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Abstract

The simultaneous occurrence of extremely wet winters at multiple locations in the same region can contribute to widespread
flooding and associated socio-economic losses. However, the change in the spatial extent of precipitation extremes is largely
overlooked in climate change assessments. Employing new multi-thousand-year climate model simulations, we show that under
both 2.0°C and 1.5°C warming scenarios, wintertime precipitation extreme extents would increase over about 80-90% of the
Northern Hemisphere. Stabilising at 1.5°C rather than 2°C would reduce the average magnitude of the increase by 1.6-2 times.
According to the climate model, the increased extents are caused by increases in precipitation intensity increasing rather than
changes in the spatial organisation of the events. Relatively small percentage increases in precipitation intensities (e.g., by 4%)

can drive disproportionately larger, by 1-2 orders of magnitude, growth in the spatial extents (by 97%).
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Key Points:

« The spatial extent of wintertime total precipitation extremes is projected to in-
crease over most of the Northern Hemisphere in the future

e Changes in the spatial organisation, i.e. dependence, of precipitation extremes only
marginally affect the spatial extents

+ Increased precipitation extreme magnitudes can cause a disproportionate (even
20-90 times larger) increase in the precipitation extreme extents
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Abstract

The simultaneous occurrence of extremely wet winters at multiple locations in the same
region can contribute to widespread flooding and associated socio-economic losses. However,
the change in the spatial extent of precipitation extremes is largely overlooked in climate
change assessments. Employing new multi-thousand-year climate model simulations, we
show that under both 2.0°C and 1.5°C warming scenarios, wintertime total precipitation
extreme extents would increase over about 80-90% of the Northern Hemisphere. Stabilising
at 1.5°C rather than 2°C would reduce the average magnitude of the increase by 1.6-2
times. According to the climate model, the increased extents are caused by increases in
precipitation intensity increasing rather than changes in the spatial organisation of the
events. Relatively small percentage increases in precipitation intensities (e.g., by 4%) can
drive disproportionately larger, by 1-2 orders of magnitude, growth in the spatial extents

(by 97%).

Plain Language Summary

One of the most impact-relevant and studied effects of global warming is the intensification
of precipitation extremes. When extremely wet winters occur simultaneously at multiple
locations within the same region, their cumulative impacts can be particularly high and en-
hanced as a result of limited resources available to cope with simultaneous damages. Despite
the socio-economic effects of widespread extremes, climate change studies have typically
disregarded the spatial extension of the extremes. Here, based on new multi-thousand-year
climate model simulations, we show that - over most of the Northern Hemisphere - the
spatial footprint of total wintertime precipitation extremes is projected to largely widen in
the future. This widening results from a warmer, and therefore moister, atmosphere that
will intensify precipitation. Holding global warming to 1.5°C rather than 2°C, in line with
the Paris Agreement, would be beneficial to society as it could limit the increase in the
extension by up to 2 times on average. To develop better preparedness for such extreme
events, stakeholders should consider that a small increase in precipitation intensities (for
example, by 4%) could result in large (by 100%) increases in spatial extent.

Keywords: Anthropogenic climate change, Future projections, Spatial statistics, Precipi-
tation extremes, Compound events, Flooding hazard

1 Introduction

Extremely wet winters resulting from one or multiple precipitation events can contribute
to flooding leading to severe socio-economic impacts. When such extremely wet conditions
occur simultaneously at multiple locations within the same region, their impacts may be
enhanced and lead to extreme cumulative losses (Leonard et al., 2014). In fact, widespread
extreme events can affect the ability of governments and international (re-)insurance com-
panies to respond to the emergency, given that resources and funds need to be provided
at multiple locations and industrial sectors simultaneously (Enriquez et al., 2020; Kemter
et al., 2020; Zscheischler et al., 2020). Recent extreme events showed that, as a result of
persistent atmospheric conditions, extremely wet winters and associated flooding can af-
fect multiple countries simultaneously and put high pressure on railway/road networks and
transnational risk-reduction mechanisms (Jongman et al., 2014; Zscheischler et al., 2020).
For example, the extremely wet winter of 2013/2014 in southern England, Wales, Ireland,
and southern Norway led to major disruptions to transport and damages to livelihoods and
infrastructure, and it was estimated to have caused hundreds of millions of pounds of insured
losses (Kendon & McCarthy, 2015; Schaller et al., 2016).

Despite the relevance of the spatial extent of precipitation extremes for impacts, studies
have focussed mainly on assessing the changes in the magnitude of the local precipitation ex-
tremes (Hoegh-Guldberg et al., 2018). In a future warmer climate, a moister atmosphere will
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favour higher precipitation magnitudes, while changes in the atmospheric circulation, e.g.
storm track variations, may modulate both precipitation magnitudes and spatial patterns
(e.g., Bevacqua et al., 2020c; O’Gorman & Schneider, 2009). As a result, these mecha-
nisms may change the spatial extent of seasonal precipitation extremes. Recently, Berghuijs
et al. (2019) found that the spatial extent of synchronous river flooding in Europe has
increased during the last decades, although it was not demonstrated that anthropogenic
climate change contributed to the increase (Kemter et al., 2020). To the best of our knowl-
edge, the extent of wintertime total precipitation extreme events and its projected change
under anthropogenic global warming has not yet been investigated.

Here, we close this research gap, focussing on precipitation in the Northern Hemisphere.
A large sample size of data is required to analyse extremes of this type of spatially com-
pounding event (Zscheischler et al., 2020), therefore we employ new multi-thousand-year
climate model simulations.

2 Data and Methods

2.1 Data

We employ the citizen-science project climateprediction.net, which uses volunteers’ personal
computers, to simulate 1530 winters (December-February). We consider a present-day sce-
nario (2006-2015; about 1°C warmer than pre-industrial conditions in 1850-1900) and two
future scenarios within which the world would be 1.5 and 2.0°C warmer than pre-industrial
conditions. We employ data from the global model of the atmosphere and land surface
HadAM4 (Williams et al., 2003) with an increased resolution and a large ensemble (Watson
et al., 2020; Bevacqua et al., 2020b). It considers 38 vertical levels and has a horizon-
tal resolution of ~60km at mid-latitudes (0.83° x 0.56° angular resolution), which is finer
than that of many current global climate models and is sufficient for good simulation of
extratropical synoptic features such as storms (Demory et al., 2014; Trzeciak et al., 2016;
Watson et al., 2020). HadAM4 has a heritage to widely-used earlier models in the HadAM
series and, being particularly memory-efficient, can be used to obtain multi-thousand-year
ensembles through running on the volunteers’ personal computers (Mitchell et al., 2017b).
Following the HAPPI experiment design (see Mitchell et al. (2017a) for details), simulations
of the three scenarios were driven by prescribed fields of sea surface temperature (SST), sea
ice concentration (SIC), and atmospheric gas concentrations. The prescribed fields of the
present-day scenario are time-dependent observations during 2006-2015. Simulations of the
warmer scenarios were driven by prescribed SST and SIC fields obtained as the superposi-
tion of time-dependent observations and constant changes derived from CMIP5 multi-model
means, while atmospheric gases are held at constant future values. The different realisation
of the winter’s weather was obtained via perturbing the initial conditions of each ensemble
member on November 1st. For each scenario, we build an ensemble within which each of
the ten yearly prescribed conditions during 2006-2015 is equally considered, i.e. our 1530
winters consist of 153 simulations of the 10 individual winters of 2006-2015. To assess the fi-
delity of the simulations for the purpose of the study we compare the results of the HadAM4
model with those obtained from ERAB reanalysis (Hersbach et al., 2020).

2.2 Spatial scale extremes

We identify the occurrence of a local extreme event when the wintertime precipitation total
is above the 10-year present-day return level (Thecur = 10 year; Figure S1 in the supporting
information). To characterize the spatial extent of seasonal precipitation extremes, we
proceed similarly to Berghuijs et al. (2019) and Kemter et al. (2020), i.e. we consider
the spatial scale of synchronous wintertime precipitation extremes, hereafter referred to as
spatial scale. For a given winter and location of interest, the spatial scale is identified
through recursively searching for the first circular area centred at the location (starting
with a radius of 1km) within which less than half of the surface is affected by simultaneous
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extremes. Spatial scale extremes (SS) are defined as the 100-year return level of the spatial
scale (Tsg = 100 year).

Given the large sample size of the ensemble simulations, return levels are defined empiri-
cally (van der Wiel et al., 2019) (e.g, the 10-year return level is defined as the (1—1/10)-100th
percentile). We test the sensitivity of the changes in the extreme spatial scale to the return
periods employed, i.e. Tyoecur and Tsg (Tables S1-S5). We show results within the latitude
band (28,78)°N, however we consider data northward of 22°S to robustly estimate spatial
scales in the northernmost and southernmost locations.

2.3 Statistical significance

For any given location, the projected change is considered statistically significant if the
future return level lies outside the present-day 95% confidence interval. We estimate such
a confidence interval based on resampling of the interannual variability. That is, we build
1000 datasets through randomly resampling 1530 winters (153 per year) from the originally
simulated present-day dataset. For each of the 1000 datasets, we compute the return level.
The resulting 1000 return levels are then used to estimate the centred 95% confidence
interval.

2.4 Drivers of the changes in spatial scale extremes

The multivariate probability density function (pdf) f(Pi,..., Py) of the precipitation vari-
ables at all N locations can be decomposed into the product of the N marginal pdfs fp,
of the precipitation at individual locations and the copula density ¢ that describes the
spatial dependencies in the precipitation field (Sklar, 1959). That is, f(Pi,...,Pn) =
fe,(Py) - ... - fpy(PN) - ¢(Fp,(FP;), ..., Fpy (Pn)), where Fp, is the cumulative distribution
function (CDF) of P;. Therefore, from a statistical perspective, the changes in the spatial
scale extremes, which are associated with changes in f(P1,..., Py ), can be decomposed into
changes in (1) the magnitude of the precipitation extremes (i.e., from the marginal distribu-
tions) and (2) the spatial dependence between precipitation at neighbouring locations (i.e.,
the copula) (Bevacqua et al., 2020a).

We estimate (1) as 100 - (S'Smagn — S'Spres)/S Spres, Where SSpes is the extreme spatial
scale in the present and SSpiagn is the extreme spatial scale in a dataset that assumes
changes in precipitation magnitude, but not in spatial dependence (pairwise Spearman’s
correlations and tail dependencies (Bevacqua et al., 2017)). Following Bevacqua et al.
(2019) (and, e.g. Manning et al. (2019); Villalobos-Herrera et al. (2020)), this dataset is
defined as (Fgﬁlt (FPyree 1 (Ppres 1)) s Fij.{t (I (Ppres N)), where Pyesi and Fp,, ., are
the wintertime precipitation in the present and its empirical CDF, respectively; and Pyt ;
and Fp,, , are the same, but for the future. Given that Fp, _;(Ppres i) has a standard uniform
distribution, the marginal pdfs of the variables in the dataset are as in the future; the copula
is a function of the variables (Fp_ .., (Ppres 1)s s FPyres n (Ppres n)) and is, therefore, as in the
present.

Similarly, we estimate (2) as 100 - (SSgep — SSpres)/SSpres, where SSqep is the spatial
scale’s extreme in the dataset (F;plres (Fpy (Prag 1)) -5 (F;plres Py (Prat N))), which
assumes changes in precipitation spatial dependence (copula as in the future), but not in

magnitude.

2.5 Area weighted aggregated statistics

All the statistics, such as median, pattern Spearman’s correlations (nggrxan)v and per-

centage of the analysed area, are weighted based on the grid-points’ surfaces, using the
R-packages wCorr (Emad & Bailey, 2017) and spatstat (Baddeley et al., 2004).
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3 Results
3.1 Present-day spatial scale extremes

The present-day spatial scale extremes are shown in Figure 1. A small extreme spatial
scale indicates that precipitation extremes tend to be localized, i.e. to not co-occur with
extremes in the surrounding area. The hemispheric median of the spatial scale extremes
is about 27-10°%km? (i.e. a circular area associated with a radius of 930km), indicating
that the considered events potentially extend across multiple countries. Note that, as local
precipitation extreme magnitudes are defined based on local return levels, small and large
extents are associated with small and large regional spatial dependencies in the precipitation
field, respectively.

Across the Northern Hemisphere, there is large variability in the spatial scale extremes,
hence in the spatial dependencies, of the precipitation field (Figure 1), which appears to
be influenced by topography. In fact, there is a tendency towards larger and smaller spa-
tial scale extremes at lower and higher altitudes, respectively (Figure S2), which is in line
with the results found by Berghuijs et al. (2019) for European river flooding spatial scales.
The largest spatial scale extremes occurs over northern Furope, Russian plains, eastern
China, and oceans; i.e., typically over extended low altitude areas, where the occurrence
of widespread precipitation extremes is not obstructed by the orography. For example,
in Moscow (Russia), the most extended events are associated with an anomalous seasonal
upper-level atmospheric jet over central Europe (Figure S3), which - given the flat topogra-
phy - favours widespread precipitation extremes in the surrounding area. The mean altitude
of the locations with the top 5% (1%) spatial scale extremes is 120m (70m), against an av-
erage altitude of 370m over the analysed area. In contrast, the lowest spatial scales are
typically found across mountainous areas, where precipitation extremes can be localized
due to orographic effects (Martius et al., 2016), such as the Rocky Mountains, Alps and
Pyrenees, Scandinavian Mountains, Caucasus Mountains, Himalayas, and Gobi Desert. As
a result, the mean altitude of the locations with the 5% (1%) smallest spatial scale extremes
is 990m (1900m).

A comparison of the results based on the HadAM4 model and the ERA5 reanalysis is not
possible for very extreme events due to the limited sample size of the reanalysis data (e.g.,
van den Hurk et al., 2015; van der Wiel et al., 2019). This is the case even when considering
ERAS5 data during the extended period 1980-2020, therefore we focus the evaluation on less
extreme events. The biases in the wintertime mean and 5-year return level precipitation are
in line with those of other global climate models (Figure S4a-f), with a good representation
of broad-scale features (Flato et al., 2014; Watson et al., 2020). Even for the considered
relatively low return levels (Toecur = 5 year, Tgs = 10 year), the spatial pattern of the
spatial scale high values in ERA5 is spatially noisy compared to HadAM4 (Figure S4g-i),
highlighting that large ensemble simulations are essential for analysing spatially extended
wintertime precipitation extremes and that an evaluation of these events is challenging.
Nevertheless, the similarity of the area-weighted spatial scale (median of the associated
radius of 520km and 440km in HadAM4 and ERAS, respectively) and of the large-scale
spatial pattern indicates that the HadAM4 model performs satisfactorily for the purpose of
the study.

3.2 Projected changes in the spatial scale extremes and associated drivers

In a world 2°C warmer than during pre-industrial conditions, the extent of precipitation
extremes is projected to increase over 90% of the analysed area (Figure 2a; Figure Sha
shows changes in km?). Spatial scale extremes increase by 97% in median (note that the
increase is higher on landmasses than over ocean). Notably, such an increase corresponds
to a median growth of 29-10°km? in spatial scale, which is equal to more than 10 times the
surface area of a country such as the United Kingdom. Over 20% of the analysed area, the
spatial scale would increase by at least 250% (72-10°km?).
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Figure 1. Present-day 100-year return level of the wintertime precipitation extremes’ spatial
scale (Toccur = 10 year; Methods). The colours indicate both the spatial scale value SS (i.e., a
circular area in km?) and the associated radius in km, i.e. 1/SS/7.

At the regional scale, the strongest percentage increase occurs over Canada, i.e 410%
(98-10%km?; median over the box in Figure S5a). Over Northern Europe, a large increase
in the spatial scale (71-105km?; Figure S5a) combined with the relatively small present-day
spatial-scale around the Scandinavian Mountains (Figure 1) results in a substantial, i.e.
by 190%, increase in the extents. The increase is particularly large also over central and
eastern Asia (260%; 62-10°km?); however, note that the regional wintertime precipitation
is frequently lower than about 18mm/winter (grey contours in Figure 2d), hence changes
in the extremes’ extents may have small impacts in this region. Overall, land areas with
a substantial reduction in the extents are limited to Northern Africa, Spain and Portugal
(-21%; -7.1-105km?).

Most of the projected extent changes are incompatible with variations due to interan-
nual variability (see stippling in Figure 2a), highlighting the presence of clear global warming
induced effects. We move on to understanding the sources of these trends through decom-
posing the extent changes into the contributions from changes in the spatial dependence
and magnitudes of the precipitation field.

3.2.1 Drivers of the changes in the spatial scale extremes

Changes in the spatial dependence of the precipitation field lead to generally small changes in
the extent of the events (Figure 2b; median of about 0%). Such dependence-related changes
are rarely statistically significant and do not exhibit a clear large-scale spatial pattern. The
above indicates that the change in the spatial organisation of the wintertime precipitation
extreme occurrences is generally unimportant for changes in the extreme spatial extents.
Consistently, the changes in the spatial scales are dominated by the other potential driver,
i.e. changes in the precipitation magnitude (compare Figure 2a and 2c; pg;gf:rﬁan = 0.94).
In fact, similarly to the actual changes in the spatial scale (Figure 2a), changes in the spa-
tial scale resulting from precipitation magnitude changes (Figure 2¢) are large, i.e. 93% in
median, and positive over 92% of the analysed area. In line with this, the spatial pattern
of the change in the precipitation extent resembles that of the change in the precipitation
magnitudes (Figure 2a,d; pgg’;’;ﬁan = 0.74). Remarkably, relatively small regional percent-
age changes in precipitation magnitude can result in a large percentage change in the spatial
extent of the extremes (Figure 2a,d). In fact, the median percentage increase in the spatial

scale extremes (97%) is about 25 times larger than the increase in the magnitudes (4%).

From a physical perspective, all the above implies that the changes in the spatial extent
can be solely understood in terms of the physical processes that modulate the changes
in the precipitation extreme magnitudes. At the large scale, in line with other studies,
precipitation magnitudes are projected to widely increase in percentage over the Northern
Hemisphere landmasses, especially at high latitudes and over Asia, and to decrease around
Northern Africa and northwestern Mexico (Figure 2d; Figure S5b shows changes in mm)
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(e.g., Knutti & Sedlacek, 2013; Scoccimarro & Gualdi, 2020). The widespread increase
in precipitation magnitudes arises from thermodynamic effects, i.e. in a warmer world, a
higher atmospheric moisture holding capacity leads to more intense precipitation (e.g., Pfahl
et al., 2017). However, atmospheric circulation changes, in which we have less confidence
(Shepherd, 2014), will also substantially modulate regional precipitation changes and can
either compensate or enhance the thermodynamic effect (Bevacqua et al., 2020c; Pfahl et al.,
2017). To illustrate the different effects that documented atmospheric circulation changes
can have on the magnitude, and therefore extent, of precipitation extremes, we now consider
three case studies across the Northern Hemisphere.

To begin with, the strong reduction in precipitation magnitudes over northern Africa
(about -10% in Marrakesh; Morocco) - which contributes to the reduced extents of the
spatial scale extremes in the surrounding region - is in line with documented changes in
the atmospheric circulation that would reduce both daily precipitation extremes (Pfahl et
al., 2017) and total wintertime precipitation (Zappa & Shepherd, 2017). In Marrakesh,
sustained upper-level winds over northern Africa - associated with enhanced storm track
activity (Harvey et al., 2020; Zappa et al., 2015b) - favour high precipitation amounts
around the city, northwestern Africa, and the eastern Mediterranean region (Figure 3a).
In a warmer climate, this atmospheric circulation feature is expected to weaken (Figure
3b,c¢) in line with a documented weakening and reduction of storm intensity and frequency
(Bevacqua et al., 2020c; Harvey et al., 2020; Pinto et al., 2007; Zappa et al., 2015a). As a
result, precipitation extreme magnitudes and extents would decrease (Figure 3b), despite a
higher atmospheric moisture content (Li et al., 2018; Pfahl et al., 2017).

Over the Scandinavian Peninsula, where extents are projected to increase strongly, pre-
cipitation magnitudes are projected to increase substantially, i.e. by about 10%, which is
more than twice the hemispheric median increase. Wintertime precipitation extremes in this
region are typically associated with an anomalously strong jet stream over the United King-
dom (Figure 3d). Under a 2°C warming scenario, a strengthening and eastward extension
of the jet stream over northern Europe would, therefore, favour the substantial increase in
precipitation extremes and associated spatial extents (Figure 3e,f) (Harvey et al., 2020; Li
et al., 2018; Zappa et al., 2013). Given that precipitation over the Scandinavian Peninsula
is mainly driven by cyclones (Hawcroft et al., 2012; Pfahl & Wernli, 2012) and a sustained
jet stream is associated with an increased cyclone activity, such an atmospheric circulation
change would be consistent with a strengthening of the regional cyclonic activity (Harvey
et al., 2020; Pinto et al., 2007; Zappa et al., 2013).

Finally, we consider the case of Wuhan (China), characterised by the highest projected
increase in accumulated precipitation; the 10-year return level increases by more than 20%
(about 90mm /winter). Around the Chinese city, precipitation extremes are associated with
weakened upper-level winds across Japan and southern China (Figure 3g), in line with a
weak East Asian winter monsoon (EAWM; L. Wang & Chen, 2014). The future strong
intensification of precipitation is consistent with a general, i.e. on average and therefore
during extreme events, weakening of the upper-level winds (Figure 3i,h). Such a wintertime
evolution of the jet stream represents a plausible storyline of future atmospheric circulation
change according to other climate model projections (Harvey et al., 2020; Li et al., 2018;
Pinto et al., 2007), and appears in line with a projected weakening of the EAWM (Kitoh,
2006; H. Wang et al., 2013).

3.3 Difference between changes under 1.5°C and 2.0°C warming scenarios

Understanding how 0.5°C less warming relative to +2.0°C can reduce climate-related im-
pacts is key for climate policies (Mitchell et al., 2016); gaining such an understanding
requires large-ensemble simulations (Mitchell et al., 2017a). The general spatial pattern of
the changes under 2.0°C and 1.5°C warming scenarios is similar (pggifr::an = 0.87, increas-
ing spatial scale extremes over 90% and 87% of the area, respectively; Figures 2a and S6a).
However, the median increase in the spatial scale extremes would be about 1.6 times higher

in a 2.0°C (97%) than in a 1.5°C warming scenario (60%). Such a difference is qualitatively
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Figure 2. (a) Change in the 100-year return level of the wintertime precipitation extremes’
spatial scale in a 2.0°C warming scenario (Toccur = 10 year; Methods). Change in the spatial scale
extremes caused by changes in (b) precipitation magnitudes and (c) spatial dependencies in the
precipitation field. Stippling indicates statistically significant changes (Methods). (d) Change in the
10-year return level of the local wintertime precipitation total; grey contours over Asia enclose areas
where the present-day 10-year return level is below 0.2mm/day (about 18mm/winter). The colour
palette is chosen such that inverse changes between future and present values have the same colour

intensity, e.g., -50% (halving) and +100% (doubling) are shown with the same colour intensity.



(a) Precipitation anomaly (Present) (b) Precipitation anomaly (Future, +2.0°C) (c) Change in mean zonal wind at 250 hPa
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Figure 3. Average of the precipitation anomaly associated with extremely wet winters (> 10-
year return level in present or future) in Marrakesh (Morocco; shown with a magenta dot) in (a)
present climate and in (b) a 4+2.0°C warming scenario. Contours show the average anomaly of the
zonal wind at 250hPa in the extremely wet winters. Anomalies are relative to the present. Stippling
indicates locations where the average precipitation is higher than the present-day 10-year return
level. In (b), plus/minus signs indicate significantly positive/negative changes of the wind anomaly
(i.e., future anomaly lying outside the present-day centred 95% confidence interval (CI); the CI is
estimated through re-sampling present-day extreme events). (c) Shading shows the change in the
average zonal wind at 250hPa (considering all winters) and contours show the average zonal wind
in the present climate. Panels (d-f) and (g-i) are as in a-b, but for Storuman (Sweden) and Wuhan

(China), respectively.
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in line with the changes in precipitation magnitude, which increases by 4% and 3% in median
under 2.0°C and 1.5°C warming scenarios, respectively (Figures 2d and S6b). Locally, i.e.
over more than 32% (8%) of the area exposed to a larger extent in both scenarios compared
to present, 0.5°C more warming would lead to a doubling (quadrupling), at least, of the
increase in the spatial scale extremes.

Parts of Spain and Portugal are the noticeable landmasses where the spatial scale
extremes would increase in a 1.5°C warming scenario, but reverse, i.e. decrease, in a 2.0°C
warming scenario (Figures S6a and 2a). Such a reversal is in line with the changes in
precipitation intensities which would increase to a certain extent in a 1.5°C scenario but
decrease in a 2.0°C scenario (Figures S6b and 2d). This is consistent with a strong weakening
of the upper-level winds over northern Africa across the two scenarios (Figure S7), which
would reverse the thermodynamically-driven precipitation increase (Li et al., 2018).

4 Discussion and Conclusions

The spatial extent of the wintertime total precipitation extremes is projected to increase
notably across most of the Northern Hemisphere. Such growth in spatial extent is largely
driven by increased wintertime precipitation extreme magnitudes. Given that extended high
wintertime precipitation totals are driven by multiple weather systems moving across the
same region (Hawcroft et al., 2012; Zappa et al., 2015a), our projection is consistent with
the documented increase in the precipitation accumulated around the tracks of individual
weather systems (Bevacqua et al., 2020c; Prein et al., 2017).

Our large-scale projection of precipitation extreme magnitudes, i.e. the main driver
of the extent growth, is in line with projections from other modelling designs, including
inter-comparsons, e.g. CMIP (Pfahl et al., 2017; Knutti & Sedldcek, 2013). Regionally,
i.e. around the Mediterranean basin and Mexico, the direction of the future changes is
more uncertain across models (Bevacqua et al., 2020c; Pfahl et al., 2017; Shepherd, 2014).
In fact, regional precipitation extent changes can depend on the model-dependent story-
line of atmospheric circulation response to climate change (Bevacqua et al., 2020c; Zappa
& Shepherd, 2017). Therefore, users interested in regional-scale changes in precipitation
spatial extents should interpret our projection as a specific plausible storyline. For exam-
ple, a weaker reduction of the upper-level winds over northern Africa than that found here
is also plausible and could lead to a weaker decrease in the magnitude and spatial scales
of precipitation extremes around southern Europe (Bevacqua et al., 2020c; Zappa, 2019;
Zappa et al., 2015b). We find that changes in the spatial organisation, i.e. dependen-
cies, of the precipitation extremes only marginally affect the future extent changes. This
is consistent with the unchanged topography that would constrain potential changes in the
spatial dependencies. However, given that atmospheric circulation changes may also mod-
ulate dependency changes, we cannot exclude the plausibility of an alternative storyline
characterised by changes in the spatial dependencies.

While further studies based on large ensemble simulations from alternative climate
model setups will allow for a comprehensive assessment of the regional extent changes,
our results indicate that an important contribution from intensified precipitation towards a
growth in the extents is likely a general feature of climate models in areas of the world where
higher wintertime precipitation extremes are projected. Notably, to assume that percent-
age changes in precipitation intensities will drive similar percentage changes in the extent
would be highly misleading. In fact, relatively small percentage increases in precipitation
intensities can drive disproportionately larger, by 1-2 orders of magnitude (Tables S2 shows
the sensitivity to the return periods), increases in the extent of the events. The estimated
spatial extent increase depends on the degree of extremeness of the considered events (Table
S1).

Precipitation is a relevant driver of spatially extended flooding (Jongman et al., 2014),
hence the growth in the precipitation extreme extents could substantially impact areas
across the Northern Hemisphere. Stabilising global warming at 1.5°C rather than 2°C, in
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line with the Paris Agreement, may substantially reduce impacts. Our study can contribute
to understanding flooding changes, which also depend on, e.g., soil moisture, snowmelt,
exposure, and vulnerability dynamics (Brunner et al., 2020; Jongman et al., 2014; Kemter et
al., 2020). Overall, neglecting the spatial footprint of precipitation extreme events could lead
to underestimating the population that is simultaneously affected by hazardous conditions.
Hence, considering the effect of simultaneous extremes across neighbouring countries could
allow for developing a better international preparedness for extreme events.
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Figure S1. Local 10-year return level of the wintertime total precipitation based on HadAM4
model output for present-day climate. Grey contours over Asia enclose areas where the present-

day 10-year return level is below 0.2mm/day (about 18mm/winter).
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Figure S2. Boxplots showing the relationship between the grid-point local altitude and the
present-day 100-year return level of the precipitation extremes’ spatial scale (shown is the value
of the radius associated with the spatial scale, as in Figure 1). Grid-points were binned based
on their altitude by steps of 1000 meters above mean sea level, e.g., the bin labelled by 500m

contains grid-points between 0 and 1000m.
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Average spatial scale extremes in Moscow (Russia)
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Figure S3. Average of the precipitation field anomaly associated with winters leading to
extreme spatial scales (>100-year return level) around Moscow (Russia; shown with a magenta
dot) in the present climate. Precipitation is shown with shading. Contours show the anomaly of
the zonal wind at 250 hPa during the events (in m/s). Stippling indicates locations where the

average precipitation value is higher than the local 10-year return level.
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(c) Difference of Mean total precip. (HadAM4 - ERA5)
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Figure S4. Comparison between precipitation statistics in the HadAM4 model (large ensemble
of the period 2006-2015) and ERA5 reanalysis (1980-2020). Mean wintertime total precipitation
based on (a) HadAM4 and (b) ERAS5; panel (c) shows the difference between HadAM4 and ERAS
values. Extreme wintertime total precipitation (5-year return level) based on (d) HadAM4 and
(e) ERAD; panel (f) shows their difference. Radius associated with the extreme spatial scale
(computed based on Tyeeyr = 5 year and Tgs = 10 year; see Methods) of wintertime total
precipitation extremes based on (g) HadAM4 and (h) ERAS5; panel (i) shows their difference. To
compute the differences between HadAM4 and reanalysis, the ERADb resulting fields are regridded

to the native grid of HadAMA4.
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(a) Change in precipitation spatial scale extremes
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Figure S5. (a) As in Figure 2a, but showing the change in the spatial scale extremes in km?
rather than the percentage change. Rectangles identify the regions referred to in the main text:
(i) Canada, (ii) Northern Africa, Spain and Portugal, (iii) Northern Europe, and (iv) central and

eastern Asia. (b) As in Figure 2d, but showing the change in mm.
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(a) Change in precipitation spatial scale extremes (+1.5°C)
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Figure S6. (a) As in Figure 2a, but under a 1.5°C warming scenario. (b) As in Figure 2d, but

under a 1.5°C warming scenario.
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Figure S7. Changes in mean wintertime zonal wind at 250 hPa (shading) and 850 hPa
(contours; in m/s) across Northern Africa and southern Europe under (a) 1.5°C and (b) 2.0°C
warming scenario. Solid red indicates increase and dashed blue indicates a decrease in the wind

at 850 hPa.
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Table S1. Sensitivity of the changes, under a +2.0°C warming, in the spatial scale extremes

to variations in the return periods used to define extreme events.

Tss (years)
50 100 200
93% 82% 78%
51 (0%, 85%) (0%, 74%) (0%, 71%)
124% 97% 79%
Toceur (years) 10| (0%, 120%) (0%, 93%) (0%, 78%)
403% 201% 138%
30 | (0%, 385%) (0%, 187%) (0%, 126%)

Hemispheric grid-point area-weighted median of the
changes (%) in spatial scale extremes for different com-
binations of return periods employed to define extreme
events (i.e., Tss and Tyeeyr; defined in Methods). The
two values (%) in the brackets are median changes driven
by changes in the spatial dependencies and precipita-
tion magnitudes, respectively. The table highlights that
while the value of the median change depends on the
considered return periods, the projected increase is a
robust feature across different return periods. Changes
driven by the precipitation spatial dependence are small
for all considered return periods. Note that the spa-
tial pattern of the changes in the spatial scale extremes
is largely insensitive to variations in the return periods
(not shown).

Table S2. As in Table S1, but showing the sensitivity of the ratio between the median change
in the spatial scale extremes (based on Tjce,y and Tgss) and in the magnitude of wintertime total

precipitation extremes (based on Tpecyr)-

Tss (years)
50 100 200
5126 23 22

Toceur (years) 10|31 25 20
30194 47 32
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Table S3. As in Table S1, but showing the sensitivity of the ratio between the median change

in the spatial scale in a +2.0°C and 41.5°C warming scenario.

Tss (years)
50 100 200

Toceur (vears) 10
30

1.7 1.7 1.7
1.6 1.6 1.6
20 1.8 18

5

Table S4.

As in Table S1, but showing the sensitivity of the area fraction (%) exposed to

an increase in the spatial scale extremes under a 4+2.0°C warming scenario (results for +1.5°C

warming scenario are shown in brackets).

Tss (years)

50 100 200

90% 90%  90%

5 (91%) (90%) (89%)

90% 90%  89%

Toceur (years) 10| (88%) (87%) (86%)
87% 8% 8™%

30

(82%) (83%) (82%)

Table S5.

As in Table S1, but showing the sensitivity of the present-day median spatial scale

extremes and, in brackets, associated changes in a +2.0°C warming scenario.

Tss (years)
50 100 200

67-10°km? 90-10°km? 110-10°km?

51 (63-10°km?)  (74-10°%km?)  (87-10°%km?)

15-10°km? 27-10°km? 39-10°km?

Toceur (vears) 10| (22:10%km?)  (29-10°%km?2)  (33-10°km2)
0.80-10°km?  3.2-10°km? 7.2:10°km?

30| (0.96-10%%km?) (2.0-10°%km?) (3.1-10%km?)
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