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RESEARCH ARTICLE
10.1002/2016MS000715

Impacts of cloud superparameterization on projected daily
rainfall intensity climate changes in multiple versions of the
Community Earth System Model
Gabriel J. Kooperman1, Michael S. Pritchard1, Melissa A. Burt2, Mark D. Branson2, and
David A. Randall2

1Department of Earth System Science, University of California, Irvine, California, USA, 2Department of Atmospheric
Science, Colorado State University, Fort Collins, Colorado, USA

Abstract Changes in the character of rainfall are assessed using a holistic set of statistics based on rain-
fall frequency and amount distributions in climate change experiments with three conventional and super-
parameterized versions of the Community Atmosphere Model (CAM and SPCAM). Previous work has shown
that high-order statistics of present-day rainfall intensity are significantly improved with superparameteriza-
tion, especially in regions of tropical convection. Globally, the two modeling approaches project a similar
future increase in mean rainfall, especially across the Inter-Tropical Convergence Zone (ITCZ) and at high lat-
itudes, but over land, SPCAM predicts a smaller mean change than CAM. Changes in high-order statistics
are similar at high latitudes in the two models but diverge at lower latitudes. In the tropics, SPCAM projects
a large intensification of moderate and extreme rain rates in regions of organized convection associated
with the Madden Julian Oscillation, ITCZ, monsoons, and tropical waves. In contrast, this signal is missing in
all versions of CAM, which are found to be prone to predicting increases in the amount but not intensity of
moderate rates. Predictions from SPCAM exhibit a scale-insensitive behavior with little dependence on hori-
zontal resolution for extreme rates, while lower resolution (�28) versions of CAM are not able to capture the
response simulated with higher resolution (�18). Moderate rain rates analyzed by the ‘‘amount mode’’ and
‘‘amount median’’ are found to be especially telling as a diagnostic for evaluating climate model perfor-
mance and tracing future changes in rainfall statistics to tropical wave modes in SPCAM.

1. Introduction

Anthropogenic climate change is expected to impact the character of precipitation in many ways including
the total amount, frequency, and intensity of rainfall. On global scales, there are energetic constraints that
provide a useful framework to assess these changes: increases in atmospheric radiative cooling require
atmospheric latent heating, i.e., total accumulated surface precipitation, to increase by approximately
1–3% 8C21 [Allen and Ingram, 2002; Pendergrass and Hartmann, 2014a; Stephens and Ellis, 2008] and the
Clausius-Clapeyron relation suggests that rising air parcels should contain on average �7% 8C21 more mois-
ture, setting a lower bound for increases in extreme rainfall if dynamics were to remain unchanged [Allan
and Soden, 2008; Pendergrass and Hartmann, 2014b]. In general, the first constraint is reasonably well repre-
sented by current global climate models (GCMs) contributing to the Coupled Model Intercomparison Project
Phase 5 (CMIP5) [Pendergrass and Hartmann, 2014a] and to some extent these models capture percentage
changes in extreme rainfall that are close to the Clausius-Clapeyron value when taken as a multimodel glob-
al mean [Pendergrass and Hartmann, 2014c].

However, rainfall intensity changes are much less certain on an individual model level and on regional
scales, where the expected response may exceed global Clausius-Clapeyron moisture scaling. Regional
intensity changes depend on large-scale circulation, moisture transport, and local surface sensible and
latent heat fluxes [Seneviratne et al., 2010; Trenberth, 2011], which vary widely across models (e.g., large
uncertainty is found by Martins et al. [2015] and Yin et al. [2013] for the Amazon region and Thibeault and
Seth [2014] for the eastern United States). Observationally constrained estimates suggest that extreme rain-
fall (99.9th percentile rates) should increase by �10% 8C21 in the tropics and only �5% 8C21 at higher lati-
tudes [O’Gorman, 2012; O’Gorman, 2015], but current GCMs are not able to capture these regional variations
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[O’Gorman, 2012]. Individual CMIP3/5 GCMs predict changes that range from �2 to 30% 8C21 for the high-
est percentiles, with the largest model spread in the tropics [O’Gorman, 2012; Pendergrass and Hartmann,
2014c].

Improving our understanding and ability to predict regional changes is of critical importance for society, for
both human water management and natural ecosystems. The frequency of rainfall events largely deter-
mines the prevalence of drought conditions, and the intensity of events can influence surface water runoff
and flooding, both of which have important implications for freshwater storage and availability. However,
confidence in projecting changes in rainfall is limited by an inability of current models to simulate the
present-day representation of these high-order statistical characteristics of rainfall compared to observa-
tions. In general, conventional GCMs tend to produce weak intensity rainfall too frequently compared to
observations, especially over land [Sun et al., 2006; Allan and Soden, 2008]. Making progress on this problem
has been challenging because the physics that drive rainfall production depend on convective processes
that can only be resolved at kilometer scales (less than 4 km), and current operational resolution for most
GCMs participating in CMIP5 is on the order of 100 km. At these scales, as with the upcoming CMIP6
(�25 km), convection is represented by idealized parameterizations [e.g., Arakawa and Schubert, 1974;
Zhang and McFarlane, 1995], which diagnostically estimate convective precipitation from large-scale insta-
bilities rather than explicit prognostic calculation. This requires assumptions about spatiotemporal scales
(i.e., horizontal resolution [Kopparla et al., 2013] and convective adjustment time scales [Gustafson et al.,
2014]) that are poorly known and may vary with region or type of convection.

In this study, we evaluate changes in daily rainfall as simulated by a GCM that avoids these assumptions
and explicitly permits convective-scale processes in a framework that remains coupled to large-scale circula-
tion and global energetics. The approach is called cloud superparameterization (SP), which embeds simpli-
fied cloud-resolving models in each column of a conventional GCM to resolve convection and clouds on
kilometer scales, and replace statistical convective and boundary layer parameterizations [Randall et al.,
2003]. The analysis here focuses on the implementation of this method in several versions of the Communi-
ty Atmosphere Model (CAM and SPCAM), described in detail below, and builds on an assessment of pre-
sent-day/preindustrial rainfall using identical model versions published in Kooperman et al. [2016].

Kooperman et al. [2016] demonstrated that superparameterization improves the intensity of both moderate
and extreme rain rates relative to Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7 rainfall obser-
vations, especially in tropical regions associated with the Madden Julian Oscillation (MJO) and monsoons. In
particular, Kooperman et al. [2016] identified that moderate rainfall rates, which contribute the most accu-
mulated surface rainfall (i.e., peak in the rainfall amount distribution—rainfall amount mode), are better rep-
resented in SPCAM, without sensitivity to horizontal resolution. In contrast, CAM and SPCAM have similar
intensity statistics at high latitudes, where much of the rainfall is produced by resolved-scale process in
CAM, and also show similar mean rainfall and dry day frequency biases. Previous work has shown general
improvements in tropical convection with SPCAM, which captures the convective variability associated with
the MJO [Benedict and Randall, 2009], monsoons [DeMott et al., 2011; Stan and Xu, 2014], and tropical waves
[Khairoutdinov et al., 2005; McCrary et al., 2014]. Simulated organized convective systems in the midlatitudes
during summer have also been shown in SPCAM, particularly in the central United States [Pritchard et al.,
2011; Kooperman et al., 2013]. These improvements in convection contribute to more realistic rainfall inten-
sity shown by Kooperman et al. [2016] on global scales, and previously on regional scales for rainfall timing
and intensity [DeMott et al., 2007; Li et al., 2012; Pritchard and Somerville, 2009a, 2009b; Rosa and Collins,
2013].

SPCAM predictions of future rainfall changes have also been evaluated in several studies. On global scales,
mean rainfall was assessed by Stan and Xu [2014], who found that SPCAM simulates a similar mean pattern
of precipitation change as CAM, with the largest increases in rainfall over the equatorial Pacific, Indian
Ocean, and Maritime Continent, and reductions in rainfall over tropical South and central America and most
subtropical regions. Regionally, along the eastern United States, Zhu and Stan [2015] found an opposite
response in SPCAM relative to CAM—a decrease in precipitation during summer driven by differences in
large-scale modes over the Atlantic Ocean and a local soil moisture reduction. Over the central United
States, Kooperman et al. [2014] assessed rainfall intensity changes associated with mesoscale convective
systems and found a significant increase in the intensity of rainfall from organized summer storms in
SPCAM. Additionally, recent investigation of the response of the MJO to climate forcing demonstrates a
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significant amplification (e.g., stronger, faster, and more frequent) with higher CO2 concentrations [Arnold
et al., 2014] as well as enlargement over warmer sea-surface temperatures [Pritchard and Yang, 2016]. Since
the MJO and monsoonal systems modulate rainfall intensity in the present climate [Kooperman et al., 2016],
changes in these convection systems are also expected to modulate future changes in rainfall intensity.

Here we investigate changes in rainfall, focusing particularly on frequency and intensity on global scales for
the first time, using a set of diagnostics based on precipitation frequency and amount distributions [Kooper-
man et al., 2016; Pendergrass and Hartmann, 2014b]. These diagnostics are described in detail in section 2
below, along with descriptions of the models and simulation design. An overview and general discussion of
the results is given in section 3, and the major findings and conclusions are summarized in section 4.

2. Background

A brief description of the methods, models, and simulations is given here; for more details, see Kooperman
et al. [2016], which presented the present-day/preindustrial analysis methodology on which this climate
change analysis is rooted.

2.1. Methods—Rainfall Distributions
Changes in rainfall characteristics in response to climate forcing are evaluated using several statistics of the
daily rainfall frequency and amount distributions. The distributions were created from histograms with dis-
crete logarithmically spaced rain rate bins following Pendergrass and Hartmann [2014b]. With logarithmic
bin spacing, the bin widths increase with higher rain rates, efficiently sampling rates from drizzle to
extremes, and are related to their bin central value by a fixed percentage—10% in this study (i.e.,
DR/R 5 0.1, where R is rain rate bin centers and DR is the bin widths). We apply a dry day threshold of
0.1 mm d21 (the threshold used in Chou et al. [2012] and Sun et al. [2007]), such that the first bin has an
approximate width of 0.01 mm d21, and there are roughly 100 bins that span rates from 0.1 to
1000 mm d21. Applying this bin structure, the frequency distribution, amount distribution (i.e., amount of
accumulated rainfall contributed by each rain rate bin), and rain rate percentile distribution is calculated
using area weighted averaging over each region of interest. For a full mathematical formulation and
detailed description of this method, see Kooperman et al. [2016] or Pendergrass and Hartmann [2014b].

As demonstrated in Kooperman et al. [2016] and Pendergrass and Hartmann [2014b], evaluating statistics of
these rainfall distributions is a powerful way to assess the representation of simulated rainfall intensity com-
pared to present-day observations across vast geographic areas. An example of the present-day frequency,
amount, and percentile distributions is shown in the black line in Figures 1a–1c, which is depicted on a log-
arithmic rain rate x axis for Figures 1a and 1b, and a logarithmic reduction percentile x axis for Figure 1c,
respectively, to be consistent with the logarithmic bin structure and emphasize the right tail of the distribu-
tion. These plots are useful for visualizing key characteristics of simulated rainfall including: rainy/dry day
frequency (right and left of the green dry day threshold line in Figure 1a, respectively), mean rainfall (light
grey area under the black line in Figure 1b), rainfall amount mode (i.e., the rate that generates the most
accumulated rainfall; dark grey line in Figure 1b), and 99th percentile rate (light blue line in Figure 1c).

These distributions can also be a powerful tool for investigating the rainfall intensity response to climate
change. Pendergrass and Hartmann [2014c] developed a framework for assessing this as a function of the
initial distribution by decomposing the response into two modes, one mode with a fixed percentage
increase in the amount of rain from all rates and another mode capturing a shift in the intensity without
increases to the total amount of rain. This framework was expanded in Pendergrass and Gerber [2016] to
describe changes to the rainfall distribution and their connection to the skewness of the vertical velocity
distribution, which suggests additional modes may also be important. Following this approach, the magni-
tude of these idealized modes must be fit to simulated changes, since there is no theory to describe
changes in the intensity of the entire distribution. Increases in low-level moisture [Allan and Soden, 2008] or
changes in the moist-adiabatic lapse rate [O’Gorman and Schneider, 2009] may provide lower bounds on
extreme rain rate changes, but these could be satisfied by either a shift in the entire distribution or an
increase in the relative amount of rain from only the heaviest rates. The latter implies a change in shape,
which may be difficult to fit to an initial distribution or connect to a theoretical value.
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Here instead of fitting climate changes of the rainfall distribution to predefined modes, we explicitly evalu-
ate changes to specific characteristics of the distribution. Nonetheless, before proceeding, it is useful to
review several idealized climate change modes, which provide a conceptual framework for understanding
key figures in our analysis, and help illustrate how potential changes to the distribution could satisfy theo-
retical physical constraints. As illustrated previously in Pendergrass and Hartmann [2014c], the change in
rainfall distributions associated with an increase (e.g., 2% 8C21 total rainfall amount—orange dashed line), a
shift (e.g., 7% 8C21 for the most extreme percentiles—purple dashed line), and an increase plus shift togeth-
er (increase-shift—blue line) are shown in Figure 1. An alternative response that will prove relevant to CAM’s
rainfall change is also depicted in the red line (increase-broaden), in which half of the distribution captures
the necessary increase in total rainfall and half of the distribution captures the necessary shift in intensity
separately. This response effectively broadens the distribution, increasing the amount of rain on the right
tail without significantly shifting the location of the peak (i.e., amount mode). The full distributions for these
idealized changes are shown in Figures 1d–1f, while the differences relative to the initial distribution (black
line) are shown in Figures 1g–1i, with absolute changes per degree for Figures 1g and 1h and relative per-
cent changes per degree in Figure 1i.
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Figure 1. Precipitation (a, d, g) frequency distribution (%), (b, e, h) amount distribution (mm d21), and (c, f, i) percentile precipitation rates (mm d21) from global annual present-day
GPCP 1DD daily precipitation with idealized amount increases (2% 8C21) and extreme intensity shifts (7% 8C21) for (a–f) distributions, (g, h) distribution change per degree, and (i) distri-
bution percent change per degree. Note that the (a) frequency distribution is shown on a logarithmic y axis to capture the right tail of the distribution, but the (d) frequency distribution
change is shown on a linear y axis. See section 2.1 for more details.
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A general overview of four important distribution characteristics analyzed here (mean rainfall, dry day fre-
quency, extreme rainfall intensity, and rainfall amount mode) is provided in Kooperman et al. [2016], which
also describes their calculation in detail. Here a brief description relevant to changes in the distributions is
given based on the idealized responses depicted in Figure 1.

Mean rainfall changes are depicted in Figure 1h as differences in the integral area above and below zero in
units of mm d21 8C21. The mean can be calculated independently, but visualizing its connection to the dis-
tribution helps discriminate which rain rates contribute most. For example, an intensity shift (purple dashed
line) has no overall mean change; the original distribution (black line) is simply shifted in Figure 1e. Howev-
er, Figure 1h shows that there is an equal reduction in the total accumulated rain from light
(�1–10 mm d21) to moderate (�10–30 mm d21) rates and increase from heavy rates (greater than 30 mm
d21). The amount increase-only (orange dashed line), increase-shift (blue line), and increase-broaden (red
line) have the same overall change in accumulated rain, but when a shift is included the change is produced
by a narrower range of rates on the right side of the distribution. Also, broadening (red line) produces a
smaller reduction in light rain relative to an intensity shift of the entire distribution (blue line). Changes in
mean rainfall are discussed in section 3.2 below.

Dry day frequency (i.e., percent of days with less than 0.1 mm of accumulated rain) changes are most evident
as changes in the frequency distribution of rainy day rates shown in Figure 1g, since ‘‘dry days’’ are not shown
on a logarithmic x axis. With an amount increase only (orange dashed line) the frequency increases across all
rates, indicating a decrease in dry days. Although there is no change in total accumulated rainfall with the
intensity shift only (purple dashed line), there is a large reduction in the frequency of rainy days (i.e., increase
in dry days)—when it rains harder it does not rain as often to produce the same amount of rain. The com-
bined amount and intensity increases (red and blue lines) produce smaller reductions in overall frequency,
especially for the broadening case. Changes in dry day frequency are discussed in section 3.3 below.

Extreme rainfall intensity changes are best represented by the relative percent changes per degree as a
function of rain rate percentiles, focusing especially on the highest percentiles (i.e., 90th to 99.99th), as
show in Figure 1i. Increasing the amount of rain by an equal percentage across all rates (orange dashed
line) produces only a small increase in the intensity of the highest percentiles, while shifting the distri-
bution toward heavier rates (purple dashed line) captures an increase in the intensity of the highest
percentiles. The combined effect of increasing the amount and intensity (red and blue lines) produces a
similar amplification of the highest percentile rain rates as the shift only response, though the increase-
shift (i.e., smooth increase across all rates—blue line) levels off faster than the increase-broaden (red
line) response. Changes in extreme rainfall intensity, focusing on the 99th percentile, are discussed in
section 3.4 below.

The rainfall amount mode is an important metric of moderate rainfall intensity that is represented by the peak
in the amount distribution (dark grey line in Figure 1b; i.e., the rain rate associated with the most accumulated
rainfall), which was highlighted in Kooperman et al. [2016] for its key role in the hydrological cycle. Changes in
the amount mode are especially important because they indicate a change in the intensity of most rain
events, not only the extreme infrequent events. It is preferable to view changes in the mode in context of the
original distribution (Figure 1e) because it can be difficult to interpret the shift in the difference plots alone
(Figure 1h). For example, the shapes of the intensity-only (purple dashed line), increase-shift (blue line), and
increase-broaden (red line) responses in Figure 1h appear very similar, and it is unclear how much the peak of
the distribution shifts. However, the baseline distributions in Figure 1e show clearly that the increase-shift
response (blue line) moves the peak more than the increase-broaden response (red line).

In practice, the amount mode can be difficult to calculate at the grid point level because it depends on a fit
to discrete logarithmically spaced bins, which can be undersampled in regions with infrequent rainfall. Fur-
thermore, changes in the mode calculated based on the distribution are limited to discrete logarithmic dif-
ferences, which can be noisy to visualize geographically. Therefore, a complementary metric, the rainfall
amount median (i.e., the rain rate where half the accumulated rain comes from weaker/heavier rates), which
can be calculated independently of the distribution, is preferable for visualizing the geographic pattern of
moderate rainfall changes. While the mode and median do not measure the exact same feature of the dis-
tribution, they do have very similar present-day geographic patterns, as shown in Kooperman et al. [2016].
Changes in the amount mode and median are discussed in section 3.5 below.
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Another important consideration when evaluating rainfall intensity changes is whether absolute changes
(mm d21 8C21) or percentages changes (% 8C21) are more relevant, and there are compelling arguments
for both: percentages changes are directly comparable to potential theoretical constraints (i.e., 2% 8C21

total amount and 7% 8C21 extreme increases) discussed above, but absolute changes are more relevant to
atmospheric energetics and physical processes (i.e., canopy interception and soil infiltration rates), which
impact surface runoff, flooding, and groundwater. Most importantly, percentages changes potentially mask
biases in the present-day representation of intensity. If the baseline rainfall is weak, as in most GCMs, then
only a small absolute increase is needed to produce a large percentage increase. Likewise, a large absolute
change will yield a small percentage change if the initial distribution is already more intense.

In Kooperman et al. [2016], we argued that the more realistic (and intense) rainfall distributions captured
with superparameterization suggest it more accurately simulates the modulation of rainfall intensity by
important modes of convective variability (e.g., the MJO, monsoons, and tropical waves), and may produce
more reliable climate change projections. Therefore, our analysis below focuses primarily on absolute
changes that take into account the representation of present-day rain rates. This differs from previous stud-
ies that have evaluated percentage changes and have suggested GCMs that capture the expected percent-
age changes are reliable for climate change assessment.

2.2. Community Atmosphere Model
As in Kooperman et al. [2016], here we analyze three conventional and superparameterized (SP) versions of
the Community Atmosphere Model (CAM), coupled within the Community Earth System Model version 1
(CESM1) and the Community Climate System Model version 4 (CCSM4). For this study, CESM1 is run with
both CAM versions 4 and 5 (CAM4 and CAM5), which have important physical parameterization differences,
and CCSM4 is run with CAM4, all using the finite volume dynamical core.

In the following discussion, general results relevant to all three configurations of the conventionally parame-
terized model are referred to by shorthand as ‘‘CAM,’’ while individual model versions are specified as
CCSM4, CESM1-CAM4, and CESM1-CAM5. Each conventionally parameterized version of CAM is also run
with a corresponding superparameterized counterpart (i.e., SPCCSM4, SPCESM1-CAM4, and SPCESM1-
CAM5), and results relevant to all three superparameterized versions are referred to by shorthand as
‘‘SPCAM.’’ Robust effects of superparameterization are made clear by comparing the sets of SPCAM and
CAM, while the impacts of atmospheric model versions are evident comparing (SP)CESM1-CAM4 to
(SP)CESM1-CAM5 and differences due to the coupled system are evident comparing (SP)CCSM4 to
(SP)CESM1-CAM4.

Brief overviews, including differences between model versions, of CAM and SPCAM are provided below. For
the complete scientific descriptions of CAM4 and CAM5, see Neale et al. [2010a, 2010b], respectively, and
for details of SPCAM, see Khairoutdinov and Randall [2001] and Wang et al. [2011]. For details of the other
components of CESM1/CCSM4 (i.e., interactive land, ocean, and sea-ice), see Lawrence et al. [2011] for the
Community Land Model version 4 (CLM4), Smith et al. [2010] for the Parallel Ocean Program version 2
(POP2), and Hunke and Lipscomb [2008] for the Community Ice CodE version 4 (CICE4). A general overview
of the fully coupled system in CCSM4 and SPCCSM4 is given in Gent et al. [2011] and Stan and Xu [2014],
respectively.
2.2.1. Conventional-Parameterization
Both versions of CAM4 and CAM5 represent subgrid deep convection as ensembles of convective updraft
plumes that deplete convective available potential energy at a fixed time scale following the Zhang and
McFarlane [1995] scheme, including entrainment mixing [Raymond and Blyth, 1992] and vertical transport of
horizontal momentum [Richter and Rasch, 2008]. In CAM5, the representation of shallow convection is
updated from the Hack [1994] scheme to the Park and Bretherton [2009] scheme, which is linked to new
parameterizations of moist turbulence [Bretherton and Park, 2009] and cloud microphysics [Morrison and
Gettelman, 2008]. Cloud droplets and ice activate as a function of aerosol particle number and chemical
composition [Liu et al., 2012], and evolve in a two-moment microphysics scheme [Morrison and Gettelman,
2008]. The representation of radiation interactions with clouds, aerosol, and gases has also been updated
from CAM4 to CAM5 with the introduction of the Rapid Radiative Transfer Model for GCMs (RRTMG) [Neale
et al., 2010b; Iacono et al., 2008]. For more details on these parameterizations and other components of
CAM4/5, see Neale et al. [2010a, 2010b].
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2.2.2. Superparameterization
In SPCAM, the parameterizations of deep and shallow convection described above are replaced by array-
mean convective tendencies from embedded cloud-resolving models (CRMs) that represent unresolved
subgrid moist convection explicitly [Benedict and Randall, 2009; Randall et al., 2003]. Each grid-column of
CAM hosts an independent CRM configured at kilometer-scale resolution in two dimensions with periodic
boundaries, which resolves convective-cloud processes on their native scales, while large-scale dynamics
are resolved on the outer GCM grid. Running thousands of embedded CRMs makes SPCAM roughly a 100
times more computer intensive than a conventional GCM, but their independent configuration makes
SPCAM massively parallel and affordable for century-long simulations [Pritchard and Bretherton, 2014; Stan
and Xu, 2014]. The main updates from CAM4 to CAM5 are also present in changes from SPCAM4 (i.e.,
SPCCSM4 and SPCESM1-CAM4) to SPCAM5 (i.e., SPCESM1-CAM5) [Wang et al., 2011], including an interac-
tive aerosol treatment [Gustafson et al., 2008] that links to a two-moment cloud microphysics scheme [Morri-
son et al., 2005] and the RRTMG radiative transfer scheme. For more details on superparameterization in
general, see Khairoutdinov and Randall [2001], and for SPCESM1-CAM5-specific details, see Wang et al.
[2011].

2.3. Simulations and Configurations
The simulations analyzed here were originally designed for two separate experiments with different config-
urations, but each version of SPCAM is consistent with its CAM counterpart.

The (SP)CCSM4 simulations were run with the Representative Concentration Pathway 8.5 (RCP8.5) emissions
scenario (�1370 ppm CO2-equivalent by 2100) for the 21st century [Taylor et al., 2012], and configured with
a GCM horizontal resolution of 0.98 3 1.258 (�18) and 30 vertical levels. In SPCCSM4, the CRM was run with
32 columns at 3 km horizontal resolution oriented in the east-west direction. The first 10 years (2006–2015)
were evaluated as present-day climate (PC) conditions and the last 10 years (2091–2100) were evaluated as
future climate (FC) conditions. A general overview of the results from this experiment design is given by
Meehl et al. [2012] for CCSM4 and Stan and Xu [2014] for SPCCSM4.

The CESM1-CAM4 and CESM1-CAM5 simulations were run as a 4X CO2 experiment with three segments: (1)
fixed preindustrial greenhouse gas concentrations (�285 ppm CO2), (2) CO2 ramp up at 1% yr21 to 4X pre-
industrial concentration, and (3) fixed 4X preindustrial CO2 concentration (�1140 ppm CO2), configured
with a GCM horizontal resolution of 1.98 3 2.58 (�28) and 30 vertical levels. Ten year SPCESM1-CAM4 and
SPCESM1-CAM5 simulations were branched from corresponding CAM runs for the fixed preindustrial and
fixed 4X CO2 segments, using the same GCM-scale configuration and a 32 column CRM at 4 km horizontal
resolution oriented in the north-south direction. To allow the climate to adjust and soil moisture fields to
spin-up after branching, only the last 5 years of each segment are analyzed. For the (SP)CESM1-CAM4 and
(SP)CESM1-CAM5 set of simulations, PC is preindustrial climate and FC (future climate) is 4X CO2 climate.

Results for each model pair (i.e., CAM and SPCAM) are shown at their original resolutions so as to retain the
maximum amount of information, and are therefore evaluated with respect to each other. Though the simu-
lation setup and resolution differs from (SP)CCSM4 to (SP)CESM1-CAM4 and (SP)CESM1-CAM5, we focus on
results that are consistent across all model versions and are statistically significant in the relatively short (10
and 5 years) evaluation periods to identify robust effects of cloud superparameterization on simulated rain-
fall properties.

3. Results

3.1. Temperature Change
Although surface temperature changes are not the focus of this paper, they are used to normalize precipita-
tion changes across the different simulations, and are therefore worth analyzing briefly first. Global annual
mean surface temperature changes are given in Table 1 and the geographic pattern of the change is shown
in Figure 2. The (SP)CCSM4 RCP8.5 simulations produce smaller global mean temperature changes than the
4X CO2 simulations (3.4–3.88C versus 4.9–5.68C). For the simulations based on (SP)CAM4 physics, SPCAM
produces a larger temperature change than CAM, which results from bigger model differences between
present-day/preindustrial temperatures rather than future temperatures. For the simulations based on
(SP)CAM5 physics, SPCAM produces a smaller temperature change than CAM, which may result from
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updates to a two-moment cloud microphysics
scheme, the RRTMG radiation scheme, and/or a
modal aerosol scheme; the relative contributions
from each update cannot be separated with the
current simulations. However, despite the differ-
ences in forcings and model physics, the global
mean changes are fairly consistent across model
versions, as are their geographic patterns of
change. In all simulations, the forcing is large
enough to produce statistically significant differ-
ences between the two averaging periods (FC-PC)

almost everywhere, except in the North Atlantic Ocean south of Greenland due to changes in ocean circula-
tion [Stocker et al., 2013; Stouffer et al., 2006]. Otherwise, all models simulate significant warming every-
where (greater than 38C) with the largest changes over land and at high latitudes (greater than 128C). The
changes in precipitation discussed below are normalized by these global mean temperature changes in
order to fairly compare the response across different model versions and experiments.

Figure 2. Annual mean temperature change (8C) from (a, b) (SP)CCSM4, (c, d) (SP)CESM1-CAM4, and (e, f) (SP)CESM1-CAM5 for (a, c, e) CAM and (b, d, f) SPCAM simulations; stippling
shows significance at 95% confidence based on interannual variability; (SP)CCSM4 is shown at 18 resolution, and (SP)CESM1-CAM4 and (SP)CESM1-CAM5 are shown at 28 resolution.

Table 1. Global Annual Mean Surface Temperature and Surface
Temperature Change (8C)

Models
Present/

Preindustrial
Future

Climate
Climate
Change

CCSM4 14.7 18.2 3.4
SPCCSM4 13.9 17.7 3.8
CESM1-CAM4 13.7 18.8 5.1
SPCESM1-CAM4 13.3 18.7 5.4
CESM1-CAM5 13.5 19.2 5.6
SPCESM1-CAM5 14.2 19.1 4.9
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3.2. Rainfall Distributions Changes
Figures 3–5 evaluate simulated changes in rainfall based on the distributions introduced in Figure 1 and
described in section 2.1 above. These figures are comparable to Kooperman et al. [2016, Figures 2–4], which
assessed the realism of present-day precipitation intensity relative to satellite observations and highlighted
improvements in both moderate (�10–30 mm d21, i.e., peak of the amount distribution—amount mode)
and extreme (greater than 30 mm d21, i.e., right tail of the distributions) rainfall rates with superparameteri-
zation relative to the Tropical Rainfall Measuring Mission (TRMM) rainfall product 3B42 version 7 (TRMM
3B42). Figure 3 analyzes global rainfall distributions of frequency (top), amount (middle), and percentile
rates (bottom) from CAM (red/orange) and SPCAM (light/dark blue) in versions (SP)CCSM4 (left), (SP)CESM1-
CAM4 (center), and (SP)CESM1-CAM5 (right), where dark colors are present-day/preindustrial climate and
light colors are future climate. The same set of distributions are also shown in Figure 4, but only for grid
points with greater than 50% land fraction. Figure 5 further splits the amount distribution into five zonal
average regions: two high-latitude regions (908S–508S and 508N–908N), two subtropical/midlatitude regions
(508S–158S and 158N–508N), and one tropical region (158S–158N). Together these figures highlight
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differences in the rainfall intensity response simulated by CAM and SPCAM, and separate the relative influ-
ence of ocean from land and tropics from middle and high latitudes.

The global frequency distributions (Figures 3a–3c, top) show a consistent response for the right tail in CAM
and SPCAM, which both include more intense rates in future climates. However, the baseline intensity of
the extreme tail in SPCAM is already heavier than CAM, so the future distributions reach much higher rates.
In fact, the future distributions in CAM are still somewhat weaker than even the present-day/preindustrial
distributions in SPCAM. These changes in extreme rainfall intensity are discussed in terms of percentile pre-
cipitation rates below (Figures 3g–3i), since their infrequency requires a logarithmic y axis to visualize.

An enhancement of a distinct oceanic drizzle mode (i.e., 0.8–1 mm d21 peak in the frequency distribution)
is seen in the baseline distributions of all versions of SPCAM and the latest version of CAM (CESM1-CAM5)
[Kooperman et al., 2016]. This signal tends to dominate the climate changes in the frequency distributions
shown with a linear y axis (Figures 3a–3c, bottom), which show an increase in the versions of SPCAM based
on SPCAM4 physics (SPCCSM4 and SPCESM1-CAM4). The origin of the baseline drizzle mode and its
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enhancement with climate change is due to the representation of light rain over the ocean, since these fea-
tures are not present in the land-only distributions (Figures 4a–4c, see supporting information Figure S1 for
ocean-only distributions). Changes in this mode can also be seen clearly as a reduction in dry day frequency
over the ocean in SPCCSM4 and SPCESM1-CAM4 (Figure 7 and section 3.4), which is not seen in correspond-
ing versions of CAM.

Over land (Figure 4) where the drizzle mode is not present, the simulated rainfall climate change is evoca-
tive of the idealized increase-shift and increase-broaden responses (red and blue lines in Figure 1) discussed
in section 2.1 above. All models simulate a reduction in the frequency of light rain (less than 10 mm d21)
and an increase in heavy rain (greater than 30 mm d21). The reduction in light rain frequency is much great-
er in SPCAM than CAM, suggesting a larger increase-shift of the entire distribution in SPCAM, versus more
of an increase-broaden of the distribution in CAM. Likewise, the location of the frequency increase is associ-
ated with more intense rain rates in SPCAM than CAM, though the magnitude of the frequency increase is
larger in CAM. This relationship is expected given that movement to the right along the rainfall intensity
spectrum implies a lower frequency is required to produce the same overall amount of accumulated
rainfall.

Figures 3g–3i hone in on the right tail of the precipitation distribution, shown in terms of relative percent-
age changes per degree to be consistent with previous work [Pendergrass and Hartmann, 2014b, 2014c;
O’Gorman, 2012, 2015], which are later contrasted with absolute rain rate changes assessed for the 99th per-
centile (section 3.5). In both CAM and SPCAM, the percentage change in intensity consistently increases
with percentile from the 90th to 99.99th, but there are some interesting and suggestive differences
between the two models. In SPCAM, the maximum increase levels off around the 99.5th percentile and
ranges from 5 to 7% 8C21 across all model versions with a shape similar to the idealized increase-shift
response. In CAM, the intensity steadily increases through the 99.99th percentile, with more similarity to the
idealized increase-broaden response and a maximum range twice as large as SPCAM from 7 to 11% 8C21

across versions. The convex shape of the percentile distribution in CAM suggests that the extreme rates are
responding independently and increasing in intensity more than the rest of the distribution.

Despite the fact that the present-day/preindustrial distributions in CAM are significantly weaker and less
realistic than SPCAM, and the future changes do not shift as much in terms of absolute rain rates (see Fig-
ures 3a–3c) [Kooperman et al., 2016], the percentage changes are as large or larger in CAM. This is especially
true for the higher (18) resolution version of CAM in CCSM4, which has a percentage change greater than
Clausius-Clapeyron. It is unknown whether this is a realistic response to changes in dynamics as well as low
level moisture, which can produce super-Clausius-Clapeyron changes on regional scales [Berg et al., 2013],
or if it represents an increase in unrealistic grid point storms that occur in some high-resolution convention-
ally parameterized GCMs [Pendergrass and Hartmann, 2014c; Williamson, 2013]. The maximum percentage
change in the higher-resolution version of SPCAM (i.e., SPCCSM4) is more consistent with (but slightly
smaller than) the lower resolution versions (i.e., SPCESM1-CAM4 and SPCESM1-CAM5), especially over land
where all three versions of SPCAM reach a maximum increase of 7% 8C21.

The consistency across resolutions and versions in SPCAM, both for the baseline percentile rates and the
percentage changes, is promising evidence of the potential scale-insensitive nature of superparameteriza-
tion, though it remains to be seen whether this holds for a broader range of outer-GCM and inner-CRM
resolutions.

Differences in how the distributions change between the two models are perhaps clearest in the amount
distributions (Figures 3d–3f). Again, all of the models increase the amount of rain from rates on the right tail
of the distribution, which contributes to an increase in global mean precipitation (section 3.3). In CAM, this
seems to broaden the distribution to the right, without decreasing the amount of light rain or shifting the
peak (‘‘amount mode’’) significantly. In general, CAM has an increase-broaden response (red line in Figure
1b), which appears to independently increase rain on the right shoulder. We speculate this response results
from the separation of large-scale resolved processes (which produces intense rain on the right tail of the
distribution) and local-scale convection (which produces the moderate rainfall peak) in CAM. In SPCAM the
entire distribution appears to be part of both the amount increase and intensity responses, which shift
smoothly across the distribution, with a larger reduction in light rain (less than 10 mm d21) and rightward
shift in the amount mode peak.
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For rates that increase, the additional rainfall is almost the same in both models (i.e., positive area in the
bottom plots of Figures 3d–3f), but the larger reduction in the amount of rain from light rates (i.e., negative
area) in SPCAM contributes to a slightly smaller overall mean change relative to corresponding versions of
CAM (1.64, 1.65, and 1.32% 8C21 for CAM and 1.49, 1.44, and 1.28% 8C21 for SPCAM from versions
(SP)CCSM4, (SP)CESM1-CAM4, and (SP)CESM1-CAM5, respectively; Table 2). This reduction in accumulated
rainfall from light rates is especially prevalent over land in SPCAM (Figures 4d–4f), where it significantly off-
sets the amount increase from heavier rates. The offset does not occur in CAM, which leads to a much larger
increase in mean rainfall over land globally (2.31, 2.46, and 1.51% 8C21 for CAM and 0.75, 1.44, and
20.02% 8C21 for SPCAM from versions (SP)CCSM4, (SP)CESM1-CAM4, and (SP)CESM1-CAM5, respectively;
Table 2). However, the regional structure leading to these global mean changes is complicated and includes
areas of compensating increases and decreases, as will be seen in Figure 6.

To unfold this regional structure, the global amount distributions (Figures 3d–3f) are separated into five
zonally averaged regions in Figure 5, where the two high-latitude regions (908S–508S and 508N–908N)
together and the other three regions (508S–158S, 158S–158N, and 158N–508N) each comprise about 25% of
Earth’s surface area. Note that for the tropical region (Figures 5g–5i), the y axis range is twice that of the oth-
er regions for both the top and bottom plots, as most rainfall occurs in the tropics. From this perspective, it
is clear that the differences between the two models are most pronounced in the tropics, and the results of
superparameterized simulations converge with conventionally parameterized simulations with increasing
latitude.

The high-latitude response is almost identical in CAM and SPCAM across all versions, where both models
simulate a large amount increase and intensity shift, especially in the Southern Hemisphere. In the region
from 908S to 508S (Figures 5m–5o), there is a clear shift in the location of the amount mode peak
(�6–9% 8C21; Table 5) and a significant increase in total rainfall (�5–6% 8C21; Table 2) in both models. The
high-latitude Northern Hemisphere response is smaller, but with the same general features. The fact that
CAM and SPCAM produce such similar results at high latitudes, both for the baseline distributions [see Koo-
perman et al., 2016] and the response to climate forcing, is likely due to an increased contribution from
resolved-scale process in CAM with increasing latitude, where convective parameterization plays a smaller
role. This suggests that superparameterization may not be necessary poleward of 508 for investigating pre-
cipitation climate changes, which could significantly reduce the computational demand of SPCAM if a
regionalized load-balancer for CAM could be invented.

Transitioning through the middle and lower latitudes (158–508) to the tropics (158S–158N), the two models
begin to diverge, for both the present-day/preindustrial distributions and climate change response. Differ-
ences in the tropical response contain the dominant features of the global distribution changes analyzed
earlier in Figure 3. In the tropics, SPCAM’s baseline distributions are much more intense than CAM’s and
capture the intensity observed by the TRMM 3B42 data set [Kooperman et al., 2016]. The tropical rainfall
response in SPCAM includes a large shift toward heavier rain rates, with more accumulated rain from the
right tail of the distribution, and a reduction in the amount of rain from light and moderate rates. CAM has
a smaller increase in the amount of rain from heavy tropical rates, with very little reduction in lighter rain.
Again, CAM seems to increase the right shoulder of the distribution without shifting the location of the

Table 2. Annual Mean Precipitation Percent Change With 95% Confidence Interval (% 8C21)a

Region CCSM4 SPCCSM4 CESM1-CAM4 SPCESM1-CAM4 CESM1-CAM5 SPCESM1-CAM5

908S–908N 1.64 6 0.09 1.49 6 0.17 1.65 6 0.28 1.44 6 0.16 1.32 6 0.14 1.28 6 0.17
L908S–908N 2.31 6 0.39 0.75 6 0.46 2.46 6 1.13 1.44 6 0.93 1.51 6 0.32 20.02 6 0.46
O908S–908N 1.43 6 0.12 1.69 6 0.14 1.41 6 0.16 1.43 6 0.22 1.28 6 0.15 1.65 6 0.21
508S–508N 1.10 6 0.14 0.93 6 0.18 1.11 6 0.29 0.79 6 0.20 0.77 6 0.18 0.77 6 0.14
L508S–508N 1.72 6 0.47 20.21 6 0.61 1.90 6 1.39 0.59 6 1.21 0.92 6 0.43 20.88 6 0.50
O508S–508N 0.91 6 0.19 1.21 6 0.16 0.90 6 0.21 0.84 6 0.24 0.73 6 0.18 1.24 6 0.20
908S–508S 4.90 6 0.35 5.70 6 0.40 5.18 6 0.64 6.08 6 0.44 6.56 6 0.45 5.83 6 0.22
508S–158S 0.89 6 0.39 0.53 6 0.47 0.79 6 0.38 20.13 6 0.57 1.31 6 0.59 0.66 6 0.52
158S–158N 1.26 6 0.44 1.70 6 0.29 1.69 6 0.83 1.83 6 0.40 1.15 6 0.57 1.74 6 0.51
158N–508N 0.97 6 0.41 20.18 6 0.51 0.20 6 0.55 20.32 6 0.55 20.70 6 0.55 21.23 6 0.15
508N–908N 4.23 6 0.81 3.38 6 0.43 3.74 6 0.15 3.75 6 0.51 2.11 6 0.68 1.66 6 0.88

aSuperscripts L and O denote land-only and ocean-only averaging regions, respectively.
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peak. The smaller increase on the right side and smaller decrease on the left side of the distribution in CAM
contribute to producing a similar mean response (1.2–1.8% 8C21; Table 2) across the tropics in both models.

Honing in on two metrics (amount mode and 99th percentile rates) of the intensity response highlights dif-
ferences in the behavior of moderate and extreme rainfall. Although the extreme tail reaches higher rates
in SPCAM, percentage changes in the 99th percentile rates are similar between the two models in the
tropics, especially for the high-resolution (18) version (SP)CCSM4 (4.93 and 4.87% 8C21 for CAM and SPCAM,
respectively). The 99th percentile responses in the 28 CAM simulations are weaker than their SPCAM coun-
terparts (3.88 and 3.22% 8C21 for CAM and 5.36 and 5.98% 8C21 for SPCAM from versions (SP)CESM1-CAM4
and (SP)CESM1-CAM5, respectively; Table 4), indicating some resolution dependence for extremes in con-
ventionally parameterized versions of CAM, as has been shown previously [O’Brien et al., 2016; Yang et al.,
2014].

The most significant bifurcations in the models’ climate change predictions occur for moderate rainfall rates
in the tropics. The intensity of the amount mode peak has a large shift in SPCAM, but little or no shift in
CAM (0.00, 0.00, and 1.78% 8C21 for CAM and 8.68, 8.65, and 9.40% 8C21 for SPCAM from versions
(SP)CCSM4, (SP)CESM1-CAM4, and (SP)CESM1-CAM5, respectively; Table 5). SPCAM’s predictions indicate

Figure 6. Annual mean precipitation change per degree (mm day21 8C21) from (a, b) (SP)CCSM4, (c, d) (SP)CESM1-CAM4, and (e, f) (SP)CESM1-CAM5 for (a, c, e) CAM and (b, d, f) SPCAM
simulations; stippling shows significance at 95% confidence based on interannual variability; (SP)CCSM4 is shown at 18 resolution, and (SP)CESM1-CAM4 and (SP)CESM1-CAM5 are shown
at 28 resolution.
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that not only will infrequent extreme rainfall become more intense, but frequent rain rates that produce the
majority of surface reaching rainfall will also become more intense, which may have important implications
for the hydrological cycle and water management. Changes in these moderate rates are discussed in more
detail in section 3.6 below.

In summary, the distributions reveal several similarities and differences in simulated changes to the charac-
ter of rainfall in response to climate forcing produced by conventional and superparameterized versions of
CAM. Both CAM and SPCAM include a higher frequency and more rain from intense rates in response to
future climate forcings relative to their baseline climates. Increasing percentage changes as a function of
percentile are also seen in both models, but are more convergent across versions/resolutions in SPCAM.
SPCAM has a significant shift in response to climate change smoothly across the amount distribution,
including both the moderate amount mode peak and extreme rates, while CAM tends to broaden the distri-
bution without significantly shifting the peak. These differences between the models are dominated by the
tropical response; at high latitudes, the two models are almost identical. Additionally, all versions of SPCAM
and the latest version of CAM (CESM1-CAM5) show an enhancement of the oceanic drizzle mode. To further
investigate the physical mechanisms leading to these changes, sections 3.3–3.6 evaluate the geographic

Figure 7. Annual dry day (<0.1 mm d21) frequency change per degree (% 8C21) from (a, b) (SP)CCSM4, (c, d) (SP)CESM1-CAM4, and (e, f) (SP)CESM1-CAM5 for (a, c, e) CAM and (b, d, f)
SPCAM simulations; stippling shows significance at 95% confidence based on interannual variability; (SP)CCSM4 is shown at 18 resolution, and (SP)CESM1-CAM4 and (SP)CESM1-CAM5
are shown at 28 resolution.
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patterns of mean rainfall, dry day frequency, extreme rainfall intensity, and the rainfall amount mode/medi-
an change.

3.3. Mean Rainfall Changes
All of the models increase global mean precipitation in a range between 1.3 and 1.7% 8C21 (see Table 2).
The global mean changes are smallest in both conventional and superparameterized versions of
(SP)CESM1-CAM5. The mean changes in SPCAM are also slightly less than CAM in all versions, which result
in part from larger reductions in accumulated rainfall from light rates. However, the decrease in light rain
and increase in heavy rain do not necessarily occur in the same location, and regional analysis indicates
that there are areas with compensating increases and decreases in rainfall. These mean rainfall changes are
shown geographically in Figure 6 and over large regional subdomains in Table 2.

Generally, all models increase mean rainfall across the Inter-Tropical Convergence Zone (ITCZ) and at high
latitudes (i.e., Southern Ocean), and decrease mean rainfall over subtropical oceans (Figure 6). In CAM, the
ITCZ increase enhances the double-ITCZ structure across the central and east equatorial Pacific Ocean. In
SPCAM, the ITCZ increase extends further west across the equatorial Pacific Ocean, and concentrates the
Northern Hemisphere convergence zone with a southward shift. Interestingly, mean rain in the waters
around the Maritime Continent, which has a significant amount of rain in the baseline climate [Kooperman
et al., 2016, Figure 5], does not increase as much as the East Pacific Ocean in both CAM and SPCAM. This
implies a potential for greater mean rainfall sensitivity over colder waters to the east. Moving poleward, all
models also show an off-equatorial reduction in rainfall over the Pacific Ocean outside of the ITCZ region,
little statistically significant change through the subtropics and midlatitudes, and significant increases over
the Southern Ocean and Arctic.

Over land, the mean rainfall response is more complicated and CAM and SPCAM show different regional
changes. Overall, mean rainfall on land increases significantly more in CAM than SPCAM, especially between
508S and 508N, which shows an annual mean reduction in two versions of SPCAM, while all versions of CAM

Table 4. Annual 99th Percentile Precipitation Rate Percent Change With 95% Confidence Interval (% 8C21)a

Region CCSM4 SPCCSM4 CESM1-CAM4 SPCESM1-CAM4 CESM1-CAM5 SPCESM1-CAM5

908S–908N 4.05 6 0.52 3.85 6 0.43 3.55 6 0.65 3.73 6 0.79 3.52 6 0.68 4.64 6 0.85
L908S–908N 4.60 6 0.39 4.00 6 0.39 4.08 6 1.19 4.80 6 1.35 3.66 6 0.60 3.39 6 0.34
O908S–908N 3.88 6 0.60 3.81 6 0.50 3.38 6 0.65 3.43 6 0.88 3.48 6 0.77 5.02 6 1.05
508S–508N 3.79 6 0.58 3.58 6 0.46 3.17 6 0.71 3.43 6 0.83 3.07 6 0.81 4.43 6 1.00
L508S–508N 4.45 6 0.51 3.70 6 0.51 3.67 6 1.49 4.52 6 1.60 3.16 6 0.87 2.91 6 0.45
O508S–508N 3.60 6 0.64 3.55 6 0.53 3.03 6 0.70 3.16 6 0.94 3.05 6 0.89 4.86 6 1.22
908S–508S 6.67 6 0.52 7.55 6 0.41 7.11 6 0.80 7.14 6 0.56 8.43 6 0.22 8.98 6 0.78
508S–158S 2.66 6 0.41 3.26 6 0.64 2.57 6 0.47 1.95 6 0.79 3.79 6 1.13 4.85 6 1.01
158S–158N 4.93 6 1.49 4.87 6 0.69 3.88 6 1.51 5.36 6 1.34 3.22 6 1.24 5.98 6 1.30
158N–508N 3.21 6 0.57 1.62 6 0.85 2.76 6 0.83 1.41 6 1.42 2.13 6 1.54 1.05 6 1.45
508N–908N 5.18 6 0.54 4.85 6 0.32 4.83 6 0.25 5.29 6 0.41 3.88 6 0.40 3.58 6 0.90

aSuperscripts L and O denote land-only and ocean-only averaging regions, respectively.

Table 3. Annual Dry Day Frequency Percent Change With 95% Confidence Interval (% 8C21)a

Region CCSM4 SPCCSM4 CESM1-CAM4 SPCESM1-CAM4 CESM1-CAM5 SPCESM1-CAM5

908S–908N 0.19 6 0.18 20.09 6 0.63 0.19 6 0.31 0.14 6 0.24 0.20 6 0.15 1.80 6 0.17
L908S–908N 0.04 6 0.22 1.33 6 0.27 20.06 6 0.36 1.15 6 0.24 20.01 6 0.19 1.20 6 0.14
O908S–908N 0.32 6 0.29 22.24 6 1.11 0.43 6 0.31 21.81 6 0.55 0.54 6 0.30 2.67 6 0.40
508S–508N 0.82 6 0.18 0.59 6 0.78 0.94 6 0.40 0.90 6 0.51 1.33 6 0.36 2.93 6 0.44
L508S–508N 1.05 6 0.33 2.35 6 0.41 0.95 6 0.64 1.94 6 0.50 0.93 6 0.48 2.07 6 0.37
O508S–508N 0.68 6 0.25 21.72 6 1.22 0.93 6 0.26 20.95 6 0.84 1.89 6 0.50 4.04 6 0.67
908S–508S 22.41 6 0.33 22.77 6 0.66 22.44 6 0.33 22.99 6 0.33 22.75 6 0.31 22.02 6 0.27
508S–158S 0.64 6 0.39 21.16 6 0.99 1.05 6 0.66 20.57 6 0.74 21.67 6 0.84 1.23 6 0.67
158S–158N 1.00 6 0.39 1.51 6 1.37 0.38 6 0.33 1.77 6 1.14 2.79 6 1.03 5.32 6 0.48
158N–508N 0.87 6 0.31 1.19 6 0.57 1.13 6 0.44 1.28 6 0.58 2.31 6 0.62 2.62 6 0.37
508N–908N 22.65 6 0.73 21.92 6 0.34 22.69 6 0.43 21.36 6 0.63 22.21 6 0.74 20.99 6 0.87

aSuperscripts L and O denote land-only and ocean-only averaging regions, respectively.
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have larger percentage increases than the combined land and ocean region (1.72, 1.90, and 0.92% 8C21 for
CAM and 20.21, 0.59, and 20.88% 8C21 for SPCAM from versions (SP)CCSM4, (SP)CESM1-CAM4, and
(SP)CESM1-CAM5, respectively; Table 2). All three versions of CAM have significant increases in mean rainfall
over central Africa and Australia not seen in any version of SPCAM, and SPCAM has larger reductions in rain-
fall over South and central America. Over the southwest U.S., the intensity, geographic extent, and statistical
significance of future drying are more pronounced in SPCAM than in CAM.

Some of these regional mean rainfall changes may manifest from a change in the frequency of rain and
others from a change in the intensity of rain. For example, mean rainfall increases in the ITCZ are associated
with a colocated intensification of moderate (Figure 9) rates in SPCAM, which implies an intensity shift
across the distribution. However, in CAM, increases in ITCZ mean rainfall are associated with a much smaller
moderate rainfall change (Figure 9), implying that mean changes result more from increases in frequency
than intensity. Likewise, there are intensity changes that do not register as mean changes due to compen-
sating reductions in light rates and increases in heavy rates in some regions (e.g., Indian Ocean in SPCAM).

3.4. Dry Day Frequency Changes
Decreases in dry day frequency (i.e., more days with rainfall greater than 0.1 mm d21), greater than
24% 8C21, are most pronounced at high latitudes in all models (Figure 7), where surface temperature
increases are large (Figure 2). Reductions in sea-ice coverage (not shown), especially over the Arctic Ocean,
likely contribute to the high-latitude dry day frequency decrease as well, as more frequent rainfall is driven
by larger local surface moisture fluxes over open ocean [Bintanja and Selten, 2014]. Broadly over the two
high-latitude averaging regions (908S–508S and 508N–908N), all models have large reductions in dry day
frequency between 21.0 and 23.0% 8C21 (see Table 3). In combination with increases in rainfall intensity,
frequency changes contribute to the significant percentage increases in mean rainfall for these regions as
discussed above. Consistency across CAM and SPCAM version pairs adds confidence to this result, and sug-
gests that it is a resilient response of the climate system to anthropogenic forcing.

Generally, all models tend to show an increase in dry day frequency over most land regions, though there
are differences on regional scales (e.g., a decrease over Australia in CCSM4 and CESM1-CAM4), and SPCAM’s
changes tend to be larger than CAM’s (1.9–2.4% 8C21 for SPCAM versus 0.9–1.1% 8C21 for CAM in the region
between 508S and 508N). The most robust increases in dry day frequency seen across all models occur in
Western Europe and Southern Africa. In addition, SPCAM shows significantly larger increases than CAM for
the Amazon, central and North America, and the Maritime Continent, especially in versions SPCCSM4 and
SPCESM1-CAM4. The increase in days with rain less than 0.1 mm d21 result mostly from decreases in the fre-
quency of days with rates between 1 and 10 mm d21 as shown in Figures 4a–4c. In many regions over land,
increased dry day frequency is not always associated with a reduction in mean rainfall because intensity
increases compensate, producing the same amount or even more rainfall from less frequent events. For
instance, all models show an increase in mean rainfall over Indonesia despite increased dry day frequency.

Dry day frequency changes over the midlatitude and tropical oceans tend to be smaller than over land,
since the ocean is not moisture limited and does not depend on the complex coupling mechanisms

Table 5. Annual Precipitation Amount Mode Percent Change With 95% Confidence Interval (% 8C21)a

Region CCSM4 SPCCSM4 CESM1-CAM4 SPCESM1-CAM4 CESM1-CAM5 SPCESM1-CAM5

908S–908N 2.91 6 1.10 5.51 6 2.14 0.00 6 1.10 6.17 6 2.92 1.78 6 1.64 2.03 6 5.80
L908S–908N 2.91 6 0.88 5.51 6 1.69 1.97 6 1.48 8.65 6 2.48 1.78 6 1.33 2.03 6 4.20
O908S–908N 0.00 6 1.28 5.51 6 2.23 0.00 6 0.00 8.65 6 4.67 1.78 6 1.21 2.03 6 3.59
508S–508N 0.00 6 1.08 5.51 6 1.17 1.97 6 2.14 8.65 6 2.69 1.78 6 0.00 6.71 6 2.66
L508S–508N 2.91 6 0.66 5.51 6 1.17 4.15 6 1.21 8.65 6 5.96 1.78 6 1.95 4.25 6 4.19
O508S–508N 0.00 6 1.51 5.51 6 2.25 0.00 6 1.34 6.17 6 2.08 1.78 6 0.00 6.71 6 3.14
908S–508S 6.11 6 1.55 8.68 6 1.59 6.54 6 2.20 8.65 6 2.48 5.88 6 1.61 9.40 6 2.96
508S–158S 2.91 6 1.41 5.51 6 2.63 4.15 6 2.00 3.91 6 4.53 3.73 6 1.33 4.25 6 1.24
158S–158N 0.00 6 1.12 8.68 6 1.17 0.00 6 1.34 8.65 6 3.79 1.78 6 0.99 9.40 6 2.02
158N–508N 2.91 6 2.79 5.51 6 2.05 6.54 6 4.50 1.86 6 3.11 3.73 6 2.77 4.25 6 5.35
508N–908N 0.00 6 1.23 2.62 6 1.70 1.97 6 4.09 6.17 6 2.08 1.78 6 3.71 6.71 6 2.66

aSuperscripts L and O denote land-only and ocean-only averaging regions, respectively. Note that the mode is calculated from dis-
crete area-averaged distributions for each region rather than at the grid point level.
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involving the land-surface (e.g., soil moisture and stomatal conductance). However, the sign of changes in
dry day frequency over the ocean appear to be more sensitive to an explicit representation of convection
than changes over land (Table 3 land-only versus ocean-only between 508S and 508N). In general, the
SPCAM versions based on SPCAM4 show a broad reduction in dry day frequency over all oceans (Figures 7b
and 7d), especially in subtropical stratocumulus zones, while the counterpart versions of CAM show a
decrease along the equatorial central Pacific Ocean, but otherwise a general increase. As mentioned in sec-
tion 3.2, decreases in dry day frequency in SPCAM are a related to an enhancement of the oceanic drizzle
mode (Figures 3a and 3b), which has the largest change off the west coast of most subtropical continents
in stratocumulus regions (e.g., California, Peru, and Namibia in Figures 7b and 7d). Comparing Figures 6 and
7, it is clear that frequency changes are not directly relatable to mean rainfall changes because of compen-
sating changes in rainfall intensity. For instance, in the central tropical Pacific Ocean, SPCAM shows very lit-
tle change in frequency despite a large change in mean rainfall, suggesting most of the mean change is
produced by an increase in intensity. However, in CAM, a decrease in the dry day frequency over the tropi-
cal central Pacific Ocean in versions CCSM4 and CESM1-CAM4 contributes in part to the increased mean
rainfall seen there. Finally, the changes in dry day frequency for the (SP)CESM-CAM5 version of the models
(Figures 7e and 7f) are more internally consistent between CAM and SPCAM version pairs, and less

Figure 8. Annual 99th percentile rate change per degree (mm d21 8C21) from (a, b) (SP)CCSM4, (c, d) (SP)CESM1-CAM4, and (e, f) (SP)CESM1-CAM5 for (a, c, e) CAM and (b, d, f) SPCAM
simulations; stippling shows significance at 95% confidence based on interannual variability; (SP)CCSM4 is shown at 18 resolution, and (SP)CESM1-CAM4 and (SP)CESM1-CAM5 are shown
at 28 resolution.
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consistent with the earlier model versions. In the (SP)CESM-CAM5 results, there are large increases in dry
day frequency off the west coast of Africa and central and South America, which may be related to new or
updated physics (e.g., aerosol, cloud microphysics, and land surface) not represented in earlier versions of
the models.

3.5. Extreme Rainfall Intensity Changes
There are many ways to evaluate changes in extreme rainfall intensity including percentage changes (i.e.,
% 8C21, as shown in Figures 3 and 4) and absolute changes (i.e., mm d21 8C21) as a function of percentile,
or changes in the amount of rain from rates above a threshold. In Kooperman et al. [2016], we evaluated the
geographic pattern of both 99th percentile rates and accumulated rain from rates above a threshold of
50 mm d21. Since conventional versions of CAM produce very little rain above this threshold value, it does
not provide a useful comparison between the two model versions, so here we focus on percentile changes
instead. As stated earlier, percentile percentage changes can draw a useful connection to theoretical con-
straints, but are less relevant for physical processes and potentially mask present-day biases. Therefore, as a
complement to the percentile percentage changes shown in Figures 3 and 4, Figure 8 depicts absolute
changes (mm d21 8C21) in the 99th percentile precipitation rates including all dry and rainy days.

Figure 9. Annual amount median change per degree (mm d21 8C21) from (a, b) (SP)CCSM4, (c, d) (SP)CESM1-CAM4, and (e, f) (SP)CESM1-CAM5 for (a, c, e) CAM and (b, d, f) SPCAM simu-
lations; stippling shows significance at 95% confidence based on interannual variability; (SP)CCSM4 is shown at 18 resolution, and (SP)CESM1-CAM4 and (SP)CESM1-CAM5 are shown at
28 resolution.
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With the exception of the North Pacific and North Atlantic subtropical oceans, all models generally increase
the intensity of 99th percentile rainfall in response to climate forcing. The largest increases are seen across
the ITCZ, which is more than 8 mm d21 8C21 in all versions of SPCAM and in the highest-resolution (18) ver-
sion of CAM (i.e., CCSM4). Globally, in terms of percentage changes, this represents an increase between 3.5
and 4.6% 8C21 in all models (Table 4 and Figures 3g–3i). Although the absolute changes are smaller in
CESM1-CAM4 and CESM1-CAM5 relative to other models, the baseline present-day/preindustrial rates were
also lower than CCSM4 and SPCAM [Kooperman et al., 2016], such that small absolute changes produce sim-
ilar percentage changes. The general pattern of change is also similar in 28 and 18 versions of CAM.

However, honing in on the tropics alone (158S–158N in Table 4), the lower resolution versions of CAM (28)
do not capture the percentage or absolute change simulated by their SPCAM counterparts (i.e., 3.2–
3.9% 8C21 in CAM versus 5.4–6.0% 8C21 in SPCAM). Global agreement is largely due to the similarity of per-
centage responses outside of the tropics in the two model versions (see Table 4). In the tropics, the missing
physics of organized convection that likely leads to weak present-day rates also leads to a weak climate
change response in CAM. In the 18 version of CCSM4, more of the extreme response is controlled by
resolved-scale processes, producing a response that is surprisingly consistent with SPCCSM4 results across
all latitude bands, including the tropics (i.e., 4.9% 8C21 in both model versions), indicating a scale depen-
dence of precipitation extremes in the conventionally parameterized version of CAM. This scale depen-
dence is reassuringly absent in SPCAM, which produces a fairly resilient tropical response and pattern
across all versions and both 18 and 28 resolutions.

Evaluating the spatial pattern of extreme rain rate changes across the tropics reveals some important differ-
ences between CAM and SPCAM. In general, CAM tends to increase the intensity within its double ITCZ rain
bands in the central and eastern Pacific Ocean. In SPCAM, the Northern Hemisphere ITCZ-band intensifica-
tion expands across the Pacific Ocean, consistent with the mean rainfall increase. However, SPCAM also
exhibits telling regional geographic action centers of extreme rain increases along the equatorial tropical
West Pacific, throughout the Indian Ocean, and across the Maritime Continent and its surrounding waters.
These action centers are weaker or absent in CAM. There is also a consistent increase in 99th percentile
rates around the coast of northwest Africa in SPCAM that is missing in the lower resolution versions of CAM.
These geographic patterns of extreme rain response in SPCAM are evocative of the activity centers of the
MJO, Indian and Asian monsoons, and African easterly waves. This pattern is also consistent with regions
that have the most intense rates in the present-day/preindustrial climate [Kooperman et al., 2016]. Connec-
tions to these important tropical modes of variability are discussed in terms of changes to the entire distri-
bution, as measured by responses that include both moderate and extreme rates, in section 3.6 below.

3.6. Rainfall Amount Mode/Median Changes
While the effects of superparameterization on extreme rain rates in the tropics are already striking, focusing
on moderate rain rates turns out to be especially revealing.

Figure 9 shows that, similar to the extreme precipitation response, all models tend to increase the intensity
of moderate rainfall everywhere except subtropical ocean regions, as demonstrated by the spatial patterns
of median precipitation rate changes (Figure 9) and precipitation amount mode changes (supporting infor-
mation Figure S1 and Table 5). As mentioned for Figure 5 earlier, changes in the peak of the amount distri-
bution (i.e., the ‘‘amount mode’’) are similar at high latitudes in the two models, especially for the Southern
Hemisphere between 908S and 508S where all models show a percentage change between 5.9 and
9.4% 8C21 (see Table 5).

However, equatorward of 508 the models begin to diverge, showing a large shift between 5.5 and
8.7% 8C21 in SPCAM and a small shift between 0.0 and 2.0% 8C21 in CAM. Focusing on the tropics between
158S and 158N, this difference is even larger, between 6.7 and 9.4% 8C21 in SPCAM and 0.0 and 1.8% 8C21 in
CAM. Much smaller percentage changes are simulated in CAM despite the fact that present-day/preindustri-
al rates were already weaker than observed and simulated by SPCAM [Kooperman et al., 2016]. Unlike the
extreme precipitation response, the higher-resolution version of CAM does not capture the magnitude of
increase in the amount mode that is simulated by SPCAM. This may be due to the fact that the amount
mode is controlled by parameterized convective rainfall in CAM, which generates the majority of rain in the
tropics, while resolved large-scale rain, which increases with higher resolution, contributes more to the
extreme rates (not shown).
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Absolute changes (mm d21 8C21) in the geographic pattern of median rain rates shown in Figure 9 depict dif-
ferences in the rainfall response between CAM and SPCAM that are even more visually revealing than the per-
centage changes discussed for Table 5 above. From Figure 9 it is clear the conventional versions of CAM are
unable to capture the moderate rain rate intensity shifts simulated across the tropics by all versions of SPCAM.
In SPCAM, moderate rainfall increases across the ITCZ in a similar pattern as the mean (Figure 6) and extreme
(Figure 8) rain rates. However, for the amount median, the geographic pattern is more widespread than the
mean, including many densely populated regions. Intensification across the MJO and monsoon regional activ-
ity centers (i.e., Indian Ocean, Asia, Maritime Continent, and northwest Africa) is much more striking for mod-
erate rates than it was for the mean or extremes. This suggests a significant shift in the intensity of most
rainfall for these regions that is modulated by the intensification of organized convection, which does not pro-
ject significantly onto mean rainfall (Figure 6) due to associated reductions in rainfall frequency (Figure 7).

In this section, we have focused on geographic changes in median rates (Figure 9) because the amount
mode can be difficult to calculate at the grid point level for reasons discussed earlier. However, changes in
the amount mode are included in supporting information Figure S2, which are noisy but show similar pat-
terns as the median, except in regions of very little rainfall where distributions are under sampled, such as
the subtropical southeast Pacific Ocean near the coast South America in SPCCSM4 (plot b). For large zonal
average regions, the amount mode can be fit more reliably, and is therefore the quantity given in Table 5.
Though the median and amount mode are not the same metric, they both describe changes to moderate
rates that generate the majority of surface reaching rainfall, and highlight similar rainfall patterns in pre-
sent-day/preindustrial [Kooperman et al., 2016] and future climate simulations.

In this study, we have chosen to limit our analysis to the annual mean changes in rainfall intensity revealed
by 99th percentile and median/mode rates discussed above. However, these results suggest an important
role of the MJO and monsoons in driving submonthly rainfall intensity changes; and previous work has
shown that the MJO becomes stronger, faster, and bigger with climate change [Arnold et al., 2014; Pritchard
and Yang, 2016]. While it is outside the scope of the current work to include detailed analysis of seasonal
and intraseasonal time scales, offline analysis (not shown) conditioning the daily rainfall variance on MJO-
amplitude, suggests an important part of the intensification of moderate rainfall (shown in Figure 9) is asso-
ciated with high MJO-amplitude days. Similarly, future changes in monsoon rainfall simulated by SPCAM
increase the intensity of rain rates most during peak monsoon months.

4. Summary and Conclusions

In this study, we have analyzed the response of daily rainfall to climate forcing as simulated by conventional and
superparameterized versions of the Community Atmosphere Model, focusing on statistics of rainfall frequency
and amount distributions including mean, dry day frequency, and moderate and extreme rates. Robust effects of
explicitly resolved convection represented by superparameterization were assessed by identifying rainfall changes
that manifest across three different versions of SPCAM relative to their CAM counterparts. We have focused on
signatures of climate change that are consistent across multiple forcing scenarios, changes between the begin-
ning and end of the 21st century under RCP8.5 conditions in (SP)CCSM4 and changes between preindustrial and
4 3 CO2 concentrations in (SP)CESM1-CAM4 and (SP)CESM1-CAM5. Although these scenarios produce different
global mean temperature changes (3.4–3.88C for RCP8.5 versus 4.9–5.68C for 4X CO2), the signatures are robust;
normalization by global mean temperature change reveals important differences in the rainfall response simulat-
ed by the two model classes, and sensitivity to version/resolution, particularly in the tropics.

Time mean and global mean rainfall changes are broadly similar in SPCAM and CAM, with geographic pat-
terns dominated by a classic ITCZ-amplification, ITCZ-focusing, or ITCZ-shift response. Regionally, SPCAM
has a larger rainfall increase in the tropical Pacific, and a smaller increase or even decrease in the subtrop-
ics/midlatitudes. Both models increase the amount of rain contributed by heavier rates, but SPCAM has a
bigger reduction in the amount of rain from rates less than 20 mm d21, especially over land and in the
tropics. The dry day frequency increases over land, particularly in SPCAM due to a decrease in light rain
events. Over the ocean, there is a significant enhancement of the oceanic drizzle mode peak in the earlier
versions of SPCAM and to some extent both the conventional and superparameterized versions of
(SP)CESM1-CAM5. The relationship between these dry day frequency and mean rainfall changes has impli-
cations for changes in rain rate intensity. For example, the mean ITCZ increase in CCSM4 and CESM1-CAM4
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is accompanied by a decrease in dry day frequency, which is not seen in any version of SPCAM, implying
that mean ITCZ increases in SPCAM are driven instead by increases in intensity.

Extreme rainfall intensity changes reveal a distribution shift toward heavier rates that is much greater in all ver-
sions of SPCAM than in CAM. Percentile percentage changes appear to converge to values between 5 and
7% 8C21 in all versions of SPCAM, independent of resolution, but continue to increase with higher percentiles
in CAM and exhibit sensitivity to 18 versus 28 horizontal resolution. Over land, all versions of SPCAM reach a
maximum increase of 7% 8C21. In contrast, the highest-resolution version of CAM (i.e., CCSM4) reaches nearly
11% 8C21 relative to 7% 8C21 in the lower resolution versions. When evaluated geographically in terms of
absolute changes (mm d21 8C21), 99th percentile rates increase significantly more in SPCAM than CAM, most
notably in the tropics across the ITCZ and over the Indian and West Pacific Oceans. The scale-insensitive
behavior to changes in GCM-resolution exhibited by SPCAM demonstrates its potential for even higher global
and variable resolution simulations. Ongoing development of the approach in a quasi-3D (Q3D) framework
may even soon provide a fully scale-aware global model [Jung and Arakawa, 2014].

Rainfall amount mode/median changes are radically different in SPCAM and CAM in the tropics (Figure 9).
SPCAM shows a significant intensification of moderate rain rates in key tropical activity centers, while CAM
shows very little change in all model versions. Changes in the amount mode are not commonly analyzed in
climate models. We have investigated them as changes in the peak of the amount distributions (i.e., Figures
3d–3f, 4d–4f, and 5), over large zonal averages regions (i.e., Table 5), and geographically as changes in the
amount median (Figure 9).

Even the higher-resolution version of CAM is not able to capture the changes in moderate rainfall intensity simu-
lated by SPCAM, which shows a significant intensification of the rain rates that deliver most accumulated rainfall
across the ITCZ, MJO, and monsoon regions. These regions suggest that organized convection modulated by
tropical wave modes is an especially important driver of the overall intensity of most rainfall events, in addition
to extreme values. Conventionally parameterized models that do not explicitly simulate certain tropical wave
modes, such as the MJO, and that do not sufficiently modulate submonthly rainfall by the monsoon, may not
be able to capture these important changes. That is, CAM exhibits a stubbornly stationary amount mode across
climates. The response to climate change of moderate rates that generate the majority of surface reaching rain-
fall are a key characteristic of the hydrological cycle that influences canopy water collection, ground water infil-
tration, and surface runoff. This may have important implications for drought and flood prediction, as well
ground water storage and the availability of freshwater for natural ecosystems and human use.

Overall, these results highlight an important difference in the rainfall response to climate change when con-
vection is resolved rather than parameterized within the NCAR Community Atmosphere Model—SPCAM
shows a smooth shift of the entire distribution to heavier rain rates, while CAM has a broadening response,
separately increasing the amount of rain from moderate and extreme rates. SPCAM suggests that not only
will the infrequent extreme events become more intense, but frequent moderate events that generate the
majority of accumulated rain will also become more intense. This result has vital implications for human
impacts—preparing for future changes in water resource management and hazardous events should con-
sider changes in the full character of rainfall, not just the most extreme features.
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