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Abstract Based on idealized experiments (preindustrial control experiment (PI) and 1% yr�1 increase
(1%CO2) in atmospheric CO2) from 10 general circulation models produced under the Coupled Model
Intercomparison Project Phase 5 and using the fraction of attributable risk, we examine the CO2 effects on
extreme precipitation at the subdaily and daily scales. We find that the increased CO2 concentration
substantially increases the odds of the occurrence of subdaily precipitation extremes compared to the daily
scale in most areas of the world, with the exception of some regions in the subtropics, likely in relation to the
subsidence of the Hadley Cell. These results point to the large role that atmospheric CO2 plays in extreme
precipitation under an idealized framework.

1. Introduction

Climate change can exert strong impacts on both mean climate and weather extremes [e.g., Fischer and
Knutti, 2015; Held and Soden, 2006; Manabe and Wetherald, 1975], and the attribution of precipitation
extremes to human-induced climate change represents a critical question because these extremes are
responsible for flash floods, soil erosion, landslides, and debris flow [e.g., Easterling et al., 2000; Fischer and
Knutti, 2016;Min et al., 2011; O’Gorman and Schneider, 2009; O’Gorman, 2012]. Mean precipitation is projected
to increase in the deep tropics and extratropics and to decrease in the subtropics [e.g., Held and Soden, 2006;
Kharin et al., 2007; O’Gorman and Schneider, 2009; Solomon, 2007]; however, as we move from the central part
of the distribution toward the upper tail, the frequency of occurrence and magnitude of extreme precipita-
tion have shown substantial changes over the decades [Alexander et al., 2006; Fischer and Knutti, 2016; Min
et al., 2011; Westra et al., 2013; Zhang et al., 2013] and have been projected to increase in the future with a
nonuniform spatial pattern [Allen and Ingram, 2002; Fischer et al., 2013; Kharin et al., 2013; Sillmann et al.,
2013]. Closely related to atmospheric moisture content [Allen and Ingram, 2002; Held and Soden, 2006; Pall
et al., 2007], precipitation extremes under anthropogenic forcing are spatially heterogeneous [Donat et al.,
2013; Held and Soden, 2006]. Specifically, precipitation extremes in the extratropics are simulated with
general circulation models (GCMs) to increase at a rate of ~6% K�1, while those in the tropics have strong
discrepancies among GCMs [O’Gorman and Schneider, 2009; O’Gorman, 2012].

Atmospheric CO2 concentration mediates the mean state and extreme events of the hydrological cycle by
altering global mean temperature and atmospheric water vapor content [Bony et al., 2013; Manabe and
Wetherald, 1975;Wu et al., 2013]. Previous studies have mainly focused on extreme precipitation at the daily
and longer scales (e.g., 5 day) [Donat et al., 2016; Kharin et al., 2007, 2013; O’Gorman and Schneider, 2009;
Sillmann et al., 2013; Westra et al., 2014], detecting anthropogenic/human signals on extreme precipitation
using observations and climate experiments [Fischer and Knutti, 2014, 2016; Zhang et al., 2013]. The regional
responses of subdaily extreme precipitation to increased CO2, however, may display different characteristics
compared with those of daily extremes [Barbero et al., 2017; Kendon et al., 2014; Miao et al., 2016; Prein et al.,
2017; Scoccimarro et al., 2015; Westra et al., 2014]. Moreover, subdaily precipitation extremes are likely to
intensify at a higher rate with global warming than daily extremes, because of the stronger convective
precipitation associated with the latent heat released within storms [Utsumi et al., 2011; Westra et al.,
2014]. However, it is still unknown what the sensitivity of subdaily (e.g., 3 h) precipitation extremes to
increased CO2 is both in an absolute sense and relative to daily extremes, though some attention has been
paid to this topic [Kao and Ganguly, 2011; Lenderink and van Meijgaard, 2008]. Do extreme precipitation
events respond to changes in atmospheric CO2 in the same way at the 3 h and daily timescales? Are
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human-induced climate change effects magnified or muted at the subdaily scale? To answer these questions,
we apply the fraction of attributable risk (FAR) [Allen, 2003; Stott et al., 2004] to the 3 h outputs of idealized
experiments (preindustrial control experiment (PI) and 1% yr�1 increase (1%CO2) in atmospheric CO2) with
10 state-of-the-art GCMs of the CMIP5 project.

2. Data and Methodology

The 10 GCMs used in this study include two National Oceanic and Atmospheric Administration (NOAA)
Geophysical Fluid Dynamics Laboratory (GFDL) Earth System Models (GFDL-ESM2M and GFDL-ESM2G), the
Flexible Global Ocean-Atmosphere-Land System model Grid-point Version 2 (FGOALS-g2), the Centre
National de Recherches Meteorologiques (CNRM-CM5), two Commonwealth Scientific and Industrial
Research Organization /Bureau of Meteorology (CSIRO-BOM) models (ACCESS1-0 and ACCESS1-3), Beijing
Normal University Earth System Model (BNU-ESM), Institute Pierre Simon Laplace (IPSL) model (IPSL-CM5A-
LR), the Global Climate Model of the Meteorological Research Institute (MRI-CGCM3), and the Norwegian
Earth System Model (NORESM1-M) (Table 1). The statistics of extreme precipitation in other climate models
are computed on their native grids and then interpolated to the spatial grids of GFDL-ESM2M/
GFDL-ESM2G. We select the above 10models because they provide 3 h precipitation outputs in the PI control
and 1%CO2 experiment for at least 30 year simulations. For the 1%CO2 experiment, we selected only the
simulation years after year 70 (Table 1). Previous studies have comprehensively compared the observed
and simulated extreme precipitation with CMIP5 models, which capture reasonably well the historical
changes of extreme precipitation [e.g., Sillmann et al., 2013; Asadieh and Krakauer, 2015].

Extreme precipitation events are defined as follows. The thresholds as the 95th percentile of the 3 h precipi-
tation are defined separately with respect to seasons and to the entire year (annual). We first calculate the
maximum 3 h precipitation in each month, with three/12 maximum values in a season/year at each grid to
get a larger sample to compute the threshold value. The 95th percentile of the maximum values in each
month of the seasons (or the years for “annual” case) during the full period for the PI control experiment is
obtained as the threshold for defining extreme events. In a similar way, we calculate the thresholds for the
6 h, 12 h, and 24 h scales. By doing this, FAR values at the subdaily and daily scales are based on the same
sample sizes. Therefore, the thresholds are calculated separately for different seasons and for individual
models. The thresholds obtained from the PI control experiments are applied to the 1%CO2 experiment to
calculate the FAR values.

We use the fraction of attributable risk (FAR) as the metric to quantify the impacts of anthropogenic forcing
on precipitation extremes. FAR is defined as follows: 1 � P0/P1, where P0 is the probability of exceeding a
certain quantile (without increased CO2; that is, the 95th percentile of the seasonal/annual maximum
extreme precipitation during the PI control period) and P1 is the probability of exceeding this threshold in
the 1%CO2 experiment (with increased CO2). FAR is considered as the fraction of probability of a particular
event that can be attributed to external influences. We use both the 95th and 90th percentiles as threshold
to calculate FAR in this study. Here P0 and P1 are calculated using the monthly maxima.

Table 1. Information on the GCMs and Experiments Used in This Studya

Models Spatial Resolution PI Control (Length: Year) 1%CO2 (Length: Year)

GFDL-ESM2M 144 × 90 265 130 (71–200)
GFDL-ESM2G 144 × 90 230 130 (71–200)
CNRM-CM5 256 × 128 30 30 (1960–1989)
FGOALS-g2 128 × 60 82 55 (560–614)
ACCESS1-0 192 × 145 30 30 (410–439)
ACCESS1-3 192 × 145 30 30 (360–389)
BNU-ESM 128 × 64 30 30 (1961–1990)
IPSL-CM5A-LR 96 × 96 40 30 (1920–1949)
MRI-CGCM3 320 × 160 30 30 (1961–1990)
NorESM1-M 144 × 96 60 30 (111–140)

aAll the results are based on the r1i1p1 member from each model. The values in parentheses in the last column show
the GCM years used in the analysis of the 1%CO2 experiment.
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3. Results

Figure 1 shows that FAR is positive across much of the globe, particularly in the tropics and extratropics for all
the seasons; this suggests that the occurrence of 3 h precipitation extremes is more likely under greenhouse
forcing from increasing CO2. However, negative FAR values dominate in the subsidence regions close to the
descending branch of the Hadley Cell, indicating that 3 h extreme precipitation events are less likely under
greenhouse forcing (Figure 1, left column). This is consistent with the spatial patterns of daily extreme preci-
pitation, tied with the poleward shift of storm tracks and expansion of the Hadley Cell under greenhouse
forcing [Donat et al., 2016; Fischer and Knutti, 2015; He and Soden, 2017; Kharin et al., 2007, 2013; Sillmann
et al., 2013; Solomon, 2007]. In addition, Pfahl et al. [2017] further found that circulation changes tied with
downdraft of Hadley Cell can explain around half of the decreases in daily extremes in the subtropics.

The FAR values for daily extremes bear strong resemblance to those for 3 h extremes, with generally weaker
magnitudes at the daily scale (Figure 1, right column). The FAR differences between 3 h and daily extremes
are positive almost everywhere across the latitudes, indicating stronger contribution of greenhouse forcing
to 3 h precipitation extremes than to the daily ones (Figures 2 and S1 in the supporting information). The
positive FAR differences are located mainly in the extratropics, with some negative values in the subtropical
subsidence regions (the descending branch of the Hadley Cell) (Figure S1), largely colocated with the

Figure 1. FAR values (shading) for (left column) 3 h and (right column) daily precipitation extremes in December–February
(DJF), March–May (MAM), June–August (JJA), September–November (SON), and January–December (annual) based on
the 1%CO2 and PI control experiments. The results are averaged over the selected 10 GCMs.
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negative FAR values in Figure 1. The results using the 90th percentile to define extremes (Figure S2) bear
strong resemblance to those using the 95th percentile (Figure 1), with slightly larger FAR values.

To further summarize these findings, we divide the global land into 21 subregions [Giorgi and Francisco, 2000]
(Table S1) and calculate FAR values averaged over every subregion (Table 2). Over land, the negative FAR

Table 2. FAR Values for 3 h Extreme Precipitation in the Selected Land Regions Under the 1%CO2 Experimenta

Regions
FAR(DJF)
1%CO2

FAR(MAM)
1%CO2

FAR(JJA)
1%CO2

FAR(SON)
1%CO2

FAR(January–December)
1%CO2

AUS 0.22 0.13 �0.03 �0.04 0.18
AMZ 0.1 0.15 �0.11 �0.01 0.19
SSA 0.39 0.38 0.17 0.33 0.39
CAM �0.31 �0.53 �0.24 �0.03 �0.08
WNA 0.48 0.31 0.13 0.39 0.41
CNA 0.45 0.37 �0.02 0.3 0.35
ENA 0.4 0.22 �0.06 0.32 0.37
ALA 0.53 0.5 0.53 0.57 0.54
GRL 0.5 0.48 0.5 0.54 0.52
MED 0.01 �0.05 �0.25 �0.03 0.1
NEU 0.53 0.41 0.29 0.51 0.47
WAF 0.06 0.01 �0.01 0.16 0.16
EAF 0.19 0.12 0.07 0.3 0.34
SAF 0.07 �0.09 �0.46 �0.26 �0.05
SAH �0.64 �0.33 �0.05 �0.2 �0.11
SEA 0.32 0.27 0.34 0.28 0.41
EAS 0.34 0.4 0.45 0.39 0.45
SAS �0.02 �0.05 0.42 0.34 0.37
CAS 0.29 0.22 �0.1 0.23 0.3
TIB 0.57 0.48 0.41 0.5 0.49
NAS 0.51 0.47 0.4 0.49 0.45

aValues larger than or equal to 0.5 are represented in bold.

Figure 2. Meridional profile of FAR differences between extreme 3 hour and daily precipitation events during DJF, MAM,
JJA, SON, and the entire year (annual) based on the 1%CO2 and PI control experiments. The results are averaged over
the selected 10 GCMs. The light blue boundaries represent the 95% confidence intervals for the FAR differences.
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differences are mainly located in North
Asia and the Sahara. At the annual
scale, FAR differences in 1%CO2 and PI
experiments are generally larger than
or close to 0.1 (Table 2). With very high
population density, these regions are
prone to be impacted by short-term
extreme precipitation, and our findings
suggest that increasing in atmospheric
CO2 would lead to the increased fre-
quency in extreme events. Negative
FAR values are mainly located in
Central America, Western Africa, and
Sahara in the subtropics (Table 2 and
Figure 1). Though the major features
of the spatial patterns of FAR values
are similar for different seasons, there
are some differences in the subsidence
regions. Consistent with the spatial
pattern of FAR differences (3 h–24 h)
(Figure S1), the FAR differences over
land are positive over almost all regions
during all seasons in the 1%CO2 experi-
ment (Table 3).

We further examine whether the FAR differences change gradually with respect to the aggregation time of
precipitation extremes (Figure 3). The globally averaged FAR differences between 3 h and coarser aggrega-
tion times are on average all positive, with the difference between 3 h and daily extreme precipitation being
the largest for all seasons and the entire year. This suggests that FAR tends to decrease gradually by changing
the time scale of the extremes from 3 h to daily in the 1%CO2 experiment. This means that there is a stronger
greenhouse response signal at the subdaily scale.

The probability distributions of extreme precipitation at the 3 h and daily scales exhibit different features,
with a fatter tail in the 3 h extreme precipitation (Figure S3). All the 10 GCMs show a fatter tail for the 3 h
extreme precipitation than for the daily scale, suggesting a higher probability of occurrence of extreme 3 h
precipitation (Figure S3).

We further tried to interpret the FAR results across models, seasons, and temporal scales. P0 of FAR
(FAR = 1 � P0/P1) is always 0.05 because P0 is defined as the probability of exceeding the 95th percentile
in the PI control experiment. Therefore, P1 is the only quantity that can change, and we use it to interpret
the changes in FAR (Figure S4). Overall, P1 at the 3 h scale is larger than that at the daily scale (Figure S4),
supporting a larger FAR value at the subdaily scale.

4. Discussion and Conclusions

In this study we have used outputs from 10 GCMs to examine the CO2 effects on extreme precipitation at the
subdaily and daily scales. Our results are based on two idealized experiments (preindustrial control experi-
ment (PI) and 1% yr�1 increase (1%CO2) in atmospheric CO2), and FAR is used as the metric to quantify
the impacts of anthropogenic forcing on precipitation extremes. We have found that increased CO2 leads
to more likely subdaily extreme precipitation across the globe, except for some subsidence regions in the
subtropics. Our results are consistent with the differences in FAR for extreme precipitation between 2°C
and 3°C warming scenarios [Fischer and Knutti, 2015].

As a caveat to these analyses, the current generation of GCMs cannot explicitly resolve convection and para-
metrization schemes are used to represent convection, leading to potentially large uncertainty in drawing
conclusions on the responses of subdaily extreme precipitation to CO2 forcing [Westra et al., 2014]. This

Table 3. FAR Differences Between 3 h and Daily Extreme Precipitation
in the Selected Land Regions Under the Forcing of 1%CO2 Experimenta

Regions DJF MAM JJA SON January–December

AUS 0.18 0.16 0.41 0.32 0.09
AMZ 0.2 0.15 0.17 0.28 0.1
SSA 0.16 0.19 0.16 0.2 0.11
CAM 0.15 0.42 0.44 0.17 0.14
WNA 0.08 0.12 0.28 0.1 0.08
CNA 0.06 0.1 0.18 0.12 0.07
ENA 0.04 0.11 0.22 0.15 0.08
ALA 0.01 0.04 0.07 0.03 0.03
GRL 0.06 0.08 0.1 0.09 0.05
MED 0.11 0.13 0.37 0.13 0.04
NEU 0.08 0.09 0.17 0.06 0.06
WAF 0.12 0.12 0.13 0.1 0.02
EAF 0.05 0.11 0.18 0.23 0.04
SAF 0.13 0.14 0.28 0.44 0.03
SAH 0.1 0.08 0.04 0.05 �0.01
SEA 0.17 0.25 0.18 0.19 0.11
EAS 0.1 0.12 0.09 0.1 0.07
SAS 0.19 0.3 0.13 0.13 0.06
CAS 0.05 0.14 0.41 0.12 0.05
TIB 0.03 0.09 0.13 0.05 0.05
NAS �0.07 0.05 0.08 0.03 0.03

aNegative values are in bold.
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issue is expected to be mitigated by higher-resolution models [van der Wiel et al., 2016], as those currently
under development as part of the High Resolution Model Intercomparison Project [Haarsma et al., 2016].
Given that our results indicate that there is a stronger greenhouse signal in the 3 h precipitation than at
the daily scale, the increasing spatial resolution will also be instrumental toward a translation of our
findings to impact studies focused, for instance, on flooding. Moreover, the precipitation-temperature
scaling at the subdaily scale and its potential impacts on extreme precipitation under CO2 forcing should
be the topic of future work. Furthermore, the climate models used in this study have different integration
periods and model years for a special experiment (Table 1); this is a limitation of this study that may lead
to different average temperature increases associated with precipitation extremes.

In summary, this study suggests that subdaily extreme precipitation tends to increase at a rate higher than
daily extremes under increased CO2. Therefore, our findings highlight the need to enhance societal resilience
to short-term precipitation extremes, especially in the extratropical regions, where a large portion of global
population is dwelling.

Figure 3. Globally averaged FAR differences between 3 h and 6 h (blue), 3 h and 12 h (yellow), and 3 h and 24 h (red)
extreme precipitation in 1%CO2 and PI during DJF, MAM, JJA, SON, and the entire year (annual). The black dots
represent results from the individual models.
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