
1. Introduction
In recent years there has been a renaissance in the use of reduced complexity modeling, that is, focused, efficient 
numerical experiments in which some aspect of the configuration is simplified, to examine specific features of 
interest for improved scientific understanding of processes important to the climate system (Held, 2005) and for 
model evaluation and development (Reed & Jablonowski, 2012). The work presented here builds on the rich 
history of using ocean-covered representations of Earth, so-called aquaplanet configurations, to study and model 
various atmospheric processes. These configurations simplify the boundary conditions of atmospheric general 
circulation models (GCMs; Blackburn et al., 2013; Neale & Hoskins, 2000), a central component of any climate 
model. Idealized aquaplanet representations of the Earth's climate system have been used frequently over the last 
two decades to provide process-level understanding of long-standing biases in GCMs, such as inadequate rep-
resentation of cloud-topped boundary layers (Medeiros et al., 2008), the double intertropical convergence zone 
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Plain Language Summary Clouds, circulations and rainfall in the tropics play an important role 
in Earth's climate. However, global climate models differ in their representation of these features, contributing 
to uncertainty in future climate projections. One useful tool to better understand model differences and 
inform efforts to improve models is to analyze idealized configurations. We explore two different numerical 
representations of an idealized atmosphere relevant to tropical regions to determine the impact on the 
characteristics of clouds, rainfall and circulations as well as the tropical atmospheric response to warming. 
We show that our idealized models mirror differences in the low-cloud structure in the deep tropics of more 
realistic models. This work also finds similarities between the two numerical representations, such as a decrease 
in the spatial extent of high altitude clouds with warming. As the surface is warmed, both versions also show 
increases in the clustering of clouds, the likelihood of extreme precipitation rates, and an estimate of how much 
warming would occur in response to a doubling of carbon dioxide.
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bias (ITCZ; e.g., Oueslati & Bellon, 2013; Williamson & Olson, 2003), tropical variability (Leroux et al., 2016), 
and properties which do not converge with horizontal resolution (Herrington & Reed, 2017; O'Brien et al., 2013). 
The aquaplanet framework has also been used to explore the impact of warming on cloud characteristics and 
circulations in multiple model ensembles (Medeiros et al., 2015; Stevens & Bony, 2013), offering an alternative 
to its full complexity counterpart to better investigate differences among Coupled Model Intercomparison Project 
(CMIP) models (Eyring et al., 2016; Taylor et al., 2012). Aquaplanet frameworks have also been further idealized 
to explore atmospheric circulations by removing moisture and statistically representing the climate system as 
relaxations (Held & Suarez, 1994), or by simplifying moisture processes (Thatcher & Jablonowski, 2016) and 
other physical processes (Frierson et al., 2006). Aquaplanet approaches also provide a baseline from which to add 
additional complexity, such as modifying the lower boundary condition to include simplified representations of 
land to explore land-sea circulations in climate models (e.g., Voigt et al., 2016) and thus facilitate the develop-
ment of a hierarchy of climate models.

While aquaplanet configurations often focus on the statistical nature of the resulting idealized climate, reduced 
complexity frameworks have also been developed to focus on deterministic properties in the climate system and 
GCMs. A particularly clear example is the baroclinic wave test of Jablonowski and Williamson (2006) which 
compares the evolution of an idealized balanced atmospheric state that is perturbed in a controlled manner to 
trigger a wave in one hemisphere. While the initial work focused on dry, aquaplanet-like GCMs, it has been 
extended for use in limited area models (Ullrich et al., 2015) and to include moisture (Ullrich et al., 2016). As 
outlined in the work of Reed and Jablonowski  (2012), these deterministic frameworks have been extended to 
include processes in the atmosphere that are dependent on moisture feedbacks, such as tropical cyclones (Reed 
& Jablonowski, 2011) and thermal bubbles (Herrington & Reed, 2018). The proliferation of such frameworks 
offers advantages in computational cost, ease of implementation (as they are initialized from analytic initial con-
ditions), and their ability to span a range of physical complexity (e.g., moist processes). This has led to the use of 
such deterministic frameworks in international intercomparisons of GCM dynamical cores that include multiple 
process-level tests (Ullrich et al., 2017; Zarzycki et al., 2019).

One further idealization of an aquaplanet configuration that has long been of interest to the scientific community 
as a framework for studying the climate system is radiative-convective equilibrium (RCE). RCE is not strictly 
equilibrated, but is rather a statistically stationary state of balance between radiative cooling to space and atmos-
pheric heating from deep convection. Simulations of RCE usually do not include externally forced large-scale 
circulations, so the flow field is the result of the atmospheric response to radiation and convection. There is a 
rich history of using the RCE framework to understand the atmosphere at various spatial and temporal scales. 
The earliest RCE modeling studies used one-dimensional models to explore these environments (e.g., Manabe 
& Strickler, 1964), but as computational resources have grown, two-dimensional (e.g., Held et al., 1993) and 
three-dimensional (e.g., Bretherton et al., 2005; Tompkins & Craig, 1998) RCE modeling studies have become 
possible, enabling investigation of atmospheric circulations and their relationship to the simulated environment. 
More recently, additional RCE configurations have been simulated with cloud-resolving models (Cloud Resolv-
ing Models [CRMs]; e.g., Cronin & Wing, 2017; Hohenegger & Stevens, 2016; C. J. Muller & Held, 2012; 
Patrizio & Randall, 2019; ; Singh & O'Gorman, 2015; Wing & Emanuel, 2014) and GCMs using both global do-
mains (e.g., Arnold & Randall, 2015; Becker et al., 2017; Bony et al., 2016; Popke et al., 2013; Reed, Medeiros, 
et al., 2015) and planar domains (Held et al., 2007; Silvers et al., 2016). In addition, global-scale cloud-permitting 
model simulations are now possible (e.g., Ohno & Satoh, 2018). One benefit of this multi-faceted research effort 
is a concentrated focus on the impact of moisture, clouds, and convective aggregation on climate. However, these 
studies have also highlighted the wide variety of parameter choices and numerical configurations with which a 
model can simulate RCE. A recent review of this topic is provided by Wing et al. (2017).

This recent plethora of RCE modeling frameworks led to a need within the international RCE modeling commu-
nity to standardize model settings so that results across model hierarchies could be compared and investigated in 
a meaningful manner. A community effort established the Radiative-Convective Equilibrium Model Intercom-
parison Project (RCEMIP; Wing et al., 2018) to provide a set of standard settings for RCE modeling studies to 
explore long-standing challenges, including the response of clouds, convective aggregation, and circulations to 
warming and their impact on climate sensitivity. Ideally a standardized experimental configuration would lead 
to RCE converging to a common, robust response. In reality, the initial results of RCEMIP show a wide range 
of atmospheric states in both GCMs and CRMs. While self-aggregation is present in nearly all of the large 
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domain RCE simulations, Wing et al.  (2020) show a lack of consensus on 
how self-aggregation depends on temperature. The initial results from RCE-
MIP presented in Wing et al. (2020) provide an excellent starting point from 
which to explore the different mechanisms among the models that lead to 
alternate atmospheric states.

The Community Atmosphere Model (CAM) within the Community Earth 
System Model (CESM) provides the code-base for several models that par-
ticipated in RCEMIP. CAM is unique in that it is developed by the scientific 
community and widely used for a variety of atmosphere- and climate-related 
studies. CAM offers an ability to be configured with a variety of physical 
parameterization suites of varying complexity which are used to investi-
gate RCEMIP states more closely. In particular, this work will make use of 
CAM version 5 (CAM5 in CESM1) and the most recent version 6 (CAM6 
in CESM2), which has undergone wholesale updates to the model's physical 
parameterizations (e.g., convection and microphysics). These modifications 
have led to improvements in the simulation of the Madden-Julian Oscillation, 
biases in low latitude shortwave cloud forcing, precipitation (Danabasoglu 
et al., 2020), and the large-scale circulation (Simpson et al., 2020). Despite 
these improvements, biases such as the double ITCZ and a climate sensi-
tivity that is substantially larger than that of CESM1 remain (Bacmeister 
et al., 2020; Gettelman, Hannay, et al., 2019). In the deep tropics, the mod-
els also show large differences in tropical cloud structure, as evidenced in 
Figure 1. In realistic CMIP simulations CAM6 simulates more high (above 
300 hPa) cloud fraction and less low (between 1,000–700 hPa) cloud fraction 
when compared to CAM5. RCE is thought to represent a similar tropical 
oceanic climate, suggesting that RCEMIP is a promising framework to ex-
plore the differences in clouds and convection in these regions, which play an 
important role in the Earth's climate.

The goals of this study are: (a) to provide a benchmark for future studies 
that use officially supported versions of CAM for RCEMIP-related analysis; 
(b) to investigate the relationship of precipitation, convective aggregation, 
circulation, and climate sensitivity to warming across two physical param-
eterization suites available in the official release of CAM; and (c) to set an 
example of the sort of targeted comparisons within the RCEMIP ensemble 
that can help attribute causes of the large inter-model spread. The experimen-
tal setup and the versions of CAM used in this paper are briefly described in 
Section 2. Section 3 provides an assessment of the RCEMIP state for CAM 
and investigates extreme precipitation, global energetics, aggregation, and 
climate sensitivity. Concluding discussions are presented in Section 4.

2. Methodology
2.1. Community Atmosphere Model

CAM is the atmospheric component of CESM developed at the National Center for Atmospheric Research 
(NCAR). CESM, and its predecessor the Community Climate System Model are routinely used for coupled-cli-
mate assessments (e.g., CMIP5 and CMIP6 activities; see Figure 1). For this work CAM is configured with the 
spectral element (SE) dynamical core option, documented most recently in Lauritzen et al. (2018). This dynam-
ical core uses a fourth-order accurate horizontal discretization continuous Galerkin method on a cubed-sphere 
grid. The prognostic variables of the SE dynamical core are the two horizontal wind components, atmospheric 
temperature, the dry air mass, and the mass of tracers. The use of the SE dynamical core contrasts with the current 
CAM default finite volume dynamical core. The finite volume dynamical core, not used for this study, makes 
use of a regular latitude-longitude grid with large variations in horizontal grid spacing from the equator to the 
poles. The resulting inconsistency in horizontal scales introduce artificial inhomogeneities to RCE experiments 

Figure 1. Average cloud fraction over the ocean covered deep tropics 
(5°S–5°N) for CMIP5 (CAM5/CESM1; orange) and CMIP6 (CAM6/CESM2; 
green) versions of Community Earth System Model (CESM). The dashed lines 
represent 100 years averages from coupled Coupled Model Intercomparison 
Project (CMIP) CESM simulations (piControl) and the solid lines represent 
20 years averages from the uncoupled, atmosphere-only CMIP CAM 
simulations (amip).
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that make use of uniform thermodynamic forcings (see Section 2.2). The CAM SE configuration utilized in this 
study has a quasi-uniform 1 degree horizontal grid resolution representing a grid spacing of about 111 km, which 
is typical of default CESM configurations for fully coupled CMIP simulations. Note this work focuses on the 
versions of CAM that are part of the official publicly released version of CESM that participated in the recent 
RCEMIP study. Of the dozens of models that have participated in RCEMIP, CAM5 and CAM6—the focus of 
this work—are two out of the 11 models that completed the RCEMIP protocols on a global domain using GCM 
physics parameterizations. There are other CAM-based models in the RCEMIP ensemble that are not discussed 
here and are not part of the official NCAR CESM release.

2.1.1. CAM5

CAM5 was the default atmospheric component of the version of CESM used for CMIP5 (Taylor et al., 2012) and is 
the first configuration used for this work. The CAM5 physics package is documented in Neale et al. (2012). CAM5 
uses the Zhang and McFarlane (1995) deep convective parameterization, which incorporates a dilute entraining 
plume (Neale et al., 2008), as well as convective momentum transport (Richter & Rasch, 2008). Shallow convec-
tion and moist boundary layer turbulence processes are parameterized by the University of Washington (UW) 
scheme (Park & Bretherton, 2009) and UW moist boundary layer turbulence scheme (Bretherton & Park, 2009), 
respectively. The CAM5 prognostic cloud microphysics follow the two-moment representation of cloud droplet 
and cloud ice of Morrison and Gettelman (2008) and the radiation scheme is the Rapid Radiative Transfer Method 
for GCMs (RRTMG; Iacono et al., 2008). The physics package also includes the parameterization of cloud macro-
physics (Park et al., 2014), gravity wave drag, and surface fluxes as described in Neale et al. (2012).

2.1.2. CAM6

CAM6 is the most recent version of CAM in CESM that is used for CMIP6 (Eyring et al., 2016). CAM6 under-
went wholesale changes from its predecessor CAM5. In particular, all boundary layer and shallow convection 
schemes, as well as the cloud macrophysics, are replaced by the Cloud Layers Unified by Binormals (CLUBB) 
parameterization. CLUBB, described in Golaz et al. (2002) and Bogenschutz et al. (2013), is a prognostic scheme 
for moist turbulence that uses high-order moments, closed by binormal probability density functions to describe 
subgrid-scale distributions of liquid water, liquid water potential temperature, total water mixing ratio, and the 
three velocity components. The two-moment cloud microphysics from CAM5 is also updated to include prog-
nostic precipitation species (Gettelman & Morrison, 2015). Finally, while the Zhang and McFarlane (1995) deep 
convective parameterization is still used it has been substantially retuned in CAM6 compared to its predecessor, 
such as reducing the number of negative buoyancy regions allowed.

Considering how many elements of the CAM5 and CAM6 are different (see Table A1 for a summary of these 
differences), the general similarity of the atmospheric states shown in this paper is somewhat surprising. The 
primary common points between the models are the SE dynamical core, the radiation parameterization, surface 
flux representation, and components of the deep convection parameterization. Both models strive to conserve the 
same variables (i.e., axial angular momentum, total moist energy, total water mass, momentum, and the dry mass) 
but the degree to which the numerical conservation is met will be dependent on complex points of consistency be-
tween the dynamical core and the physics parameterizations (Lauritzen et al., 2018). While important, a detailed 
examination of the conservation properties is beyond the scope of this paper.

2.2. RCEMIP Protocols

The simulation design used here strictly follows the RCEMIP protocols described by Wing et al. (2018). In sum-
mary, homogeneous boundary conditions (i.e., following the aquaplanet configuration) are set globally by fixing 
the sea surface temperature (SST) to values of 295 K, 300 K, and 305 K and insolation equal to 409.6 W/m2 with 
a solar zenith angle of 42.05°. There are no seasonal or diurnal cycles. These boundary conditions and settings 
ensure that every grid point receives the same insolation. Radiatively active greenhouse gases are also prescribed, 
as are the cloud droplet and ice crystal number concentrations (Nc = 1.0 × 108 m−3 and Ni = 1.0 × 105 m−3, respec-
tively). Finally, the planetary rotation rate is set to zero. For all SST configurations the global model setup, called 
RCE_large, is initialized from the equilibrium profiles from the single column version of CAM (RCE_small 
simulations) averaged over the last 30 days of the RCEMIP 100-day simulation. Note that in the RCE_small sim-
ulations, the single column version of CAM (Gettelman, Truesdale, et al., 2019) is initialized from the RCEMIP 
analytic profile provided in Wing et al. (2018). This work focuses on the full 3D CAM RCE_large simulations. 
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For comparison, Figure S1 in Supporting Information S1 shows profiles from 
the single column version of CAM and the analytical profiles from Wing 
et al. (2018) that have been used to initialize the RCE state. Following the 
RCEMIP convention the CAM simulations presented here are integrated for 
3 years, though most of the analysis focuses on the last year or 100 days of 
output. Initially all CAM simulations experience an increase in precipitation, 
but an approximate steady state (which we call equilibrium) is reached within 
the first 75 days (Figure 2).

2.3. CAM RCEMIP Release

The RCEMIP setup in CAM is officially released as the QPRCEMIP con-
figuration (usually called a “compset”) in the CESM2.1.2 version (publicly 
downloadable from: https://github.com/ESCOMP/CESM.git) and is avail-
able for use by the community for future RCE studies. Implementation of 
the QPRCEMIP compset introduced several changes to CESM2 to make the 
configuration more user-friendly. The rotation rate can be controlled with a 
runtime parameter setting. Similarly, the solar zenith angle can now be set as 
a uniform value with runtime parameters. An additional option was added to 
allow users to specify a uniform constant SST.

3. CAM RCEMIP Assessment
We provide, for future reference, an assessment of the general RCE state within CAM5 and CAM6 using the 
new QPRCEMIP compset. To do this we document the global energetics, the spatial structure (both horizontally 
and vertically), and convective aggregation. We also note the climate sensitivity that can be inferred from RCE 
experiments and put the values in the context of other configurations of CAM and CESM including aquaplanets 
and CMIP simulations. For further comparison of the climate states, mean values from the deep tropics of the 
parent models (from amip and piControl simulations shown in Figure 1) are tabulated. This work also represents 
an example of how a subset of the RCEMIP multi-model ensemble can be used for focused investigations on the 
response of the RCE state, precipitation, circulation and climate sensitivity to warming.

3.1. Global Energetics

Table 1 demonstrates that the global average precipitation (P) and precipitable water (PW) increase at different 
rates with warming, but to a remarkably consistent degree between the CAM5 and CAM6 RCEMIP experi-
ments. An increase with warming of PW is expected, theoretically, from the Clausius-Clapeyron relation and 
a smaller relative increase of P is expected based on previous studies (Held & Soden,  2006; Pendergrass & 
Hartmann, 2014). The fractional rate of increase in PW is approximately 13%–14% per K for both CAM RCE 
configurations and 6.4% per K for P (Table 1). A stronger rate of increase in PW relative to P implies a slow down 
of the mass flux between the atmospheric boundary layer and the troposphere (Betts & Ridgway, 1988; Held & 
Soden, 2006). This measure of the mass flux can be approximated as P∕PW and its decrease is nearly identical 
between the CAM5 and CAM6 RCE experiments.

The equilibrated P and PW are larger in CAM5 than CAM6 at each SST (Table 1 and Figure 2), suggesting that 
differences in the model physics between the CAM configurations produce systematically different RCE states. 
The temporal variance in the precipitation rate is also larger in CAM5 than CAM6, as can be seen in Figure 2, 
and this variance increases with warming in both models. It is also clear from Table 1 that less precipitation is 
produced from the convective parameterization in CAM6 than in CAM5. This shows that the relative role of 
convection and macro/microphysics parameterizations in producing precipitation in the RCEMIP simulations 
is different between the two CAM configurations. This is in part a result of CAM5 including the contribution 
from both the deep and shallow convection schemes for convective precipitation, while CAM6 only includes the 
contribution from deep convection.

Figure 2. Domain mean precipitation time series for the radiative-convective 
equilibrium experiments with constant SST of 295 K, 300 K, and 305 K 
for CAM5 (orange) and CAM6 (green) with a 10 days running mean filter 
applied. Dots and lines on the right show the mean, plus and minus the 
standard deviation over the last year of each experiment. Thickness of the lines 
increases with temperature (295 K, 300 K, 305 K).
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The basic energetics of CAM5 and CAM6 provide additional insight into the similarities and differences between 
the two models. While variations (≈1 W/m2) of the sensible heat flux (SH) are expected to be small because of 
the prescribed SST, differences between models and experiments in the latent heat flux (LH) are directly related 
to P and are constrained to balance the net atmospheric cooling. The OLR is strongly influenced by PW , CF , 
and the temperature of the upper-level clouds (see Section 3.2). In the 295 and 300 K experiments CAM5 has a 
lower average OLR than CAM6, despite larger amounts of P . It is unlikely that the difference in OLR between 
CAM5 and CAM6 is due to differences in cloud top height, as the temperature at the upper level maximum of 
cloud fraction is nearly identical for the 295 and 300 K experiments (Figure 4). At 305 K, CAM5 and CAM6 have 
roughly the same OLR , but P between these experiments differs by 0.25 mm/day. This highlights how differences 
in the characteristics of convection or the microphysics (see Figures 3 and 4) change the degree to which the 
latent heating is balanced by OLR . In particular, the larger low-level cloud fraction in CAM5 (see Figure 3) leads 
to additional atmospheric cooling. The influence of atmospheric cooling by low-level clouds on P was recently 
discussed more thoroughly in the context of a mock-Walker circulation by Silvers and Robinson (2021). Silvers 
and Robinson (2021) used experiments with the longwave cloud radiative effect to show that low-level clouds are 
a source of atmospheric cooling because they increase the downwelling longwave radiation. Because CAM5 has 
more low-level clouds relative to CAM6, the additional cooling from the low-level clouds will likely contribute 
to more compensating LH and P in CAM5. CAM5 on average has a larger CF and PW than CAM6 (except for 
the anomalous case of 305 K) which is consistent with its reduced OLR . The OLR , PW , and P reach their largest 
values in the 305 K experiment for both models (see Section 3.3).

Mean values taken from the deep tropics of the amip and piControl experiments shown in Figure 1 are given in 
Table 2 and provide a picture of some similarities between the RCE configurations and the GCM parent models 
CAM and CESM. Analogous to the RCE experiments, CAM5 has larger P and PW (5.25 mm/day and 46.3 kg/m2) 
in the amip experiments relative to CAM6 (4.52 mm/day and 43.3 kg/m2). Interestingly, when the SSTs are driven 
by interactions between the atmosphere and ocean in the piControl experiments with CESM1 and CESM2 it is 
CESM2 which produces the most P and PW , rather than CESM1. We also find that for the CAM5 RCE, CAM5 
GCM (amip), and CESM1 (piControl), the fraction of convective precipitation is about 90%. In contrast, the 
fraction of convective precipitation is about 70% in the CAM6 RCE, CAM6 GCM (amip), and CESM2 (piCon-
trol) configurations. One particular way in which the parameterization of deep convection is different between 
the model generations is that the number of negative buoyancy layers allowed when calculating CAPE in the 
scheme is reduced from five in CAM5 to one in CAM6, reducing the triggering of convection and therefore con-
vective precipitation in CAM6. This explanation for the decrease in convective precipitation in CAM6 compared 
to CAM5 is consistent with the previous work by Xie et al. (2018) which showed that decreases in the number 
of negative buoyancy layers can suppress convection over tropical oceans in the Energy Exascale Earth System 
Model (which is a model sibling of CESM). The fraction of convective precipitation (often including deep and 

Model

SST P PW

CF

OLR ASR LH SH

SF

I

(K) (mm/day) (kg/m2) (W/m2) W/m2 W/m2 W/m2 (hPa/day)

CAM5 295 2.43 (2.27) 23.43 0.61 239.83 319.52 70.43 11.07 0.71 126.4

300 3.34 (2.88) 36.64 0.57 257.91 314.76 96.59 10.98 0.74 114.4

305 3.99 (3.44) 54.65 0.51 271.52 316.30 115.5 10.10 0.74 99.3

CAM6 295 2.28 (1.69) 21.41 0.56 245.42 326.08 66.06 11.95 0.70 160.4

300 2.93 (1.98) 31.72 0.49 260.68 326.49 84.93 12.60 0.77 156.2

305 3.74 (2.42) 51.48 0.96 270.63 324.25 108.32 11.58 0.76 110.5

Note. Shown is the mean precipitation P , precipitable water PW , cloud fraction CF , outgoing longwave radiation OLR , 
the absorbed solar radiation at the top of the atmosphere ASR , the latent LH and sensible heat fluxes SH , the subsidence 
fraction SF , and the intensity of the large-scale circulation I. P due to the convective parameterization is given in parenthesis. 
The values of I have been calculated from hourly data.

Table 1 
Comparison Between CAM5 and CAM6 RCE Simulations of Select Variables Averaged Over the Full Domain and the Last 
Year of the Experiment
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Figure 3. Globally averaged and dynamically sampled vertical profiles (as labeled, from top to bottom) of relative humidity, 
temperature, cloud fraction, cloud liquid, and cloud ice for the last 100 days of the Community Atmosphere Model version 5 
(orange) and Community Atmosphere Model version 6 (green) RCE simulations. The hourly averaged data are separated into 
ascending (i.e., pressure velocity at 500 hPa less than 0.0 hPa/day) and subsiding (i.e., pressure velocity at 500 hPa greater 
than 0.0 hPa/day) regions in the middle and right columns. Thickness of the lines increases with temperature (295 K, 300 K, 
305 K).
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shallow convection) in a model is closely connected to basic properties of the model such as the condensate and 
the low cloud cover (Held et al., 2007). It is possible that some of the differences we find in P , PW , and cloud 
fraction between the fifth and sixth generation of CAM configurations could be a result of the different proportion 
of large-scale or convective precipitation.

To summarize, the reduction with warming of the convectively driven mass flux from the boundary layer is simi-
lar between the CAM5 and CAM6 RCE experiments. This is interesting in light of the differences in cloud liquid 
water, OLR , and the fraction of convective precipitation between the two models. There are clear similarities be-
tween the RCE and amip configurations for each of the two model generations (CAM5 and CAM6). The CAM5 
simulations tend to have more P , PW , LH , and less ASR , than CAM6. Comparisons to the parent comprehensive 
GCMs for mean values become more difficult when the surface is coupled to the ocean as in the piControl exper-
iments. In that case it is the CESM2 model with higher amounts of P , PW , and ASR .

3.2. Vertical Structure

In this section we explore the vertical structure of the RCE state between the CAM5 and CAM6 experiments. 
We first examine the basic thermodynamic structure and clouds of the RCE experiments. To better isolate the 
convective regions from the relatively cloud free regions we dynamically sample the ascending and descend-
ing regions of the domain and plot profiles from each. We then briefly discuss the response of the clouds to 
warming.

3.2.1. Thermodynamic State and Associated Clouds

We have shown that in the deep tropics simulated by the two generations of CAM (CAM5/CESM1 and CAM6/
CESM2) in CMIP-class simulations that there are substantially more low-level clouds and less upper level clouds 

Figure 4. Globally averaged (from left to right) relative humidity cloud fraction, cloud liquid and cloud ice for the last 100 days of the Community Atmosphere Model 
version 5 (orange) and Community Atmosphere Model version 6 (green) RCE simulations. Thickness of the lines increases with temperature (295 K, 300 K, 305 K).

Model

Simulation P PW

CF

OLR ASR LH SH

Exp. (mm/day) (kg/m2) (W/m2) (W/m2) (W/m2) (W/m2)

CESM1 piControl 5.06 (4.51) 42.81 0.66 251.83 306.74 113.65 12.69

CAM5 amip 5.25 (4.77) 46.30 0.66 248.23 304.6 112.07 12.54

CESM2 piControl 5.21 (3.66) 46.06 0.74 248.33 312.99 113.82 18.97

CAM6 amip 4.52 (3.27) 43.29 0.72 246.16 319.81 98.84 17.34

Table 2 
Comparison Between CAM5/CESM1 and CAM6/CESM2 of Variables (as in Table 1) Averaged Over the Ocean Covered 
Deep Tropics (5°S–5°N) for Official CMIP5/CMIP6 amip and piControl Experiments (Same Time Periods as in Figure 1)
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in the amip and piControl experiments of CAM5/CESM1 compared to CAM6/CESM2 (Figure 1). Investigating 
if these differences are also present between the CAM5 and CAM6 RCEMIP experiments would demonstrate 
the usefulness of the new RCEMIP compset for understanding these difference between model versions in the 
CESM hierarchy. Figure 3 shows vertical profiles of relative humidity, temperature, cloud fraction, cloud liquid, 
and cloud ice as a global average, as well as dynamically sampled into subsiding (i.e., pressure velocity at 500 hPa 
greater than 0.0 hPa/day) and ascending regions (i.e., pressure velocity at 500 hPa less than 0.0 hPa/day). In gen-
eral, all experiments show smaller cloud fraction at all levels of the atmosphere in subsiding regions compared to 
ascending regions. Mid-levels in the troposphere (∼800 to 200 hPa) are associated with lower relative humidity, 
cloud liquid, and cloud ice in the subsidence regions. Note that relative humidity, as calculated internally in 
CAM, is computed separately over liquid and ice when the temperature is greater than 273.15 K and less than 
253.15 K, respectively, with a linear interpolation between those temperatures.

When comparing the global average cloud profile characteristics in Figure 3 there are some similarities across 
the experiments, particularly a peak in cloud fraction occurring above 300 hPa representing the anvils of deep 
convective clouds (consistent with anvil cloud heights from comprehensive simulations in Figure 1). In Figure 3 
this peak in cloud fraction in the upper atmosphere is associated with a peak in relative humidity near the min-
imum temperature associated with the simulated tropopause. As expected, the peak cloud fraction in this upper 
atmosphere region is associated with a peak in the concentration of cloud ice. Lower in the atmosphere, CAM5 
has a secondary peak in low level clouds in the RCEMIP simulations due to a peak in the amount of cloud liquid 
in the boundary layer. This peak in low-level clouds is absent from the CAM6 RCEMIP simulations.

In the context of the CESM hierarchy, analysis of Figures 1 and 3 and Table 2 reveals two types of consistency 
among the simulations. First, the consistency of vertical cloud structure among each configuration of a model 
generation (e.g., CAM5 RCEMIP, CAM5 amip, and CESM1 piControl) is seen in both CAM5/CESM1 and 
CAM6/CESM2. This also includes the consistency of the mean climates between the RCEMIP and amip sim-
ulations for each model generation (Table 1). Second, the different low-cloud structures between CESM1 and 
CESM2 (Figure 1) is robust across the RCE, amip, and piControl simulations. In general, consistency, as well as 
in the differences, in the vertical cloud structure between the two model generations are captured in the RCEMIP 
simulations.

It is worth noting that CAM6 is not alone in simulating few low clouds in the boundary layer under RCE condi-
tions, as other GCMs and CRMs in the RCEMIP ensemble are shown in Wing et al. (2020) to have little or no 
cloud liquid and cloud fraction in this region. Exploring the differences between CAM configurations sheds light 
on why this might occur in CAM6. Naturally, one might expect that the CLUBB parameterization in CAM6, 
which replaces the boundary layer, shallow convection, and cloud macrophysics from CAM5 (see Section 2 and 
Table A1), is responsible for this difference in low clouds. Analysis of vertical diffusion in the CAM6 config-
urations indicates that the boundary layer is too diffuse and therefore cloud droplets are efficiently transported 
vertically, as indicated by the higher altitude of the primary peak in cloud liquid in convecting regions in CAM6 
compared to CAM5 (Figure 3). To test the sensitivity of low-level cloud liquid to diffusion and evaluate it as an 
explanation for the difference between CAM5 and CAM6, additional sensitivity simulations with CAM6 were 
performed (see Figure S2 in Supporting Information S1) in which the parameter (gamma) that controls the width 
of the vertical velocity probability density function within CLUBB is decreased from the CAM6 control value of 
0.308 to 0.1, which is on the lower end of the range used in previous CLUBB parameter sensitivity studies (Guo 
et al., 2015; Qian et al., 2018; Zhang et al., 2018). Reducing this width parameter of the vertical velocity distri-
bution is expected to decrease upward vertical mixing and increase lower-level clouds (Gettelman, Truesdale, 
et al., 2019). This result is observed in the supplemental CAM6 gamma sensitivity simulations (with a smaller 
width parameter, gamma) where the low cloud fraction and liquid increase in the boundary layer with a larger 
magnitude and higher altitude peak when compared to CAM5 (see Figure S2 in Supporting Information S1). It is 
worth mentioning, that the impact of CLUBB on the differences between CAM6 and CAM5 RCE states is likely 
broader than its impact on low clouds.

This demonstrates how the relative simplicity of RCE facilitates the testing of particular parameters in CAM. 
For such experiments RCEMIP provides important context on the idealized state while the more comprehensive 
CAM and CESM simulations can illustrate implications of parameter sensitivity and additional processes in the 
full Earth system configurations. This type of process motivated experiment could facilitate using the subset 
of RCEMIP large eddy simulations as a reference when examining parameterization settings (such as those in 
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CLUBB) for tropical convection. This may be especially valuable since CAM simulations with CLUBB have 
been shown to decrease low level clouds in regions of deep convection in the tropics (i.e., ITCZ and west Pacific 
warm pool) in more realistic simulations (e.g., Song et al., 2018), as well as in amip and piControl experiments 
shown in Figure 1. This example of using physical intuition, an understanding of how CAM parameterizations 
are designed to work, and the multi-model RCEMIP ensemble to adjust parameterizations illustrates the poten-
tial for RCE experiments to inform new GCM developments and to deepen our understanding of more realistic 
configurations.

3.2.2. Response of Clouds to Warming

As the SST increases, both CAM5 and CAM6 simulate little change in low level cloud fraction with warming, 
consistent with minimal changes of relative humidity and cloud liquid below 800  hPa (Figure  3). However, 
both models simulate a decrease in the anvil cloud fraction and a shift in these anvils towards lower pressures 
with increasing SST. There is an increase in cloud fraction above 200 hPa in the CAM6 305 K SST experiment 
that represents an optically thin cloud throughout most of the global domain (in both subsiding and ascending 
regions). As shown in Figure 3 relative humidity jumps to 100% near the tropopause in both subsiding and as-
cending regions in the CAM6 305 K SST experiment, which is also linked to a relatively warm tropopause tem-
perature compared to all other experiments. It is worth noting that in more realistic simulations (Figure 1) CAM6 
also simulates a higher cloud fraction (though not of the same magnitude shown in Figure 3) in these regions, 
compared to CAM5. Additional experiments (not shown) indicate that if the ice crystal number concentration 
Ni is decreased then the cloud fraction systematically decreases at these levels. One might hypothesize that the 
vertical mixing in CAM6, particularly in the 305 K experiment, transports cloud condensate high enough to 
reach the stratosphere (e.g., cloud liquid nearly reaching the 200 mb level) due to the high diffusivity of CLUBB 
under the RCE conditions. This leads to large amounts of supersaturation, excessive relative humidity, and too 
many resultant ice clouds. However, this can not be the whole story, as supplemental CAM6 gamma sensitivity 
simulations with decreased upward vertical mixing in CLUBB (see Figure S2 in Supporting Information S1) still 
experience large cloud fractions and relative humidity in the anvil cloud regions, suggesting that the interaction 
with the microphysics might be worth exploring. Since the focus of this work is to document and explore the 
CAM simulations completed as part of RCEMIP, further exploration of this response in the CAM6 305 K SST 
experiment is beyond the scope of this paper. This illustration highlights the usefulness of RCEMIP, not only to 
better understand the behavior of more realistic models, but also to identify potential artifacts and sensitivities 
that could manifest themselves in more Earth-like model configurations.

Excepting the outlying CAM6 305 K simulation, the anvil cloud temperature (temperature at the height of the 
peak high cloud fraction) changes by 15%–30% of the SST change (Figure 3). As the SST increases in CAM5 the 
anvil cloud temperature warms only slightly from 219.6 to 221.1K and 222.6K. The CAM6 295 and 300 K exper-
iments also show a relatively small anvil temperature change from 217.4 to 216.6K, but in the 305 K simulation it 
decreases significantly to 205.6K (see Table S6 in SI of Wing et al., 2020). In the 305 K CAM6 experiment, the 
anvil cloud height nearly doubles compared to the 295 K experiment (see Table S7 in SI of Wing et al., 2020), in 
contrast to the other CAM RCE experiments where the anvil cloud height only changes by a few km.

To illustrate the temperature dependence of the anvil clouds and the relative humidity profiles, and to further 
explore the mean RCE states of CAM5 and CAM6, Figure 4 shows global average vertical profiles of relative 
humidity, cloud fraction, cloud liquid and cloud ice as a function of temperature (as opposed to pressure in Fig-
ure 3). Differences in relative humidity above the boundary layer for a given SST experiment between CAM5 and 
CAM6 are due to differing thermal structures with pressure. This is consistent with the work of Romps (2014) 
which suggests that relative humidity is an invariant function of temperature. For the CAM simulations this is 
confirmed by the mid-tropospheric relative humidity minimum that occurs for all six simulations near a temper-
ature of 260K. The degree to which this invariance holds is linked to the mass exchange between convection and 
the environment. Recall that while the deep convection parameterization is similar for both versions of CAM, 
differences in this mass exchange are to be expected here given the rather large differences in parameterized con-
vective precipitation (Table 1). These differences, in combination with changes to other parameterizations, are 
likely responsible for the small differences in the relative humidity profiles between CAM5 and CAM6.

When plotted as a function of temperature, the vertical profiles of cloud fraction show a remarkably consistent 
maximum between 215–220K for the CAM configurations (the CAM6 305 K simulation notwithstanding due to 
the artifact discussed). Although differences between CAM5 and CAM6 are clear for cloud liquid and cloud ice, 
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Figure 4 shows that each model individually is nearly temperature invariant in the upper troposphere. The distri-
bution of total cloud condensate in CAM6 is more concentrated in the mid-troposphere relative to CAM5, with 
cloud liquid at colder temperatures and cloud ice at warmer temperatures. This further suggests that differences 
in cloud liquid and the characteristics of convection at these levels is due to wholesale differences in the shallow 
convection and boundary layer parameterizations between the model versions (and their interactions with the 
microphysics). In the free troposphere we see that for each model the relative humidity and cloud fraction are 
primarily functions of temperature with the maximum and minimum values being nearly invariant in temperature.

3.3. Horizontal Structure

Comparing the horizontal structures of humidity, clouds, and wind can reveal important differences between the 
CAM5 and CAM6 RCE states that may be missed in the global mean statistics. At a given SST, there are no-
ticeable differences in the horizontal spatial patterns between the CAM5 and CAM6 configurations. In general, 
compared to CAM6, CAM5 produces more coherent clustering of convection, shown as areas of low outgoing 
longwave radiation and increased precipitation rates (Figure 5). This is particularly apparent at the 300 K temper-
ature where CAM6 has more globally distributed convection than the more clustered CAM5 (Movie S1 provides 

Figure 5. Hourly averaged snapshot of outgoing longwave radiation (gray shading) and total precipitation rate (color 
shading) from the last day of the three Community Atmosphere Model version 5 (left) and Community Atmosphere Model 
version 6 (right) RCE simulations with SSTs of 295 K, 300 K, and 305 K (see labels). Note, for comparison purposes the 
colorbars used match those in Wing et al. (2018), which introduced the RCEMIP protocols.
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a look at the evolution of these fields for each CAM configuration and SST). In both CAM configurations, as the 
SST increases from 295 to 305 K, the convection becomes more aggregated, collapsing into one or two coherent 
clusters within the entire domain. This results in increased precipitation rates within the convective clusters (see 
Section 3.5 for scaling discussion of extreme precipitation rates). The increase in mean precipitation with warm-
ing discussed in Section 3.1 has a contribution from the changing spatial structure of convection with warming 
seen in Figure 5. More aggregated states have larger, drier subsidence regions (the darkest regions in Figure 5), 
which increases the mean atmospheric radiative cooling (and mean OLR; Table 1), thus energetically constrain-
ing mean precipitation to increase as well. As the regions of low OLR and strong precipitation become more 
concentrated and the dry subsiding regions expand, the mid-tropospheric RH and upper level clouds decrease, as 
seen in Figures 3 and 4. Note that the large upper-level cloud fraction for the CAM6 305 K experiment does not 
appear to influence the OLR.

Another way to view the spatial structures that are present in the RCE state is provided in Figure 6 which shows 
a snapshot (at the same time as Figure 5) of the precipitable water (or water vapor path) anomaly from the global 
mean along with the lowermost model level wind vectors. Again, it is clear that there is some difference in the 
RCE states between the CAM5 and CAM6 configurations at a given SST. The cloud clusters seen in Figure 5 are 
associated with local maxima in precipitable water while the regions of large outgoing longwave radiation values 
demarcate dry regions. The range of precipitable water is generally comparable between CAM5 and CAM6 at 
each temperature, except for the 300 K where CAM5 has more spread. As the SST increases, the range of precip-
itable water anomalies becomes larger. This can be associated with convective self aggregation (see Section 3.4) 

Figure 6. Hourly averaged snapshot of precipitable water anomaly (contours) and lowermost-model-level winds (vectors) 
from the last day of the three Community Atmosphere Model version 5 (left) and Community Atmosphere Model version 
6 (right) RCE simulations with SSTs of 295 K, 300 K, and 305 K (see labels). The anomaly is calculated as the difference 
between the hourly averaged precipitable water and the global mean.

 19422466, 2021, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021M

S002539, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Advances in Modeling Earth Systems

REED ET AL.

10.1029/2021MS002539

13 of 21

and increases in moisture following Clausius-Clapeyron. The wind vectors 
reveal a robust circulation with divergence from regions with low precipita-
ble water and convergence into the regions with high precipitable water path, 
large precipitation rates and low outgoing radiation.

3.4. Convective Aggregation

As discussed in Section 3.3, the moisture, clouds and precipitation in both the 
CAM5 and CAM6 simulations aggregate into organized structures (Figures 5 
and 6). Since this organization occurs despite homogenous initial conditions 
and forcing, it is referred to as convective self-aggregation. This aggregation 
influences the mean energetics of the simulations and appears to increase 
with warming in both CAM5 and CAM6, as is apparent visually (Figures 5 
and 6) and as measured by the subsidence fraction (Table 1, Figure 7). The 
subsidence fraction (SF), which is computed on the 500 hPa level from daily 
averaged values of the pressure velocity field (ω500; Table 1, Figure 7), is 
a common metric of aggregation. After an initial adjustment of one or two 
months, the subsidence fraction for all experiments is steady in time (only the 
last year is plotted). For both CAM5 and CAM6, the SF indicates an increase 
in aggregation as the surface temperature rises above 295 K. Past studies have 
shown that SF can increase or decrease with SST, depending on the model 

and the range of SST considered (e.g., an increase of SF in the GCM simulations of Coppin and Bony (2015) but 
a decrease in the CRM simulations of Cronin and Wing (2017)). Across RCEMIP (Wing et al., 2020), there is a 
large range in the values and trends of SF.

Despite the visual impression (Figures 5 and 6) of more aggregation in the CAM5 300 K experiment, the SF 
indicates more aggregation in CAM6 (Figure 7). Therefore, to more thoroughly compare aggregation in CAM5 
and CAM6, we also consider other metrics of aggregation. The spatial variance of column relative humidity and 
an organization index (Iorg; Tompkins & Semie, 2017) have also been used as measures of aggregation and are 
shown across the range of RCEMIP models in Wing et al. (2020). Their Figure 12 shows that CAM5 and CAM6 
have values of SF that are in the larger half of the SF range, but values of the spatial variance of column relative 
humidity that are on the order of 0.01; lower than most of the CRMs and GCMs. In the 300 K simulation, while 
SF indicates more aggregation in CAM6 than CAM5, Iorg and the variance of column RH indicate more aggrega-
tion in CAM5 than CAM6, consistent with the appearance of Figures 5 and 6. When looking at the overall change 
from 295 to 305 K experiments, all three metrics show a positive change in both CAM5 and CAM6, strengthening 
the conclusion that aggregation increases with warming in these models (Wing et al. (2020), their Figure 16). 
Overall, the results from RCEMIP demonstrate that none of the three aggregation metrics (SF, Iorg, and the vari-
ance of column RH) unambiguously identify convective self aggregation. In particular, Wing et al. (2020) makes 
clear that it is challenging to identify aggregation in GCMs using Iorg. However, with the exception of the 300 K 
experiment, SF and the variance of column RH agree in their comparison of CAM5 and CAM6.

To explore aggregation across the CAM reference states in more detail than can be provided by the single-val-
ued metrics discussed above, Figure 8 shows the probability distribution of hourly average precipitable water. 
Consistent with Table 1 the distribution of precipitable water shifts toward higher values with increasing SST. 
However, Figure 8 provides more detail of how the RCE state changes with temperature. In general, as the SST 
increases the width of the distribution increases and becomes more negatively skewed (i.e., the dry side of the 
distribution has a longer tail). This increase in distribution width and skewness, which is in part due to increasing 
SST, indicates that both CAM5 and CAM6 become more aggregated with warming as the regions of moist con-
vection become more concentrated and relatively drier regions more probable. This combination of changes of 
the distribution width and skewness also highlights some of the key differences between CAM5 and CAM6. In 
general, the distributions for the 295 and 305 K simulations are similar for both versions of CAM (despite CAM5 
having higher values of precipitable water). This is highlighted further when the global average is removed, leav-
ing the relative precipitable water anomaly (right side of Figure 8). In this case, the distributions are even more 
similar, suggesting that the simulations at these SSTs have a similar degree of organization. However, the 300 K 
simulations present a different story. As the CAM5 precipitable water distribution is shifted to higher values, the 

Figure 7. Subsidence fraction time series over the last year for the 
experiments with constant SST of 295 K, 300 K, and 305 K for Community 
Atmosphere Model version 5 (orange) and Community Atmosphere Model 
version 6 (green) RCE simulations with a 10 days running mean filter applied. 
Dots and lines on the right show the mean and standard deviation over the last 
year of each experiment. Thickness of the lines increases with temperature 
(295 K, 300 K, 305 K).
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anomaly distribution is wider (from −22 to 18 kg/m2 in CAM5 and from −18 to 10 kg/m2 in CAM6) and more 
negatively skewed, representing a more aggregated state in CAM5 when compared to CAM6, consistent with the 
visual appearance in Figures 5 and 6.

Overall, these precipitable water distributions indicate that aggregation in both versions of CAM increases with 
warming (in agreement with the aggregation metrics discussed above), but that CAM5 aggregates more readily 
with warming. This characteristic of CAM5 is not readily apparent in the subsidence fraction (Figure 7), indicat-
ing that the different metrics capture different aspects of aggregation. These precipitable water distributions also 
show that in general CAM5 and CAM6 are similar to each other and they both have a small range of precipitable 
water values relative to most other models (compare to Figure S10 from Wing et al., 2020). The similar degree 
of aggregation between CAM5 and CAM6 implies low sensitivity to differences in boundary layer cloud liquid. 
This result differs from work with CRMs in RCE (e.g., C. J. Muller & Held, 2012; C. Muller & Bony, 2015) that 
have shown that low clouds (and the overturning circulation induced by their radiative cooling) are essential to 
aggregation, which suggests that the relationship between low clouds and the degree of aggregation might be 
different between GCMs (shown here) and CRMs. The troposphere between 200–800 hPa is similar between 
CAM5 and CAM6 and we interpret this as the region of importance for aggregation. The conclusion, across all 
metrics considered, that both CAM5 and CAM6 show overall increased aggregation with warming is important 
because GCM configurations with such behavior tend to have an increased ability to cool the atmosphere. This 
contributes to a lower climate sensitivity relative to the RCEMIP models in which aggregation does not increase 
with warming (Becker & Wing, 2020; Wing et al., 2020). The climate sensitivity in the CAM models is discussed 
in more detail in Section 3.6.

3.5. Extreme Precipitation

While there are differences between the simulated CAM5 and CAM6 RCE states and in (amip and piControl sim-
ulations), there are some similarities in the response of the model configurations to surface warming. As shown 
in Section 3.1, both CAM5 and CAM6 simulate a 6.4% increase in mean total precipitation rate per K across 
the full 295–305 K temperature range (Table 1). The convective precipitation increases at a lower rate, 5.2% for 
CAM5 and 4.3% for CAM6, over the same temperature range. We assume this is due to differences in the details 
of the triggering of the deep convection scheme noted in Section 3.1 and results in the differences that were found 
between the amount of precipitation that is due to parameterized convection. This suggests that while there are 
differences in the global mean total and convective precipitation at a given surface temperature for CAM5 and 

Figure 8. Probability of the 1-hourly-averaged (left) precipitable water and (right) precipitable water anomaly from the 
global mean for the last 100 days of each Community Atmosphere Model version 5 (orange) and Community Atmosphere 
Model version 6 (green) RCE simulations. The data are grouped in 2 kg/m2 bins. Thickness of the lines increases with 
temperature (295 K, 300 K, 305 K).
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CAM6 (in RCEMIP and CMIP simulations), the simulated change with increasing SST is consistent. Figure 9 
displays the probability distribution of hourly average total and convective precipitation rates for the last 100 days 
of each simulation to investigate the change in precipitation at different hourly rates. When focusing on extreme 
precipitation rates, both CAM5 and CAM6 simulate an increase in the likelihood of extreme precipitation rates 
with increased SST. However, that percentage change in the magnitude of the extreme precipitation with temper-
ature increase is different between the model configurations as evident by the different shapes of the probability 
distributions in Figure 9. For example, CAM5 simulates a 14.4% per K increase in 99th percentile total precipita-
tion rate from the 295–305 K experiments, while CAM6 simulates a 11.5% increase. At the 99.9th percentile total 
precipitation rate changes are 57.7% and 19.4% per K for CAM5 and CAM6, respectively. These large changes 
in the most extreme rainfall rates are consistent with previous RCE studies (Pendergrass et al., 2016) and have 
been shown to be linked to changes in the characteristics of the convective aggregation. The largest magnitude 
of change in the 99th percentile total precipitation rate occurs in the transition from 295 to 300 K in the CAM5 
simulations (Figure 9), which is associated with large changes in aggregation as measured by subsidence fraction 
(Figure 7) and the variance in precipitable water (Figure 8). Note, that changes in the precipitation that come 
from the convection schemes show a similar behavior to the total precipitation across the surface temperature and 
model configurations, but at reduced rates in CAM6 compared to CAM5 (as discussed for mean precipitation in 
Section 3.1).

3.6. Climate Sensitivity

This section presents the climate sensitivity of the CAM5 and CAM6 RCE experiments and places the val-
ues in the context of several distinct model configurations which have made use of CAM (Gettelman, Hannay, 
et al., 2019; Gettelman et al., 2012; Medeiros et al., 2015). An integral goal of RCEMIP is to determine the 
dependence of climate sensitivity on both the mean cloud fields and the cloud feedbacks across the ensemble of 
participating models. The inferred climate sensitivity is shown in Table 3 for a range of configurations, including 
three iterations of CAM coupled to a slab ocean model (Gettelman, Hannay, et al., 2019) and idealized aquaplanet 
experiments (Medeiros et al., 2015), and the RCEMIP experiments. The inferred climate sensitivity ranges from 
1.0 to 5.3K, partly as a result of the different configurations and partly because of differences among the feedback 
processes that are present in these models. The RCE and Aquaplanet experiments have a lower climate sensitivity 
than do the more Earth-like configurations. A lower climate sensitivity of RCE experiments was documented in 
Popke et al. (2013) and is also seen here for CAM. At least part of this is due to the absence of the positive ice-al-
bedo feedback, but could also be due to differences of the low-clouds (i.e., the lack of stratocumulus) between the 
RCE configuration and those of more comprehensive configurations. The fairest comparison to the RCE climate 

Figure 9. Probability of the 1-hourly-averaged (left) convective precipitation and (right) total precipitation for the last 
100 days of each Community Atmosphere Model version 5 (orange) and Community Atmosphere Model version 6 (green) 
RCE simulation. The data are grouped in 0.5 mm/hr bins. For total precipitation circle markers are provided to denote the 
magnitude of the (top) 99 and (bottom) 99.9 percentiles. Line thickness and circle diameter increases as SST increases.
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sensitivity estimates is thus the CAM4 aquaplanet estimate from Medeiros et al. (2015), since that aquaplanet 
estimate was based on the tropical feedback parameter and RCE is most representative of tropical regions. Indeed, 
the RCE climate sensitivity is closest to, though still a bit lower than, the CAM4 aquaplanet estimate.

The climate sensitivity (CS) of particular atmospheric configurations can be inferred from constant SST pertur-
bation experiments using the surface temperature difference (ΔT), the change in radiative flux at the top of the 
atmosphere (ΔR), and an assumed radiative forcing (F2xCO2) that represents a CO2 perturbation. The resulting 
climate feedback parameter is computed as λ = ΔR/ΔT and is often referred to as the Cess feedback parameter 
(Cess & Potter, 1988). The inferred climate sensitivity is then given by CS = F2xCO2/λ (we use F2xCO2 = 3.7 W/m2 
following Myhre et al., 1998). Since the actual radiative forcing in response to a doubling of CO2 is model-de-
pendent, this inferred climate sensitivity is not identical to the true equilibrium climate sensitivity of a given 
model. Nevertheless, it provides an estimate of how much warming to expect from a model that has a particular 
response to an imposed radiative forcing value, and allows a comparison to other warming experiments that did 
actually double the CO2 concentration. For the 295/300 K experiments the CS and climate feedback values are 
0.8K for CAM5 and 1.2K for CAM6. For the 300/305 K experiments the CS and climate feedback values are 
1.7K for CAM5 and 1.5K for CAM6. The corresponding climate feedback parameters are −4.7 W m−2 K−1 and 
−2.5 W m−2 K−1 for CAM5 and −3.0 W m−2 K−1 and −2.6 W m−2 K−1 for CAM6.

The climate sensitivity shown in Table 2 increases with each of the successive generations of the CAM based 
models from 3.2K (CAM4) to 4.0 (CAM5/CESM1) and to 5.3K (CAM6/CESM2). The sensitivity also increased 
in the CAM6 Aquaplanet model relative to the CAM4 Aquaplanet. The larger sensitivity in CESM2 has been 
shown to be in part due to increasingly positive cloud feedbacks and the shortwave radiative feedbacks over the 
Southern Ocean by Gettelman, Hannay, et al. (2019) and Bacmeister et al. (2020). The inferred sensitivity of 
the CAM6 RCE experiment is larger than that of the CAM5 RCE experiment. The direct cause of the increased 
sensitivity is not due to one factor but rather a combination of changes in the shortwave, longwave, and clear sky 
fluxes. Despite the numerous differences in parameterization schemes there is a consistent pattern of increasing 
sensitivity in the successive generations of CAM. This is true for RCE, Aquaplanet, and GCM configurations. It 
will be important for future research to determine whether this increasing sensitivity is based on realistic physical 
processes or an artifact of the increasingly complex generations of CAM.

4. Conclusions and Discussion
Reference RCE simulations are presented using the CESM2.1.2 codebase for CAM versions 5 and 6 following 
the RCEMIP protocols with constant SSTs of 295, 300 and 305 K as outlined in Wing et al. (2018). This analysis 
provides a benchmark for future studies that use CAM with the released QPRCEMIP compset (in CESM2.1.2 and 
future releases) for RCE-related analyses that explore clouds, convection, and climate. Among the most interest-
ing differences between the CAM5 and CAM6 RCE climates are a smaller cloud fraction in CAM6 below 500hPa 
and an almost complete lack of liquid water below about 700 hPa. This is consistent with the ocean covered trop-
ical regions of the more realistic CMIP simulations (amip and piControl) in which CAM6 simulates more high 

Model Sensitivity (K) Method Configuration Reference

CAM4/CCSM4 3.2 2 × CO2 GCM & SOM Gettelman et al. (2012)

CAM5/CESM1 4.0 2 × CO2 GCM & SOM Gettelman et al. (2012)

CAM6/CESM2 5.3 2 × CO2 GCM & SOM Gettelman, Hannay, et al. (2019)

CAM4 1.7 +4K Aquaplanet Medeiros et al. (2015)

CAM6 2.5 +4K Aquaplanet Presented here

CAM5 1.0 +10K RCEMIP Presented here

CAM6 1.3 +10K RCEMIP Presented here

Note. Slab ocean models (SOM) have been used to estimate the sensitivity for CESM1 and CESM2 (Gettelman, Hannay, et al., 2019). For the Aquaplanet and RCE 
models, the calculation assumed a radiative forcing of 3.7 W/m2. The inferred sensitivities of the RCEMIP experiments are based on the SST range of 295–305 K. The 
value from Medeiros et al. (2015) is based on the tropical feedback parameter.

Table 3 
Climate Sensitivities Obtained in Various Configurations of CAM and CESM
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(above 300 hPa) cloud fraction and less low (between 1,000–700 hPa) cloud fraction when compared to CAM5 
(Figure 1). These differences are due in part to distinct representations of shallow convection and boundary layer 
processes. Additionally, CAM5 RCE simulates larger precipitation rates and larger global average precipitation, 
despite less outgoing longwave radiation (for the 295 and 300 K experiments) compared to CAM6. Similarities in 
the characteristics of upper troposphere deep convective anvil clouds are observed, linked to the use of a similar 
deep convection parameterization. Both CAM5 and CAM6 simulate similar peaks in the height of cloud fraction, 
relative humidity, and cloud ice in these regions (except for the CAM6 305 K configuration due to the artifact 
discussed in Section 3).

When analyzed across SST experiments further similarities exist between the CAM5 and CAM6 RCEMIP ex-
periments. The maximum upper troposphere cloud fraction decreases in magnitude and increases in height as the 
SST warms in both CAM5 and CAM6, consistent with previous work using RCE in GCMs (Bony et al., 2016). In 
general, extreme precipitation, aggregation, and climate sensitivity increase with warming to varying degrees in 
both the CAM5 and CAM6 RCE experiments. Over the full temperature range both CAM5 and CAM6 simulate 
an increase in subsidence fraction and variance in precipitable water with warming, suggesting an increase in con-
vective aggregation. However, the rate of change in aggregation with warming depends on the model version and 
the choice of aggregation metric. For example, the precipitable water field suggests that relatively dry regions be-
come more frequent as the temperature increases from 295 to 300 K in CAM5, suggesting a more aggregated state 
at the warmer temperature. However, for the same temperature range with CAM6 the change in the probability of 
relatively dry regions is less stark, despite a larger increase in the subsidence fraction between 295 and 300 K in 
CAM6 compared to CAM5. At 305 K both CAM5 and CAM6 produce clearly aggregated states from the precip-
itable water and outgoing radiation fields, despite an insignificant change in the subsidence fractions compared to 
the 300 K case for both model versions. This could reflect a change in the spatial scale of the aggregation. These 
differences in aggregation lead to differences in the distributions of precipitation and circulations. In particular, 
CAM5 tends to produce larger changes in extreme precipitation (defined as the 99 and 99.9 percentiles) with 
warming when compared to CAM6, while CAM6 simulates a larger decrease in the intensity of the circulation 
with warming. Finally, climate sensitivity is also shown to increase in both model versions between the lower 
(295–300 K) and higher (300–305 K) temperature ranges. However, there are differences in the value and rate of 
change of climate sensitivity between the two CAM versions, confirming that changes in the cloud structure, cir-
culation strength, aggregation and climate sensitivity are interlinked (Becker & Wing, 2020; Wing et al., 2020).

The three SST RCEMIP experiments analyzed in this paper have been completed by dozens of models. The initial 
results of RCEMIP show a wide range of possible RCE climates and responses to warming (Wing et al., 2020). 
Among the full RCEMIP multi-model ensemble, the tropospheric temperature can vary by as much as 10K at a 
given level and the relative humidity can vary by a factor of 2. The height at which the convective anvil clouds 
occur varies by several kilometers and the maximum of low-level cloud fraction has a range from near zero to 
around 0.5. Across the 11 GCMs that participated in RCEMIP, the difference in anvil cloud temperature between 
the 295 and 305 K simulations ranges from 1.3K to 15.7K. Among these 11 GCMS, CAM5 is among those with 
the least variation in the anvil temperature with SST warming, and for the 295 and 300 K experiments CAM6 is 
also on the low end of anvil temperature variation. A preliminary analysis of how well the fixed anvil temperature 
and proportionately higher anvil temperature (FAT/PHAT) hypotheses hold in models of RCEMIP is given in 
Wing et al. (2020). Finally, it is worth noting that there was not a robust change of aggregation with warming 
across the full multi-model RCEMIP ensemble.

Considering the major differences in the model physics of CAM5 and CAM6, the overall similarity of many as-
pects of their atmospheric states in the broader context of the RCEMIP results of Wing et al. (2020) is interesting. 
That is, despite the differences shown, CAM5 and CAM6 are more similar to each other than they are to the rest 
of the RCEMIP ensemble. Both CAM5 and CAM6 show increasing aggregation with surface temperature. The 
profiles of temperature, relative humidity, and cloud fraction for CAM5 and CAM6 are more similar to each other 
than to the other models (see Figures 7b, 8, and 9 of Wing et al., 2020). In addition, the difference between CAM5 
and CAM6 in the metrics used to quantify convective aggregation (subsidence fraction, organization index, and 
the spatial variance of column relative humidity) is only a fraction of the range among the RCEMIP multi-mod-
el ensemble. The spatial variance of column relative humidity in CAM5 and CAM6 is nearly the lowest value 
among the model ensemble. This seems consistent with the higher values of mid-tropospheric relative humidity 
and the relatively small negative clear sky feedback (Becker & Wing, 2020; Wing et al., 2020).
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One possible explanation of these similarities is that the dynamical core, which is identical for both the CAM5 
and CAM6 RCEMIP configurations and also sets the physics-dynamics coupling, plays an important role in es-
tablishing the RCE state through influences on circulations and advection. Previous work has demonstrated that 
the dynamical core of GCMs can play an important role in the characteristics of organized convection events in 
more realistic CAM simulations (e.g., tropical cyclones; Reed, Bacmeister, et al., 2015). The RCEMIP framework 
in CAM offers a unique framework to explore the impact of the choice of numerical scheme and physics-dynam-
ics coupling as the number of dynamical cores with quasi-uniform grid spacing is expected to expand beyond the 
SE option in future releases of CESM. This will be the focus of future iterations of the Dynamical Core Model 
Intercomparison Project (Ullrich et al., 2017), which will include the use of the CAM RCEMIP compset docu-
mented here.

The new RCE compset for CAM within CESM, as one piece of the full RCEMIP multi-model ensemble (Wing 
et al., 2020), provides a powerful tool to explore convection, clouds, and circulations in a warming climate. The 
simplicity of RCE complements more complex model comparisons in its ability to better isolate differences 
among clouds and feedbacks across model versions and physics parameterizations. This study uses RCE in CAM 
to highlight differences in the low-level and upper level cloud fields between CAM5 and CAM6 (with implica-
tions for CMIP simulations with CESM). The RCEMIP framework provides a firm foundation from which to in-
crementally add complexity for exploration of the links between convection and climate. Examples include the in-
troduction of rotation (e.g., Chavas & Reed, 2019; Merlis & Held, 2019; Wing et al., 2016), simplifying physical 
parameterizations (Frierson et al., 2006; Reed & Jablonowski, 2012), or using a warm patch of SST to simulate 
a mock-Walker circulation (Silvers & Robinson, 2021). When combined with a community modeling framework 
such as CESM, the standardized RCEMIP baseline offers a unique toolkit for the science community to advance 
our understanding of some of the most important topics in climate science and inform model development efforts.

Appendix A: Comparison of CAM5 and CAM6
Table A1 provides an overview of the differences in the parameterization components between CAM5 and CAM6. 
Depending on the configuration chosen, CAM5 and CAM6 could have additional aerosol-related tracers. These 
are neglected in RCE and therefore the prognostic variables listed, while technically incomplete for CESM1 or 
CESM2, are accurate for RCE with CAM5 and CAM6.

Scheme/Component/Item CESM1 (CAM5) CESM2 (CAM6)

Dynamical Core SEa used here (FV default) Same as CAM5

Radiation RRTMG Same as CAM5

Turbulence BLa (moist turbulence) CLUBBb,c

Shallow convectiond

Grid-scale condensatione

Deep Convection Zhang-McFarlanef Zhang-McFarlanef (minor changes)

Cloud Microphysics MG1g MG2h

Vertical Levels 30 (2.26 hPa top) 32 (2.26 hPa top)

Prognostic Variables Zonal and meridional wind, temperature, dry air mass, water vapor, cloud liquid, cloud ice Same as CAM5 plus rain and snow

Conserved Variables Axial angular momentum Same as CAM5

Total moist energy

Total water mass, momentum

Dry mass

Note. Superscripts indicate the following citations.
aLauritzen et al. (2018). b: Bretherton and Park (2009). c:Golaz et al. (2002). d: Larson (2017). e: Park et al. (2014). f: Zhang and McFarlane (1995). g: Morrison and 
Gettelman (2008). h: Gettelman and Morrison (2015).

Table A1 
Comparison of Select Components Between CAM5 and CAM6
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Data Availability Statement
All official RCEMIP CAM output is publicly available at http://hdl.handle.net/21.14101/d4beee8e-6996-453e-
bbd1-ff53b6874c0e hosted by the German Climate Computing Center (DKRZ), and native CAM output is acces-
sible through NCAR Campaign Storage via Globus.
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