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1 Comparison of new Europe-wide 2.2km and previous UK 1.5km CPM simulations

Here we document how the new 2.2km CPM results differ from previous UK-only CPM
simulations at 1.5km resolution [Chan et al, 2014a; Kendon et al, 2012, 2014]. The original
CPM simulations have different lateral boundary conditions and are based on an older gen-
eration of the UKMO Unified Model. The previous simulations are listed in Supplementary
Table 1; these include not just the 1.5km simulations themselves but also a series of 12km
RCM and 60km GCM simulations. All of them are compared here. We analyzed the same
model years as in the main text (present: 1999-2008; future: 2099-2108).

The comparison between the 2.2km and 1.5km CPM projections comes with a major
caveat that they are not independent from driving GCM differences. Thus, we discuss the
projection differences in the context of how much they may be related to differences re-
sulting from the underlying driving GCM simulations. Is CPM added-value sensitive to
differences in the driving data?
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1.1 Mean and extreme precipitation biases in the hindcast simulations

Here we focus on the SUK biases between the two CPM hindcasts. NUK is not examined
here as we do not have a 1.5km hindcast simulation over that domain.

The JJA and DJF differences between the 1.5km and 2.2km hindcasts over SUK are
shown in Supplementary Fig. 1. Generally speaking, JJA mean precipitation is higher for
the 1.5km hindcast than the 2.2km hindcast simulation, and this results in an overall pos-
itive (negative) bias for the 1.5km (2.2km) CPM hindcast across SUK relative to the UKS
observations. In the 1.5km CPM hindcast, the wet JJA biases are concentrated over South-
east England — a feature that is absent in the 2.2km hindcast.

DIJF precipitation totals are generally lower in the 1.5km simulation than the 2.2km sim-
ulation, but both hindcasts have more precipitation than the UKS5 observations with positive
biases in Eastern England. The 1.5km CPM hindcast has negative biases over Wales. Over-
all, the JJA and DJF seasonal means for both hindcast simulations are quite comparable, but
there are perhaps some hints that DJF precipitation biases over Wales are lower in the 2.2km
hindcast. The larger negative biases in 1.5km hindcast are consistent with the simulation do-
main being small and Wales being close to the lateral boundaries. These negative biases are
absent from the 2.2km European hindcast as the small simulation domain issue is mitigated.

Overall, the above shows that the lower-resolution (2.2km) model has smaller biases
than the higher-resolution (1.5km) one due to the updated model physics and/or larger do-
main size. A similar result is found in Fosser et al [submitted] with smaller UK-only CPM
simulations in which increased resolution does not reduce the bias.

1.2 UK mean precipitation changes

Moving onto the GCM-driven future projections, we will include comparisons for NUK due
to availability of GCM-driven 1.5km simulation over NUK [Chan et al, 2018]. The 1.5km
and 2.2km CPM-simulated JJA and DJF seasonal means for SUK and NUK are shown in
Supplementary Figs. 2 and 3. The two present-climate JJA simulations (panels b and d of
both figures) are more-or-less comparable for both the NUK and SUK. Over SUK, the 2.2km
present-climate simulation is drier with the 2.2km simulation having less precipitation than
the 1.5km simulation over the southern half of SUK. The opposite is true for NUK, where
the 1.5km present-climate simulation is slightly drier with differences in the southwestern
part of NUK.

Future JJA projections (Supplementary Figs. 2 and 3, panels c and e) are dominated
by a 35-t0-55 % decrease in mean precipitation for both SUK and NUK. Over SUK, the
2.2km future-climate simulation shows a greater fractional decrease than the 1.5km future-
climate simulation (Supplementary Fig. 2, panels ¢ and e). The NUK JJA projections are
closer between the 2.2km and 1.5km simulations, and the decrease is actually smaller for
the 2.2km simulations (Supplementary Fig. 3, panels c and e).

For DJF changes over SUK, both present-climate simulations (Supplementary Fig. 2,
panels g and i) are more-or-less comparable. The 2.2km present-climate simulation has less
negative biases than the 1.5km simulation over the western half of SUK (i.e. Wales) — a fea-
ture that we also find in the hindcast simulations (Supplementary Fig. 1, panels e and f). For
NUK, the 1.5km present-climate simulation is noticeably drier than the 2.2km simulation,
and the differences are again mostly due to differences in the western half of the domain.
On first sight, results suggest that the 1.5km CPM is underestimating orographic and coastal
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precipitation, but this may also be a consequence of the simulation domain being too small
and the orography being too close to the lateral boundaries.

Future DJF projections are shown in panels h and j. The future mean increases are much
larger in the 2.2km simulations than the 1.5km simulations. The 2.2km projected median
increases are 48% and 42% for SUK and NUK respectively, which are 2x and 3x larger
than the 23% and 13% increase for the 1.5km simulations. Hence, the new 2.2km model
projections are a significant upward revision from the ones that we have presented in Chan
et al [2018].

One might suspect large winter mean precipitation differences are related to representa-
tion of the storm track, which is a defining difference between the two driving GCMs. The
question is then whether the DJF differences between two CPM simulations are related to
the differences in the driving GCMs or to structural differences between the two models
or a combination of both. The DJF differences in the present-climate 60km “N216” GCM
simulations and their projections are shown in Supplementary Fig. 4, and we compare this
with Fig. 2 in the main text. For the present-climate simulations, the two GCMs appear to
be showing the same differences that we have found between the two CPMs: the “N216”
present-climate simulation is noticeably drier in the western half of UK. Thus the precipita-
tion differences are likely to be due, at least in part, to the GCM stormtrack/circulation dif-
ferences. The higher 2.2km CPM projected changes are consistent with the higher increases
in the 25km “N512” future-climate simulation especially around the North Sea. Overall, the
DJF differences over orography between two CPM simulations seem to reflect the GCM
differences, in which the 25km “N512” GCM simulation is wetter for the western half of
the British Isles. The influence of the JJA differences between the GCMs (Supplementary
Fig. 4) is less clear; for instance, the 25km “N512” GCM present-climate simulation has a
wetter Southern England than the “N216” GCM, but the differences between the 1.5 and
2.2km CPM present-climate simulations are actually opposite (i.e. 1.5km present-climate
simulation is wetter than the 2.2km present-climate simulation; Supplementary Fig. 2, pan-
els b and d).

1.3 Probability densities of UK hourly precipitation

Mean changes do not necessarily reflect changes at the tail of the probability distribution (i.e.
“extremes”). Extreme hourly precipitation events may be negligible in terms of their contri-
bution to the long-term seasonal mean, and reflect different kind of hydroclimate risks (such
as “rapid” flash flooding instead of droughts and ’slow” flooding). Previous UK CPM hourly
precipitation analyses with the 1.5km CPM simulations have benefited from the availabil-
ity of UK hourly radar observations [Harrison et al, 2000; Kendon et al, 2010]. We extend
the analysis of the new 2.2km simulations with an additional new CEH-GEAR 1hr product
[Lewis et al, 2018]. CEH-GEAR 1hr may provide a more reliable estimate than the radar
observations in regions of poor spatial coverage such as Scotland [Chan et al, 2018].

1.3.1 Frequencies of specific precipitation intensities

To further explore the 1.5km and 2.2km model differences (especially ones from JJA), we
examine the JJA and DJF hourly precipitation histograms for the hindcast and present-
climate simulations in Supplementary Fig. 5'. Data are regridded to a common 12km grid,

' This is the same analysis as in Fig. 6 in Chan et al [2018].
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and results from the additional UM10.1 simulations [see Supplementary Table 2; Fosser
et al, submitted] are included. The histogram probability frequencies (y-axis) go as low as
~ 107 (about ~ 20-some events).

For JJA, all CPM simulations are overestimating (underestimating) the frequencies of
5-20 (< 2) mm/hr events as shown in Berthou et al [2018]. The 1.5km CPM simulations
have more frequent “high” (10+ mm/hr) intensity precipitation than the 2.2km CPM sim-
ulations, and the 2.2km model-simulated frequencies are more consistent with the CEH-
GEAR1hr (but not radar) estimates. In contrast in DJF, the higher 1.5km extreme intensi-
ties actually makes the 1.5km CPM simulations more consistent with the observations. All
simulations fail to capture any DJF 20+ mm/hr events that are observed in both radar and
CEH-GEAR hr.

One would naively link larger CPM grid boxes with higher precipitation intensities,
as moist convective ascent is under-resolved by the lower-resolution model [Hanley et al,
2015]. If this hypothesis is valid, the 2.2km European hindcast simulation would have higher
extreme precipitation intensities than the 1.5km SUK hindcast simulation, which is not true.
The two model simulations have different domain and model physics (see Sec. 2), and such
differences are likely to have an effect on their simulated precipitation intensities. The hy-
pothesis does appear to hold for the “additional” UK 1.5km and 2.2km hindcast simulations
for bins above 10 mm/hr. In this case, the model physics and simulation domain are the
same, hence this is a fairer test of the role of resolution on precipitation intensities. Both
“additional” UK hindcasts have lower frequencies in the high intensity bins than the origi-
nal 1.5km SUK hindcast simulation, suggesting that the 1.5km SUK hindcast is the one that
stands out from the rest.

Due to the lack of 1.5km hindcast simulation for the NUK, the comparisons above are
limited to the 1.5km NUK present-climate simulation (Supplementary Fig. 6). NUK winter
results are generally similar to SUK with models showing similar biases. For JJA, we see
smaller differences between the 1.5km NUK and 2.2km European present-climate simula-
tions for the 104+ mm/hr bins.

The projected JJA/DJF SUK probability distribution changes for the 1.5km SUK and
2.2km European simulations are shown in Supplementary Fig. 7. Future JJA changes for
both simulations are dominated by frequency decreases for bins between 0.1 and 10 mm/hr
and frequency increases for bins above 10 mm/hr and below 0.1 mm/hr. The frequency
decreases for bins between 0.1 and 5 mm/hr are especially severe (50 + % decrease) and are
consistent with the mean changes (Supplementary Fig. 2). In contrast, the increases for 10-
50 mm/hr bins are higher in the 2.2km simulation; for instance, the 2.2km projected increase
for 20-50 mm/hr is 3 X higher than the 1.5km model projections.

DIJF changes (Supplementary Fig. 7, panel b) have even higher frequency increases than
JJA for the 10+ mm/hr bins, yet are without the large negative changes in the lower inten-
sity bins. The DJF increases for the 10-20 mm/hr bins are 4 x larger than the JJA changes;
however, the actual future frequencies are still lower than the JJA frequencies. For the 10-20
mm/hr bin, the 2.2km model projections are about 2x higher than 1.5km model projec-
tions. The same analysis results for NUK are shown in the Supplementary Fig. 8. Much of
the results are qualitatively similar to the SUK, but NUK has higher (lower) JJA (DJF) fre-
quency increases in hourly extremes (10+ mm/hr) than the SUK. Like SUK, the frequency
increases for the higher intensity bins are generally higher for the 2.2km simulations with
the exception of the DJF 20-50 mm/hr bin.

Similar to the mean precipitation changes (Supplementary Sec. 1.2), the above projec-
tion differences are caused by a combination of model physics, domain size, and driving
condition differences. However, both sets of CPM simulations project future increases in
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JJA and DIJF hourly intensities above 10 mm/hr; they only disagree in the magnitude of
the change. The 1.5km SUK hindcast and present-climate simulations have more frequent
high intensity precipitation than the 2.2km hindcast and present-climate simulations; yet,
the 1.5km model projected increases are actually lower than the 2.2km simulations for such
intensities.

1.3.2 Percentile-based comparisons and exceedance of current extreme thresholds

Here we conduct the same spatial pooling analysis for SUK as we performed in main text.
Results are shown in Supplementary Fig. 9, and the 1.5km and 12km simulations are in-
cluded.

For the present-climate simulations, the 1.5km CPM simulation generally has the high-
est percentile values except at the highest percentiles (> 99.99) where the 12km simulations
overtakes the 1.5km simulation. For percentiles below 99, the 2.2km present-climate sim-
ulation is generally comparable with the 1.5km simulation, but the 2.2km CPM intensities
grow at a slower rate than the 1.5km CPM ones at higher percentiles.

For the future projections, there is a general increase in both future percentiles (panel b)
and exceedance rates (panel c¢) for percentiles greater than 99. The only exception is for the
1.5km CPM projections for which changes above the 99.0th percentile are essentially zero.
For percentiles below 99, all model future projections are negative.

The large 12km model projection uncertainties stand out from the rest of the model pro-
jections. Even though the 12km simulations are an intermediate model between the driving
GCM data and the 1.5km CPM simulations, there are large differences in their projected
percentile and exceedance rate changes for percentiles greater than 99. This is traced to an
extreme outlier occurring on 2 days of the simulation (see Supplementary Section 2). There
are much smaller differences between the 2.2km and 25km “N512” model results, in which
projected changes between the 2.2km and 25km simulations are generally not statistically
significant (except for the 99.9 and 99.95 percentiles); however, we note that for percentiles
from 99 up to 99.99, the 2.2km projected increases are consistently higher than the driving
25km “N512” GCM.

In Kendon et al [2012] and Chan et al [2014b], we found large differences in extremes
between the 1.5km and 12km simulations based on data regridded to a common 12km grid.
In Chan et al [2014b], the 12km simulation is prone to large “grid point storms” (for exam-
ple, Williamson [2013]) which cause large shape biases to its probability distribution. We
do see large differences here again at the GCM 25km horizontal scale, but results here also
appear in contradiction with the ones in Kendon et al [2014] and Chan et al [2014a], where
we found a robust increase for 1.5km hourly precipitation extremes at the 12km horizontal
scale. Repeating the above analysis using data regridded to 12km (Supplementary Fig. 10),
we obtain results similar to Kendon et al [2014] with significant increases in 1.5km model
future extremes”. The 12km model future-climate projections at 12km scale are somewhat
higher than the changes at 25km scale, and are similar to the 1.5km model projections ana-
lyzed at 12km; this last result appears to contradict with ones shown in Kendon et al [2014],
but the 12km projections have much higher uncertainties than the CPM projections. On the
removal of a single 2-day event, the 12km aerosol-physics-enabled model results of Kendon
et al [2014] are regained. This indicates that the projected changes for the 12km simulations

2 For instance, both Kendon et al [2014], and the analysis here found the 99.999 percentile exceedance
rate increase to be ~ 5.0 despite different data sampling approaches and different model simulations.
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are highly sensitive to the random sampling of grid point storms in the simulation, and high-
lights the lack of robustness of any projected change to precipitation extremes in this model
(see Supplementary Section 2 below).

The question remains why the 1.5km model projections are so different than the 2.2km
model projections. Clearly, the 1.5km model is driven by a different GCM and it has many
fundamental differences with the 2.2km model — a different simulation domain size and even
different model physics.

Our results suggest that the model projections are horizontal scale dependent. At the
25km “N512” GCM scale, the 25km “N512” GCM projection imposes its own baseline,
and we should expect the 2.2km model projections should be somewhat consistent with
the driving GCM at the driving GCM scale. However, some differences should still be ex-
pected as small scale CPM features are unlikely to upscale exactly; this is hinted at by
the 2.2km projections for moderate/heavy hourly precipitation frequency being consistently
higher than the driving GCM projections. The GCM simulations can only simulate pre-
cipitation systems of scales larger than the GCM resolution. Smaller precipitation systems
simulated by the higher resolution CPMs at sub-GCM scale are a result of fundamentally
different model physics, have their own spatial structure and dynamics, hence may have a
different future projected change. The departure of the 2.2km CPM projection at the 12km
scale from that at the 25km scale is actually added value for the 2.2km CPM. As the 1.5km
simulations are nested through a 12km simulation, the influences from the driving GCMs
are indirect. Analysing the 1.5km simulations at 25km resolution is actually departing from
the resolution of the driving data.

As a final note, Supplementary Figs. 11 and 12 show the variations of the 1.5km and
2.2km CPM projections across different horizontal scales. In addition to the 12km and 25km,
we have added projections at the CPM native (1.5/2.2km) and 60km scale? to the analysis.
The 2.2km projected changes above the 99.9 percentile at the 60km scale are clearly posi-
tive but somewhat less than the projected increase at the 25km scale. For percentiles above
99.0, the projected future increase at the 2.2km native scale by the 2.2km CPM is actually
smallest, but clearly positive. It is the opposite for the 1.5km model projections, in which
the highest increases are found at the native 1.5km scale and go to zero as the horizontal
scales increase. Overall, the projections for both models appear to show different asymptotic
behaviour at the larger horizontal scales, but they also have their own different projection
estimates at scales below driving GCM scales.

2 Understanding the uncertainty in the 12km simulations

Certain assumptions are made during bootstrapping and spatial pooling, and they can be
used to understand the uncertainties for the 12km model projections. Firstly, pooling as-
sumes events have no spatial correlation. Secondly, inter-annual variability and rarity of
outlier events are hard to assess with low number of model years; bootstrapping is sup-
posed to address the former issue ((2X }871) = 92378 possible year combinations for 10-yr
bootstrap), but it cannot address the problem with outliers.

The projected increase in extreme precipitation in the 12km model is traced back to two
consecutive model JJA days with widespread extreme precipitation in the future-climate
simulation. The daily l1hr maximum and daily total precipitation from those two 12-km

3 60km is the resolution of the driving GCM for the 1.5km simulation; hourly precipitation is not available
from the 60km GCM.
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future-climate model days are shown in Supplementary Fig. 13 — a wide area across the
Southeast England with peak hourly intensities exceeding 50mm/hr and daily totals exceed
100mm/dy. To highlight the horizontal scale of the event, daily totals exceeding 100 mm
from Kent northward to the East Midlands — a distance of ~ 300km. Daily precipitation
extremes of such large horizontal scale are not unprecedented for the UK but not with such
hourly intensities [Prior and Beswick, 2008]. The physical realism of such an event is ques-
tionable: such large intensities imply grid point storms, and the cumulus parameterisation
grey zone has collapsed [Molinari and Dudek, 1992].

The blue line in Supplementary Fig. 10 illustrate the effect of removing the above two
model days (“12_outlierX”) by treating them as missing data. The 12km projected future
exceedance change becomes negligible when the outlier is removed, showing the outliers are
having a major impact on the 12km results. The uncertainties are also greatly reduced when
the outliers are removed. In Kendon et al [2014], simulations with additional aerosol physics
were used, and these simulations showed no future increase (yellow line, “12A”, Supplemen-
tary Fig. 10). Projections for the 1.5km simulations with additional aerosol physics (purple
line, “1p5A”) are generally similar to the one without except for the 99.999 percentile. Repli-
cating the methodology used in Kendon et al [2014] with the simulations without aerosol
physics (Supplementary Fig. 14) show a future increase in 12km precipitation extremes, al-
though this is not statistically significant. Hence the differences between here and Kendon
et al [2014] are not caused by differences in analysis methodology, but the presence of an
extreme outlying event in one 12km simulation but not in the other similar simulation with
additional aerosol physics.

We count the number of 12km grid boxes with daily maximum hourly precipitation
exceeding 25mm/hr for the 12km, 2.2km, and 1.5km present- and future-climate simula-
tions (Supplementary Table 3); results from the 12km simulation with aerosol physics are
included (i.e. the “(A)” simulations). Consistent with the projections, the two future-climate
CPM simulations show higher counts than the present-climate simulation. All simulations
show inter-annual variability for the counts; some JJAs have even zero counts. The 12km
future-climate simulation show a future count increase, and stands out with the high count
concentration in one single model JJA; the 87 counts in year 8 are all from the above two-day
event, and accounts for ~ 80% of all counts. Both present- and future-climate 12km simu-
lations with aerosol physics also show high count concentrations in specific years, but the
future projections show a total count decrease; this is in contrast with the total count increase
for the non-aerosol 12km simulations. The only non-12km simulation with high single-year
count concentration is the 1.5km present-climate simulation in which one JJA accounts for
~ 50% of the counts. All other simulations (including the present-climate 12km simulation)
have less single-season dominance. To highlight the higher robustness of the 2.2 and 1.5km
model projections, the future count increase signals for both models are still preserved af-
ter the removal of the JJA with the highest number of counts. In contrast, if one removes
the highest count years from the 12km simulation, this will introduce large changes to the
projection.

As a final note, the probability of not drawing the outlier at all during bootstrap is
(1 — )19 ~ 35% with 10 model years. This may look like a high probability; however,
im0 (1 — %)” = ¢! =~ 36.8%. Hence, we do not know how (un)lucky we are in having
the outlier; there are not enough model years to properly assess the rarity of the outlier.
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Supplementary Table 1 List of UKMO 1.5km CPM, 12km Euro-CORDEX and 60km “N216” GCM sim-
ulations used in the original UK-only simulations. Their UM versions, simulation domains, horizontal size
of grid boxes (H-Res) are also given. The last column either gives the lateral boundary conditions (LBC) for
the CPM simulations or the driving SSTs for GCM simulations. The same model years (present: 1999-2008;
future: 2099-2108) are analysed. Similar to the information shown in Table 1 in the main text, all hind-
cast simulations use the Gregorian calendar and all present- and future-climate simulations use the 360-day

calendar.

Simulation UM ver. Domain  H-Res (km) LBC (RCM) / SST (GCM)
60km present 7.7 Global 60 Daily OSTIA SST [Donlon et al, 2012]
60km future 7.7 Global 60 Daily OSTIA SST + change!
1.5km present-N [Chan et al, 2018] 7.8 NUK 1.5 60km HadGEM3 present [Mizielinski et al, 201412
1.5km future-N [Chan et al, 2018] 7.8 NUK 1.5 60km HadGEM3 future?
1.5km hindcast-S [Kendon et al, 2012] 7.6 SUK 1.5 ERA-Interim [Dee et al, 2011]?
1.5km present-S [Kendon et al, 2014] 7.8 SUK 1.5 60km HadGEM3 present2
1.5km future-S [Kendon et al, 2014] 7.8 SUK 1.5 60km HadGEM3 future [Mizielinski et al, 2014]2
12km hindcast 7.6 Europe 12 ERA-Interim?
12km present 7.8 Europe 12 60km HadGEM3 present®
12km future 7.8 Europe 12 60km HadGEM3 future’

Supplementary Table 2 “Secondary simulations” that are used for specific analyses [Fosser et al, submit-
ted].

Simulation UM ver. Domain  H-Res (km) LBC
“Small-domain” 2.2km hindcast 10.1 UK 2.2 ERA-Interim [Dee et al, 2011]?
“New” 1.5km hindcast 10.1 UK 1.5 ERA-Interim [Dee et al, 2011]>

Supplementary Table 3 The number of SUK JJA grid points with daily maximum hourly precipitation
exceeding 25 mm/h for each model year of the climate change simulations. “P” and ”F” indicate present- and
future-climate simulation respectively. “(A)” indicate the 12km simulations with additional aerosol physics.
Total counts and percentage contributed by the large year are shown at the bottom of the table.

2P 12F 12P(A) 12E(A) 22P 22F 15P 15F 1.5P(A) 1.5E(A)

Y0 <1998” | 5 0 0 0 0 15 0 10 1 2
Y1+1999” | 0 2 0 0 0 22 12 11 11 9
Y22000" | 9 14 7 40 2 30 1 1 4 0
Y3+2001” | 8 0 84 1 7 27 7 10 24 15
Y4+2002” | 12 0 2 0 1 0 15 10 10 12
Y5+2003” | 0 0 2 0 9 19 0 19 0 25
Y6 2004” | 6 0 21 0 6 11 4 3 0 9
Y7+2005" | 0 3 0 0 3 0 0 30 0 11
Y82006” | 0 87 0 0 7 65 42 54 3 35
Y9+2007” | 0 0 0 0 11 0 0 18 0 3

Total 40 106 116 13 46 289 81 166 53 131
Torargesryr | 30 82 72 98 20 41 52 33 45 27

I RCP8.5 greenhouse gas for 2099-2108, SST 1999-2008 with projected change for the end of 21st cen-
tury superposed [Mizielinski et al, 2014].

2 An intermediate 12km EuroCORDEX simulation is used.

3 This is the intermediate 12km EuroCORDEX simulation for 1.5km CPM simulation.
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SUK daily mean precipitation (mm/d)

(a) JJA OBS: median = 2.16 mm (b) JJA HINDCAST15 BIAS: median = 1.1 (c) JJA HINDCAST22 BIAS: median = 0.95

10 15 22 32 48 70 104 153 0.250.310.380.470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0 0.250.310.380.470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0
(d) DJF OBS: median = 2.24 mm (e) DJF HINDCAST15 BIAS: median = 1.02 (f) DJF HINDCAST22 BIAS: median = 1.12

] ]

10 15 22 32 48 70 104 153 0.250.310.380.470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0 0.250.310.380.470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0

Supplementary Fig. 1 Mean biases of the 1.5km (centre column) and 2.2km (right column) SUK hindcasts
for JJA (upper row) and DJF (bottom row). UK gridded daily observations [left column; Perry et al, 2009]
are used to diagnose the mean biases. All presented results (including observations) are for 1999-2008 (i.e.
the 2.2km hindcast years).
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SUK daily mean precipitation (mm/d)

(a) JJA OBS: median = 2.11 mm

(b) JJA PRESENT15 BIAS: median = 1.04

./

i

(f) DJF OBS: median = 2.24 mm

JJA PRESENT22 BIAS: median = 0.87

./

i

DJF PRESENT15 BIAS: median = 1.01

./

i

i) DJF PRESENT22 BIAS: median = 1.07

./

i

0.250.310.380.470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0

(c) JJA PRESENT15 FUT/PRES: median = 0.56

I

(e) JJA PRESENT22 FUT/PRES: median = 0.46

(h) DJF PRESENT15 FUT/PRES: median = 1.23

./

I

(j) DJF PRESENT22 FUT/PRES: median = 1.48

Pa

0.250.310.380470.590.73 0.9 1.111.38 1.7 2.112.613.23 4.0

Supplementary Fig. 2 Biases and projected change for SUK JJA (panels b to e) and DJF (panels g to j)
mean daily precipitation for the 1.5km and 2.2km CPM. The biases are compared against UK gridded daily
observations [panels a and f; Perry et al, 2009]. The observation baseline period is 1998 to 2007 (same as in
the underlying driving SST period).
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NUK daily mean precipitation (mm/d)

(a) JJA OBS: (b) JJA PRESENT15 BIAS:  (c) JJA PRESENT15 FUT/PRES: (f) DJF OBS: (9) DJF PRESENT15 BIAS: () DJF PRESENT15 FUT/PRES:
median = 3.08 mm an = 1.04 median = 0.61 n =0.75 median = 1.13

median = 4.64 mm mediat

10 15 22 33 48 71 104153 10 15 22 33 48 71 104153

(d) JJA PRESENT22 BIAS: ) JJA PRESENT22 FUT/PRES: DJF PRESENT22 FUT/PRES:
dias 11 median = 0.66 median = 1.42

025 031 038 047 059 073 09 111 138 17 211 261 323 40 025 031 038 047 059 073 09 111 138 17 211 261 323 40

Supplementary Fig. 3 Same as in Fig. 2, but for Northern UK (NUK) instead.

(a) MAM Present: land median = 2.09 mm/d(b) JJA Present: land median = 1.78 mm/d (c) SON Present: land median = 2.22 mm/d(d) DJF Present: land median = 2.29 mm/d

(e) MAM Change: land median = 0.87 (f) JJA Change: land median = 0.56 (g) SON Change: land median = 0.8 (h) DJF Change: land median = 1.05

0.25 0.31 0.38 0.47 0.59 0.73 0.9 1.11 1.38 1.7 2.11 2.61 3.23 4.0

Supplementary Fig. 4 Present-climate seasonal means and future projected change for the 60km “N216”
GCM simulations. The panels are (a,e) March-April-May (MAM), (b,f) June-July-August (JJA), (c,g)
September-October-November, and (d,h) December-January-February (DJF).
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100 (a) SUK precipitation histogram - JJA
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(b) SUK precipitation histogram - DJF
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Supplementary Fig. 5 Following Chan et al [2018], the histogram of (a) JJA and (b) DJF hourly precipitation
intensities over SUK for the 1.5/2.2km CPM hindcast/present-climate simulations and observations (radar and
CEH-GEART1hr). The skewness of the precipitation intensities are given in the legend. All data are regridded
to a common 12km grid.
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100 (a) NUK precipitation histogram - JJA
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10° (b) NUK precipitation histogram - DJF
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Supplementary Fig. 6 Same as in Main Fig. 5, but for Northern UK. Note, 1.5km hindcast results are not
available for the Northern UK.
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(b) SUK precipitation histogram - DJF; siglev = 0.05
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0.0-0.1 01-1.0 1.0-2.0 2.0-5.0 5.0-10.0 10.0 - 20.0 20.0 - 50.0 50.0 - 200.0
1.5 fut/present 0.994* 0.953* 1112* 1.532* 3.085* 10.661* inf* inf
2.2 fut/present 0.981* 0.983* 1.210* 1.854% 4.851* 19.794% inf* inf

Supplementary Fig. 7 Same as in Fig. 5, but SUK future change experiments. Future change ratios are
shown in table below; “inf” indicates no counts in the present-climate simulation (i.e. “dividing-by-zero”).
Changes that are significant at the 5% level are marked with asterisks; a two-tailed Y-squared tests are used
with the exception when counts are below 10 in which Fisher’s exact tests are used instead. Note that the
significance tests are for the difference between the two simulations (i.e. Future minus Present) and not for
the ratio between the two; hence, tests can be applied to the situation when the present-climate simulation has

0 counts.
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Supplementary Fig. 8 Same as in Main Fig. 7, but for Northern UK.
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Supplementary Fig. 9 All hour percentiles for data regridded to 25km (top panel) for the 25km “N512”,
2.2km (“2p2”), 1.5km (“1p5”) and 12km present- and future climate simulations. Middle panel shows the
change of the same quantile in the future simulation with the year-block-boostrap-estimated 95% confidence
interval shaded; the actual change ratio is given the table below. Future changes not rejected at the 5% and
10% level from the present-climate baseline are marked with “*” (asterisk/star) and “*” (caret) respectively.
A “+” (plus) sign is used to mark changes that are significantly different from the 25km N512 GCM fu-
ture change at the 5% level. Bottom panel is for changes in present-climate exceedance rates in the future
simulation. Data are regridded to a common 25km “N512” grid before analysis.
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Supplementary Fig. 10 Same as in Main Fig. 9, but with data regridded to 12km grid and 25km “N512”
results excluded (hence no “+” marks). For the 12km model projections, additional results from outlier re-
moval; blue short dashes, “outlierX”) and aerosol physics (“12A”, yellow line; “1p5A”, purple line) are in-
cluded. Note that even the 95% CI for 2.2km projections for the bottom panel are well above the no-change
“1” line, the actual p values are not significant at the 5% level due to positive skew for the CI due to the way
we estimate the null distribution to be (see Section 3.1). The non-rejection at 5% level is often borderline; for
instance, the p-value for 99.999 is 0.031, which is barely above the 0.025 two-tail requirement.
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Supplementary Fig. 11 Same as in Supplementary Fig. 10, but for 2.2km CPM SUK projections only across
different horizontal scales — from native 2.2km to regridded 12km, 25km and 60km.
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Supplementary Fig. 12 Same as in Supplementary Fig. 11, but for the 1.5km CPM simulations only.
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(a) Day 1: Daily Hr Max (b) Day 2: Daily Hr Max
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Supplementary Fig. 13 Daily maximum hourly (top panels) and total (bottom panels) precipitation for the
very large two-day extreme event in the 12km future-climate simulation.
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(a) 12km, DJF
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Supplementary Fig. 14 Same as in Fig. 5 in Kendon et al [2014], but with the 12km and 1.5km simulations
without aerosol physics. Statistically significant changes are marked with asterisks “*”.
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