waves have increased
and that the number and intensity of cold spells in winter
have decreased since 1880, which is also supported by the
long instrumental data from Sweden (Chen et al., 2015).
Apart from this they find that the available information
is not sufficient to identify clear trends in recent decades
for extremes including precipitation, snow, floods, hail-
storms, thunderstorms, tornadoes and ice storms. They
further conclude that the very strong natural variability
on the scale of years and decades and rather short obser-
vational records makes it difficult to identify long term
trends in extremes.
In summary, the following points can be highlighted:

e In addition to the unique long instrumental meteoro-
logical records and high-density reconstructions,
Sweden also holds long forestry data which have yet
to be digitized and used for climate research.

e More research is needed to better understand the
roles played by aerosol, atmospheric circulation, and
land surface conditions for changes in extreme wea-
ther events, to integrate data and modelling, and to
conduct event-based attribution studies.

4. Concluding remarks

The workshop provided a useful basis for reviewing the
knowledge about past and future changes in extreme wea-
ther events with emphasis on the situation in
Fennoscandia and neighboring regions. In addition to the
three external experts the Swedish participants repre-
sented a good portion of the Swedish climate research
community. The outcome of the workshop included not
only the review as summarized above but it also stimu-
lated the participants to discuss current research activities
and to share ideas about possible joint research projects
in areas where Swedish scientists have a unique position
to contribute.

Cooperation between SMHI and universities in Sweden
should be strengthened to take advantage of the model-
ling efforts and observational data at SMHI. Further,
international cooperation through e.g. CORDEX (The
Coordinated Regional Downscaling Experiment) under
WCRP (World Climate Research Programme) or Baltic
Earth concerning historical and future changes in relevant
extreme events should also be encouraged. Strengthened
link between extreme events and natural hazards and
inclusion of social and economic factors are important
aspects which contribute to increased societal prepared-
ness for future challenges. This workshop was an excel-
lent example to provide such a platform to promote
national and international cooperation. It is desirable

that similar workshops are organized on a regular basis
in the future.
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