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RESEARCH ARTICLE
10.1002/2014MS000306

The response of US summer rainfall to quadrupled CO2 climate
change in conventional and superparameterized versions of
the NCAR community atmosphere model
Gabriel J. Kooperman1,2, Michael S. Pritchard2, and Richard C. J. Somerville1

1Scripps Institution of Oceanography, University of California, San Diego, California, USA, 2Department of Earth System
Science, University of California, Irvine, California, USA

Abstract Observations and regional climate modeling (RCM) studies demonstrate that global climate
models (GCMs) are unreliable for predicting changes in extreme precipitation. Yet RCM climate change sim-
ulations are subject to boundary conditions provided by GCMs and do not interact with large-scale dynami-
cal feedbacks that may be critical to the overall regional response. Limitations of both global and regional
modeling approaches contribute significant uncertainty to future rainfall projections. Progress requires a
modeling framework capable of capturing the observed regional-scale variability of rainfall intensity without
sacrificing planetary scales. Here the United States summer rainfall response to quadrupled CO2 climate
change is investigated using conventional (CAM) and superparameterized (SPCAM) versions of the NCAR
Community Atmosphere Model. The superparameterization approach, in which cloud-resolving model
arrays are embedded in GCM grid columns, improves rainfall statistics and convective variability in global
simulations. A set of 5 year time-slice simulations, with prescribed sea surface temperature and sea ice
boundary conditions harvested from preindustrial and abrupt four times CO2 coupled Community Earth
System Model (CESM/CAM) simulations, are compared for CAM and SPCAM. The two models produce very
different changes in mean precipitation patterns, which develop from differences in large-scale circulation
anomalies associated with the planetary-scale response to warming. CAM shows a small decrease in overall
rainfall intensity, with an increased contribution from the weaker parameterized convection and a decrease
from large-scale precipitation. SPCAM has the opposite response, a significant shift in rainfall occurrence
toward higher precipitation rates including more intense propagating Central United States mesoscale con-
vective systems in a four times CO2 climate.

1. Introduction

The consequences of anthropogenic climate change can manifest themselves as subtle shifts in the timing
or pattern of weather events leading to changes in the frequency and intensity of rainfall, which may
increase drought conditions in some regions and flooding in others [Trenberth, 2011]. Future climate projec-
tions, including global-scale changes in precipitation patterns, from modern global climate models (GCMs)
are cause for concern. There is a consensus projection of expansions of arid zones over most continents and
amplification of the present-day spatial pattern of evaporation minus precipitation [Held and Soden, 2006;
Solomon et al., 2007; Scheff and Frierson, 2012; Stocker et al., 2013]. This consensus is meaningful despite
parameterization imperfections because at the very largest scales of the climate system GCMs are strongly
constrained by the global energy balance and radiative properties of water vapor that are well represented
across models. As a result, GCM simulations largely agree with predictions of thermodynamic theory that
global precipitation should increase at a rate of 1–3% �C21 with global warming and near-surface water
vapor should increase at �7% �C21 [Allen and Ingram, 2002; Pendergrass and Hartmann, 2014a; Scheff and
Frierson, 2012; Stephens and Ellis, 2008]. At regional scales, however, future hydrologic trends in GCM projec-
tions exhibit very low confidence. Beyond the consensus on global sensitivities, GCMs using conventional
statistical parameterizations of deep convection display an inability to capture the basic modes of observed
variability of regional rainfall across a range of time scales [Dai, 2006; Lin et al., 2006; Li and Xie, 2013], and
they produce inconsistent effects of climate change on rainfall intensity [O’Gorman and Schneider, 2009a].

In many ways, changes in regional-scale variability and intensity of precipitation are most critical to climate
change mitigation and adaptation, affecting both the availability of fresh water and the nature of extreme
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conditions. A region of particular concern is the Central-Eastern United States, where GCMs disagree on
even the sign of future rainfall trends [Maloney et al., 2013; Solomon et al., 2007; Stocker et al., 2013]. Over
this region, small-local and large-propagating convective systems generate the majority of summer rainfall.
Propagating organized storms, known as mesoscale convective systems (MCSs), can deliver up to half of
the seasonal rainfall in this important agricultural area [Carbone and Tuttle, 2008]. It is difficult to represent
these storms in GCMs because the relevant physics includes small-scale (e.g., cold pool density currents)
and large-scale (e.g., low-level jet moisture convergence) processes that straddle the divide between para-
meterized and explicitly resolved phenomena [Moncrieff, 1992]. Conventional GCMs that do not capture
these mechanisms realistically (or at all) cannot assess how they may respond to climate change [Lee et al.,
2007]. As droughts, heat waves, forest fires, and flooding in the Central United States become more preva-
lent, causing significant financial impacts and loss of lives, improved projections of future changes will
become increasingly critical. For example, losses in 2012 alone from droughts and heatwaves were �$30
billion and 123 deaths, from wildfires were �$1 billion and 8 deaths, from severe weather events were
�$11 billion and 30 deaths, and from tornadoes were �$5 billion and 48 deaths [Smith and Katz, 2013]
(NOAA NCDC, http://www.ncdc.noaa.gov/billions/events).

In recent years, progress has been made from both theoretical and modeling perspectives to understand
changes in mean rainfall and rainfall intensity on global scales. Consistently, GCMs project that the increasing
global mean precipitation trend of 1–3% �C21 occurs in association with a ‘‘wet-get-wetter-dry-get-drier’’ pat-
tern of change, owing largely to a significant increase in specific humidity (�7% �C21 following the Clausius-
Clapeyron relation), but only small changes in wind patterns [Held and Soden, 2006; Trenberth, 2011]. Globally,
relative humidity is projected to remain fairly constant, but may vary regionally, especially over land where
temperatures increase more and evaporation efficiency is limited by soil moisture, causing arid regions to
become drier [Stocker et al., 2013; Trenberth et al., 2003]. While global mean rainfall is thermodynamically con-
strained, rainfall intensity in wet regions depends more on available moisture and fluctuations in low-level
moisture convergence rather than on local evaporation, and is expected to scale with the increase in specific
humidity at �7% �C21 [Allen and Ingram, 2002; Held and Soden, 2006; Trenberth et al., 2003]. This discrepancy
between global mean rainfall and rainfall intensity implies that increases in heavy rain are balanced by a
reduction in weak rain [Trenberth et al., 2003] and less frequent storms [O’Gorman and Schneider, 2009a].

Observations and cloud-resolving model simulations tend to agree with the theoretical range centered on
�7% �C21 following the moisture increase [Muller et al., 2011; Romps, 2011; Stocker et al., 2013], but conven-
tional GCMs simulate a smaller rate of increase in extreme rain with global warming [Allan and Soden, 2008;
O’Gorman and Schneider, 2009a]. One reason for this shortcoming is the simplified representation of deep
convection that does not capture organized convection and systematically rains too weakly and too often,
overrepresenting the contribution of local evaporative recycling to column moisture and under-simulating
the extreme tails of observed rain rates [DeMott et al., 2007; Stephens et al., 2010; Sun et al., 2006]. Differen-
ces in precipitation rates from changes in the convective scheme can be larger than the impact of increased
temperature [Wilcox and Donner, 2007]. However, it is common practice to apply GCMs to the problem of
extreme rainfall and they have been used to develop a physical understanding of why heavy rain may not
increase with moisture for all regions and seasons, due to changes in circulation, the moist adiabatic lapse
rate, and temperature variability associated with when extreme rain events occur [O’Gorman and Schneider,
2009a, 2009b].

Some progress in estimating changes in tropical rainfall extremes has been made by relating its response to
climate change to its response to interannual variability in GCMs, and constraining the relationship with sat-
ellite observations, but the estimated scaling still has a large range from 6 to 14% �C21 [O’Gorman, 2012;
Stocker et al., 2013]. O’Gorman and Schneider [2009a] argue that deficiencies in parameterized convection
are mostly an issue for tropical rainfall and GCMs have a more consistent extratropical response, exhibiting
a weaker increase in heavy rain than moisture (�4–6% �C21 from Stocker et al. [2013]) outside the tropics.
Changes in precipitation extremes are related to upward mass fluxes that are not well represented by
parameterizations of convection in the tropics where the critical updrafts are too small scale to resolve, but
are better represented in the extratropics where controlled by larger-scale quasi-resolved processes such as
baroclinic instability. Indeed, there is a general improvement in the realism of extreme precipitation when
GCMs are run at higher resolution and the ratio of resolved to parameterized precipitation increases [Weh-
ner et al., 2010; Kopparla et al., 2013]. However, in the Central-Eastern United States summer, even at higher
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GCM resolution, most precipitation is generated by subgrid-scale convection. While GCMs show some
agreement on annual time scales, United States summer projections remain highly uncertain [Solomon
et al., 2007; Stocker et al., 2013]. Increases in convective available potential energy (CAPE) are expected to
dominate reductions in vertical wind shear in the region under future climate change, producing overall
conditions that could be more favorable to convective storms [Stocker et al., 2013; Trapp et al., 2009; Brooks,
2013]. Enhancement of the nocturnal low-level jet is also expected to increase moisture transport to the
Central United States and intensify convective storms [Patricola and Cook, 2013b]. But the sensitivities of
organized convection are likely more complicated than this, and more research is needed to explicitly link
and attribute the consequences of these environmental changes to storm initiation and precipitation inten-
sity [Stocker et al., 2013].

During the North American summer, the majority of Coupled Model Intercomparison Project Phase 5
(CMIP5) GCMs project an increase in precipitation across Alaska and Northern Canada (north of �55�N) and
along the United States east coast, and a decrease in the Northwest and Central United States, and south of
30�N over Mexico, the Gulf of Mexico, and the Western Atlantic Ocean [Maloney et al., 2013; Stocker et al.,
2013]. Although there is some model agreement, internal variability over the Central United States summer
is large, lowering confidence in the projections [Deser et al., 2013]. Regional climate models (RCMs) from the
North American Regional Climate Change Assessment Program (NARCCAP) similarly project increases in
rainfall at high latitudes and decreases in the Northwest and Central United States, with larger regional
changes than GCMs produce [Mearns et al., 2013]. However, in general, there is limited statistically signifi-
cant agreement in the summer in the Central United States, where different RCMs can exhibit an opposite
mean precipitation change when forced by the same GCM boundary conditions, and can even produce an
opposite mean response to the GCM that provided the boundary conditions. For instance, Bukovsky and
Karoly [2011] find the NARCCAP approach, dynamically downscaling by forcing an RCM with GCM output,
projects an overall decrease in rainfall in the Central United States, but captures the shift in intensity toward
more extreme precipitation when the Weather Research and Forecasting (WRF) RCM is driven by the Com-
munity Climate System Model (CCSM) GCM. This result is supported by Patricola and Cook [2013a, 2013b]
who found that enhancement of the low-level jet and nocturnal rainfall increases precipitation intensity in
the Southern Great Plains in June, and a reduction in daytime rainfall in the Northern Great Plains later in
the summer, lead to overall drier summer conditions. However, they note many inconclusive results includ-
ing monthly differences and inconsistencies between RCMs and GCMs; overall drying in July and August is
the only conclusive trend that is consistent across all models.

Increasing confidence in these projections is difficult to achieve because the impacts of higher greenhouse
gas concentrations, and the subsequent response of the climate system, involve processes linked across an
extremely wide range of spatial-temporal scales. GCMs that have an oversimplified representation of small-
scale convective processes, whose macro-scale organization is incompletely understood, are unable to cap-
ture the observed variability and intensity of United States summer rainfall [Lee et al., 2007; Li et al., 2012;
Rosa and Collins, 2013]. Yet RCM simulations that capture processes relevant rainfall extremes are subject to
the boundary conditions provided to them by GCMs and do not interactively influence global-scale feed-
backs, planetary circulation, and atmospheric moisture transport, all of which contribute to the regional
response [Maloney et al., 2013; Wehner, 2013]. Improving projections thus requires a realistic representation
of rainfall variability across a range of spatial-temporal scales, and a modeling framework that maintains
links to global feedbacks and changes in large-scale circulation.

A new type of climate model is gaining traction, which addresses both of these issues by explicitly resolving
small-scale cloud physics with cloud-resolving models (CRMs) embedded in a GCM, improving the represen-
tation of multiscale cloud processes and rainfall variability compared to observations in the present climate.
This approach, called superparameterization (SP), was first implemented in the National Center for Atmos-
pheric Research (NCAR) Community Atmosphere Model (CAM) version 3.0 [Khairoutdinov and Randall 2001,
2003; Khairoutdinov et al., 2008] and through collaboration between the Center for Multiscale Modeling of
Atmospheric Processes (CMMAP) and the Pacific Northwest National Laboratory (PNNL), has recently been
implemented in CAM version 5.0 (CAM5) [Randall et al., 2003; Wang et al., 2011]. Early work has shown sig-
nificant improvement in the representation of rainfall statistics with superparameterization when model
results are compared with measurements taken at the United States Department of Energy, Atmospheric
Radiation Measurement, Southern Great Plains (SGP) site. Probability density functions (PDFs) of summer
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rain rates at SGP show that SPCAM captures the observed contribution from heavier rain rates to accumu-
lated seasonal precipitation (i.e., these PDFs in CAM drop off at �20 mm d21, but extend past �40 mm d21

in both the observations and SPCAM). This improves rain penetration through the land-surface vegetation
canopy, reducing local re-evaporation recycling, which occurs in CAM due to weak rain rates and thus exag-
gerates mean seasonal rainfall [DeMott et al., 2007]. In addition to improvements in intensity, the diurnal
timing of rainfall in SPCAM is also in better agreement with observations both at the SGP site and over all
boreal summer land, shifting the peak timing to later evening hours and reducing the diurnal amplitude rel-
ative to CAM, whose convection is too tightly bound to the solar cycle [DeMott et al., 2007; Pritchard and
Somerville, 2009]. A broader analysis of rainfall variability over the United States shows that SPCAM improves
the representation of both light and heavy rain, especially in regions where the fraction of rainfall from par-
ameterized convection is greatest [Li et al., 2012]. In general, CMIP5 GCMs trigger convection too frequently,
oversimulating moderate rain, and under-simulating weak and heavy rain compared to observations and
SPCAM [Rosa and Collins, 2013].

The superparameterization approach also gives rise to self-organized convective systems in the tropics and
midlatitudes, whose emergent large-scale behavior has been difficult to represent in parameterized GCMs
with simplified physics. A strong mesoscale convective system (MCS) signal has been found in several versions
of SPCAM [Pritchard et al., 2011; Kooperman et al., 2013]. Kooperman et al. [2013] show this signal is most realis-
tic in the newest SPCAM version based on CAM5, using a new physically based index to composite MCS statis-
tics in the Central United States. The index isolates strong eastward propagating convection, and with a
simple set of criteria, identifies MCS events and composites their propagation by phase. In an early version of
SPCAM (3.5), MCS anomalies were unrealistically large scale and concentrated, while surface rainfall was too
weak. SPCAM version 5, with high-order microphysics, improves the signal, producing a composite storm in
which the spatial extent, the magnitude of longwave cloud forcing, and the colocated timing of rainfall are all
in better agreement with observations. It is still an open question as to which aspects of an explicit represen-
tation of the meso-beta scale are critical to improved performance of superparameterized models over the
Central United States and missing from conventional GCMs. But there are several compelling features of the
SPCAM design. Pritchard et al. [2011] discuss new pathways introduced by the embedded CRM such as the
ability to evolve a second baroclinic convective heating response to a vertically sheared large-scale environ-
ment [Moncrieff, 2010], including local effects of cold pools and evaporative downdrafts [Carbone et al., 2002].
Memory of subgrid-scale organization persisting across GCM time steps may play an important role in ena-
bling SPCAM’s MCS signal [Mapes and Neale, 2011], as well as enhanced sensitivity to free tropospheric mois-
ture variations [Thayer-Calder and Randall, 2009], but this has not been explicitly tested.

To date, the superparameterized model MCS signal and United States summer rainfall have only been eval-
uated in present-day climate. The computational expense of explicitly resolved convection adds an additional
challenge for century-long climate change integrations. In the present study, a time-slice experiment design is
implemented, employing atmosphere-only SPCAM climate change simulations driven by sea surface tempera-
ture and sea ice boundary conditions from the fully coupled Community Earth Systems Model (CESM, with
CAM as the atmospheric component), to address several unanswered questions: How will precipitation in the
Central-Eastern United States respond to higher greenhouse gas concentrations? Will the climate change per-
turbation project onto natural patterns of rainfall or will it shift the system to a new precipitation regime? Will
organized convective storms become more or less intense in a warmer world? How does the representation
of convection influence changes in rainfall intensity as well as the mean precipitation response?

The remainder of this paper is separated into four main sections. Section 2 gives a brief description of the
models used in the experiment, their configurations, and the simulation design. The results and discussion
are divided into section 3 presenting the mean rainfall response and associated large-scale circulation, and
section 4 evaluating changes in rainfall and convective storm intensity. The main conclusions and future
work are summarized and discussed in section 5.

2. Models and Experiment Setup

2.1. Community Atmosphere Model
Conventional and superparameterized versions of the NCAR Community Atmosphere Model (CAM) are eval-
uated for this experiment. CAM is the atmospheric component of the fully coupled Community Earth
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System Model (CESM), which also includes interactive ocean, sea ice, and land-surface models. When run as
a stand-alone atmospheric GCM, CAM is forced by prescribed monthly mean sea surface temperature and
sea ice boundary conditions from either observations or coupled CESM output, with an interactive land sur-
face. CAM version 5 is used in this study, which includes an updated Zhang and McFarlane [1995] parame-
terization of deep convection based on a dilute plume CAPE closure with convective momentum transport,
the University of Washington shallow convection scheme with moist turbulence [Park and Bretherton, 2009],
two-moment cloud microphysics [Morrison and Gettelman, 2008], and interactive aerosol-cloud and aerosol-
radiation processes [Liu et al., 2012]. In this study, CAM was run with a finite volume dynamical core, at a
standard 1.9� (latitude) by 2.5� (longitude) horizontal resolution with 30 vertical levels. Climatological
monthly mean boundary conditions were generated from CESM output and are described in the experi-
ment setup section below. For more details, see the official CAM scientific description by Neale et al. [2010].

2.2. Superparameterization
In SPCAM, the conventional statistical parameterizations for clouds and boundary layer processes are
replaced with simplified (two-dimensional and periodic boundary conditions) cloud-resolving models
(CRMs) [Randall et al., 2003]. An independent CRM is embedded in each column of CAM to explicitly resolve
cloud processes. The CRM is linked to large-scale GCM-resolved dynamics following a similar implementa-
tion as conventional parameterizations, i.e., CAM supplies the CRM with large-scale heating, moistening,
and circulation tendencies, and the CRM returns a subgrid convective response [Grabowski, 2001; Benedict
and Randall, 2009]. This aspect of SPCAM explicitly accounts for subgrid variability and introduces memory
in aerosol, cloud, radiation, and precipitation processes [Khairoutdinov et al., 2005; Pritchard et al., 2011;
Wang et al., 2011]. Independent CRMs with periodic boundary conditions make SPCAM vastly more scalable
on current supercomputers, but add 200 times more computational expense relative to CAM [Khairoutdinov
et al., 2005]. In SPCAM version 5 used here, GCM-scale aerosol fields are evolved by CRM-scale statistics of
cloud processes including vertical updraft velocity, humidity, and precipitation; and each CRM column pro-
duces an independent realization of cloud droplet activation and aerosol humidification [Wang et al., 2011].
The GCM configuration for SPCAM is the same as described for CAM above (1.9� by 2.5� with 30 vertical lev-
els), and the CRM is aligned in north-south orientation with 32 columns at 4 km horizontal resolution and
28 vertical levels colocated with the bottom 28 levels in CAM. For additional details see Wang et al. [2011].

2.3. Experiment Setup
The added computational expense of resolved convection, two-moment cloud microphysics, and interac-
tive aerosol in SPCAM version 5 makes fully coupled (interactive ocean and sea ice) century-long climate
simulations impractical on current supercomputing hardware. However, the shared large-scale atmospheric
(dynamics), land, ocean, and sea ice components with CESM/CAM, provide a framework where much can
be learned from short (multiyear) atmosphere-only time-slice experiments driven by initial (atmosphere and
land) and boundary (sea surface temperature and sea ice) conditions from CESM/CAM simulations. For this
study, initial and boundary conditions for CAM and SPCAM were created from a pair of preindustrial (PI)
and abrupt four times (43) CO2 simulations run as part of CMIP5. Climatological monthly mean sea surface
temperature and sea ice boundary conditions are based on the last 25 years of each CESM simulation, years
26–50 for PI and 126–150 for 43, as shown by blue and red lines in Figure 1a, respectively.

By the end of the abrupt 43CO2 simulation, global-annual mean surface temperature has increased by
more than 5�C as seen in Figure 1a and global-annual mean precipitation has increased by 7.6%. The
coupled climate system is nearly 80% adjusted to the 43CO2 forcing and will ultimately reach an equilib-
rium increase of �7�C, estimated following a linear regression approach [Andrews et al., 2012; Gregory et al.,
2004]. Regional annual sea surface warming anomalies (43 – PI) are as large as 8.4�C and there is an annual
reduction of up to 50% of sea ice over the entire Arctic (less only near the edges where annual sea ice is
already less than 50%) shown in Figures 1b and 1c. Regional sea surface temperature anomalies are even
larger on a seasonal timeframe, reaching as high as 12.0�C for boreal summer (May, June, July, August—
MJJA), with a 60% loss of total Arctic seasonal sea ice coverage. The only region that shows a reduction in
sea surface temperature is off the southeast coast of Greenland, due to increased fresh melt water input
and a slowdown of deepwater formation and Atlantic meridional overturning circulation [Stocker et al.,
2013; Stouffer et al., 2006]. Warming is considerably higher over land than ocean and is amplified at higher
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latitudes [Solomon et al., 2007; Stocker et al., 2013], as seen for the boreal summer over North America in Fig-
ure 1d.

Seasonal mean precipitation changes over North America projected by the coupled CESM simulations show
significant regional variability. Rainfall is enhanced over Alaska and Northwest Canada and the Eastern
United States consistent with CMIP5 ensemble projections [Maloney et al., 2013; Stocker et al., 2013]. There
is a weak increase in rainfall west of the Rockies and a decrease in the Central United States, across North-
east Canada, and the Gulf of Mexico, regions where CMIP5 models do not have statistically significant

Figure 1. CESM results for (a) global mean surface temperature and the linear regression of global-annual mean surface temperature on the top-of-atmosphere flux imbalance (small
plot); 25 year PI mean (contours) and the difference between 43 and PI (colors) for (b) sea surface temperature (PI intervals of 5 K), (c) sea ice percent area (PI intervals of 40%), (d) sea-
sonal (MJJA) mean surface temperature (PI intervals of 5 K), and (e) seasonal (MJJA) mean precipitation rate (PI intervals of 1 mm d21); blue and red lines in Figure 1a show 25 year aver-
aging periods used in Figures 1b–1e; vertical black line in Figure 1a shows abrupt transition to 43CO2; and solid black line shows Rocky Mountain ridgeline and stippling indicates
statistical significance at 90% confidence in Figures 1d and 1e.
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agreement of future precipitation changes [Stocker et al., 2013]. Although not statistically significant, the
ensemble mean changes and the majority of models also indicate a reduction in precipitation in the Central
United States consistent with CESM, but show a decrease in the west opposite to that of CESM [Maloney
et al., 2013; Stocker et al., 2013].

The question naturally arises as to what extent these rainfall projections may have been an artifact of con-
ventional convection parameterization, and whether they are robust to an explicit representation of convec-
tion. To address this, our experiment setup follows a straightforward time-slice design. A set of four 5 year
boreal summer (MJJA) simulations with CAM and SPCAM were run with PI (284.7 ppm) and 43 (1138.8
ppm) CO2 concentrations and climatological sea surface temperature and sea ice boundary conditions, as
described above. To minimize computational expense and divergence in the land component of the mod-
els (sea surface temperature and sea ice are constrained by prescribed conditions), only the summer season
was run for SPCAM, which was initialized from the same spring conditions as CAM. This was achieved by
running a set of 6 year simulations with CAM initialized from land and atmosphere conditions taken from
the end of CESM PI and 43CO2 runs. Neglecting the first year, SPCAM and CAM (for consistency) were reini-
tialized from these base simulations each April for the subsequent 5 years and integrated through August;
three-hourly average output for May through August were analyzed for this experiment.

Constraining the long-term climate state of CAM and SPCAM in this fashion helps to isolate the role of
explicitly resolved convection, but it also introduces some limitations worth mentioning. For instance, the
treatment of convection may influence the strength of climate feedbacks (e.g., changes in longwave emis-
sion associated with the increase in water vapor transported to high altitudes) that ultimately determine
the global-scale response of the system. Our approach inherently masks potential differences in the
response that could impact global mean surface warming or planetary-scale circulation patterns on these
longer time scales. However, these differences can make it difficult to disentangle cause and effect on sea-
sonal and regional scales. The approach used here is aimed at isolating the impact of resolved versus para-
meterized convection on United States boreal summer climate. Much like the RCM climate change
simulation paradigm, in this experiment design SPCAM is subject to the initial and boundary conditions pro-
vided by an independent model—CAM. But unlike RCM climate projections, global-scale circulation and
feedbacks are not constrained by lateral boundary conditions, and planetary energetics can play an impor-
tant role in producing the overall regional response, notwithstanding controlled SSTs.

3. Influence of Large-Scale Dynamics on Mean US Rainfall Response

3.1. Changes in Mean Summer Rainfall
Reassuringly, the main features of the mean United States rainfall response in the fully coupled CESM refer-
ence run, discussed above, are replicated in our CAM boundary-driven time-slice simulation shown in Figure
2a. These include an increase in rainfall over Alaska and Northwest Canada and the Eastern United States,
and a decrease in the Central United States, Northeast Canada, south of Florida, east of the Gulf Stream, and
off the Northeast United States coast. These anomalies are statistically significant at 90% confidence with
respect to both 25 year monthly mean variability in CESM (Figure 1) and 5 year three-hourly variability in
CAM (Figure 2).

Superparameterization produces an interesting effect on the summer rainfall climate change signal over
the United States. Figure 2b shows that SPCAM captures a similar, but weaker, rainfall increase over Alaska
and the Northwest United States, decrease over Northeast Canada, and little overall change in the South-
west. However, opposite to CAM, SPCAM predicts a rainfall decrease over the entire Eastern United States,
which is most pronounced over the Gulf Stream and southern Gulf states. And unlike CAM, SPCAM projects
a small increase in rainfall extending from Texas into the Central United States through Missouri. Even
though this is a noisy region for detecting shifts in convective variability (due to interannual and seasonal
variations in the preferred zone of summer storm propagation) a statistically significant change is evident in
the 5 year simulation sample. Understanding intermodel differences in these climate change anomalies
requires understanding the effect of superparameterization on both the baseline (PI) and 43CO2 end mem-
bers. The large reduction in precipitation over the Gulf Stream in SPCAM coincides with a strong regional
maximum there in the PI simulations, which is reduced by nearly half in the 43CO2 simulation. The Central
United States rainfall reduction in CAM also coincides with a local modulation of a regional PI maximum in
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that model, whereas the east coast response appears to be linked to an onshore shift in a local maximum of
offshore rainfall.

These differences in the mean precipitation response between the two models develop despite the fact
that they produce similar large-scale surface (2 m) temperature changes shown in Figures 2c and 2d. As
expected, temperature over the sea surface is well constrained by the prescribed boundary conditions and
is nearly identical in both models. Both models also show greater warming over land and at higher latitudes
consistent with CMIP5 projections [Stocker et al., 2013]. There are regional differences in the patterns of
warming over land, especial over Canada, but the magnitudes are comparable, reaching as high as 8�C in
northern Canada. The temperature change in the time-slice simulations is slightly lower over land than in
CESM, which has greater warming at high latitudes and extending south along the Rocky Mountain ridge-
line, but the general patterns are represented in both models.

Changes in column water also highlight differences in the seasonal mean responses of CAM and SPCAM.
Both project an overall increase in precipitable water, but with minimum increases over Northern Mexico
and along the Rocky Mountain ridgeline, off the northeast coast of Canada, and in the Western Atlantic
Ocean south of 25�N seen in Figures 3a and 3b). Some key regional nodes of rainfall modulation are
coupled to supportive local vapor tendencies. For instance, water vapor in CAM is enhanced in the region
of maximum increase in precipitation along the Eastern United States coast. A weaker local increase in
water vapor in SPCAM occurs in the Central United States, coincident with a small increase in precipitation
there. Both models have a significant reduction in liquid water path in the Central-Eastern United States
and little change west of the Rockies (Figures 3c and 3d). Reductions in seasonal mean liquid water path
extend north of 70�N in SPCAM, but begin to increase significantly in CAM north of 60�N. Ice water path
(Figures 3e and 3f) in CAM is reduced everywhere except the Central-Eastern United States and exhibits a
similar increase over the Eastern United States and decrease off the northeast coast as precipitation. In
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SPCAM changes in ice water path also show similar patterns as precipitation, with a large decrease over the
Gulf Stream and Gulf states, and increase from Texas up through the Central United States and Northwest
United States. In both models increased rainfall over Alaska coincides with reduced ice water path and
increased liquid water path.

3.2. Regional and Planetary Circulation Anomalies
It is logical to expect that some of the changes in mean precipitation and column water described above
are associated with dynamical differences in the response to boundary forcing between the two models,
both on planetary and regional scales. Consistent with this view, although mean surface temperature
changes over the United States are similar (Figures 2c and 2d), higher in the atmosphere the thermal state
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between the models diverges, resulting in substantial differences in the placement and magnitude of
regional circulation and moisture anomalies. The anomalies seen in the 500 mb geopotential height field
(Z500), shown in Figures 4a and 4b), are also seen in the structure of geopotential height at higher pressure
levels closer to the surface (not shown). Increased atmospheric temperature and thermal expansion cause
the geopotential height field to rise over the entire domain, but changes in the meridional temperature gra-
dient (baroclinicity), topographic heating, and land-sea contrast can create regional anomalies of enhanced
ridging. Both models have minima over the Northeast Pacific Ocean and east of Greenland, and maxima
over Alaska and Eastern North America.

A particularly interesting effect of superparameterization is the weaker localized ridging downstream (east)
of the Rockies in response to the 43CO2 forcing. Although both models predict strong localized ridging
just east of the Rockies, this effect is much greater in CAM than SPCAM, and extends further off the conti-
nent over the Northwest Atlantic Ocean. This discrepant sensitivity may in turn be linked to different
degrees of mountain-wave coupling in the models’ mean state. A general effect of superparameterization
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not noted previously is a muting of the baseline stationary wave jet streak in the lee of the Rockies relative
to CAM, in both the PI and 43CO2 simulation end members (not shown). CAM’s exaggerated ridging
response to 43CO2 is colocated with its exaggerated mean state jet streak. In turn, associated circulation
anomalies over the United States east coast promote onshore southeasterly flow (warm moist marine air) in
CAM, but northerly flow (cold dry continental air) in SPCAM. In both models, there is anomalous southerly
flow (low-level jet-warm moist air) from the Gulf of Mexico into the Central United States, but it is greater in
SPCAM than CAM. Such flow patterns could lead to differences in moisture convergence contributing to
the patterns of precipitable water anomalies in Figures 3a and 3b and coincident mean precipitation
changes in Figures 2a and 2b) as discussed above: an increase in the Eastern United States and decrease in
the Central United States in CAM; and the opposite increase in the Central United States and decrease in
the Eastern United States in SPCAM.

Geopotential height anomalies due to the 43CO2 forcing tend to tilt toward the northwest with height,
and changes are even greater in CAM than SPCAM higher in the atmosphere, in association with a larger
temperature increase at lower pressure levels. In general, 500 mb circulation changes in the Central-Eastern
United States are similar to near-surface changes, which also show southeasterly flow in CAM and northerly
flow in SPCAM along the United States east coast, and stronger southerly flow into the Central United States
in SPCAM; although the magnitude is larger and has a stronger easterly component in both models at
500mb. Anomalous easterly flow is part of an overall weakening of the zonal jet, depicted in the black con-
tours in Figures 4c and 4d), which is regionally more striking, and weakens more significantly in CAM than
SPCAM, reducing vertical wind shear over the Central United States. As mentioned earlier, the zonal jet is
much stronger in the baseline (PI) CAM simulation and undergoes significant local modulation due to
warming, whereas in SPCAM, it shifts to the east rather than weakening. The impact of superparameteriza-
tion on mountain-stationary wave dynamics has not been explored in detail, but may have important con-
sequences for baseline regional circulation and differences in the response to climate change seen here.
These differences are also seen in the weakening of the stationary meridional wind field (which results from
topographic anticyclonic circulation generated by the Rocky Mountains) in CAM as the 43CO2 anomalies
project onto the PI patterns, also reducing vertical wind shear. However, in SPCAM, the meridional wind
anomalies appear to be less phase-locked to PI patterns than in CAM and tend to shift the position rather
than weaken meridional flow with 43CO2. Also in SPCAM, stronger meridional wind anomalies extend
down to the surface east of the Rocky Mountains, in association with enhanced near-surface southerly flow
(low-level jet) into the Central United States and northerly flow along the east coast (Figure 4d). This is coin-
cident with the elevated humidity pattern that lifts up from the eastern slope of the Rockies to reach levels
above 700 mb in the Central United States seen in Figure 4f. In CAM, enhancement of the Central United
States low-level jet is weaker and a broader southerly flow below 600 mb extends over the east coast, asso-
ciated with a larger increase in humidity further east (Figure 4e) than in SPCAM.

On larger spatial scales, another interesting effect of superparameterization is a reduction in the magnitude
of polar amplified warming. The above regional circulation changes over North America are connected to a
larger planetary response to the 43CO2 forcing. For example, the regional peak in the Z500 anomaly over
North America shown in Figures 4a and 4b) between 50� and 60�N is also seen in the zonal mean Z500 field
(Figure 5b). Both models increase Z500 by more than 100 m globally due to significant atmospheric warm-
ing, but the increase in CAM is much larger north of 30�N, reaching a maximum difference of 50 m at the
north pole relative to SPCAM. The large Z500 anomaly north of 70�N in CAM results from a much greater
increase in Arctic temperature throughout the atmospheric column (Figures 5c and 5d).

It is natural to wonder how superparameterization could result in such a striking difference in polar amplifica-
tion, and how this might impact the Central United States region. While surface temperature over the ocean
is well constrained by prescribed sea surface temperatures in both models, differences in the warming over
land, sea ice, and higher in the atmosphere result in higher total (land, ocean, and ice) Arctic warming in CAM
(up to 1.5�C greater than SPCAM). In turn, atmospheric warming causes changes in the geopotential height
field, which impacts local and nonlocal (including Central United States) circulation. For instance, higher Z500

over the pole is associated with a southward pressure gradient force anomaly, which in combination with a
strong Coriolis force, maintains increased easterly flow in the Arctic, not seen in SPCAM (Figures 6a and 6b).
Similarly, on the southern side of the midlatitude geopotential height anomaly (50–60�N), there is a stronger
increase in easterly flow (slow down of the zonal jet) in CAM throughout the atmospheric column, consistent
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with reduced zonal flow across North America seen in Figures 4c and 4d). These changes in the Z500 field and
zonal mean circulation affect the strength, shift the center (maximum), and broaden the extent of the PI zonal
jet structure. In general, CAM exhibits a greater expansion and weakening of zonal mean flow, while SPCAM
exhibits a greater shift in the meridional position. Both models show an upward and southward shift and
broadening of the northern hemisphere zonal mean jet, seen as a reduction in westerly flow between 40�

and 55�N below 200 mb, and an increase to the north and south. In CAM, the jet weakens and broadens
more, with an increase in westerly wind reaching as far south as 15�N.

Anomalous counterclockwise flow in the pressure-latitude plane (negative stream function) also stretches
further south in CAM, reducing northerly surface wind associated with the summer mean PI Hadley circula-
tion and the export of extratropical moisture between 15� and 30�N, shown in Figures 6c and 6d. Although
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less broad, the circulation anomalies south of 20�N (easterly zonal and clockwise-meridional flow) and from
20� to 40�N (westerly zonal and counterclockwise-meridional flow) are larger in SPCAM than CAM, indicat-
ing a stronger shift and less weakening of the circulation. Overall, these changes represent a widening and
weakening of the Ferrel circulation and reduction in the northward extent of the Northern Hemisphere
summer Hadley circulation. Hadley circulation also weakens, rises, and expands further south in the South-
ern Hemisphere. These planetary-scale changes including weakening of the jet, reduction of the meridional
temperature gradient (polar amplification), and a shift in the position of the midlatitude baroclinicity
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maximum, are consistent with the regional changes and the differences between CAM and SPCAM over
North America described earlier.

In summary, changes in mean rainfall are associated with regional circulation and moisture anomalies,
which manifest differently in CAM and SPCAM, despite the constrained boundary condition forcing across
PI versus 43CO2 simulation end members. CAM is much more dynamically sensitive to 43CO2 in the vicin-
ity of the jet streak east of the Rockies than SPCAM, with a response promoting onshore southeasterly flow
that may help supply moisture for Eastern United States rainfall. A weaker dynamical anomaly in SPCAM is
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more regionally confined, and does not extend over the Atlantic Ocean, such that northerly flow along the
east coast instead brings cold dry air to the Eastern United States region. Both models predict an intensifica-
tion of the Central United States southerly low-level jet, but it is stronger in SPCAM than CAM, coincident
with a regional moisture increase. Vertical wind shear across North America reduces more in CAM in associ-
ation with greater high-latitude warming (polar amplification) and larger geopotential height anomalies
which may be related to a significant change in the planetary thermal wind balance affecting large-scale cir-
culation such as a broadening and weakening of the zonal mean circulation pattern.

4. Changes in Rainfall and Convective Storm Intensity

4.1. Changes in Rainfall Rates
Previous work summarized in the introduction has suggested that changes in the large-scale environment,
such as the vertical wind shear and strength of the low-level jet described above, as well as increases in
CAPE and low-level moisture, can impact the intensity and timing of precipitation. And although differences
in the mean precipitation response to climate change between CAM and SPCAM revealed complex patterns
of change associated with circulation, the projected changes in rainfall intensity are more straightforward
to interpret. The analysis in this section shows a consistent effect of superparameterization, regardless of
the mean changes.

Figures 7 and 8 compare two metrics of the response of rainfall variability—the contribution to seasonal
accumulated rainfall from rain rates above versus below a threshold (Figure 7; 50 mm d21) and changes in
percentile precipitation rates (Figure 8; 50th, 75th, and 99th). Heavy rain rates do not play a major role in
mediating seasonal mean rainfall in CAM, but do have a nontrivial effect in SPCAM. The CAM simulations do
not produce a significant amount of rain over the United States from rates above 50 mm d21. Nowhere
over the domain does the PI seasonal accumulated contribution reach more than 5 cm, and therefore not
much change is shown in Figure 7e. The total accumulated change in CAM results almost entirely from
changes in lower precipitation rates, which show the same pattern as the mean change (Figures 7a and 7c).
The same result is depicted in changes in the 75th percentile precipitation rates, which have a similar pat-
tern as the mean change (Figure 8c). Changes at lower (50th) percentile precipitation rates capture the
onshore shift in Gulf Stream rainfall and reduction in the Central United States maximum. Changes in higher
(99th) percentiles show a small reduction across the entire Central-Eastern United States in CAM. While
SPCAM produces the opposite response with a substantial increase (decrease) in the contribution of sea-
sonal rain from rates above (below) 50 mm d21 and higher (lower) percentile precipitation rates. The most
significant increases in precipitation rates in SPCAM occur over Texas and extend into the Central United
States, where moisture and humidity were shown to increase, as discussed above. Decreased rain from
lower precipitation rates is seen over most of the Eastern United States, and most significantly over the
Southeast United States and the Gulf Stream.

Focusing on the especially interesting region of discrepant model predictions of convective variability in
the Central-Eastern United States land (orange box in Figures 7 and 8) and collapsing Figure 8 into a single
probability density function (PDF) of precipitation rate (Figure 9a) shows a robust shift toward more intense
precipitation in SPCAM with quadrupled CO2. This shift in the tail of the PDFs is brought out clearly with
exponential bin spacing (100.1 mm d21) and is greater than the overlapping range of the interannual 5 year
standard deviation, and thus seems statistically robust. In this region, SPCAM has an overall reduction in
total seasonal rainfall of 4.1 cm (Table 1), but the rain amount distribution [Pendergrass and Hartmann,
2014b] shows an increase in the accumulated amount of rain from rates above 40 mm d21 (Figure 9b).
CAM shows very little change in both the total seasonal rainfall and the PDF of rain rates. Although not out-
side the range of interannual variability, CAM has a small reduction in accumulated rain from the highest
rain rates and an increase from weaker rates in the 5 year periods.

This analysis has intentionally focused on North America, where SPCAM’s representation of diurnal convec-
tion variability in the present climate has previously been validated, but the question naturally arises as to
whether amplified extreme rainfall is consistently predicted for other regions. To investigate this issue, Fig-
ure 10 briefly expands the rainfall PDF analysis to include several other Northern Hemisphere regions
known for organized propagating convection (Southeast Asia and West Africa) [Stensrud, 1996] as well as all
boreal summer land. The overall result shows an intensification of summertime rainfall extremes is
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simulated by SPCAM over all three landmasses, which tends to agree with basic climate theory about the
expected response of extreme rainfall to climate change. It is interesting that in SPCAM the West African
rainfall response is especially strong, given that the model explicitly resolves African Easterly Waves
[McCrary, 2012]. The inability of CAM to capture a significant shift in the rainfall PDF is also a general phe-
nomenon seen in all regions. Broader conclusions based on these other regions will depend on a detailed
analysis of present-day hydrologic variability there, which is left for future work. In the meantime, this pre-
liminary analysis suggests the intensification of rainfall simulated by SPCAM over the United States is a
robust response to the 43CO2 forcing.
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The shift toward higher rates with warmer climate in SPCAM is accompanied by an increase in the amount
of rain from more extreme liquid and ice water path values (Figures 9c and 9d) over Central-Eastern United
States land, which shift toward higher values, but decrease overall by 28.1 and 20.7 g m22, respectively.
CAM has an even larger overall reduction in liquid water path of 213.1 g m22, but results in a decrease
(increase) in the amount of rain from higher (lower) values (Figure 9c). Yet curiously, CAM shows more rain
from higher ice water path values similar to SPCAM (Figure 9d). This conflicting response in CAM, more rain
from lower liquid water paths and higher ice water paths, is explained by a change in the partitioning
between parameterized deep convection and resolved large-scale precipitation. Although the total precipi-
tation only changes by a small amount in CAM, convective precipitation increases by 3.0 cm balancing a
22.9 cm decrease in large-scale precipitation (Table 1). The higher ice water path values are associated with
deep convection and higher liquid water path values are associated with large-scale precipitation.

This pattern can be seen in PDFs of the accumulated precipitation as a function of precipitation rate, and
liquid and ice water paths, separating convective and large-scale contributions, shown in Figure 11. In the
Central-Eastern United States summer, where smaller-local and mesoscale-propagating convective systems
are the dominant source of rain in nature, large-scale precipitation in CAM generates the most intense rain-
fall and is associated with extreme values in liquid water path (this is also true for global-annual PDFs, not
shown). This may be expected for other regions or seasons when the majority of rainfall is generated by
synoptic frontal systems, providing a large-scale saturated environment and resolved-scale moist overturn-
ing, but is counterintuitive for Central-Eastern United States land in summer. It appears the opposite

Figure 9. A 5 year seasonal (MJJA) Central-Eastern United States (a) probability density function (%) and (b–d) precipitation amount distribution (mm d21) as a function of (Figures 9a
and 9b) precipitation rate, (Figure 9c) liquid water path, and (Figure 9d) ice water path from CAM and SPCAM PI (blue and red) and 4x (aqua and orange) three-hourly output; with expo-
nential bin spacing in increments of 100.1 mm d21 and g m22; for the region shown in Figures 7 and 8, only including land points; shading indicates annual standard deviation of the 5
year seasonal (MJJA) member ensemble.
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response in CAM is related to the fact that large-scale precipitation controls the tails of its rainfall PDFs
(extreme rain), and the artificial separation between large-scale and deep convective precipitation in CAM
(at least at this coarse resolution) may decouple rainfall extremes from important climate change drivers
(e.g., subgrid-scale moisture convergence and CAPE). Counterintuitively, an increase in extreme rain would
occur in CAM only if the conditions that generate large-scale resolved saturated uplift increase; increases in
factors affecting the deep convection parameterization do not impact the heaviest rain rates. The reduced
equator-to-pole temperature gradient, baroclinicity, vertical wind shear, and overall liquid water path,
described above, may instead contribute to a reduction in large-scale (extreme) rainfall.

4.2. Mesoscale Convective Storms
Propagating mesoscale convective systems (MCSs) are a major source of not only total rainfall for the Cen-
tral United States, but also the most intense rainfall rates [Schumacher and Johnson, 2005]. One of the novel
features of SPCAM is its ability to capture MCSs [Kooperman et al., 2013; Pritchard et al., 2011]. It is logical to
suspect they play a role in mediating convective variability sensitivity to climate change, as the Central
United States is also where the two models disagree most drastically in their 99th percentile precipitation
rate response to 43CO2 (Figures 9e and 9f), which shows a reduction from Texas stretching across the Cen-
tral United States and over the Great Lakes in CAM and an opposite increase across the same region in
SPCAM.

The change in mesoscale convective storm activity from PI to 43CO2 climates is thus evaluated in this sec-
tion following the MCS index method described in Kooperman et al. [2013]. In this approach, an empirical
orthogonal function (EOF) based index, similar to that developed by Wheeler and Hendon [2004] for the
Madden-Julian Oscillation, is used to identify MCS events and composite their propagation by phase. Koo-
perman et al. [2013] show that the MCS signal is not captured in conventional versions of CAM, but exists in
several versions of SPCAM, and is most realistic in version 5 used here.

The index is based on 23 years of longwave cloud forcing observations from the NASA Global Energy and
Water Cycle Experiment, Surface Radiation Budget (SRB) version 3.1 [Stackhouse et al., 2011], which is band-
pass filtered for 12–48 h time scales and meridionally averaged in the Central United States (orange box in
Figures 12e–12l). EOF analysis is applied to the filtered signal from observations and the model results are
regressed onto the spatial patterns of the first and second leading EOF pair. The MCS index is calculated by
transforming the principal component time series into polar coordinates as depicted in the phase diagrams
shown in Figures 12a–12d), where the amplitude is the distance from the center (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC 2

11PC 2
2

p
) and phase

(1–8) is the angular relationship. Events are determined by three criteria: (1) at least three (9 h) consecutive
index amplitudes greater than 0.15 propagating forward (east) in phase space, (2) spanning at least 70% of
the domain, and (3) starting between 6 P.M. and 3 A.M. local (CST) time. Applying these rules 84, 79, 20, and
19 events are identified in SPCAM:PI, SPCAM:43, CAM:PI, and CAM:43, respectively, over the five MJJA sea-
sons, which trace events starting in phases 1 and 2 (green) and ending in phases 7 and 8 (red) in Figures
12a–12d. Composite analysis by phase reveals that the events identified in CAM do not represent active
convective and precipitating systems, but are rather advected condensate (not shown, see Kooperman et al.
[2013]).

Table 1. PI and the Difference Between 43 and PI Simulations for Area-Weighted Mean Surface Temperature, Surface Humidity, Precipitable Water, Liquid Water Path, Ice Water Path,
Evaporation, and Precipitation (Total, Convective, and Large Scale) for CAM and SPCAM in the Region Shown in Figures 7 and 8, Including Only Points Over Land

CAM SPCAM

PI 43–PI PI 43–PI

Surface temperature (�C) 20.5 6.6 22.1 6.6
Near-surface humidity (g kg21) 10.2 2.8 9.7 2.1
Precipitable water (kg m22) 25.9 9.5 28.0 9.1
Liquid water path (g m22) 47.1 213.1 43.2 28.1
Ice water path (g m22) 5.4 0.1 11.1 20.7
Evaporation (cm) 41.8 20.1 38.3 22.2
Total precipitation (cm) 41.6 0.0 33.8 24.1
Convective precipitation (cm) 35.6 3.0 N.A. N.A.
Large-scale precipitation (cm) 5.9 22.9 N.A. N.A.
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The composite results for SPCAM in Figures 12e–12l show an eastward propagating system with increasing
phase in both the PI and 43CO2 simulations. In both simulations the composite system enters the western
boundary in phases 1/2 and reaches the eastern side in phases 7/8, with rain beginning in phases 1/2 and
intensifying during the middle (nocturnal) phases. Rainfall appears to extend to the Southeast United States
in phases 7/8, but is due to a projection of the diurnal timing of rainfall over the Southeast onto the com-
posite timing of phases 7/8, and is not part of the Central United States propagating system. A clear amplifi-
cation of the composite storm can be seen with the addition of 43CO2. The system is much broader in all
phases and increases the magnitude (15 W m22) of longwave cloud forcing in phases 5 through 8. Likewise,
precipitation increases during all phases, with a maximum in phases 5/6, increasing significantly from �11
mm d21 in the PI simulation to �15 mm d21 in the 43CO2 simulation. This result is consistent with the
intensification of the low-level jet and Central United States moisture anomalies discussed above, but a full
composite analysis of the processes contributing to amplified MCS activity will be the focus of future work.

Changes in MCS storm intensity are one manifestation of a more general shift toward higher rain rates in
SPCAM, at all times of day. Focusing on the Central United States region (left side of the orange box in Fig-
ures 12e–12l), rain rate PDFs are recreated in Figure 13 unfolding the diurnal signature of rainfall intensity
changes. Reduced rain in CAM occurs almost entirely during its overly dramatic afternoon rainfall peak, with
little change at other times of day. SPCAM has a more realistically bimodal diurnal rainfall PDF, and although
it also projects the largest reduction in afternoon rainfall at moderate rain rates, it projects an increase in
heavy rain at all times of day, including the nocturnal component consistent with the MCS amplification

Figure 10. Same as Figure 9b—seasonal precipitation amount distribution, but for three other regions including (a) the Northern Hemisphere, (b) Southeast Asia, and (c) West Africa,
only including land points.
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noted above. The shift in intensity in the afternoon component in this region is consistent with results for
the larger Central-Eastern United States region, toward higher rates in SPCAM.

5. Conclusions

In summary, two state of the art climate models—one including a radically updated explicit representation
of deep convection—have been analyzed to assess the fast effect of dramatic climate change (43CO2) on
Central United States rainfall and its variability. CAM and SPCAM show similar seasonal mean patterns of
change in Alaska and west of the Rockies—regions associated with more large-scale stratiform precipita-
tion, but project a very different hydroclimate response in the Central-Eastern United States—regions where
summer rainfall is mostly generated by deeper local and propagating mesoscale convection. The mean pre-
cipitation response in this region depends critically on changes in regional circulation patterns that impact
the supply of moisture and energy, and respond very differently in the two simulations, suggesting an
important role of superparameterization on the dynamic sensitivity of regional circulations. Conventionally
parameterized CAM is more dynamically sensitive to climate change in the vicinity of the jet streak down-
stream of the Rockies, including a widespread increase of southeasterly winds along the United States east
coast providing a potential moisture source for increased rainfall there. However, in SPCAM, somewhat
more muted dynamical sensitivities are observed along with an increase in mean rainfall in the Central
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Figure 11. Same as Figure 9, but for CAM only (one MJJA season rerun for additional output) separating the contribution to total precipitation (T-blue) from parameterized convection
(C-green) and large-scale (L-purple) precipitation for PI (dark) and 43 (light) simulations.
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United States linked to an intensification of the low-level jet, and a decrease in rainfall over the east coast
coincident with anomalous northerly flow.

The intermodel differences in large-scale circulation anomalies over the United States are linked to a larger
planetary response that also exhibits interesting sensitivities to superparameterization. Even when con-
strained by prescribed sea surface temperatures and sea ice, and springtime initial conditions, the represen-
tation of convection can generate nonlocal and global circulation changes that contribute to differences in
regional precipitation patterns—an effect that cannot be captured in RCM climate change simulations. In
this experiment, CAM has a larger increase in high-latitude temperature (polar amplified warming) with
associated geopotential height modulations and a greater expansion and weakening of the Ferrel circula-
tion than SPCAM. This weakens the Northern Hemisphere zonal jet and reduces vertical wind shear across
North America more in CAM.

Figure 12. Phase diagram of EOF PC time series 1 and 2 tracing MCS events for (a and b) SPCAM and (c and d) CAM (Figures 12a and 12c) PI and (Figures 12b and 12d) 43 simulations,
and composite event phase average of precipitation (colors) and longwave cloud forcing (contours with intervals of 15 W m22) for phases (e and i) 1 and 2, (f and j) 3 and 4, (g and k) 5
and 6, and (h and l) 7 and 8 in SPCAM (Figures 12e–12h) PI and (Figures 12i–12l) 43 simulations; right/45� (left/245�) slashes indicate that precipitation (longwave cloud forcing) is sig-
nificant at 95% confidence interval; depicted as in Figures 2 and 3 from Kooperman et al. [2013].
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The projected response of rainfall variability and the intensity of extremes to climate change are regionally
consistent for each model, despite discrepant predictions of regional mean changes. SPCAM simulations
indicate a significant increase in convective storm activity with 43CO2, projecting greater longwave cloud
forcing, precipitation, and storm duration in association with a general increase in overall rainfall intensity
throughout the Central-Eastern United States, in line with current theory. On the other hand, CAM does not
simulate propagating convective storms and shows an opposite, unexpected effect—a small reduction in
rainfall intensity. It is well known that conventionally parameterized GCMs do not simulate extreme precipi-
tation; they rain too weakly and too often compared to observations. Here this is confirmed and it is further
illustrated how changes in the extremes in these conventional models may be unrealistically controlled by
the physics that affect large-scale (resolved scale) precipitation, rather than environmental parameters
affecting subgrid-scale parameterized deep convection. PDF decomposition emphasizes that this factor
contributes to the opposite response between the two models and provides some cautionary evidence that
even the direction of the change in ‘‘what is extreme precipitation for conventional GCMs’’ may not be reli-
able in some regions and during some seasons.
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Figure 13. A 5 year seasonal (MJJA) Central-Eastern United States accumulated precipitation (mm) as a joint function of precipitation rate and local time of day for (a and d) PI, (b and e)
43, and (c and f) the difference between 43 and PI from (Figures 13a–13c) CAM and (Figures 13d–13f) SPCAM simulations; with exponential bin spacing in increments of 100.1 mm d21;
for the left-hand side of the region in Figures 12e–12l.
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One limitation of our experimental design, driving SPCAM with CESM/CAM boundary conditions, is that it
leaves open an important question of whether SPCAM would have arrived at a similar climate state had it
been allowed to evolve freely in a coupled SPCESM simulation. Such a simulation would be computationally
very expensive and is outside the scope of this experiment, but is planned as part of a larger CMMAP initia-
tive. Future work will analyze differences between such a fully coupled SPCESM simulation and the SPCAM
results presented here, which will help elucidate the role of differences in long-term planetary feedbacks on
United States summer climate from the fast, boundary-driven component analyzed here. Future work will
also provide a detailed analysis of MCS composite statistics to identify climate change drivers contributing
to storm intensification in SPCAM, and their links to the generation of rainfall extremes in both conventional
and superparameterized climate models.
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