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ABSTRACT

Heavy precipitation is often the trigger for flooding and landslides, leading to significant societal and
economic impacts, ranging from fatalities to damage to infrastructure to loss of crops and livestock.
Therefore, it is critical that we have a better understanding of how it may be changing in the future. Based on
model projections from phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3 and CMIP5),
future daily precipitation is likely to increase in intensity. The main goal of this study is to examine possible
improvements in the representation of intense and extreme precipitation by a new set of climate models
contributing to phase 6 of CMIP effort (CMIP6) and to quantify its projected changes under the highest
emissions scenario by the end of the current century [i.e., Shared Socioeconomic Pathway (SSP) SSP5-8.5].
Daily precipitation data from six CMIP6 models were analyzed that have a nominal horizontal grid spacing
around 100 km and provide data for the highest emissions scenario SSP5-8.5. Two of the six CMIP6 models
overestimate the extreme precipitation (defined as the 99th percentile of the precipitation distribution) in the
tropics, leading to large biases in the right tail of the daily precipitation over the tropics. Consistent with
the CMIPS results, the CMIP6 models projected increased heavy daily precipitation and increased width of
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Heavy Daily Precipitation Events in the CMIP6 Worst-Case Scenario: Projected

the right tail of the precipitation distribution associated with increased water vapor content.

1. Introduction

Changes in intense precipitation events are one
major concern of climate change. Future climate
projections from phases 3 and 5 of the Coupled Model
Intercomparison Project [CMIP3 (Meehl et al. 2007)
and CMIP5 (Meehl and Bony 2012; Taylor et al.
2012)] projects allowed the investigation of precipi-
tation and other changes under different twenty-first-
century emissions scenarios. Many studies have used
climate simulations by both global climate models
(GCMs) and regional climate models to investigate
changes in the different parts of the daily precipitation
probability density distributions (PDFs), such as the
mean or intense/extreme daily precipitation events
(Wetherald and Manabe 1999; Kharin and Zwiers
2000; Hegerl et al. 2004; Dai 2006; Kharin et al. 2007;
Hegerl et al. 2007; Kiktev et al. 2007; Min et al. 2009;
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Seager et al. 2012; Scoccimarro et al. 2013, 2016; Dai
et al. 2020; Katiraie-Boroujerdy et al. 2019). These
studies found that climate models represent the present-
day heavy precipitation in the extratropics reasonably
well, but there are also large biases in simulating heavy
precipitation in the tropics (e.g., Kharin et al. 2007,
O’Gorman and Schneider 2009; Scoccimarro et al. 2013).
They showed that future heavy precipitation is generally
expected to increase more than the mean precipitation
but the large intermodel disagreement in the tropics re-
duces our confidence on the projections over such do-
main. In particular, our earlier work (Scoccimarro et al.
2013, hereinafter SCOC13) based on CMIPS5 projections
demonstrates that the width of the right tail of the pre-
cipitation event distribution increases almost everywhere,
independently of the direction in which the distribution
evolves in a warmer climate; moreover, the regions af-
fected by strong stretching of the right tail of the pre-
cipitation event distribution in the future correspond to
strong increased availability of water vapor content in the
atmospheric column.

The recent availability of a new set of the historical
and future climate simulations, performed as part of
phase 6 of CMIP (CMIP6; Eyring et al. 2016), makes it
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TABLE 1. CMIP6 models used in this study. The nominal horizontal grid size is defined following the CMIP6 protocol (https://
pemdi.github.io/nominal_resolution/html/summary.html).

Nominal No. of atmospheric
Model Extended model horizontal grid points Institute
acronym name grid size (lat X lon) (country) Reference
BCC_ The Beijing Climate 100 km 160 X 320 Beijing Climate Wau et al. (2019)
CSM2-MR Center Climate System Center (China)
Model 2, Medium
Resolution
CESM2 Community Earth 100 km 192 X 288 National Center for Gettelman et al. (2019)
System Model 2 Atmospheric Research
(United States)
EC-Earth3- EC-Earth Consortium 100 km 256 X 512 European Community EC-Earth (2019)
Veg model 3-Interactive Earth System Model
Vegetation (Europe)
GFDL- Geophysical Fluid 100 km 180 x 288 Geophysical Fluid Guo et al. (2018)
ESM4 Dynamics Laboratory Dynamics Laboratory
Earth System Model 4 (United States)
MRI-ESM2.0 Meteorological Research 100 km 160 X 320 Meteorological Research Yukimoto et al. (2019)
Institute Earth System Institute (Japan)
Model 2.0
NorESM2- Norwegian 100 km 180 X 360 Norwegian @yvind et al. (2020,
MM Meteorological Meteorological manuscript submitted
Institute Institute (Norway) to Geosci. Model Dev.)

possible to evaluate the ability of the new generation of
GCMs in representing intense and extreme precipita-
tion events over the historical period and to quantify
projected changes in the right tail of precipitation
probability distributions by the end of the current cen-
tury. Because horizontal resolution plays an important
role in the representation of precipitation patterns in
terms of both the mean precipitation and extremes (e.g.,
Haarsma et al. 2016; Roberts et al. 2018; Chen and Dai
2019), we may expect a more accurate simulation of the
precipitation distribution in time and space by the new
CMIP6 models as their resolution and physics repre-
sents an improvement over the CMIP5 GCMs.

Within the CMIP6 models, few have a horizontal
spacing dx smaller than 50km. The High Resolution
Model Intercomparison Project (HighResMIP) experi-
ments (Haarsma et al. 2016) were conducted with grid
spacing down to 25km, but these simulations ended at
year 2050. Therefore, currently there are no high-
resolution (dx = 25km) future projections to the end
of the twenty-first century in the CMIP6 data archive.
However, a subset of the CMIP6 models have a nominal
dx of 100 km, which corresponds to the highest resolu-
tion available within the CMIP5 models, with simula-
tions under the highest emissions scenario [Shared
Socioeconomic Pathway (SSP) SSP5-8.5; O’Neill et al.
2016]. These models are the ones selected here to in-
vestigate their ability in representing intense and extreme
daily precipitation at the global scale and to quantify their
projected changes in intense daily precipitation under the

highest emissions scenario available from CMIP6. We
applied the same method of SCOC13 to evaluate the new
CMIP6 models in terms of their ability in simulating the
right tail of the daily precipitation PDFs and to quantify
their projected changes in heavy daily precipitation
events. We also provide additional information on the
projected changes in the other parts of the precipitation
PDFs, building on additional indices (Dai et al. 2018)
described in section 2.

2. Data and methods
a. Model simulations

We used daily precipitation data from model simula-
tions from the CMIP6 archive (Eyring et al. 2016). We
selected six CMIP6 models (Table 1) that have a nom-
inal grid spacing of 100km and provide both historical
and SSP5-8.5 future scenario to the end of the current
century. Table 1 lists the considered models and sum-
marizes their main characteristics. It is important to say
that in the present work the term “CMIP6” just refers to
the CMIP6 subsample listed in Table 1.

Three periods are analyzed:

1) The period 1996-2014 (labeled VALIDATION),
corresponding to the common period between the
“historical”” CMIP6 simulation and precipitation
observations obtained from the Global Precipitation
Climatology Project (GPCP; Bolvin et al. 2009) used
for validation.
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2) The period 1966-2005 (labeled PAST), correspond-
ing to the same 40-yr ‘‘historical” baseline used in
SCOC13, who analyzed CMIP5 simulations under
the RCP8.5 scenario.

3) The period 2061-2100 (labeled FUTURE) from the
run under the CMIP6 high emissions scenario SSP5-
8.5 (O’Neill et al. 2016), the most consistent scenario
with the CMIP5 RCP8.5 (Riahi et al. 2011) used in
SCOC13.

Both boreal summer [June-August (JJA)] and winter
[December-February (DJF)] seasons are considered.
The CMIP6 historical simulation was performed with
observed concentrations (or emissions, depending on
the model implementation) of greenhouse gases, aerosols,
ozone, and solar irradiance, starting from an arbitrary
point of a quasi-equilibrium control run. The SSP5-8.5
scenario follows a rising radiative forcing pathway leading
to 8.5Wm™? in 2100.

Model daily precipitation was evaluated using daily
precipitation data from the latest version [1 degree daily,
version 1.3 (1DD-V1.3)] of the GPCP dataset (Bolvin et al.
2009) on a 1° grid, available from 1996 to 2018. This dataset
is obtained by optimally merging estimates computed from
microwave, infrared, and sounder data observed by the
international constellation of precipitation-related satel-
lites and precipitation gauge analyses. Here we used the
GPCP data (hereinafter referred to simply as observa-
tions) from 1996 to 2014, which is the end year of the
CMIP6 historical simulations. Note that the GPCP’s 1°
grid is very close to the nominal grid size of the selected
models, making it possible for a direct comparison be-
tween them. Otherwise, the high sensitivity of the precip-
itation PDFs to data resolution would make them
incomparable (Chen and Dai 2018). This GPCP dataset
has been used previously to quantify precipitation
changes (e.g., Liu et al. 2009; Shiu et al. 2012) and
evaluate model-simulated intense precipitation (e.g.,
SCOC13; Scoccimarro et al. 2014, 2016; Villarini
et al. 2014).

b. Methods

We estimated the histograms or frequency distribu-
tions of daily precipitation at each grid point using daily
precipitation values within DJF or JJA over the 19-yr
VALIDATION period for historical simulations and
observations. The same was done for the 40-yr PAST
and FUTURE periods. We then computed percentiles
of the daily precipitation (P) time series at each grid
point, which included dry days (i.e., P = 0 cases) in the
series, and defined intense (extreme) events as those
exceeding the 90th (99th) percentile (denoted as 90p or
99p). The choice to include or not the dry days (all days
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or wet days) for the computation of the percentiles for
the investigation of extreme precipitation events has
been extensively discussed in the literature (e.g., Ban
et al. 2015; Schir et al. 2016) and the all-day approach is
used here for consistency with SCOC13. To assess how
intense precipitation might change in intensity, we ex-
amined the future changes in the difference between the
99p and 90p (denoted 99p-90p), as recommended in
SCOC13. The 99p-90p metric aims to define the differ-
ence in the strength of rainfall associated with intense
and extreme precipitation events. This is an additional
piece of information, useful to identify regions where
there are large differences between the amount of pre-
cipitation during extreme and intense events. The pro-
posed metric, thus, is useful to identify potential changes
in the right tail of the precipitation distribution, which,
in turn, can support impact analyses related to floods:
over the regions where heavy precipitation events are
clustered in time, an increase of the 99p-90p indicator
might lead to an increase in flood risk. This difference
metric is defined separately for the VALIDATION,
PAST, and FUTURE climates and used to quantify the
modeled width of the right tail of the precipitation
distribution; it is compared to observations during
VALIDATION and its future change is examined.
Percentiles are computed for each CMIP6 model at
each grid point on its original grid. In addition, we also
evaluated the percentage of dry days (the number of
days with precipitation < 0.1 mm day ! divided by the
total number of days in the period), the frequency of
all types of precipitation (with P > 1 mmday '), the
frequency of light-moderate (1 < P = 20mmday ')
and heavy precipitation (P > 20mmday '), with the
frequency defined as the ratio of the days with such
daily precipitation events divided by the total number
of days in the period following Dai et al. (2018). The
statistics for individual models were then bilinearly
interpolated onto the 1° X 1° grid (same as GPCP) to
allow the bias computation at each grid point and the
multimodel averaging.

3. Results

Despite the increased horizontal resolution in the
CMIP6 models, the representation of the right tail of
the precipitation distribution appears worse than that
in the CMIP5 models (Fig. 1). Compared to observation,
there is a large bias in the CMIP6-simulated 99p-90p
metric, especially during summer. The worsening of
CMIP6 models’ ability in representing the 99p-90p metric
(Figs. 1a,b) compared to the CMIP5 models (Figs. 1c,d) is
mainly due to changes in the bias of the GFDL model,
moving from CMIP5 to CMIP6 version as discussed
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FIG. 1. Measure of the right tail width of the daily precipitation distribution (mm day ') represented as the
difference between the 99th and 90th percentiles of daily precipitation (99p-90p) during the period 1996-2014
obtained from (a),(b) CMIP6, (c),(d) CMIP5 (taken from Fig. 3 in SCOC13), and (e),(f) GPCP observations for

(left) DJF and (right) JJA.

below. In the analyzed CMIP6 ensemble, the 90p sim-
ulated at mid- and high latitudes is in agreement with
observations, but there is a bias of up to 20mm day !
over a significant fraction of the tropical domain, with
model-dependent spatial patterns and signs (not shown).
The main factor responsible for the positive bias in the
99p-90p metric over the tropics is the large 99p bias,

which is also larger than 40mmday ' for two of the
models (BCC_CSM2-MR and GFDL CM4), over a large
fraction of the tropical domain. We verified (not shown)
that for the BCC models, the CMIP6 99p positive bias is
still large but less pronounced than in its CMIP5 version;
and in the GFDL case, over most of the tropics, the
CMIP5 bias was negative (but positive in CMIP6),
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FIG. 2. DJF bias of the 99th percentile of the precipitation (mm day ') as represented by the considered CMIP6
models under the 1996-2014 period with respect to GPCP observations. White patterns indicate regions with

precipitation lower than 0.5 mm day .

partially compensating the BCC positive bias. The 99p
model biases are shown in Fig. 2 for the DJF season, when
also a common model tendency to underestimate ex-
treme precipitation is found over the whole Northern
Hemisphere and conversely a common model tendency
to overestimate extreme precipitation is found over the
whole Southern Hemisphere. The opposite tendency is
shared by all models during JJA, when a positive and
negative bias appears for the whole Northern and
Southern Hemisphere, respectively (Fig. 3). Notably,

the aforementioned common CMIP6 models’ tenden-
cies at the hemispheric scale are not confirmed by in-
tense (90p) events (not shown). The differences found
between CMIP5 and CMIP6 historical results might be
related to the different convection scheme applied in
their CMIP5 and CMIP6 versions. For instance, the
new GFDL model convection scheme is very different
from the one adopted in their previous version. In fact,
to optimize convection in Atmosphere Model 4.0
(AM4.0), a compromise between the mean state and
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FIG. 3. As in Fig. 2, but for JJA.

tropical transients was considered; the compromise
chosen has many realistic features, but also some ev-
ident biases such as a tropical upper-tropospheric
temperature cold bias and an unrealistic precipita-
tion maximum over some regions. For a discussion of
the convection schemes in GFDL CMIP5 and CMIP6
model version the reader is referred to Zhao et al.
(2018). Focusing on the BCC model, the CMIP6 version
still shows a large positive bias over the tropics despite the
slightly lower magnitude for both 90p and 99p, probably

due to the new parameterizations adopted for deep con-
vection and cloud micro/macro physics (Wu et al. 2019).
The described biases in 90p, 99p, and 99p-90p only
partially describe the ability of GCMs in representing the
distribution of precipitation events. To extend the model
evaluation to the entire precipitation distribution, we ver-
ified the CMIP6 models’ ability in representing dry days,
all type, light-moderate, and heavy precipitation (see
methods section): for both DJF and JJA, these biases
confirm previous results (e.g., Dai 2006; Sun et al. 2006;
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FIG. 4. Future changes (%;2061-2100 w.r.t. 1966-2005) in (a),(d) total precipitation, (b),(e) 90p, and (c),(f) width of the right tail of the
precipitation events’ distribution (99p-90p) following the SSP5-8.5 CMIP6 scenario, as averaged over the CMIP6 models for (top) DJF
and (bottom) JJA. White patterns over land indicate regions with seasonal precipitation lower than 0.5 mm day ™.

Chen and Dai 2019) indicating the general model tendency
for too few intense events (when defined based on P >
20mmday ') but too many light-moderate precipitation
events. This is not in contrast with the highlighted positive
bias in 99p over part of the tropical belt: over certain re-
gions there are few modeled heavy events (i.e., fewer days
with precipitation higher than 20 mm day ~* relative to the
observations) but 1% of the events reaching values higher
than the observed ones.

In focusing on future projections for the end of the
current century, using SSP5-8.5, results are very similar
to what emerged in previous CMIP5 models and the
RCP8.5. In fact, average, intense (90p), and extreme
(99p) events projections (Fig. 4)—expressed in terms of

percentage changes—are comparable to what is shown
in Fig. 4 of SCOCI13. During boreal winter, there is a
general increase in precipitation over land, except for
Central and South America, the Mediterranean domain,
and northern India. During boreal summer, there is a
general increase in precipitation over land at latitudes
higher than 55°N, and a strong decrease over southern
Europe, Central America, and part of South America
(up to 60%) emerges (red patterns in Fig. 4d). A less
intense decrease in total precipitation appears also over
western North America, western Africa around 15°N,
the eastern and southern part of South Africa, and most
of the Australian domain (Figs. 4a,d). Future changes in
90p (Figs. 4b,e) mainly follow the described changes in
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FIG. 5. Future changes (percent change in the fraction of days in the season; 2061-2100 w.r.t. 1966-2005) in (a),(d) dry days (P <
0.1 mmday 1), (b),(e) light-moderate days (1 <P < 20mmday '), and (c),(f) heavy days (P > 20 mm day ') following the SSP5-8.5
CMIP6 scenario, as averaged over the CMIP6 models for (top) DJF and (bottom) JJA. White patterns over land in (b), (c), e), and
(f) indicate regions with seasonal precipitation lower than 0.5 mm day .

total precipitation, with the exception of a less pro-
nounced percentage increase over most of the domain
and a more pronounced decrease over eastern Australia.
Projected changes in the right tail of the distribution of
precipitation events are shown in terms of the projected
99p-90p metric (Figs. 4c,f) following SCOC13: also in
this case future projections are again strongly consistent
with CMIPS5 results with a global tendency to a stretching
of the right tail of the precipitation distribution also over
regions where averages and intense events are projected
to decrease (red patterns in Fig. 4; e.g., the Euro-
Mediterranean domain, especially during boreal summer,
and Central America during both seasons). In particular,
these results confirmed the case of south—eastern Europe

during boreal summer, where the width of the right
tail of the distribution increases, even if the values of
nearly the entire precipitation distribution become
smaller (i.e., decreases in total and 90p). The most
pronounced stretching of the right tail of the precip-
itation distribution is expected over central Africa
between the equator and 15°N, with a projected in-
crease of more than 100% in the FUTURE compared
to the PAST period. The projected stretching of the
tails of the precipitation distribution over Southern
China, Indochina, and the Maritime Continent is less
pronounced in CMIP6 SSP5-8.5 than in CMIP5 RCPS.5,
but still representative of the most affected regions to-
gether with Central Africa.

020 1snbny G0 uo 3senb Aq 4pd-0¥606 L PIIRNEZSL86Y/LEILILLIEE/PA-BloILE/IOl/B10 00 oWE S|BUINON/:d)Y WO papeojumoq



1 SEPTEMBER 2020

a) DJF 1966:2005 WCONT

e

c) JUA 1966:2005 WCONT
= o

15's

30 S

45 s ® }

8w 10w 60 W 0 60 E 120E 180 E
0 8 16 24 32 40 48

SCOCCIMARRO AND GUALDI

7639

b) DJF 2061:2100-1966:2005 WCONT

e

Ofow 1w 60 W [ 60 E 120 E 180 E

d) JUA 2061:2100-1966:2005 WCONT

S ; S
= ] ¥ £y =1

&2 © e
¢ ".

45 S|

oW 120 W 60 W [ 60E 120E 180 E

0 2 4 6 8 10 12

FIG. 6. Vertically integrated water content (WCONT; kg m™2), vertically integrated through the atmospheric
column, (a),(c) during the 1966-2005 period and (b),(d) as the increase in 2061-2100 w.r.t. 19662005, averaged

over the CMIP6 models in (top) DJF and (bottom) JTA.

To better highlight projected changes of the shape of
the precipitation distribution, we also considered pro-
jections of dry days, light-moderate, and heavy days.
CMIP6 projections under the considered scenario con-
firm previous findings (Dai et al. 2018; Sun et al. 2007):
we expect an increase of the extreme precipitation
magnitude (already discussed), an increase of the num-
ber of heavy days (Figs. 5Sc,f) and a general tendency to a
reduced amount of light-moderate days (Figs. 5b,e).
The reduction of light-moderate days is more pro-
nounced during JJA over the European domain (see
also Thackeray et al. 2018). Also, the number of dry days
is expected to increase over the tropical belt in both DJF
and JJA,and to decrease in JJA and increase in DJF
north of 50°N (Figs. 5a,d).

4. Discussion and conclusions

It is well known that GCMs are less capable of
simulating intense precipitation than high-resolution
or convection-permitting regional climate models, but
their projected future changes in precipitation distributions

are qualitatively similar (Dai et al. 2020). Here we applied
the same approach used by SCOC13 and Dai et al. (2018)
to investigate the projected changes in the shape of the
daily precipitation distributions in the new CMIP6 models.
In particular, we examined the difference between the 99th
and 90th percentiles of the daily precipitation simulated by
six CMIP6 models with a horizontal grid spacing of
~100km under the SSP5-8.5 scenario to quantify potential
changes in the width of the right tail of precipitation
distributions.

Mean seasonal precipitation and intense precipitation
(the 90th percentile) are simulated reasonably well in
both CMIP5 (SCOC13) and CMIP6 models. However,
two of the six CMIP6 models greatly overestimate the
99th percentile of the precipitation distribution, leading
an overestimation of the 99p-90p difference metric, es-
pecially in the tropics. Based on recent findings on the
link between tropical extreme precipitation and extra-
tropical events (Boers et al. 2019), a degradation of a
GCM'’s ability in representing tropical extreme pre-
cipitation could also affect its ability to simulate such
events over the extratropical domain. This highlights
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the importance of improved precipitation parameteri-
zation, in addition to increased horizontal resolution.

Consistent with the CMIP5 results, CMIP6 projec-
tions suggest that daily precipitation intensity tends to
increase more than mean precipitation over most land
areas under a warmer climate, confirming previous
findings (e.g., Trenberth et al. 2003; Meehl et al. 2005;
Chou et al. 2009; Pall et al. 2007; O’Gorman and
Schneider 2009; SCOC13; Toreti et al. 2013; Scoccimarro
et al. 2014; Trenberth et al. 2015; Zhang et al. 2017;
Carmichael et al. 2018; Sonkoué et al. 2019). This is also
consistent with a higher capacity of the warmer air to hold
moisture contributing to greater moisture convergence
(e.g., Trenberth et al. 2003; Tebaldi et al. 2006) and with
the Clausius—Clapeyron dependence, relevant for heavy
precipitation events (Held and Soden 2006; Scoccimarro
et al. 2015). Thus, the shift toward heavier precipitation
already shown by previous models (Sun et al. 2007,
SCOCI13; Dai et al. 2018) is also confirmed by the last-
generation CMIP6 experiments. Confirming SCOC13,
the width of the right tail of daily precipitation distribu-
tions increases almost everywhere (Fig. 4), independent
of the direction in which the distribution evolves in the
SSP5-8.5 warmer climate. We know that projected changes
of extreme precipitation are driven both by dynamic (mass
convergence) and thermodynamic (moisture content)
tendencies (e.g., Pfahl et al. 2017; Norris et al. 2019; Chen
et al. 2019). Focusing on the thermodynamic compo-
nent, the regions affected by large stretching of the
right tail of the daily precipitation distributions in the
future (blue patterns in Fig. 4) correspond to large in-
creases in atmospheric water vapor content (blue patterns
in Figs. 6b,d). This is consistent with the CMIP5 results
(SCOC13).
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