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Abstract Using the global 3.25-km Simple Cloud Resolving E3SM Atmosphere Model (SCREAM 3 km), a
pair of 13-month Cess-Potter simulations are performed to quantify the radiative feedbacks and the hydrologic
and circulation responses to warming. Large-scale aspects of SCREAM 3 km's top-of-atmosphere radiative
fluxes, precipitation rates, and circulations are in good agreement with observations and reanalysis, with notable
differences, including a drier lower free-troposphere in the Tropics, reduced precipitation and humidity over the
Tropical West Pacific, and poleward shifted Southern Hemisphere midlatitude jet. In response to warming,
SCREAM 3 km predicts a total radiative feedback within the top 15% of the CMIP5 and CMIP6 models, which
puts it substantially higher than the feedback reported by other kilometer-scale models. SCREAM 3 km's high
radiative feedback stems from a strongly positive shortwave cloud feedback, most prominent over the mid- and
high-latitudes. SCREAM 3 km's high precipitation response also puts it among the highest of CMIP models,
whereas its circulation response is within the spread of CMIP models. An ensemble of five perturbed initial
condition Cess-Potter simulations with a 12 km version of SCREAM (SCREAM 12 km) is performed to
characterize uncertainty and resolution sensitivity. It suggests that the uncertainty from analyzing a pair of 1-
year simulations is small compared to the inter-model spread in feedbacks and precipitation response. SCREAM
12 km also produces a strong precipitation response to warming but a much lower cloud feedback and total
radiative feedback. The results from these experiments suggest that the spread in climate feedbacks will likely
persist in the next generation of kilometer-scale models.

Plain Language Summary To determine how the large-scale atmosphere responds to warming, we
perform a pair of 13-month simulations using the global 3.25-km Simple Cloud Resolving E3SM Atmosphere
Model (SCREAM 3 km), where one simulation uses present-day sea-surface temperatures and the other uses
sea-surface temperatures that are increased uniformly by 4 K. SCREAM 3 km shows relatively good skill in
representing cloud properties, precipitation patterns, and large-scale wind patterns that we observe in nature, but
also simulates an overly dry lower atmosphere over the Tropics and a western Pacific Ocean region that lacks
precipitation. Compared to current-generation climate models with coarser ~100 km grid resolutions,
SCREAM 3 km produces a climate feedback that is on the high-end of current-generation models, which
suggests a greater warming in response to increased greenhouse gas levels. SCREAM 3 km's higher climate
feedback mainly stems from decreasing cloud reflection over the subtropical and mid-latitude oceans. On the
other hand, similar experiments performed with a 12 km version of SCREAM produces climate feedbacks close
to the average feedback of current-generation models. The results from these experiments suggest that the
spread in climate feedbacks will likely persist in the next generation of kilometer-scale models.

1. Introduction

More than 35 years ago, Cess and Potter (1988) proposed and reported on a computationally efficient set of
simulations to predict the radiative feedbacks from atmosphere-land-ocean coupled simulations with perturbed
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carbon dioxide concentrations. The experiments consisted of a pair of prescribed sea surface temperature (SST)
simulations where the SSTs are uniformly perturbed by +2K. A follow-on study using an ensemble of state-of-
the-art climate models at the time found that most of the intermodel spread in the total radiative feedback stemmed
from variations in their predictions of how clouds respond to warming (Cess et al., 1989). Even in more recent
generations of climate model ensembles, these more constrained and simplified atmosphere-only simulations,
which we refer to as Cess-Potter experiments, continue to be useful to predict feedbacks from fully coupled
experiments and useful to better understand cloud feedbacks (e.g., Qin et al., 2022; Ringer et al., 2014; Sherwood
et al., 2014; Webb et al., 2015, 2024).

Despite years of work to better characterize, understand, and constrain cloud feedbacks, the spread in cloud
feedbacks continues to be large and remains the largest source of model uncertainty in estimating the warming
from increased carbon dioxide concentrations (Sherwood et al., 2020; Zelinka et al., 2020). In this context, some
studies have associated the spread in cloud feedbacks with our reliance on parameterizations of convection (e.g.,
Sherwood et al., 2014). The parameterizations of convection, which represent the precipitation and vertical
mixing processes of unresolved convective clouds, are necessary in climate models that have typical horizontal
resolutions of approximately 100 km. Their potential impacts are not only limited to deep convective clouds and
cirrus clouds that detrain from them, but also include low-level clouds, through the parameterizations' impact on
boundary-layer-free-troposphere mixing (Qin et al., 2024; Sherwood et al., 2014; Zhang & Bretherton, 2008),
their impacts on high-level cloud cover that affect cloud-top radiative cooling (Christensen et al., 2013), and their
remote impact on the temperature and humidity structures of the free-tropospheric air overlying low-clouds
(Brient & Bony, 2013; Schiro et al., 2022; Zhou et al., 2017).

In recent years, computational advancements have allowed a growing number of modeling centers to develop and
perform simulations with kilometer-scale global storm-resolving models (GSRMs), with horizontal grid spacings
of less than 5 km, such that two phases of model intercomparisons of 40-day simulations (DYnamics of the
Atmospheric general circulation Modeled On Non-hydrostatic Domains—DY AMOND) had participation from
almost a dozen modeling centers (Stevens et al., 2019). The Simple Cloud Resolving E3SM Atmosphere Model
(SCREAM) is one such GSRM developed under the US Department of Energy, which participated in the second
phase of DYAMOND (Caldwell et al., 2021) and recently ran four 40-day simulations (Donahue et al., 2024).
Performing a pair of multi-decadal simulations following the protocol of the Atmosphere Model Intercomparison
Project (AMIP) with GSRMs is still some years away with current computational resources. Qin et al. (2022)
reported that while a 1-year AMIP-type simulation is sufficient to capture the “inter-model spread” of cloud
feedbacks in coupled simulations, longer simulations provide more accurate estimates for individual models.
However, for the purposes of this study, we adopt the 1-year simulation approach based on its demonstrated
capability, as later analyzed using ensemble members of SCREAM 12 km. Furthermore, Merlis et al. (2024)
recently reported total radiative feedback estimates from the kilometer-scale X-SHiELD model from running a
pair of 2-year simulations. With these recent results, we are well-poised to start comparing, understanding, and
quantifying the atmospheric climate feedbacks coming from this new generation of models.

This paper aims to provide an overview of the Cess-Potter experiments performed using the SCREAMv1 model
described in Donahue et al. (2024). The simulations, performed using the default 3.25 km horizontal resolution
(SCREAM 3 km) and a coarser 12 km resolution (SCREAM 12 km) will provide some insight into whether
atmospheric climate feedbacks differ from those predicted by climate models with ~100 km resolution that are
part of CMIP and by the handful of existing km-scale simulations. We provide a description of the model and the
experimental design in Section 2, report on the large-scale atmospheric features in the baseline SCREAM 3 km
simulation in Section 3, compare and contrast the climate feedbacks against CMIP-class models in Section 4,
examine some of the processes underlying feedback differences in Section 5, explore the hydrologic and cir-
culation response in Section 6, describe how mesoscale convective systems in SCREAM 3 km respond to
warming in Section 7, and finally discuss the implications of these results and provide a glimpse of future inquiry
made possible with the model experiments at this resolution in Section 8.

2. Methods

The main experiments analyzed in this study are a pair of Cess-Potter experiments performed using the 3.25-km
SCREAM simulations. Details of the model are found in Section 2.1, where details of the experiment design can
be found in Section 2.2. We also performed five pairs of Cess-Potter experiments using a coarser 12-km version of
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SCREAM to examine the uncertainties arising from internal variability; their details can be found in Section 2.3.
Finally, details of the observations, reanalysis, and CMIP models that we compare the SCREAM results against
are found in Section 2.4, and the calculation of radiative feedbacks in this study are described in Section 2.5.

2.1. SCREAMv1 and Machines Used

As described in Donahue et al. (2024), SCREAMv1 is a new GSRM written in C++ and employing the Kokkos
C++ Performance Portability Ecosystem (Trott et al., 2022) to enable it to run efficiently on a variety of hardware
architectures, including conventional CPU-based systems and emerging GPU-based systems (from multiple
vendors). For this work we use the Frontier exascale supercomputer at OLCF with 2048 nodes for 3 km ex-
periments and 96 nodes for 12 km experiments.

The backbone of SCREAMV1 is the non-hydrostatic version of the High Order Method Modeling Environment
(HOMME) dynamical core used in all E3SM model releases (Dennis et al., 2005, 2012; Taylor et al., 2020),
which was written in C++ for SCREAMv1 (Bertagna et al., 2020). Turbulence, condensation, and liquid cloud
fraction is handled by the Simplified Higher Order Closure (SHOC) scheme (Bogenschutz & Krueger, 2013). All-
or-nothing ice cloud fraction is assumed with an ice mixing ratio threshold of 1074 kg kg™"'. The single-category
Predicted Particle Properties (P3) of Morrison and Milbrandt (2015) is used for microphysics. As described in
Caldwell et al. (2021), liquid supersaturation was removed from P3 to enable consistency with SHOC's liquid
saturation adjustment assumption. Radiation is handled by a C++ version of the RTE + RRTMGP radiative
transfer package originally written in Fortran (Donahue et al., 2024; Pincus et al., 2019). This set of simulations
also uses the Simplified Prescribed Aerosol (SPA) scheme to prescribe the cloud droplet number concentration
and aerosol radiative properties coming from a previous E3SM simulation, as described by Donahue et al. (2024)
and Mahfouz et al. (2025). The version of the SPA data used in these experiments can be found at Terai (2024b).

The model closely follows what was reported by Donahue et al. (2024) with the following changes to address
specific model biases. First, the Turbulent Mountain Stress scheme was added to improve near-surface wind
speeds. The University of Arizona surface flux scheme (Reeves Eyre et al., 2021) is also used over the existing
E3SMvl1 scheme to reduce the high wind speed and high latent heat flux bias over the oceans. Second, im-
provements were made to SHOC to address nocturnal over-mixing, which had previously led to warmer 2-m
temperatures. Third, cloud-related parameters were tuned in SHOC and in P3 to increase low-level clouds and
to increase the upper threshold for ice number concentration, which has the effect of increasing high-level clouds
(Donahue et al., 2024). Finally, improvements to the water conservation were made such that the water is
conserved to within 34 mm/century in these experiments.

2.2. Experimental Design

We run a pair of 13-month simulations, one using present-day forcings and sea-surface temperatures (SSTs) and
the other where the SSTs are increased uniformly by 4K (+4K simulation). Although often referred to as
atmosphere-only simulations, the interactive E3SM Land Model is turned on in these simulations, so they are
technically atmosphere-land coupled simulations. Running with an interactive land allows for land-atmosphere
interactions to occur that affect both the present-day simulations and their response to warmed SSTs. The sim-
ulations span from 1 Aug 2019 to 31 Aug 2020, with analysis performed on the last 12 months of the simulation.
The sea-surface temperature and sea-ice coverage are taken from the Group for High Resolution Sea Surface
Temperature (GHRSST) Level 4 sea surface temperature analysis produced daily on an operational basis at the
UK Met Office (Donlon et al., 2012).

The choice of simulation period is motivated by three aspects: First, the period does not exhibit strong SST
anomalies associated with the El Nino Southern Oscillation (ENSO), which is important because Qin et al. (2022)
noted that cloud feedbacks in Cess-Potter simulations show better agreement with coupled simulations during
ENSO-neutral years. Second, a relatively recent period allows the evaluation against observations to use more
recent satellite data sets (e.g., The Global Precipitation Measurement Mission). Finally, we wanted to start prior to
the northern hemisphere winter to allow for a natural accumulation of continental snow pack, rather than relying
on the snow pack to be provided by the initial condition. Although the simulation period does not match the March
2020 to February 2021 period proposed by Takasuka, Satoh, et al. (2024) for a year-long DYAMOND inter-
comparison, six-months of the 12-month analysis period overlap, and the potential impacts on feedbacks are
explored with SCREAM 12 km, as discussed below.
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Table 1
Time Steps and Subcycling Frequencies Associated With SCREAM 3 km and SCREAM 12 km

Time steps/frequency SCREAM 3 km SCREAM 12 km

Physics time step (s) 100 600
Radiation time step (s) 300 1800
Dynamics time step (s) 8.333 33.333

Macrophysics/microphysics subcycle frequency 1 6

Note. Macrophysics-microphysics subcycle frequency indicates the number of times the macrophysics and microphysics
schemes are subcycled within a physics time step.

The land initial condition was created by running the land model with prescribed atmospheric forcing from
CRUNCEP Version 7 (Viovy, 2018). The land spin-up run is configured to stop when reaching the simulation
start date, for a total of 28 and 20 years, respectively for the 3 and 12 km resolutions.

2.3. SCREAM 12 km Ensemble

In addition to the 3 km version of SCREAM, we also perform the same Cess-Potter experiments using a coarser
12 km version of SCREAM without any changes to the physics parameters. Time steps are increased to match the
decrease in the resolution (Table 1), but everything else is kept the same. One benefit of the 12 km simulations is
that their smaller computational cost allows for multiple simulations to investigate uncertainties associated with
internal variability. On the other hand, we recognize that running at 12 km resolution without a deep convective
scheme may lead to a less realistic representation of convection and hence clouds and precipitation. To produce
the additional four-member initial condition ensemble simulations with SCREAM 12 km, we apply small random
perturbations (<0.0001 K) to the initial temperature field so that simulations follow different weather trajectories.
Furthermore, to assess the sensitivity of the warming response to the choice of time period, we extend one of the
simulations out to 28 February 2021 and analyze the period of March 2020 to February 2021. This period matches
the period proposed by Takasuka, Satoh, et al. (2024) for the year-long DYAMOND intercomparison.

A comprehensive list of model outputs from both sets of SCREAM 3 and 12 km simulations can be found in Table
S2-S4 in Supporting Information S1.

2.4. CMIP Models and Observations

To provide context to the SCREAM 3 km results, we also plot results from the Cloud Feedback Model Inter-
comparison Project (CFMIP) using models that participated in the Atmosphere Model Intercomparison Project
(AMIP) and the AMIP +4K protocols (Webb et al., 2017). A total of 24 models from CMIP5 and CMIP6 are used
in the radiative feedback analysis (Sect. 4) and for the other portions, we compare the SCREAM 3 km response to
12 CMIP6 models. A list of the models used in this study can be found in Table S1 in Supporting Information S1.

For observational data sets to evaluate the present-day simulation, the monthly averaged satellite-based retrievals
of Integrated Multi-satellite Retrievals for the Global Precipitation Measurement (GPM) Mission v7 (IMERG;
Huffman, Bolvin, et al., 2020) are used for precipitation rate. Top-of-atmosphere radiative fluxes are used from
edition 4.2 of the Clouds and the Earth's Radiant Energy System Energy Balanced and Filled Data Product
(CERES-EBAF; Loeb et al., 2018; Kato et al., 2018). For height-resolved temperature, humidity, and winds we
use the fifth-generation ECMWF atmospheric reanalysis (ERAS; Hersbach et al., 2020). For comparison with
CMIP6 precipitation rates, precipitation retrievals from Global Precipitation Climatology Project (GPCP) v3.2
are used (Huffman, 2021; Huffman, Adler, et al., 2020). In comparisons with SCREAM, unless otherwise
mentioned, the SCREAM outputs are conservatively regridded to the native grid of the corresponding obser-
vational data set.

2.5. Calculating the Radiative Feedbacks

The radiative feedback parameter A is a useful quantity to compare the sensitivity of the global temperature
response to an external radiative forcing from models and observational estimates alike. It quantifies the change in
global-mean surface temperature AT, that occurs in response to an instantaneous radiative perturbation to the
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system F as the net top of atmosphere imbalance AN equilibrates to zero, and is expressed as its inverse such that

its units are W m~2 K~! as in Equation 1:
AN = F + JAT,. (M

Various ways of estimating feedbacks exist, including performing slab-ocean experiments (Kiehl et al., 2006;
Manabe & Stouffer, 1980), running atmosphere-ocean-coupled simulations over the historical period (Gregory &
Andrews, 2016), or inferring from observational records (Sherwood et al., 2020). Often, feedbacks are calculated
from atmosphere-ocean-coupled simulations where the atmospheric CO, concentrations are abruptly doubled or
quadrupled from pre-industrial conditions. The rate at which the net top-of-atmosphere radiative imbalance
returns to equilibrium (zero) as a function of the change in global-mean temperature gives the 1 value (Gregory
et al., 2004). However, as Cess and Potter (1988) suggested, and others have since verified (Qin et al., 2022;
Ringer et al., 2014), the feedback parameter can also be calculated from a pair of atmosphere-only simulations
forced by perturbed SSTs. In this scenario, F'is zero, so the feedback A can be calculated from the differences in
the net top-of-atmosphere radiation N and surface temperature 7, between the two simulations (AN/ATy). This
total feedback can further be decomposed into individual components using the radiative kernel method (Soden
etal., 2008). We use the method outlined by Qin et al. (2022) to calculate the feedbacks such that the feedbacks for
CMIP models are those reported in their study. The differences in the monthly mean fields (temperature, water
vapor, and albedo) between the two experiments are multiplied by the radiative kernels, and for atmospheric
temperature and water vapor, integrated from the surface to the tropopause. That is then divided by the global
mean difference in the surface temperature (A7) to obtain the feedbacks. We use the relative humidity as the
basis for our decomposition, as proposed by Held and Shell (2012), and decompose the feedbacks into the Planck,
lapse rate, relative humidity, and cloud components. The cloud feedbacks are computed by adjusting the cloud
radiative effect for non-cloud influences (Shell et al., 2008; Soden et al., 2008), using the radiative kernels of
Huang et al. (2017). The radiative kernels of Huang et al. (2017) are used because more models passed the clear-
sky linearity test using those kernels (Zelinka et al., 2020).

3. Baseline Climate

A 1-year simulation is too short to evaluate all aspects of the climate, but an entire seasonal cycle provides a
glimpse into the mean-state climate produced in a model. This section reviews aspects of the climate that are
relevant to the radiative, hydrologic, and circulation response to warming to determine how the baseline simu-
lation agrees with observations.

In a series of 40-day simulations, Donahue et al. (2024) reported that the global-mean, net top of atmosphere
(TOA) radiative fluxes were within 1.2 W m~2 of satellite estimates (CERES-EBAF) across the four seasons.
Since then, a few changes were made to the model to improve the physics and biases identified by Donahue
et al. (2024) (see Section 2.1). After those updates, SCREAM 3 km produces a net global mean top of atmosphere
radiative flux imbalance of 4.3 W m™2, which is 3 W m~?2 greater than CERES-EBAF Edition 4.2 (Table 2). For
reference, the range of top of atmosphere radiative flux imbalance ranges from 0.0 to 3.5 W m~2 in CMIP6 models
over the 1980-2008 period (Tables S1 and S5 in Supporting Information S1). The SCREAM 12 km initial
condition ensemble shows that the uncertainty from internal atmospheric variability is around 0.3 W m~2, While
both shortwave and longwave flux biases contribute to the discrepancy between SCREAM 3 km and the satellite
estimates, most of the difference comes from biases in the outgoing longwave radiation (OLR), which is too low
in SCREAM 3 km. A further breakdown of the longwave flux into the clear-sky and cloud radiative effects shows
that the difference is mainly due to the clear-sky fluxes, the cause of which is discussed later in this section.

In Table 2, we also see that SCREAM 12 km has a robustly more negative net TOA radiative flux compared to
SCREAM 3 km. While there is a roughly 1.5 W m~2 larger net OLR in SCREAM 12 km than SCREAM 3 km,
there is an even greater difference in the shortwave flux, where SCREAM 12 km reflects 4.7 W m~2 more
shortwave to space, mainly due to cloud reflectance. This decreased reflection of clouds at higher resolution
(SCREAM 3 km), despite no changes in the physics parameters, is consistent with the results of Hohenegger
et al. (2020), who noted a weakening of shortwave cloud radiative effects with increasing resolution in the
ICOsahedral Non-hydrostatic (ICON) model. We delve into the resolution sensitivity of clouds in Section 5.
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Table 2
Global-Mean Radiative Fluxes at the Top of Atmosphere (TOA) and Precipitation Rates at the Surface for the Simulation
Period of September 2019 to August 2020 in Observations, SCREAM 3 km, and SCREAM 12 km

Field Obs 3 km 12 km 12 km! 12 km? 12 km? 12 km*

Net TOA (W m~2) 1.3 43 -2.0 -1.8 -1.7 —-1.7 —-1.8
Net CRE —19.2 —19.2 —20.2 -20.2 -20.2 —20.2 —20.2
Net clr-sky 20.7 234 21.7 21.7 21.8 21.9 21.8
SW TOA (W m~2) 242.4 243.1 238.2 238.4 238.5 238.5 238.5
SW CRE —44.3 —44.2 —48.4 —48.2 —48.2 —48.2 —48.1
clr-sky SW 286.8 287.2 286.6 286.6 286.7 286.7 286.7
LW TOA (W m~?) —241.1 —238.8 —240.3 —240.2 —240.2 —240.2 —240.4
LW CRE 25.1 25.0 24.6 24.7 24.7 24.7 24.6
clr-sky LW —266.1 —263.8 —264.9 —264.9 —264.9 —264.8 —264.9
Precip (mm d~!) 2.88 3.03 3.15 3.14 3.14 3.14 3.15

Note. The four additional SCREAM 12 km ensemble members are distinguished by superscripts. For observational estimates,
CERES-EBAF Ed 4.2 is used for radiative fluxes, and GPM-IMERG is used for precipitation rate. The sign convention of all
the fluxes are such that downward fluxes are positive. The net TOA fluxes are broken down into shortwave (SW) and
longwave (LW) components and into the clear-sky (clr-sky) and cloud radiative effect (CRE) contributions.

The global-mean radiative fluxes in Table 2 show that SCREAM 3 km does an adequate job of capturing the most
basic statistic of Earth's radiative balance and cloud radiative effects (CRE). The maps of the TOA shortwave
(SW) and longwave (LW) CRE in SCREAM 3 km and their differences (biases) compared to CERES-EBAF
(Figure 1) show that despite relatively good agreement in the global mean and skill in representing most of
the expected cloud patterns, some regional biases exist. For example, SCREAM 3 km tends to underestimate the
SW CRE over many land regions, particularly over the northern hemisphere, and produces clouds which are more
reflective over the Southern Ocean. And while SCREAM 3 km captures the LW CRE of high-clouds over most of
the major convective regions, it tends to miss clouds over the northern part of the Indian Ocean and Tropical West
Pacific, which also shows up in the SW CRE biases. On the other hand, SCREAM 3 km captures the subtropical
marine stratocumulus relatively well: the strength of the SW CRE over the southeast Pacific and southeast
Atlantic stratocumulus decks are similar to those of CERES-EBAF, though with a northward shift, while the SW
CRE of the northeast Pacific stratocumulus are slightly too weak. The adequate representation of subtropical

TOA Shortwave CRE: SCREAM 3km b TOA Longwave CRE: SCREAM 3km
[mean=25.0 Wm~2]

[mean=-44.2 Wm~2]

D\ T

S—

C Shortwave CRE: SCREAM 3km minus CERES-EBAF d Longwave CRE: SCREAM 3km minus CERES-EBAF
[mean=0.1 Wm~2; RMSE=10.4 Wm~?] [mean=-0.1 Wm~2; RMSE=6.0 Wm~?]

7 'E:‘_‘ N

Figure 1. Present-day top-of-atmosphere, cloud radiative effect (CRE) in SCREAM 3 km and its difference with CERES-
EBAF satellite estimates. (a) The baseline shortwave CRE in SCREAM 3 km. (b) The baseline longwave CRE in SCREAM
3 km. (c) The difference between CERES-EBAF and SCREAM 3 km in shortwave CRE. (d) The difference between
CERES-EBAF and SCREAM 3 km in longwave CRE. To facilitate comparison, both SCREAM and CERES-EBAF
retrievals are regridded to a uniform 2° X 2° grid.
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a Wsoo: SCREAM 3km minus ERA5 marine stratocumulus in SCREAM 3 km is also found in the km-scale sim-

b Precipitation: SCREAM 3km minus GPM-IMERG
[mean=0.15 mmd~!; RMSE=1.7 mmd~!]

*?,’ 3

ulations of ICON (Nowak et al., 2025; Segura et al., 2025), though a wide
range of representation of stratocumulus exists among GSRMs participating

. in DYAMOND, implying that their representation are still highly dependent
L2 on parameterized processes (Heim et al., 2021). On the other hand, there is a
- band of positive SW CRE bias in SCREAM 3 km that wraps across the
=50 southern hemisphere oceans (Figure 1c). The spatial root-mean square error
e (RMSE) in SCREAM 3 km's SW CRE and LW CRE, when compared to

CERES-EBAF, are 10.4 and 6.0 W m~2. If we compare these values with
RMSE values computed from comparing each CMIP6 model's (Table S1 in
Supporting Information S1) annual-mean SW and LW CRE against CERES-
EBAF's in each year between 2001 and 2008, SCREAM 3 km's SW CRE
5 RMSE lies on the lower end of the CMIP6 range of 9.1 and 20.6 W m~2, and
the LW CRE RMSE lies below the CMIP6 range of 6.3 and 10.4 W m™2. All
RMSE:s are calculated after regridding data to a uniform 2°x 2° grid. This
- suggests that despite minimal tuning, the spatial distribution of clouds in
13 SCREAM 3 km are better represented than most CMIP6 models.

mm/d

Next, we examine the vertical velocity and precipitation differences in

Figure 2. (a) Present-day difference in 500 hPa vertical pressure velocity SCREAM compared to ERAS and IMERG data (Figure 2). Consistent with

(w500) between ERAS and SCREAM 3 km. (b) Present-day difference in
surface precipitation between GPM-IMERG and SCREAM 3 km. For

the LW CRE biases, the large-scale ascent is overly weak over the Tropical
West Pacific and northern Indian Ocean. On the other hand, SCREAM ex-

reference, contours indicate baseline present-day values of wsy, from ERAS . . .
and precipitation from GPM-IMERG. SCREAM, reanalysis, and satellite data hibits overly strong upward motion over central Africa, the northern extent of

are regridded to a coarser 2° X 2° grid in these figures.

the Andes, the equatorial eastern Pacific, and west of the Panamanian gap
(Figure 2a). The pattern and magnitude of precipitation differences are
consistent with both vertical velocity and CRE differences (Figure 2b). The spatial RMSE of SCREAM 3 km's
precipitation rate compared to GPM-IMERG retrievals for the same time period is 1.7 mm d~!, which places it
above the CMIP6 range 1.02 and 1.6 mm d™!, where the CMIP6 RMSE values were computed from comparing
each model's annual-mean precipitation rate against corresponding GPCP v3.2 retrievals between the years 2001—
2008. As with the CRE comparisons, RMSEs are calculated after regridding both model and satellite data to a
uniform 2° X 2° grid.

One might speculate that the higher SW absorption over 30°S along with the higher reflectance around 50°S in
Figure 1 might be due to a difference in the jet location. Indeed, the jet in SCREAM 3 km appears to be stronger
and shifted poleward, and the ensemble of SCREAM 12 km models shows that the poleward displacement of the
southern hemisphere midlatitude jet appears to be a shared feature across resolutions (Figure 3). Although
consistent with the CRE biases, closer analysis is necessary to determine the contribution of the jet location in
SCREAM 3 km to the shortwave cloud biases over the Southern Ocean. Figure 3 also shows that while SCREAM
3 km captures the shape of the upper level jet, the easterly flow over the equator is too strong compared to ERAS
estimates and outside of the envelope of what is seen in CMIP6 models.

Finally, we examine the temperature and humidity biases in SCREAM 3 km, with respect to ERAS estimates
(Figure 4). Many of the features, such as a generally warmer atmosphere, particularly in the Tropical lower and
upper troposphere and the dry bias in the Tropical lower free troposphere, are consistent with what was reported
by Donahue et al. (2024). The humidity biases in particular suggest an issue with SCREAM's convection, and are
some of the largest persistent biases in the model. The relative humidity (RH) bias generally shows the same
structure as the water vapor mixing ratio bias but also highlights moist biases in the upper troposphere. One
feature that differs from those reported by Donahue et al. (2024) is the cold temperature bias around 200 hPa over
the extratropics. The high RH and low temperature biases in the upper troposphere likely explain the clear-sky
outgoing longwave bias reported in Table 2. Although a closer analysis is the subject of a follow-on study, the
cold temperature is consistent with a lack of wave breaking at this location (Garcia et al., 2017) and might also
explain the poleward bias of the midlatitude jets.

While a more detailed assessment of the cloud properties will be covered by Chao et al. (submitted to JAMES),
overall, we find that SCREAM produces a present-day climate that is as skillful as CMIP models, with its specific
areas of strength and areas needing improvement, particularly in the humidity distribution over the Tropics and
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LN the spatial distribution of precipitation. In Section 8, we provide some dis-
304 cussion on potential reasons behind the mean-state biases and how some of
% N the biases might impact the warming response described below.
o wn
= £ 10 {,— SCREAM 3km L .
3 (I 4. Radiative Response to Warming
04 SCREAM 12km -+
—— ERAS
-10 . . 4.1. Global Averages
p .80 60 -40 20 0 20 40 60 80
i: In the previous section, we examined how well SCREAM 3 km captures the
T~ 10 present-day, mean climate. In the following sections we characterize large-
Q. ~ 1
Sw sl scale climate response to a 4K warming in sea-surface temperatures, first
@ £ o] focusing on the radiative response. Following the work of Cess et al. (1989)
o

Figure 3. (a) Time- and zonally averaged zonal winds at 200 hPa in

—80 -60 —40

-20

0
Latitude

20

40 60

80

SCREAM 3 km (blue), SCREAM 12 km (orange), CMIP6 models (gray
lines), and ERAS (black line). The dotted and solid black lines indicate the
zonal-mean from years 1979-2019 and September 2019 to August 2020,
respectively. (bottom) Same as top plot, but for zonal winds at 850 hPa.

and subsequent studies (e.g., Qin et al., 2022; Ringer et al., 2014), we use a
pair of experiments with prescribed, present-day sea-surface temperature
(SST) and with the SST increased by 4 K to estimate the radiative feedbacks.

Figure 5 summarizes the global mean total radiative feedback and its
breakdown into various components (the Planck, lapse rate, RH, albedo, and
cloud feedbacks) and shows SCREAM 3 km's radiative feedback alongside
estimates from CMIP5 and CMIP6 models. SCREAM 3 km's total radiative
feedback lies in the range of CMIP models and within the top 15th percentile
of radiative feedbacks, which suggests a larger than average equilibrium
climate sensitivity (ECS) compared to CMIP class models. Also plotted
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Figure 4. (a) Time- and zonally averaged difference in the temperature between SCREAM 3 km and ERAS for the simulation
period (September 2019 to August 2020). (b) Same as (a), but for the water vapor mixing ratio (g,). (c) Same as (a), but for
the relative humidity (%), derived from monthly temperature and water vapor mixing ratio values in both SCREAM 3 km and

ERAS.
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Figure 5. The global-mean radiative feedbacks in SCREAM 3 km (blue), SCREAM 12 km (orange), and CMIP5/6 models
(gray). Also shown is the SCREAM 12 km simulation for a different time period (March 2020-February 2021) in red, the
total radiative feedback from X-SHiELD as reported by Merlis et al. (2024) in green, and the CMIP5/6 ensemble mean in
black. CMIP5/6 estimates are those calculated by Qin et al. (2022). The vertical line on the CMIP ensemble mean represents
the interannual spread in the global mean feedbacks (see text for details). The Total feedback is categorized into the Planck,
lapse rate (LR), relative humidity (RH), surface albedo, and cloud feedback terms, with the residual also indicated. The cloud
feedbacks are further decomposed into the shortwave (Cloudy,) and longwave (Cloud,, ) components.

alongside the SCREAM 3 km feedbacks (blue) are feedbacks from five ensemble simulations using SCREAM
12 km (orange) where the initial conditions have been slightly perturbed to provide a measure of the uncertainty
from internal variability. The relatively tight spread (0.2 W m~2 K~!) among the five simulations suggests that our
constraint of only being able to run one 13-month simulation should have a small impact on the uncertainty of the
feedback estimates. Furthermore, calculating the Cess feedbacks over a different period with SCREAM 12 km
(February 2020-March 2021—in red), does not appear to change the feedback appreciably. Although we have not
performed a multi-year simulation with SCREAM 3 km, as is typically done in CMIP's AMIP protocol, the spread
in the interannual difference in radiative feedbacks, represented by the vertical bar on the black X, indicates that
spread coming from year-to-year variability is also small compared to the intermodel spread in radiative feed-
backs (Qin et al., 2022). The vertical line on the CMIP ensemble mean represents the inter-model median range of
the interannual spread in the global mean feedbacks. In other words, the global-mean feedback is calculated from
each CMIP model's amip, amip+4K pair for each simulated year to calculate the range (difference between the
highest and lowest) in the annually calculated feedback. Then the median value from across the models is shown
as the black line. Despite our attempts to provide a best estimation of the uncertainties due to the short 1-year
simulation, we still acknowledge that the effect of internal variability and period dependence of the feedbacks
in SCREAM 3 km might differ from the SCREAM 12 km or CMIP models and so the true uncertainties from
running just 1 year with SCREAM 3 km are unknown until we perform a multi-year Cess experiment with
SCREAM 3 km.

A relatively large (0.45 W m~2 K~!) difference in the total feedback exists between SCREAM 3 km and X-
SHIiELD, another km-scale GSRM without any deep convective scheme, run for an overlapping period (Mer-
lis et al., 2024). The difference in the total feedback between SCREAM 3 km and SCREAM 12 km is also of
similar size (0.4 W m~2 K~!), which indicates a substantial resolution sensitivity in SCREAM's radiative
feedbacks, despite no changes in the physical formulation or tuning parameters. Other studies have noted specific
feedbacks that show resolution sensitivity (Blossey et al., 2009), and here we show that spread can be quite large
in the total feedback estimate.

We next look at how individual feedbacks contribute to the total feedbacks and their intermodel differences. For
the breakdown of the total feedback, we use the constant relative humidity framework proposed by Held and
Shell (2012). In this framework, the Planck and lapse rate feedbacks include the radiative impact of water vapor
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changes necessary to maintain constant relative humidity as the temperature changes, following Clausius-
Clapeyron. As Held and Shell (2012) note, such a framework removes the canceling impacts of the conven-
tional lapse rate and water vapor feedbacks and highlights where the true uncertainties exist in multi-model
analysis.

The negative Planck feedback is the largest in magnitude, whereas the negative lapse rate feedback is of similar
magnitude to the positive albedo feedback. The magnitude of the relative humidity feedback is small, although the
CMIP intermodel spread of 0.25 W m~2 K~! stretches into both positive and negative values. Unsurprisingly, the
largest intermodel spread is found in the cloud feedback, with a range exceeding 1.0 W m~2 K~!. A larger
contribution to the uncertainty stems from the shortwave cloud feedback, though the spread in longwave cloud
feedback is also considerable.

SCREAM 3 km differs most from the CMIP multi-model mean in its cloud feedback, with a total cloud feedback
strength of 0.9 W m~2 K~!. The decomposition into shortwave and longwave cloud feedbacks reveals that
SCREAM 3 km's positive shortwave cloud feedback is one of the strongest compared to CMIP models, while the
positive longwave cloud feedback is slightly below the CMIP multi-model mean. Compared to the CMIP
ensemble, SCREAM 3 km has a weaker negative Planck feedback than all CMIP models, one of the strongest
negative lapse rate feedbacks, and a near zero RH feedback, which is close to the CMIP multi-model mean. In
these atmosphere-only warming experiments where the sea-ice extent is held fixed, the surface albedo feedback is
also close between SCREAM 3 km and the CMIP mean.

Compared to SCREAM 3 km, SCREAM 12 km produces similar feedbacks across most of the feedback com-
ponents. The 3 and 12 km differ in the shortwave cloud feedback, where SCREAM 12 km produces a feedback
much closer to the CMIP ensemble mean. There are slight (<0.06 W m~2 K~!) differences between SCREAM
3 km and SCREAM 12 km for other feedbacks; Planck and RH feedback are more negative in SCREAM 12 km
(though the spread in Planck feedback among SCREAM 12 km experiments indicates differences between
SCREAM 3 km, SCREAM 12 km, and CMIP models might not be robust), while the albedo feedback is more
positive in SCREAM 12 km, but the differences do not contribute to the large difference in the total feedback. As
is the case with the total feedback, the spread among the five SCREAM 12 km simulations is relatively small
across the various breakdowns in the feedbacks, which supports the robustness of the global-mean differences that
we see between the SCREAM 3 km and SCREAM 12 km simulations.

4.2. Spatial Structure

Because the SCREAM 3 km shows such a large difference in the global mean cloud feedbacks when compared to
the CMIP multi-model mean and SCREAM 12 km, we next examine the spatial characteristics in the cloud
feedbacks. Despite differences in the global mean values, Figure 6 shows that there are notable similarities in the
spatial structure of the cloud feedbacks across SCREAM 3 km, SCREAM 12 km, and the CMIP multi-model
mean. First, there are positive shortwave cloud feedbacks found in the subtropical marine stratocumulus re-
gions across Figures 6a—6¢ and in the northern and southern hemisphere storm tracks. Both SCREAM and the
CMIP multi-model mean also show strongly positive shortwave feedbacks over the southern half of the African
continent. There are also regions of negative shortwave feedbacks, namely over the Southern Ocean, roughly
centered around 60°S, and over the Tropical Pacific, spanning southeastward from just north of Maritime
Continent toward the South Pacific Convergence Zone.

In the longwave, all models show a positive feedback over the Tropical West Pacific, around the Maritime
Continent, although the models differ in the exact locations. To what extent the difference in the patterns of
positive and negative longwave cloud feedbacks in the Tropical Pacific are due to internal variability or model
differences remains to be seen with longer simulations of SCREAM. Longwave cloud feedback is positive in
most regions, with distinct areas of negative feedback, namely over the African continent and over the Amazon
that coincide with positive shortwave feedbacks.

We might have expected differences between SCREAM 3 km and SCREAM 12 km (or the CMIP-mean) to
mainly appear in the deep convective regions in both the longwave and shortwave cloud feedback, given the
impact of resolution on the nature of resolved deep convection, but we do not observe as strong a resolution
sensitivity in the longwave feedback, compared to the shortwave feedback, which suggests that the differences
stem from low-level clouds. The magnitudes of positive feedback in SCREAM 3 and 12 km over the subtropical
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Figure 6. The spatial map of the shortwave and longwave components and their combined net cloud feedback (Cloud,,,
Cloud,,,, Cloud of Figure 5) in SCREAM 3 km (a, e, i), ensemble of SCREAM 12 km (b, f, j), and CMIP5/6 ensemble mean
(c, g, k). Also shown on the far right column (d, h, and 1) are the zonal means of the cloud feedbacks from SCREAM 3 km
(blue), SCREAM 12 km (orange), CMIP models (gray), and the CMIP ensemble mean (black). The zonal mean of the
SCREAM 12 km simulation (SCREAM 12 km*) covering a different time period (March 2020-February 2021) is also
shown in red.

marine stratocumulus are larger than the CMIP multi-model mean. SCREAM 3 km's negative shortwave feed-
back over the Southern Ocean is also one of the weakest, most evident the zonal mean plots in Figure 6d.
Furthermore, over the northern hemisphere mid- and high-latitudes, the zonal mean shortwave cloud feedback is
positive in SCREAM 3 km, whereas most CMIP models show a negative feedback. While there are some res-
olution sensitivities between SCREAM 3 km and SCREAM 12 km over the mid- and high latitude regions, with
SCREAM 3 km exhibiting a more positive feedback compared to SCREAM 12 km, the largest differences are
over the tropical and subtropical oceans. Consistently, SCREAM 12 km exhibits a more negative cloud feedback
over the west and central tropical and subtropical ocean basins and a weaker positive feedback over marine
stratocumulus regions compared to SCREAM 3 km (Figures 6i and 6j). The cloud differences that lead to the
differences in the radiative feedback are discussed in Section 5 and their correspondence with previous published
studies of km-scale global models is discussed in Section 8.

5. Process Understanding of Low-Cloud Response to Warming

Previous analysis has revealed substantial differences in the SW cloud feedback between the 12 and 3 km
simulations in SCREAM. To further investigate these differences, we delve deeper into the behavior of low
clouds, particularly focusing on their response in the tropical and subtropical regions within these simulations.
Figure 7 presents the cloud fraction profiles for both stratocumulus and cumulus regimes across the two reso-
lutions. The distinction between these regimes is based on conditional sampling following the methodology of
Medeiros and Stevens (2011), with further details provided in the caption of Figure 7.

The results indicate a clear resolution sensitivity in how these low clouds are represented in the control con-
figurations, with differences observed in both cloud amount and cloud thickness. Specifically, the lower reso-
lution 12 km simulation tends to produce thicker clouds with a higher cloud fraction compared to the 3 km
simulation. This resolution sensitivity aligns with previous findings (Bretherton & Khairoutdinov, 2015;
Hohenegger et al., 2020), which suggest that global cloud-resolving models (GCRMs) generally generate more
low clouds at lower resolutions compared to their operational counterparts. One possible explanation, proposed
by Blossey et al. (2009), is that higher resolution better resolves shallow convective updrafts, leading to stronger
entrainment and boundary-layer ventilation that dries and thins the cloud layer, thereby reducing cloud fraction
and cloud depth. This mechanism could contribute to the differences seen between the 12 and 3 km SCREAM
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Figure 7. Left two panels show averaged conditionally sampled profiles of cloud fraction over the subtropical ocean while the
right panel represents the conditionally averaged shortwave cloud radiative effects for stratocumulus and cumulus. The
conditional sampling between stratocumulus and cumulus is based on Medeiros and Stevens (2011). For both regimes the
latitude is bound by 30°S and 30°N, only oceanic columns are considered (ocean fraction equal to 1), and @sg > 10 Pas!.
For Stratocumulus the lower tropospheric stability (LTS) is required to be >18.5 K while for Cumulus 18.5 > LTS >=11.3 K.

simulations, although observations from a recent field campaign over the trade wind region point to the
importance of mesoscale vertical motions in explaining variations in the cloud fraction of trade wind cumuli
(Vogel et al., 2022).

This resolution sensitivity is somewhat unexpected for SCREAM. Previous studies by Bogenschutz et al. (2023)
demonstrated that SCREAM exhibited robust behavior to resolution changes for subtropical and Arctic strato-
cumulus clouds in idealized, short-duration simulations. However, more recent work by Bogenschutz et al. (2025)
has shown that this resolution sensitivity becomes more pronounced when time-varying forcing (in large-scale
advective tendencies and surface conditions) is introduced in longer-duration simulations, consistent with the
findings of the present study.

The pronounced resolution sensitivity in low clouds within SCREAM also implies that the differing responses to
increased sea surface temperatures (SSTs) are not surprising. The cloud fraction and SWCRE response panels in
Figure 7 illustrate that stratocumulus clouds in SCREAM are generally more responsive to warming than cumulus
clouds. However, the responses of stratocumulus clouds between the 12 and 3 km resolutions are nearly identical,
with only a 0.02 W m~2 difference between the simulations. This small difference is likely due to the cancellation
of regional variations, as some stratocumulus regions, like California, exhibit a strong positive response differ-
ence, while others, such as the Namibian region, show a negative response of nearly equal magnitude (Figure 6).

In contrast, the cumulus regime, while less responsive to SST changes than stratocumulus, displays a larger
response difference between resolutions, with a 1.11 W m™2 difference. Since cumulus clouds cover a much
larger area of the subtropical oceans (45% vs. 4% in SCREAM simulations), their response plays a crucial role in
driving the overall response differences between the 12 and 3 km resolutions. The cloud fraction profiles further
suggest that, with warming, the cumulus clouds in the 12 km simulation become slightly deeper, while those in the
3 km simulation become shallower. This behavior appears reproducible in doubly periodic SCREAM (DP-
SCREAM) simulations, suggesting that the resolution dependence of cumulus cloud depth is more strongly tied to
local cloud-scale dynamics and parameterization processes than to differences in large-scale subsidence. Further
investigation is needed to fully diagnose the physical mechanisms involved. Bogenschutz et al. (2023, 2025) note
that shallow cumulus clouds are particularly sensitive to resolution in SCREAM and are not properly represented,
unless the model is run with LES-like resolutions, often being too shallow and resembling stratocumulus clouds.
This is evident in Figure 7, where the vertical extent of cumulus clouds in SCREAM is nearly identical to that of
stratocumulus clouds. These findings underscore the need for improvements in representing shallow convection
in SCREAM, potentially through coupling the SHOC parameterization with a mass flux approach, as suggested
by Chinita et al. (2023).
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Figure 8. (a) A breakdown of the atmospheric energy budget in the baseline simulation coming from latent heating (L, P),
longwave cooling (LW), shortwave absorption (SW), and sensible heat flux (SHFLX). The clear-sky contribution to LW and
SW (LW, and SW_,,) are also shown. Convention is positive for radiative cooling, negative for radiative warming, and
negative for upward SHFLX into the atmosphere. CMIP6 models are indicated in gray, SCREAM 3 km in blue, and SCREAM
12 km in orange. (b) The temperature-mediated response of the same atmospheric energy budget terms.

Finally, the resolution sensitivity observed in the stratocumulus regime within SCREAM warrants further ex-
amination. This sensitivity is reproducible in DP-SCREAM, which could accelerate understanding and lead to
parameterization improvements, as suggested by Bogenschutz et al. (2025).

6. Large-Scale Hydrological and Circulation Response to Warming

Our year-long integrations allow us to quantify our GSRM's hydrological response to warming. Specifically, we
can conduct an energetic breakdown to quantify how mean precipitation responds to the 4 K increase in sea
surface temperature as in DeAngelis et al. (2015). Before we delve into the temperature-mediated response of
mean precipitation, it is worthwhile to examine the atmospheric energy budget in the baseline state. This may shed
light on what drives SCREAM's precipitation bias (Table 2) and inform an assessment of the temperature-
mediated response. To that end, Figure 8a shows mean precipitation (in units of W m~2) and its energetic
contributions in CMIP6 models, SCREAM 3 km, and the SCREAM 12 km ensemble. Overall, SCREAM falls
within the CMIP6 range for most energy fluxes. The exception is clear sky longwave cooling, where all SCREAM
configurations tend to lose radiation in the clear sky at a rate slightly higher than CMIP. We believe this is
fundamentally tied to the temperature and moisture biases shown earlier. At the top of the troposphere, positive
moisture and temperature biases can compensate and lead to a TOA flux that is within the CMIP range. On the
other hand, the positive temperature bias in the lower troposphere increase the loss of energy to the surface. The
effect of this bias is thus atmospheric radiative cooling that is on the higher end of the CMIP range. However, the
all sky longwave radiative cooling is within the CMIP6 range, indicating that clouds compensate for some of this
excess loss.

All SCREAM simulations exhibit a higher temperature-mediated response of precipitation compared to CMIP
(Figure 8b). We can see that this is driven by an anomalously high longwave cooling response which in turn is
driven by an anomalously high clear sky longwave cooling response. It is possible that the high longwave cooling
response stems from a high longwave cooling rate in the baseline climate. Most notably, longwave emission by
clouds in the baseline climate, which acted to compensate for the excess loss in the clear sky, responds more
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response is rooted in our model's tendency to have a warmer boundary layer
x though a further investigation is required to confirm this. Indeed, we see this

x feature in both SCREAM 3 and 12 km, which indicates that resolution plays a

x small role in dictating the hydrologic response to warming.

Next, we examine whether SCREAM, which relies on the explicit simulation
of deep convection, predicts a tropical circulation response that is similar to
CMIP. We also examine whether the tropical circulation response is related to
the hydrological sensitivity as conjectured by Vecchi and Soden (2007). To
that end, we plot the relative change in tropical area-weighted mean upward
pressure velocity at 500 hPa against a proxy for the convective mass flux in
Figure 9. The upward pressure velocity is computed by averaging over all grid
cells where the monthly mean pressure velocity at 500 hPa is positive and
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Figure 9. Relative change in area weighted mean upward velocity at 500 hPa
against the Held and Soden (2006) proxy for convective mass flux. Gray x's
represent CMIP6 models while the blue and orange represent SCREAM

moisture. Some notable features of the scatter plot are the lack of a predictive
correlation between the two metrics and the fact that convective mass flux
systematically overpredicts the circulation response. This could be attributed

3 km and the SCREAM 12 km ensemble respectively. The tropical band of to the tightness of the spread in both metrics—a consequence of the fact that

30°S to 30°N is used for this analysis.

these models are using identical SST forcings. While Vecchi and

Soden (2007) found relative success in relating the mean ascent to the
convective mass flux proxy, it is possible that the utility of the approach is lost when using same SST forcings. In
other words, the predictive capability is lost because the spread becomes smaller than the errors introduced in
making the crude assumption of equating mean ascent upward velocity to a rough proxy of convective mass flux.
Nevertheless, we note a model consensus on a 2%—3%/K weakening of the overturning circulation which can be
broadly understood as a necessary consequence of the stronger increase in boundary layer moisture compared to
precipitation, if we assume a tight relationship between SST and BL humidity. Looking more closely at
SCREAM, we can see a substantial resolution sensitivity of the circulation response that is not mirrored in the
mass flux proxy—further emphasizing the limits of a Held and Soden type analysis for understanding the cir-
culation response in these idealized forcing experiments. The difference between the two resolutions in the
circulation response is roughly equal to the CMIP range, though more years with SCREAM 3 km are necessary to
determine the significance of this correspondence. SCREAM 3 km also sits almost perfectly on the 1:1 line but
given the spread seen in SCREAM 12 km, it is also perhaps fortuitous.

Figure 9 also allows a comparison of the hydrological sensitivity among models. Since the SSTs are prescribed,
the change in the convective mass flux proxy is dictated exclusively by the hydrologic sensitivity. We see that
SCREAM does not exhibit anomalously high hydrologic sensitivity—in contrast to its temperature mediated
response to precipitation. This is due to the fact that SCREAM's base state has a particularly high precipitation
rate (as discussed previously), which then drives an anomalously high temperature mediated response of pre-
cipitation (with units of W m~2 K~!), but which also places its percent change in precipitation rate with warming
(% K~! for hydrologic sensitivity) within the inter-quartile range of CMIP6 models.

The poleward shift of the midlatitude jet and Hadley cell that we see in CMIP models is also found in SCREAM
and its shift is within the spread of CMIP6 models (Figure 10). Starting with the midlatitude jet, we note again
SCREAM's tendency to have the baseline SH jet poleward compared to CMIP6 models for both 3 and 12 km
simulations (also in Figure 3). Despite its baseline difference, its poleward shift is unremarkable and within the
range of what is seen in CMIP6 models. The NH jet location, which is more difficult to identify than the SH jet in
the annual mean (see Figure 3), has a larger poleward shift than the SH shift. We also note the large range of
poleward shift in the SCREAM 12 km ensemble, which indicates the potential difficulty of using a 1-year
simulation to accurately determine the forced response of the NH jet. We also see a poleward shift in the Had-
ley cell edge but note that the starting location and expansion in SCREAM 3 and 12 km are within the spread of
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Figure 10. The expansion of the midlatitude jet and Hadley cell edge in the Northern and Southern Hemisphere (NH and SH)
in CMIP6 (gray), SCREAM 3 km (blue), and SCREAM 12 km (orange) models. The midlatitude jet location is defined as the
latitude of maximum zonally- and annually averaged zonal winds at 850 hPa in each hemisphere. The Hadley cell edge is
determined using the mass stream function calculated from vertically integrating the meridional wind and identifying the
latitude where the zero isopleth crosses 500 hPa in each hemisphere. Circles indicate the latitude in the baseline simulation
and the arrows indicate the expansion due to the 4 K warming in SSTs.

CMIP6 models and no resolution sensitivity can be discerned. Overall, it appears that the circulation response in
SCREAM largely agrees with what we see in CMIP6 models without a remarkable difference to the CMIP-mean
response. We acknowledge that a fair amount of inter-annual spread in the jet latitude (roughly 8°) and Hadley cell
latitude (2—4°) exist (Kang & Polvani, 2011; Lucas et al., 2014), so interpreting temperature-mediated shifts
should be done cautiously, and quantitatively narrowing the spread will likely be difficult with 1-year simulations.

7. Organized Convective Storms Response to Warming

Analysis of Cess-Potter experiments with GSRMSs need not be limited to the large-scale atmospheric response to
warming. Meso-scale convective systems (MCSs) play a non-negligible role in the global hydrological cycle and
account for 24%—44% of global mean precipitation annually and for ~50% of 99th percentile extreme precipi-
tation amounts, particularly in the tropics (Wu et al., 2024; Zhao, 2022). Present CMIP-class models with hor-
izontal resolutions optimized for centennial scale experiments lack the resolutions to faithfully simulate MCS
features. Models generally require horizontal resolutions of 4 km or finer to properly simulate most MCS features
(Prein et al., 2017, 2021). Therefore, our Cess-Potter experiments with SCREAM 3 km provide a unique op-
portunity to investigate how MCS precipitation may respond to future warming.

We conducted MCS tracking using the PYFLEXTRKR (Feng et al., 2023) feature tracking algorithm to identify
MCS events. We use the period from 1 December 2019 to 31 August 2020 for analysis in part because many MCS
features occur over land, which necessitates a longer spin up to allow for soil moisture adjustment, but also
because there are some gaps in the hourly output of the first 4 months.

Table 3 summarizes the average characteristics of total and MCS precipitation from the control and +4K sim-
ulations. We can see a general increase in the MCS precipitation amount (~22%) and in MCS precipitation
fraction (with respect to total precipitation, 2.3%) globally with warming in the last 9-months of the SCREAM
Cess-Potter experiment. The global mean MCS frequency is slightly decreased (0.29%).

On the other hand, the regional response of MCS precipitation to the warming
can be larger, with significant spatial variability (Figure 11). Compared to the
control simulation, large areas of the globe show decreases in MCS precipi-

Average Characteristics of Total and MCS Precipitation From Cess Control

and +4K SST Experiments

tation frequency in the +4K simulation (Figure 11d), but with notable ex-

Mean values (60S-60N)

ceptions over portions of the Intertropical Convergence Zone and Southern

Total precipitation (mm day™')
MCS precipitation (mm day™')
MCS precipitation fraction (%)

MCS frequency (%)

Cess control Cess +4K Pacific Convergence Zone. Over land, MCS precipitation frequency generally
3.28 3.70 decreases but MCS precipitation amount generally increases with warming
1.47 1.79 (Figure 1le). For example, MCS frequency decreases over most of the

31.64 33.04 Amazon and but precipitation amount is unchanged or increases. Over the
418 3.9 continental US, MCS frequency also decreases, but precipitation amount is

mostly unchanged. Regions with increased or unchanged MCS precipitation

Note. The period of analysis is from 00Z I December 2019 to 00Z 31 August  amount but decreased frequency imply fewer but stronger MCS events in

2020.

response to warming. The spatial pattern of MCS fraction changes
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Figure 11. Mesoscale Convective System precipitation frequency (a, %), amount (b, mm day "), and fraction (c, %) from the
Cess control simulation. Also show in (d—f) are the differences between +4K SST and control simulations for the same
quantities. The period of analysis is from 00Z 1 December 2019 to 00Z 31 August 2020.

(Figure 11f), which show a widespread increased contribution of MCS to the total with warming, is generally
similar to that of MCS amount changes (Figure 11e).

While these results are interesting, we acknowledge that longer simulations are needed to establish whether these
MCS precipitation changes to SST forcing are robust in this model, and deeper analysis is needed to characterize
the underlying mechanisms for each region. Furthermore, investigating MCS precipitation across several GSRMs
would be useful for establishing whether this signal may be relevant to the real atmosphere, or whether the
response is specific to this model. Nevertheless, this analysis demonstrates the value of GSRM experiments that
can represent a response to warming over a range of scales from global to convective.

8. Discussion and Conclusions

This manuscript provides a broad overview of the large-scale features associated with the atmospheric radiation,
water cycle, and dynamics and their response to warming in a pair of Cess-Potter simulations performed using the
global km-scale atmosphere-model SCREAM. Despite performing very little tuning, SCREAM shows relatively
good skill in representing the top of atmosphere (TOA) radiation. The simulated annual and global-mean TOA
radiation fluxes are all within 3 W m~2 of satellite estimates (Table 2) and the overall spatial patterns of cloud
radiative effect (CRE) are well captured by SCREAM, particularly over the subtropical eastern ocean basins
where marine stratocumulus are typically found. The zonal winds in the lower and upper troposphere are also
generally well captured, despite a poleward displacement of the Southern Hemisphere jet that might be due to a
lack of upper atmosphere wave breaking in the Southern Hemisphere. On the other hand, we see some of the
largest biases in shortwave and longwave CRE over the Tropics, particularly over land, the northern Indian
Ocean, Tropical West Pacific Ocean, and Eastern Pacific Ocean. These regions also correspond to regions with
the largest precipitation and vertical velocity biases. As with the humidity and temperature profile biases, we
believe these stem from challenges in accurately simulating convection at these coarsely resolved (3.25 km)
scales. Ongoing tests indicate that an improved treatment of rain fraction and its impacts on evaporation lead to
notable improvements to the dry bias over the Tropical West Pacific, but it remains to be seen whether it will
completely fix the biases or whether additional physics are needed, such as the representation of unresolved
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entrainment and detrainment, as examined by Takasuka, Kodama, et al. (2024). Despite these biases, we find that
SCREAM 3 km produces a realistic climate comparable in skill to 100 km-scale climate models, which have been
extensively tuned to match the observed climate. SCREAM produces a better spatial RMSE in SW and LW CRE
than most CMIP6 models examined, but produces a worse spatial RMSE in precipitation rate. In terms of pos-
sibility of future improvement, this is quite promising, given that these Cess-Potter experiments are the first time
that SCREAM 3 km has been run out for a year.

Shifting our attention to the radiative and precipitation response of SCREAM to warming, we find that
SCREAM 3 km's radiative feedbacks lie within the range of CMIP model estimates, although a strong
shortwave cloud feedback puts its total feedback within the top 15% of CMIP5/6 models and much stronger
than a previous estimate of total radiative feedback from the X-SHiELD model (Merlis et al., 2024), which was
run at comparatively high resolution (3.25 km). Furthermore, SCREAM's precipitation response to warming is
one of the highest among CMIP6 models and is due to a strong increase in longwave atmospheric cooling at the
surface.

Five pairs of SCREAM 12 km Cess-Potter simulations provide some context for these results. First, they indicate
that the impact of internal variability from weather noise is likely relatively small compared to the intermodel
spread in most cases, though perhaps not for shifts in the Hadley cell and midlatitude jet. When we extend the
SCREAM 12 km simulation out to a period encompassing March 2020 to February 2021, aligning with the year-
long DYAMOND proposed by Takasuka, Satoh, et al. (2024), we find that choosing a different time period has
minimal impact beyond the spread we see from weather noise. Although these results are not fully conclusive,
because the 3-km configuration might exhibit a different internal variability and sensitivity to the period of
simulation, they broadly support the findings of Qin et al. (2022) and Figure 5, indicating that the interannual
spread in feedbacks is small compared to the inter-model spread across CMIP-class models. Similarly, Merlis
et al. (2024) and Guendelman et al. (2024) also report using the X-SHiELD model that global mean estimates of
radiative and precipitation response to warming are small when comparing 1 year to the next year. This gives us
some confidence that the results from a pair of 1-year Cess-Potter experiments can tell us much about the radiative
and hydrological response to warming in these idealized experiments. Second, the differences between SCREAM
3 km and SCREAM 12 km show a resolution sensitivity of the shortwave cloud feedback, and hence to the total
radiative feedback. Analyses of simulations at intermediate resolutions are currently underway to better under-
stand the resolution sensitivity of the various warming responses, and it is possible that even at 3 km, SCREAM's
radiative feedback estimates continue to change with increasing resolution and higher resolutions are necessary to
observe the convergence with resolution.

One might ask how the biases in SCREAM's mean-state impact the temperature response. As was discussed in
Section 6, we find that the strong clear-sky downward longwave in SCREAM, which contributes to the higher
global mean-state precipitation rate (Table 2), likely explains the large precipitation increase with warming.
SCREAM also exhibits a large bias in the spatial distribution in precipitation, particularly a dry bias over the
Tropical West Pacific. While we do not see a large difference between SCREAM and the CMIP multi-model
mean in the net cloud feedback over the Tropical West Pacific, there are some differences in spatial patterns
and the bias has the potential of impacting non-local cloud feedbacks over the tropical and subtropical oceans by
impacting the mean-state and change in boundary layer-top inversion strength, which are crucial for subtropical
cloud feedbacks (Qin et al., 2024; Qu et al., 2014; Sherwood et al., 2014). While sensitivity experiments to
examine the impact of the mean-state biases on the climate response are difficult given the computational cost and
beyond the scope of this study, preliminary experiments with a doubly periodic version of SCREAM suggest the
resolution sensitivity in low-cloud feedbacks are due to local-scale physics, and future experiments with
improved physics that are currently being prepared might shed light on the impact of improving some of these
biases on the warming response found here.

Given the result where we find a strongly positive total feedback compared to those of Merlis et al. (2024), we
next discuss our results in context of the existing literature on cloud feedbacks in GSRMs. One suggestive result
coming from earlier studies is that km-scale simulations predict a more negative cloud feedback compared to
conventional climate models. Miura et al. (2005), who ran NICAM with a dx of 7 km in an idealized aquaplanet-
like configuration, reported an increase in cloud cover over the mid- and high-latitudes that leads to a globally
averaged negative shortwave cloud feedback. Narenpitak et al. (2017) noted an increase in cloud cover over the
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subtropics with warming in their aquaplanet-like configuration using SAM (dx of 4 km). In real geography
simulations using the Super-Parameterized Community Atmosphere Model (SPCAM), Wyant et al. (2006) also
reported a more negative cloud feedback than most climate models due to an increase in cloud fraction over the
high-latitudes and an increase in the cloud fraction and condensate loading in low-level clouds in tropical sub-
sidence regions. Analyses are underway to determine whether the mechanisms for the negative cloud feedbacks in
SCREAM are the same as those proposed by Wyant et al. (2009). Similar to the resolution sensitivity we find in
SCREAM, Blossey et al. (2009) found that the strength of the negative cloud feedbacks of Wyant et al. (2009)
were reduced when cloud-resolving column modeling simulations with the SPCAM were run with finer (~100 m)
resolution instead of the 4 km resolution used by Wyant et al. (2009). Although Merlis et al. (2024) do not report
on individual feedbacks, the total feedback of —1.56 W m~>K~! also suggest a cloud feedback strength that is
around the average of most climate models. The notable exception to the tendency of GSRMs to produce lower or
average cloud feedbacks is that of Tsushima et al. (2014) who find that a large increase in high-clouds with
warming results in a much higher cloud feedback than conventional GCMs. The results from SCREAM 3 km
differ from most of these previous results by suggesting a more positive total feedback due to a strongly positive
cloud feedback, mainly showing up in the shortwave. As the zonal-mean shortwave cloud feedback in Figure 6d
shows, the shortwave cloud feedback is positive across most latitudes, barring some negative cloud feedback at
high latitudes, which is still on the more positive end of what most CMIP models predict. SCREAM 3 km also
does not show a relatively strong longwave cloud feedback that is found in NICAM experiments (Satoh
et al., 2018).

The implications of the agreement and disagreement of the radiative feedbacks in SCREAM 3 km compared to
CMIP-class models and existing GSRM studies are two-fold. First, the general agreement in the lapse-rate and
relative humidity feedbacks in SCREAM 3 km with CMIP models suggests that predictions of these feedbacks are
not largely skewed in climate models by the use of deep convective schemes. If they do disagree, their impact on
the total feedback is small. In other words and perhaps not surprisingly, our results suggest that predicting the
strength of the non-cloud, atmospheric feedbacks do not require expensive km-scale model simulations. Second,
the strongly positive cloud feedback and the higher total feedback strength in SCREAM 3 km and the
disagreement in the cloud feedbacks with existing GSRM studies shows that despite hopes that the removal of the
deep convective scheme would reduce uncertainties in cloud feedbacks (Satoh et al., 2018), the spread in cloud
feedbacks remains in GSRMs. Indeed, as the short survey of previous studies examining cloud feedbacks in the
previous paragraph already shows, despite the suggestion of more negative cloud feedbacks in kilometer-scale
models compared to GCMs, there is disagreement on the reasons for the negative cloud feedbacks between
previous studies with NICAM, SAM, and SPCAM, indicating the diversity in cloud responses even among
kilometer-scale models. Further supporting this, Webb et al. (2015) showed that the spread in feedback estimates
are large even when the convection scheme is turned off in climate models. Deeper analysis into the type of cloud
feedbacks that contribute to the total cloud feedback, such as those provided by Zelinka et al. (2022) and Chao
et al. (2024), and further understanding of the processes that contribute to the positive cloud feedback in
SCREAM 3 km will be necessary to assess the confidence we have in the cloud response.

Because these are computationally expensive models that very few modeling centers can perform, we have made
an effort to save a wide range of outputs (as documented in Tables S2—-S4 in Supporting Information S1) from the
simulations to make available publicly at NERSC (Terai, 2024b). While questions related to variability or sta-
tistics of extreme events might not be answered in a pair of 1-year simulations, results from the CMIP model
output and the five-member ensemble of SCREAM 12 km indicate that uncertainty in the feedbacks from
analyzing just a pair of 1-year simulations are likely small compared to the intermodel spread and much can be
learned from a 1-year simulation. When assessed with previous studies, the results from SCREAM 3 km show that
there is a diversity of feedback responses even across GSRMs. Better understanding the root causes of that model
diversity and their potential impacts on other predictions will become possible as the number of GSRMs per-
forming such experiments grow. More than 35 years later, the experimental design proposed by Cess and
Potter (1988) continues to help us better understand the climate response in today's state-of-the-science models.
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