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Supporting information for chapter 2:
Historical precipitation extremes

S2.1 Quality control: outliers

Figure S2.1: The number of 3-hourly blocks per grid cell that contain outliers (>30 standard deviations above the
mean) based on 38 years of data in total. Gray color indicates that no outliers were flagged.
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S2.2 Calendar and hydrological year

First month of the hydrological year

GEV

MEV

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

10 5 0 5 10
Difference (%)

10 5 0 5 10
Difference (%)

a)

b)

c)

Figure S2.2: (a) The month indicating the start of the hydrological year. (b) The percentage difference of the
daily 100-year return levels of calendar and hydrological years for GEV. (c) The percentage difference of the daily
100-year return levels of calendar and hydrological years for MEV. A negative difference indicates that the T100
estimate is larger using hydrological years, whereas a positive difference indicates that the T100 estimate is larger
using calendar years. Gray colors indicate: the start of the hydrological year in January (same as calendar year);
dry areas and; cells with too many discarded values following the method in section 2.1.1.
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Figure S2.3: Weighted histograms showing the percentage difference in the values of several return periods (T, see
titles) calculated using calendar years and hydrological years. Included in the figure are all cells where the start of
the hydrological year is different from the calendar year (i.e., the hydrological year does not start in January, see
Figure S2.1a). A negative difference indicates that the return period estimate is larger using hydrological years,
whereas a positive difference indicates that the return period estimate is larger using calendar years.
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S2.3 Threshold analysis for POT

There are many different ways to select an appropriate threshold for the Peak Over Threshold (POT) analysis, such
as a value over a specific threshold, a percentage, or an average number of events per year. We refer to Caeiro and
Gomes (2016) and Langousis et al. (2016) for recent overviews of such threshold selection. Which method is the
most effective remains to be an unanswered question. For our global-scale application, we have analyzed to take on
average 1 to 5 events per year. This fixed number of events, as opposed to the events over a predefined threshold,
ensures that the number of events per year remains constant for all durations, and allows for analyses on the global
domain.

The 100-year return levels for all durations and thresholds are shown in Figure S2.4a. The boxplot shows
minimal difference in the T100 estimates for the different thresholds for the short durations, and a minor difference
for the longer durations, namely that the estimated T100 are slightly larger for inclusion of less events per year.
Overall the figure shows only slight differences, so more information has to be considered for accurate threshold
selection.

A comparison of the three parameters for all durations and thresholds is shown in Figure S2.4b-d. The location
and scale parameters in S2.4b and c show very similar results for the different thresholds. The shape parameter
in S2.4d, however, has more variation for the different POT-thresholds. For all durations, the variability of the
shape parameter decreases for the inclusion of more events per year, so more events to fit the distribution to. For
durations between 3 and 48 hours, the shape slightly increases for the inclusion of more events per year. In other
words, the shape is lower for on average 1 event per year, and higher for on average 5 events per year for durations
between 3 and 48 hours. For 72 hours, the median shape parameter of the different thresholds is constant, though
the variability decreases for the inclusion of more events. For the 5 and 10-day durations (120 and 240 hours,
respectively), the shape parameter slightly decreases for the inclusion of more (non-extreme) events. The general
pattern of the GP shape parameter is similar to that of the GEV, as they both show a decreasing shape parameter
for increasing durations.

Previous studies that have looked into the GP shape parameter on the global domain focused on daily durations.
Papalexiou and Koutsoyiannis (2013) estimated the mode of the shape for daily precipitation as 0.134, but displaying
a large spread. Serinaldi and Kilsby (2014) estimated the shape for four different seasons based on 1898 stations
with more than 100 years of data. They found the shape depends on the season and varies between 0.061 and
0.097, also displaying a large spread. Furthermore, they found that if you lower the threshold and include more
non-extreme events, the shape parameter is higher. Our results are similar to that of Serinaldi and Kilsby (2014),
as the median for daily precipitation for the different thresholds varies between 0.711 and 0.918, and we also found
that the inclusion of more non-extreme events leads to a higher shape parameter for daily precipitation.

In short, the above analysis shows that the threshold selection is of minor influence on the estimation of the
100-year return level. Of the three underlying parameters, the threshold selection has minimal influence on the
location and scale parameter, though a much greater influence on the shape parameter. The variability of the shape
parameter is the highest for the threshold of on average 1 event per year, and decreases when more non-extreme
events are used to fit the distribution to. Furthermore, the shape parameter increases for the inclusion of more
events for the shorter durations (3-hours to 2-days), remains constant for a 3-day duration, and decreases for the
5 and 10-day durations. Based on these analyses, we chose to show the threshold of on average 3 events per year
in chapter 2 of the dissertation, as that threshold has the right balance of a low variability and not as much of an
underestimation of the 100-year return levels for the longest durations.
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Figure S2.4: Weighted boxplot showing the distribution of (a) the 100-year precipitation return levels, and the (b)
location, (c) scale, and (d) shape parameters for several durations and thresholds for the Peak Over Threshold
method. Thresholds range from on average one to five events per year. The top and bottom of the boxes represent
the 75th and 25th percentiles, respectively. The whiskers denote the 1st and 99th percentiles. The dashed gray
horizontal line in (d) indicates exponential tails. A shape parameter smaller than zero indicates a thin tail with an
upper limit, a shape parameter larger than zero indicates a heavy power-law tail.
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S2.4 Shape parameter

The GEV and MEV distributions are both flexible and able to describe different tail behaviors. The tail behavior
the two distributions varies, see Section 2.2.2 in the dissertation for an overview and Figure S2.5 for different
combinations of scale and shape parameters.

Maps of the shape parameter for the three distributions for daily duration are shown in Figure S2.8. The spatial
patterns of the shape parameters are largely similar to those of the heaviness hT1−T10−T100, described in Section
2.3 and Figures 2.5 and 2.6 of chapter 2 in the dissertation. There are, however, some notable differences. For
MEV, the mountainous areas are more defined, indicated by higher shape values (less heavy tail behavior). Looking
at the shape parameter, we find, however, that the relationship of the Weibull shape parameter with elevation
is more complicated. Lower shapes (heavier tails) are generally observed on the leeward side of large mountain
ranges, and higher shapes (though still indicative of heavy-tail behavior) on the windward side that is dominated
by orographically enhanced frontal precipitation. This is for example visible in the Rocky Mountains, Indonesia,
and Norway, and corresponds to findings of Cavanaugh and Gershunov (2015, their Figure 5), who showed that
exponential tails are observed in regions where extreme precipitation is predominantly generated by one type of
system.
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Figure S2.5: (a) Behavior of the shape (ξ) and scale (σ) parameters of the GEV distribution, with a constant location
parameter (µ), and (b) behavior of the shape (w) and scale (C) parameters of the MEV-Weibull distribution, with
a constant number of events (N). The results for MEV have been obtained with constant w, C and N parameters
for each year. The values of the shape and scale parameter pairs have been chosen such that they all have a
precipitation depth of approximately 100 mm for a 10-year return period.
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Figure S2.6: The shape parameter (−) for daily precipitation calculated for different extreme value methods: (a)
GEV, equation 1 — ξGEV, (b) POT, equation 2 — ξGP and (c) MEV, equation 3 — w. For MEV, the mean shape
parameter of all yearly Weibull distributions is displayed. The colorbar min and max are based on the 1st and 99th
percentile. For GEV and POT, red indicates a thin shape with an upper limit, white an exponential shape, and
blue a heavy power-law shape. For MEV all median shapes are indicative of sub-exponential heavy shapes, though
darker colors are heavier than lighter colors. Dry areas and cells with too many discarded values are masked in
gray following the method in section 2.2.1.
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S2.5 Heaviness for MEV using different return level combinations

T1-T10-T100

T2-T20-T200

T5-T50-T500

T10-T100-T1000

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
h (-)

Figure S2.7: The heaviness amplification factor h (Eq. 5) for daily precipitation calculated for different combi-
nations of return levels for the MEV distribution: (a) hT1−T10−T100, (b) hT2−T20−T200, (c) hT5−T50−T500, (d)
hT10−T100−T1000. Red indicates a thin tail, white an exponential tail, and blue a heavy tail. See section 2.2.2 for
more information on the heaviness metric. Dry areas and cells with too many discarded values are masked in gray
following the method in section 2.2.1.
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S2.6 Heaviness amplification factor vs shape parameter for MEV

Figure S2.8: Density plot showing the heaviness amplification factor hT1−T10−T100 vs the mean shape parameter
for the MEV distribution for eight durations, see titles.
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S2.7 Heaviness for multiple durations

GEV
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MEV
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hT1 T10 T100 (-)

a)
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3 hours

Figure S2.9: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 3-hourly precipitation calculated for
different extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail,
and blue a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too
many discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.10: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 6-hourly precipitation calculated for
different extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail,
and blue a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too
many discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.11: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 12-hourly precipitation calculated for
different extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail,
and blue a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too
many discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.12: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 2-day precipitation calculated for different
extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail, and blue
a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too many
discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.13: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 3-day precipitation calculated for different
extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail, and blue
a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too many
discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.14: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 5-day precipitation calculated for different
extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail, and blue
a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too many
discarded values are masked in gray following the method in section 2.2.1.
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Figure S2.15: The heaviness amplification factor hT1−T10−T100 (Eq. 5) for 10-day precipitation calculated for
different extreme value methods: (a) GEV, (b) POT, (c) MEV. Red indicates a thin tail, white an exponential tail,
and blue a heavy tail. See section 2.2.2 for more information on the heaviness metric. Dry areas and cells with too
many discarded values are masked in gray following the method in section 2.2.1.
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S2.8 Dataset usage notes

The GPEX dataset created in this study is available at the 4TU repository Gründemann et al., 2021. It provides
openly accessible and readily available hydrologically relevant return levels of extreme precipitation estimates world-
wide. It contains the precipitation estimates of the three extreme values distributions, the observed estimates, the
parameters of the three distributions, as well as a few other variables used in this study (Table S2.1). Furthermore,
the extreme precipitation estimates and parameters of the Gumbel distribution are included in the dataset. As the
dataset contains a variety of ready-to-use information on the global domain, it has many potential applications.
This dataset is particularly valuable for data-sparse regions, or policy makers that are interested in return value
estimates for a specific region. As this dataset has its own uncertainties, in this section we provide some possible
uses of the dataset, and instructions and disclaimers for proper use. We do this both for large or regional-scale
usage as well as for a single cell or point-scale.

Table S2.1: Variables included in the GPEX dataset.
Variable Description
GEV estimate Extreme precipitation return levels estimated using GEV (mm)
POT estimate Extreme precipitation return levels estimated using POT (mm)
MEV estimate Extreme precipitation return levels estimated using MEV (mm)
Gumbel estimate Extreme precipitation return levels estimated using Gumbel (mm)
Observed estimate Observed extreme precipitation return levels (mm)
GEV location parameter Location parameter of the GEV distribution
GEV scale parameter Scale parameter of the GEV distribution
GEV shape parameter Shape parameter of the GEV distribution
GEV heaviness Heaviness amplification factor (hT1−T10−T100) of the GEV distribution
POT location parameter Location parameter for a GEV distribution estimated by fitting the GP distribution
POT scale parameter Scale parameter for a GEV distribution estimated by fitting the GP distribution
POT shape parameter Shape parameter for a GEV distribution estimated by fitting the GP distribution
POT heaviness Heaviness amplification factor (hT1−T10−T100) of the POT distribution
MEV number of events n parameter of the MEV distribution, number of events per hydrological year
MEV scale parameter Scale parameter of the MEV distribution
MEV shape parameter Shape parameter of the MEV distribution
MEV mean number of events Mean of the n parameter of the MEV distribution, mean number of events per hydrological year
MEV mean scale parameter Mean of the scale parameter of the MEV distribution
MEV mean shape parameter Mean of the shape parameter of the MEV distribution
MEV heaviness Heaviness amplification factor (hT1−T10−T100) of the MEV distribution
Gumbel scale parameter Scale parameter of the Gumbel distribution
Gumbel shape parameter Shape parameter of the Gumbel distribution
Annual maxima Annual maximum precipitation for each hydrological year (mm)
Start hydrological year Number indicating the month in which the hydrological year starts
Running parameter Running parameter (hours) of the declustering method by Marra et al. (2018)
Land mask Mask used for this study to indicate land cells and ocean cells
Outliers Number of 3-hourly blocks that exceed 30 st dev above the mean and are excluded from our study

S2.8.1 Large-scale applications

The GPEX dataset contains global scale extreme precipitation estimates and its parameters at a spatial resolution
of 0.1◦, covering 3-hourly to 10-day durations. The dataset contains information about precipitation extremes for
the entire Earth’s land surface except Antarctica. The estimates of three distributions described in chapter 2 of the
dissertation, as well as the return levels as observed, and estimated using the Gumbel distribution are included in
the dataset. Among the three distributions, the traditional GEV and POT provide comparable large-scale average
extremes, although differences can be substantial at smaller scales. When using the dataset at regional scales, we
advise taking the average of the precipitation estimates, as neighboring cells could differ. Note that since only 38
years of data were available, the fitted model parameters and associated return values are subject to considerable
uncertainty. Furthermore, we acknowledge that the use of just one dataset does not represent the true uncertainty
in the generation of the dataset created. We do not think this affects our results for observed global spatial patterns
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significantly, but in a practical setting we recommend verifying the estimates with local observations if available,
and to reproduce the precipitation return level estimates with a full uncertainty range estimation.

The novel MEV distribution provides more spatially coherent patterns of the extremes. Its mean shape parameter
for daily events captures the (heavy-)tail behavior, and follows orographic patterns. The extremes estimated by
MEV are higher than those estimated by GEV and POT. However, for large return periods and long durations,
MEV can overestimate the extremes, due to the small number of events available for the fitting. We, therefore,
recommend analyzing the extremes of all distributions in this dataset to obtain an indication of the uncertainty.

S2.8.2 Small-scale applications

The dataset is also suitable for small-scale applications either in comparative studies or for direct use in data sparse
regions, but one should be aware of the different statistical characteristics of point-scale and grid-scale. Due to
averaging effects in gridded datasets, precipitation extremes of point-scale observations are higher (Cavanaugh and
Gershunov, 2015; De Michele et al., 2001; Ensor and Robeson, 2008; Hu et al., 2020; Sivapalan and Blöschl, 1998;
Zorzetto and Marani, 2019). Illustrative examples of two locations, Vienna and San Francisco, are included in
Figure S2.16. Analysis of the return level plots shows the estimates of the three distributions discussed in chapter
2 of the dissertation, as well as the estimates using the Gumbel distribution compared to the observed ones. We
converted the annual maximum precipitation to ’observed’ return levels (Figure S2.16e+j). It should be kept in
mind though that these ’observed’ return levels are also different from the ’true’ return levels. For (sub-)daily
durations and low return periods, there is generally a good agreement between the observed return levels and the
estimates of the three EVDs. For longer durations and return periods, however, the estimated extremes deviate
from the observed extremes. This is seen in San Francisco (Figure S2.16f-j) where MEV overestimates and GEV,
POT and Gumbel underestimate the extremes.

0
50

100
150
200
250
300

Pr
ec

ip
ita

tio
n 

de
pt

h 
(m

m
)

a) GEV b)
                                                      Vienna, Austria

 POT c) MEV d) Gumbel e) Observed

10 1001000
0

200
400
600
800

1000
1200

Pr
ec

ip
ita

tio
n 

de
pt

h 
(m

m
)

f) GEV

10 1001000

g)
                                                      San Francisco, USA

 POT

Duration [hours]
3 6 12 24 48 72 120 240

10 1001000
Return period (years)

h) MEV

10 1001000

i) Gumbel

10 1001000

j) Observed

Figure S2.16: Return level plots for specific locations and different distributions. a–e) Vienna, Austria (48.234◦N,
16.415◦E) and f–j) San Francisco, California, USA (37.784◦N, 122.400◦W). Observed (e & j) are the annual maxima
converted to return periods.
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Furthermore, increasing event durations result in lower shape parameters (less heavy tails), which was seen for
all three distributions discussed in chapter 2 of the dissertation. An implication of this is that for long-durations
the shape parameter indicates a finite endpoint (GEV and POT), or a very thin tail (MEV), while heavier tails
are generally observed for short-durations. When estimating very large return periods (e.g., T500), it is therefore
possible for shorter duration estimates to be have a greater depth than the corresponding quantiles computed
for longer durations, which is physically impossible (see also Figure S2.16a,b,f and g). Additionally, Papalexiou
and Koutsoyiannis (2013) argued based on long time series that the true population GEV shape parameter of
daily precipitation lies between exponential and heavy-tail behavior, and thin-tails lead to an underestimation of
the extremes. For applications where underestimation is undesirable, we have included the extreme precipitation
estimates using the Gumbel distribution as well. The Gumbel distribution is an exponential distribution, and equal
to the GEV distribution where the shape parameter equals zero. Therefore, if the shape parameter of GEV or POT
is negative, the Gumbel estimates could be used instead in order to avoid underestimation.

To get a better understanding of the range and uncertainty of a single cell location, we recommend to look
at return level plots of the four distributions at the cell of interest in combination with its neighboring cells.
This is particularly important for GEV and POT, due to the absence of coherent spatial patterns and the erratic
manifestation of the tail behaviors. Previous results show that the benefits of MEV over GEV are greater for large
return periods relative to the sample size available for the fit (Zorzetto et al., 2016). Hence, for the estimation of
large quantiles, MEV may be presumed to be more accurate. Depending on the practical application one could
then choose to use the most extreme value, use the MEV value, use the Gumbel value in case of a negative shape
for GEV or POT, or use a spatial average of the GEV and POT estimates.
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Figure S3.1: The relative entropy DKL of the seasonality of extreme daily precipitation occurrences (eq. 1) as the
mean value over 13 × 21 grid cells for 6 different regions (1 per panel). The lines in each panel correspond to the
value of DKL calculated with different threshold for what is considered an extreme event: from 1 event per year up
to 2 events per month. Panel a is southern United States (latitudes 29 to 32, longitudes -85 to -90), panel b is the
Brazilian Highlands (latitudes -8 to -11, longitudes -35 to -40), panel c is the Amazone (latitudes 0 to 3, longitudes
-55 to -60), panel d is Kenya (latitudes 1 to -2, longitudes 35 to 40), panel e is northwestern Africa (latitudes 9 to
12, longitudes 0 to 5), and panel f is northwestern Europe (latitudes 51 to 54, longitudes 3 to 8).
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Figure S3.2: Mean seasonal centroid C (eq. 2) and spread Z (eq. 3) of the seasonality of extreme monthly precipita-
tion occurrences. a) the mean C of all 30-year windows that were analysed in this study per grid cell using calendar
years, and b) the mean C shifted by 6 months. Panel c) the mean Z of all 30-year windows that were analysed in
this study per grid cell using calendar years, and d) the mean Z shifted by 6 months. Dry areas, namely the cells in
which the mean value of the 90th highest rainfall event in the 30-year windows is below 5 mm day−1, are masked.
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a) Fig. 2e correcting for field significance: p *
FDR = 0.0759

1.000 0.626 0.313 0.000 0.313 0.626 1.000
Spearman rank correlation coefficient of DKL

b) Fig. 4e correcting for field significance: p *
FDR = 0.0771

1.000 0.624 0.312 0.000 0.312 0.624 1.000
Spearman rank correlation coefficient of C

Figure S3.3: Panel (a) Fig. 2e, the Spearman rank correlation coefficients of DKL, correcting for field significance,
and panel (b) Fig. 4e, the Spearman rank correlation coefficients of C, correcting for field significance. Field
significance is estimated using the false discovery rate (FDR) by Wilks (2016, eq. 3) to calculate the value of p that
is significant: p∗FDR = i = 1, ..., Nmax[p(i) : p(i) ≤ (i/N)αFDR], where αFDR = 2αglobal for αglobal = 0.05.
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Table S4.1: Spearman’s rank correlation (rs) between the median change (mc-Crel,t,x, eq. 2) and being member of
the T1 or T100 family for the 25 analysed CMIP6 GCMs. rs indicates the Spearman rank coefficient, and ***, **
and * respectively indicate the 99.99%, 99.9% and 99% significance levels.

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
rs 0.29 0.34 0.38 0.35
Significance * ** *** **

Table S4.2: Statistical significance of the median change in the 100-year return level (Crel,100,x, eq. 2) being larger
than the median change in the 1-year return level (Crel,1,x, eq. 2) for each of the CMIP6 GCMs . ***, ** and *
respectively indicate the 99%, 98% and 95% significance levels.
Model SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
ACCESS-CM2 *** *** *** ***
BCC-CSM2-MR *** *** ***
CAMS-CSM1-0 *** ***
CESM2-WACCM *** *** ***
CESM2 ** ** *** ***
CMCC-CM2-SR5 * *** ***
CNRM-CM6-1 *** *** ***
CNRM-ESM2-1 *** *** ***
CanESM5 *** *** ***
EC-Earth3-Veg ** *** *** ***
EC-Earth3 ** *** *** ***
FGOALS-g3
GFDL-ESM4 ** ***
IITM-ESM *** *** ***
INM-CM4-8
INM-CM5-0
IPSL-CM6A-LR * *** ***
KACE-1-0-G *** *** *** ***
MIROC-ES2L * *** ***
MIROC6 *** ***
MPI-ESM1-2-HR *** *** ***
MRI-ESM2-0 *** *** ***
NorESM2-LM
NorESM2-MM * ***
UKESM1-0-LL *** *** *** ***
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Table S4.3: Weighted mean change for the 1-year return levels between the historical (1971-2000) and four future
SSP scenarios (2071-2100) for the IPCC WGI reference regions (version 4), as well as global land cells and all global
cells (italic). A positive change indicates that the future 1-year return levels will increase.
Abbreviation Region SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

GIC Greenland/Iceland 12.40 18.22 26.41 34.15
NWN N.W.North-America 14.29 18.82 24.80 30.97
NEN N.E.North-America 13.97 19.36 25.15 31.89
WNA W.North-America 8.23 11.75 13.84 18.84
CNA C.North-America 7.84 9.39 12.78 16.11
ENA E.North-America 9.95 14.03 18.02 21.92
NCA N.Central-America 5.89 7.32 8.72 9.63
SCA S.Central-America 5.77 7.47 2.84 5.16
CAR Caribbean 1.99 2.00 -7.58 -7.90
NWS N.W.South-America 11.03 19.66 23.89 33.92
NSA N.South-America 5.42 8.09 6.91 8.96
NES N.E.South-America 6.66 9.75 13.80 16.16
SAM South-American-Monsoon 5.36 8.09 11.34 14.44
SWS S.W.South-America -1.26 -1.70 -2.84 -2.76
SES S.E.South-America 9.69 13.74 19.33 23.87
SSA S.South-America 8.11 11.60 13.89 18.22
NEU N.Europe 9.22 12.25 17.31 21.33
WCE West&Central-Europe 9.52 12.92 15.89 18.27
EEU E.Europe 10.51 13.75 17.75 20.99
MED Mediterranean 2.28 3.62 3.04 3.20
SAH Sahara 11.73 23.88 54.37 69.52
WAF Western-Africa 13.71 20.51 34.13 41.63
CAF Central-Africa 13.13 20.18 36.46 44.86
NEAF N.Eastern-Africa 16.87 27.53 45.36 60.32
SEAF S.Eastern-Africa 10.97 16.35 23.87 29.43
WSAF W.Southern-Africa 2.04 2.50 1.00 1.20
ESAF E.Southern-Africa 6.15 9.37 12.43 15.44
MDG Madagascar 4.37 6.08 8.81 11.36
RAR Russian-Arctic 17.45 22.73 29.71 36.94
WSB W.Siberia 10.85 14.43 18.75 21.45
ESB E.Siberia 12.14 15.62 20.06 24.60
RFE Russian-Far-East 15.14 20.28 27.72 35.10
WCA W.C.Asia 8.73 12.77 19.88 22.73
ECA E.C.Asia 15.74 22.01 31.20 36.30
TIB Tibetan-Plateau 12.55 18.21 26.31 35.69
EAS E.Asia 12.01 15.16 21.36 28.08
ARP Arabian-Peninsula 16.77 34.28 43.20 56.48
SAS S.Asia 14.52 20.76 30.13 39.53
SEA S.E.Asia 7.12 11.27 14.14 19.55
NAU N.Australia 5.35 8.43 11.21 13.64
CAU C.Australia 2.20 5.59 5.16 7.83
EAU E.Australia 1.40 6.94 9.85 11.88
SAU S.Australia 4.40 7.46 8.96 12.37
NZ New-Zealand 6.93 11.79 16.58 20.76
EAN E.Antarctica 11.36 18.19 25.20 32.34
WAN W.Antarctica 8.02 12.43 18.01 22.62
ARO Arctic-Ocean 19.10 26.10 34.82 43.74
NPO N.Pacific-Ocean 7.50 10.86 16.48 21.18
EPO Equatorial.Pacific-Ocean 26.45 44.29 59.28 78.93
SPO S.Pacific-Ocean 2.72 5.59 8.95 10.94
NAO N.Atlantic-Ocean 3.78 4.43 1.64 2.33
EAO Equatorial.Atlantic-Ocean 5.99 10.44 11.92 14.33
SAO S.Atlantic-Ocean 3.93 3.10 5.48 5.31
ARS Arabian-Sea 17.44 30.41 42.43 56.45
BOB Bay-of-Bengal 9.23 9.87 13.14 18.26
EIO Equatorial.Indic-Ocean 7.50 11.64 13.77 18.15
SIO S.Indic-Ocean 0.48 2.61 2.73 3.63
SOO Southern-Ocean 7.80 12.01 16.70 21.19
- Global (land) 10.51 15.62 22.39 28.18
- Global (all) 8.63 13.18 18.04 23.07
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Table S4.4: Weighted mean change for the 100-year return levels between the historical (1971-2000) and four future
SSP scenarios (2071-2100) for the IPCC WGI reference regions (version 4), as well as global land cells and all global
cells (italic). A positive change indicates that the future 100-year return levels will increase.
Abbreviation Region SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

GIC Greenland/Iceland 13.11 18.62 27.59 35.48
NWN N.W.North-America 14.39 18.74 25.44 32.01
NEN N.E.North-America 14.23 19.92 26.07 32.68
WNA W.North-America 10.51 14.57 18.42 24.41
CNA C.North-America 9.55 12.65 17.47 22.93
ENA E.North-America 11.54 17.07 22.87 28.14
NCA N.Central-America 13.14 17.94 24.87 28.94
SCA S.Central-America 10.05 14.64 15.77 27.45
CAR Caribbean 4.23 6.84 1.06 1.85
NWS N.W.South-America 14.43 27.82 33.72 47.48
NSA N.South-America 10.01 17.85 22.69 30.06
NES N.E.South-America 11.01 16.78 27.17 35.16
SAM South-American-Monsoon 10.34 17.12 25.61 33.00
SWS S.W.South-America 5.39 8.48 9.83 13.95
SES S.E.South-America 12.90 19.10 27.21 34.34
SSA S.South-America 10.62 17.70 21.94 29.61
NEU N.Europe 10.50 14.45 19.89 25.38
WCE West&Central-Europe 12.07 16.78 21.67 26.33
EEU E.Europe 12.25 16.09 21.40 26.27
MED Mediterranean 8.55 12.96 18.16 21.16
SAH Sahara 20.39 38.63 68.23 89.68
WAF Western-Africa 17.33 28.80 53.43 67.34
CAF Central-Africa 16.64 26.87 51.82 66.29
NEAF N.Eastern-Africa 21.10 35.51 56.22 70.13
SEAF S.Eastern-Africa 12.94 18.95 30.21 36.93
WSAF W.Southern-Africa 10.17 13.55 14.79 19.76
ESAF E.Southern-Africa 13.38 18.53 26.66 33.13
MDG Madagascar 10.76 14.29 22.53 30.41
RAR Russian-Arctic 15.36 19.28 24.96 30.90
WSB W.Siberia 10.96 14.27 19.24 23.13
ESB E.Siberia 12.19 15.66 20.48 25.58
RFE Russian-Far-East 15.79 21.29 30.16 38.24
WCA W.C.Asia 11.68 18.21 28.17 32.60
ECA E.C.Asia 16.40 21.82 31.12 38.25
TIB Tibetan-Plateau 13.50 19.38 29.95 41.68
EAS E.Asia 13.15 18.25 27.72 36.70
ARP Arabian-Peninsula 23.23 42.95 54.35 62.60
SAS S.Asia 17.58 25.86 42.18 57.37
SEA S.E.Asia 9.07 14.74 22.08 29.95
NAU N.Australia 14.05 20.62 26.64 33.29
CAU C.Australia 14.47 17.53 23.70 31.39
EAU E.Australia 5.39 13.57 21.63 25.78
SAU S.Australia 9.30 16.40 22.80 29.69
NZ New-Zealand 10.63 17.61 26.69 32.49
EAN E.Antarctica 12.43 20.63 27.47 34.98
WAN W.Antarctica 8.35 13.05 18.98 23.94
ARO Arctic-Ocean 16.14 21.93 29.13 37.01
NPO N.Pacific-Ocean 10.60 15.49 23.50 29.74
EPO Equatorial.Pacific-Ocean 24.26 39.95 50.50 67.82
SPO S.Pacific-Ocean 10.45 18.45 25.11 30.48
NAO N.Atlantic-Ocean 9.04 12.11 12.13 14.99
EAO Equatorial.Atlantic-Ocean 6.20 11.07 15.62 17.62
SAO S.Atlantic-Ocean 11.97 14.10 19.03 23.89
ARS Arabian-Sea 19.56 29.27 38.97 51.00
BOB Bay-of-Bengal 11.32 11.33 17.59 26.38
EIO Equatorial.Indic-Ocean 8.74 13.15 16.48 23.61
SIO S.Indic-Ocean 5.92 11.28 15.26 18.96
SOO Southern-Ocean 9.35 14.75 21.34 27.45
- Global (land) 13.50 20.43 30.27 38.34
- Global (all) 11.92 18.32 25.48 32.54
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Figure S4.1: The 100-year return level of daily precipitation mean across 25 CMIP6 models for (a) historical (1971-
2000) and (b) SSP5-8.5 future (2071-2100) periods. The individual model results are shown in Supplementary
Figures S4 and S5. Dry areas (weighted mean of less than 3 events per year) are masked in grey. This figure is the
unweighted version of Figure 4.1.
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Figure S4.2: Relative change of the (a) 1, (b) 10 and (c) 100-year return levels of daily precipitation expressed
as mean across 25 CMIP6 models for the SSP5-8.5 future period (2071-2100) with respect to the historical period
(1971-2000) (eq. 2). Hatching is in the locations where >75% of the models agree on the sign of the change. Dry
areas (weighted mean of less than 3 events per year) are masked in grey. This figure is the unweighted version of
Figure 4.2.
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Figure S4.3: Difference in mean change for the 100- and 1-year return levels between the historical and future SSP
scenarios (a) 1-2.6, (b) 2-4.5, (c), 3-7.0 and (d) 5-8.5. Panel d is the difference of Figure S4.2c and Figure S4.2a.
A positive change indicates that the 100-year return levels will increase relatively more than the 1-year return level
(eq. 2). The hatching represents areas where more than 75% of the models agree on the sign of change. Dry
areas (weighted mean of less than 3 events per year) are masked in grey. This figure is the unweighted version of
Figure 4.4.
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Figure S4.4: The 100-year return level for the historical (1971-2000) extreme daily precipitation for 25 CMIP6
model simulations.
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Figure S4.5: The 100-year return level for the SSP5-8.5 future (2071-2100) extreme daily precipitation for 25 CMIP6
model simulations.
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Figure S4.6: The standard deviation of the 100-year return level of daily precipitation weighted across 25 CMIP6
models for (a) historical (1971-2000) and (b) SSP5-8.5 future (2071-2100) periods. Dry areas (weighted mean of
less than 3 events per year) are masked in grey.
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Figure S4.7: Relative change of the (a) 1, (b) 10 and (c) 100-year return levels of daily precipitation expressed as
weighted mean across 25 CMIP6 models for the SSP1-2.6 future period (2071-2100) with respect to the historical
period (1971-2000). Hatching is in the locations where >75% of the weighted models agree on the sign of the
change. Dry areas (weighted mean of less than 3 events per year) are masked in grey.
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Figure S4.8: Relative change of the (a) 1, (b) 10 and (c) 100-year return levels of daily precipitation expressed as
weighted mean across 25 CMIP6 models for the SSP2-4.5 future period (2071-2100) with respect to the historical
period (1971-2000). Hatching is in the locations where >75% of the weighted models agree on the sign of the
change. Dry areas (weighted mean of less than 3 events per year) are masked in grey.
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Figure S4.9: Relative change of the (a) 1, (b) 10 and (c) 100-year return levels of daily precipitation expressed as
weighted mean across 25 CMIP6 models for the SSP3-7.0 future period (2071-2100) with respect to the historical
period (1971-2000). Hatching is in the locations where >75% of the weighted models agree on the sign of the
change. Dry areas (weighted mean of less than 3 events per year) are masked in grey.
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Figure S4.10: Relative change of daily precipitation extremes simulated with GEV using 25 CMIP6 GCMs for the
future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the historical
period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted median
values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility. The models are in the same order as Figure 4.3.
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Figure S4.11: Relative change of daily precipitation quantiles directly observed from the simulation of 25 CMIP6
GCMs for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 0.3, 3 and 30-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility. The models are in the same order as Figure 4.3.
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Figure S4.12: Relative change of daily precipitation extremes simulated using 3 variants of the ACCESS-CM2
GCM for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.13: Relative change of daily precipitation extremes simulated using 2 variants of the CESM2 GCM for
the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the historical
period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted median
values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.14: Relative change of daily precipitation extremes simulated using 50 variants of the CanESM5 GCM for
the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the historical
period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted median
values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.15: Relative change of daily precipitation extremes simulated using 4 variants of the EC-Earth3-Veg
GCM for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.

S45



r1
i1

p1
f1

r2
i1

p1
f1

r3
i1

p1
f1

r4
i1

p1
f1

11
i1

p1
f1

13
i1

p1
f1

15
i1

p1
f1

0

10

20

30

40

50

60

70

ch
an

ge
 (%

)

SSP1-2.6

T100
T10
T1

r1
i1

p1
f1

r2
i1

p1
f1

r3
i1

p1
f1

r4
i1

p1
f1

11
i1

p1
f1

13
i1

p1
f1

15
i1

p1
f1

SSP2-4.5

T100
T10
T1

r1
i1

p1
f1

r2
i1

p1
f1

r3
i1

p1
f1

r4
i1

p1
f1

11
i1

p1
f1

13
i1

p1
f1

15
i1

p1
f1

SSP3-7.0

T100
T10
T1

r1
i1

p1
f1

r2
i1

p1
f1

r3
i1

p1
f1

r4
i1

p1
f1

11
i1

p1
f1

13
i1

p1
f1

15
i1

p1
f1

SSP5-8.5

T100
T10
T1

EC-Earth3

Figure S4.16: Relative change of daily precipitation extremes simulated using 7 variants of the EC-Earth3 GCM for
the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the historical
period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted median
values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.17: Relative change of daily precipitation extremes simulated using 3 variants of the FGOALS-g3 GCM
for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.18: Relative change of daily precipitation extremes simulated using 6 variants of the IPSL-CM6A-LR
GCM for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.19: Relative change of daily precipitation extremes simulated using 3 variants of the KACE-1-0-G GCM
for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.20: Relative change of daily precipitation extremes simulated using 3 variants of the MIROC6 GCM for
the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the historical
period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted median
values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.21: Relative change of daily precipitation extremes simulated using 2 variants of the MPI-ESM1-2-HR
GCM for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.

S51



r1
i1

p1
f2

r2
i1

p1
f2

r3
i1

p1
f2

r4
i1

p1
f2

r8
i1

p1
f2

0

10

20

30

40

50

60

70

ch
an

ge
 (%

)

SSP1-2.6

T100
T10
T1

r1
i1

p1
f2

r2
i1

p1
f2

r3
i1

p1
f2

r4
i1

p1
f2

r8
i1

p1
f2

SSP2-4.5

T100
T10
T1

r1
i1

p1
f2

r2
i1

p1
f2

r3
i1

p1
f2

r4
i1

p1
f2

r8
i1

p1
f2

SSP3-7.0

T100
T10
T1

r1
i1

p1
f2

r2
i1

p1
f2

r3
i1

p1
f2

r4
i1

p1
f2

r8
i1

p1
f2

SSP5-8.5

T100
T10
T1

UKESM1-0-LL

Figure S4.22: Relative change of daily precipitation extremes simulated using 5 variants of the UKESM1-0-LL
GCM for the future period (2071-2100) SSP scenario (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5, with respect to the
historical period (1971-2000). Triangle, circle and square markers respectively represent the global area-weighted
median values of the 1, 10 and 100-year return levels. The shaded areas are the area-weighted 25th to 75th percentile
intervals. The dashed lines between markers are added for visibility.
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Figure S4.23: Relative change of the mean number of wet days per year (N parameter for the MEV distribution)
expressed as the weighted mean across 25 CMIP6 models for the (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5 future
periods (2071-2100) with respect to the historical period (1971-2000) (eq. 2). Hatching is in the locations where
>75% of the models agree on the sign of the change. Dry areas (weighted mean of less than 3 events per year) are
masked in grey.
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Figure S4.24: Relative change of the mean Weibull scale parameter C, expressed as the weighted mean across 25
CMIP6 models for the (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5 future periods (2071-2100) with respect to the
historical period (1971-2000) (eq. 2). Hatching is in the locations where >75% of the models agree on the sign of
the change. Dry areas (weighted mean of less than 3 events per year) are masked in grey.
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Figure S4.25: Relative change of the mean Weibull shape parameter W , expressed as the weighted mean across 25
CMIP6 models for the (a) 1-2.6, (b) 2-4.5, (c) 3-7.0 and (d) 5-8.5 future periods (2071-2100) with respect to the
historical period (1971-2000) (eq. 2). Hatching is in the locations where >75% of the models agree on the sign of
the change. Dry areas (weighted mean of less than 3 events per year) are masked in grey. Lower W parameter is
indicative of a heavier tail of the distribution.

S55



GIC
NWN NEN

WNA CNA ENA

NCA

SCA CAR

NWS NSA

NESSAM

SWS SES

SSA

NEU

WCE EEU

MED

SAH

WAF
CAF

NEAF

SEAF

WSAFESAFMDG

RAR

WSB ESB RFE

WCA ECA
TIB EAS

ARP SAS

SEA

NAU
CAU EAU
SAU NZ

EANWAN

ARO

NPO

EPO

SPO

NAO

EAO

SAO

ARS BOB

EIO

SIO

SOO

Figure S4.26: IPCCWGI reference regions (v4). See Table 1 for the region names corresponding to the abbreviations.
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