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Abstract The effective climate sensitivity in the Department of Energy's Energy Exascale Earth System
Model (E3SM) has decreased from 5.3 K in version 1 to 4.0 K in version 2. This reduction is mainly due to a
weaker positive cloud feedback that leads to a stronger negative radiative feedback. Present-day atmosphere-
only experiments with uniform 4 K sea surface temperature warming are used to separate the contributions

of individual model modifications to the reduced cloud feedback. We find that the reduced cloud feedback is
mostly driven by changes over the tropical marine low cloud regime, mainly related to a new trigger function
for the deep convection scheme and modifications in the cloud microphysics scheme. The new trigger function
helps weaken the low cloud reduction by increasing the cloud water detrainment at low levels from deep
convection under warming. Changes to the formula of autoconversion rate from liquid to rain and an introduced
minimum cloud droplet number concentration threshold in cloud microphysical calculations help sustain clouds
against dissipation by suppressing precipitation generation with warming. In the midlatitudes, the increased
Wegener-Bergeron-Findeisen (WBF) efficiency strongly reduces present-day liquid water and leads to a
stronger negative cloud optical depth feedback. The reduced trade cumulus cloud feedback in v2 is closer to
estimates from recent observational and large-eddy modeling studies but might not be due to the right physical
reasons. The reduced mid-latitude cloud feedback may be more plausible because more realistic present-day
mixed-phase clouds are produced through the change in the WBF efficiency.

Plain Language Summary Understanding how the Earth responds to greenhouse gas increases is
important for climate change research. In the Department of Energy's Energy Exascale Earth System Model,
the global temperature response to an abrupt quadrupling of atmospheric carbon dioxide has decreased from
5.3 K in version 1 to 4.0 K in version 2. This reduction is mainly because low-level clouds over the tropical
oceans decrease less as the planet warms in version 2: a weaker amplifying cloud feedback. To understand the
reasons behind this reduction, warming simulations were conducted to separate the contributions of individual
model changes. We find that the reduced cloud feedback is primarily due to changes in the representation of
the vertical movement of air through the depth of the lower atmosphere and of the microscopic properties of
clouds. The findings highlight some unexpected impacts on cloud feedback resulting from modifications to the
model's physics and emphasize the importance of monitoring and understanding changes in cloud feedback
during model development.

1. Introduction

Equilibrium climate sensitivity (ECS), the global mean surface air temperature response (AT) to doubling atmos-
pheric carbon dioxide concentration after the planetary energy budget is balanced, is an important measure of
climate change but has large uncertainties. Effective climate sensitivity (EffCS) is closely related to ECS, and
represents the AT in response to doubling carbon dioxide concentration assuming a time-invariant radiative
feedback parameter. The Coupled Model Intercomparison Project Phase 6 (CMIP6) models exhibit a larger
multi-model average and inter-model spread in EffCS compared to CMIP5 models (Zelinka et al., 2020). In
particular, 23 out of 53 models have EffCS greater than 4 K (Zelinka, 2022), the upper bound of the likely ECS
range as determined by the sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
(Forster et al., 2021). Additionally, eight of these models have an EffCS greater than 5 K, the upper bound of
the very likely ECS range. Zelinka et al. (2020) indicated that the large spread of the cloud feedback is the main
contributor to the broader EffCS range and higher average EffCS in CMIP6. Therefore, understanding the cloud
feedback in each model is crucial for understanding the uncertainties of EffCS.
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Version one of the Department of Energy's Energy Exascale Earth System Model (E3SMv1), with an EffCS of
5.3 K, is one of the CMIP6 models lying above the IPCC likely range. This is mainly because of its strong posi-
tive cloud feedback (Golaz et al., 2019; Zelinka et al., 2022). The recently released E3SM version 2 (E3SMv2)
shows a reduced EffCS (4.0 K) with improved mean-state clouds and precipitation (Golaz et al., 2022). Here,
we conduct targeted experiments with the two versions of E3SM to establish what leads to the reduced EffCS
in E3SMv2 and whether it is related to the improved process-level representation, as has been done in previous
studies (Bodas-Salcedo et al., 2019; Gettelman et al., 2012, 2019; Webb et al., 2006). We will describe and
analyze the reasons for E3SM's reduced EffCS, especially its reduced cloud feedbacks, and their relationship to
modifications of physical parameterizations from E3SMvl to E3SMv2.

The paper is organized as follows. Section 2 describes the model, experimental setup, and diagnostic meth-
ods. Atmosphere-only experiments with uniform 4 K sea surface temperature (SST) warming have been shown
to provide good estimates of the cloud feedbacks in the fully coupled experiments (Qin et al., 2022; Ringer
et al., 2014), and are mainly used to diagnose the impacts of model modifications on the cloud feedback changes.
In Section 3, we first investigate the reasons for the reduced EffCS by examining the individual radiative feed-
backs and forcings, demonstrating the dominant role of cloud feedback change. Next, we revert parameterization
settings or configurations in E3SMv?2 to those used in E3SMv1 to identify the impact of individual modifications
on the present-day mean climate and its response to warming. In Section 4, we explore the physical processes
that explain how the individual model modifications affect the cloud feedback and its evolution from E3SMv1 to
E3SMv2. We summarize our main findings and provide further discussion in Section 5.

2. Methods
2.1. Model and Simulations

E3SM is a state-of-the-art climate model, which includes atmosphere, land, ocean, sea ice and river routing
components. Its version 1 (E3SMv1) (Golaz et al., 2019) has an EffCS of 5.3 K. Its version 2 (E3SMv2) has a
lower EffCS (4.0 K) with improved present-day climate in simulated clouds and precipitation. Specific improve-
ments include a reduced double Intertropical Convergence Zone (ITCZ) bias, reduced dry Amazon bias, and
improved stratocumulus clouds, among others. Detailed comparison between these two versions was documented
in Golaz et al. (2022).

To understand the reduced cloud feedback of E3SMv2, we constructed a series of “intermediate” versions by
taking E3SMv2 and reverting individual modifications that were made in going from E3SMvl to E3SMv2.
We start from E3SMv2 and revert pieces instead of implementing modifications in E3SMv1 because E3SMv2
is computationally nearly twice as fast as E3SMvl, facilitating the sensitivity experiments listed below. All
major atmospheric physics modifications from E3SMv1 to E3SMv2 are first organized at the physical parame-
terization level, following Ma et al. (2022): Cloud Layers Unified By Binormals (CLUBB) (Golaz et al., 2002;
Larson, 2017), cloud microphysics (MG) (Gettelman & Morrison, 2015; Morrison & Gettelman, 2008),
Zhang-McFarlane deep convection (ZM) (G. J. Zhang & McFarlane, 1995), surface wind gustiness (gust) affect-
ing the calculation of surface fluxes (Harrop et al., 2018; Ma et al., 2022; Redelsperger et al., 2000), gravity wave
(gw) (Richter et al., 2019), and others including tuning factors related to sea salt, dust, ozone and the ice nuclea-
tion SO, size threshold for the Aitken mode.

A brief description of the major parameterization changes between E3SMv1 and E3SMv2 helps to understand
differences seen below. Parameters in CLUBB and MG were modified to better represent transitions between
stratocumulus and trade cumulus clouds and represent precipitation in subtropical marine low cloud regions (Ma
et al., 2022). The scaling factor of the Wegener-Bergeron-Findeisen (WBF) process is increased in E3SMv2 for
mixed-phase clouds, enhancing ice crystal growth at the expense of liquid droplets, and reducing an apparent
over-prediction of supercooled liquid found in E3SMv1. The modifications in ZM include a new trigger function
(Xie et al., 2019) based on dynamic Convective Available Potential Energy (dCAPE) (Xie & Zhang, 2000) with
an Unrestricted air parcel Launch Level (ULL) (Wang et al., 2015) which replaces the original Convective Avail-
able Potential Energy (CAPE) trigger function. Other ZM parameters were re-tuned, such as the autoconversion
coefficient for convective clouds. The new trigger function reduces the occurrence of deep convection over most
regions and improves the precipitation simulation, particularly the diurnal cycle (Xie et al., 2019). More details
about the tuning strategy and their impacts on the present-day simulation can be found in Golaz et al. (2022) and
Ma et al. (2022).
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Table 1
Categorized Modifications From E3SMvl1 to E3SMv2 at the Physical Parameterization Level

Abbreviation Description

clubb Parameters from CLUBB scheme

MG Parameters from cloud microphysics scheme

ZMother Parameters from ZM deep convection except trigger function
ZMtrig The trigger function in ZM deep convection

W Parameters related to gravity wave scheme

gust Parameters related to gustiness scheme

others Parameters related to sea salt and dust emissions, ozone, and ice nucleation

For those dominant physical parameterizations (i.e., ZM and MG), we further conducted subgroup experiments
to isolate the impact of individual modifications. We separate modifications in ZM into two groups: trigger func-
tion (ZMtrig) and other modifications except for the trigger function (ZMother). In addition, the impact of the
changes to each tuning parameter in MG is evaluated separately. The grouped modifications are summarized in
Table 1 and detailed modifications in each group is summarized in Table S1 in Supporting Information S1 and
further discussed below.

We use fixed SST experiments (Hansen et al., 2005) to investigate the impact of modifications on feedback
changes between E3SMv1 and E3SMv2. The control experiment (CTL) is an atmosphere-only experiment with
prescribed observed climatological (2005-2014) monthly SST and forcing agents. The warming experiment
(P4K) is conducted by prescribing a uniform SST 4 K warming to the control experiment. For all sensitivity
experiments, control and warming simulations are run for 6 years and the last 5 years are used in the analysis.
Note that no simulations were retuned to get a good top of the atmosphere radiation balance.

2.2. Analysis Method

For the coupled experiments of E3SMv1 and E3SMv2, the radiative feedback and effective radiative forcing
(ERF) are computed by regressing annual mean top-of-atmosphere (TOA) net radiation anomalies onto global-
and annual-mean surface air temperature anomalies (AT,) over the 150-year abrupt-4xCO2 experiments. Anom-
alies are computed with respect to the contemporaneous piControl experiments. The radiative feedback is the
regression slope and the ERF is the y intercept divided by 2 (Gregory et al., 2004). For the atmosphere-only
experiments of both E3SMv1 and E3SMv?2 and the sensitivity experiments, the radiative feedback is computed as
the global TOA net radiation anomaly divided by the global-mean 7, anomaly, where the anomalies are computed
as the differences between P4K and CTL climatologies.

We estimate radiative feedbacks using radiative kernels, which quantify the impact on TOA radiation from
small changes in climate fields (dR/dx; where x; includes surface and atmospheric temperature, water vapor, and
surface albedo). These are multiplied by component changes mediated by the global- and annual-mean surface
temperature (dx/dT)). In Figure 1, we show the feedbacks decomposed into components advocated by Held and
Shell (2012): the Planck and lapse rate feedbacks at constant relative humidity, the feedback from changes in rela-
tive humidity, the surface albedo feedback, and the cloud feedback. The cloud feedback is computed by adjusting
the temperature-mediated change in cloud radiative effect for cloud masking effects (Shell et al., 2008; Soden
et al., 2008). The small residual term is due to the assumptions and approximations in the radiative kernel method.
Additionally, we also estimate the cloud feedback due to cloud amount, altitude and optical depth changes using
cloud radiative kernels and International Satellite Cloud Climatology Project (ISCCP) simulator cloud output
(Zelinka et al., 2012, 2016).

To better understand which regimes lead to the cloud feedback reduction from E3SMv1 to E3SMv2, we average results
within five regimes. Regimes are first defined by latitude bands outside of the tropics: 90°-60°S and 60°-90°N are
combined as “HiLat” regime and 60°-30°S and 60°-30°N are combined as “MidLat” regime. The Tropics (30°S—-30°N)
are divided into three regimes based on land and ocean and climatological vertical velocity at 700 hPa (w,,,) averaged
between the CTL and P4K experiments: tropical marine low cloud (TropMarineLow; ocean, @, > 0 hPa/day), trop-
ical marine ascent (TropAscent; ocean, ,,, < 0 hPa/day) and tropical land (TropLand) regimes. Figure 2d shows the
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Figure 1. Global-mean (a) 2xCO, effective radiative forcing (W/m?) and (b) radiative feedbacks (W/m?/K) from the

150 years coupled E3SMv1 (v1 [abrupt-4xCO?2]), the 150 years coupled E3SMv2 (v2 [abrupt-4xCO?2]), the 5 years atm-only
E3SMvl (v1 [uniform SST + 4K]) and the 5 years atm-only E3SMv2 (v2 [uniform SST + 4K]). ERFs and feedbacks from
other CMIP5 and Coupled Model Intercomparison Project Phase 6 models are labeled as gray diamonds with the multi-model
mean value labeled as the black bold diamond. The residual term is the difference between the total radiative feedback and the
sum of kernel derived components. ERFs are derived using the full 150 years coupled experiments.

(a) v1[0.65] (b) v2 [0.46]

(d) Partitioned cloud regimes

4 ' = TropMarinelow [21.3%] = Midlat [36.6%]
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Figure 2. Spatial distribution of total cloud feedbacks from atmosphere-only (a) v1, (b) v2, and (c) the difference between v2 and v1. Global mean values are labeled
in each bracket and the boundaries of defined cloud regimes are outlined by black lines. The stippled areas indicate the difference between v2 and v1 is statistically
significant at 0.05 level. Panel (d) shows the partitioned global cloud regimes using latitude bands, land and ocean mask, and ensemble-mean vertical velocity at

700 hPa in E3SMv2. Percentages indicate the area of the planet covered by each regime. Details are in the text.
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spatial coverage of five cloud regimes in E3SMv2. The fractional areas of tropical marine low cloud and tropical ascent
regimes differ less than 1% in all experiments (not shown). Note that the results are qualitatively similar if we use only
@5, from CTL or P4K experiments or we use ensemble mean ., from all experiments.

3. Overall Evaluation
3.1. Radiative Feedbacks and Forcing From 4xCO2

Because the reduced EffCS of E3SMv2 relative to E3SMv1 could be the result of changes in ERF or changes
in radiative feedback, we first compare the 2xCO, ERF and feedbacks between E3SMv1 and E3SMv2 in both
coupled and atmosphere-only experiments (Figure 1). In 150 years abrupt-4xCO2 experiments, ERF in E3SMv2
is 12% smaller than that in E3SMv1 (2.95 vs. 3.34 W/m?), and the total radiative feedback is 17% larger in
magnitude than that in E3SMv1 (=0.74 vs. —0.63 W/m?/K). Note that ERF in Figure 1 is derived from the
intercept from the abrupt-4xCO2 experiment. However, the assessed ERF values in IPCC AR6 are approximated
by removing the response to land surface temperature change from estimated radiative forcing from fixed SST
experiments. The ERF from fixed SST experiments is 4.24 and 4.04 W/m? for v1 and v2 respectively (Table S2
in Supporting Information S1), which are within the assessed ERF range of AR6 (3.93 + 0.47 W/m?) (Forster
etal., 2021).

To determine the relative importance of changes in ERF from changes in feedback in driving reduced EffCS in
v2, we follow the procedure described in Zelinka et al. (2020). Briefly, we estimate the impact on EffCS from
the v1-to-v2 change in ERF holding the feedback fixed at its v1 value, and the impact on EffCS from the change
in feedback holding ERF fixed at its v1 value. Unlike in Zelinka et al. (2020), we do this calculation using ERF
values derived from amip-4xCO2 simulations and feedback values derived from amip-p4K simulations (Webb
et al., 2017) (Table S2 in Supporting Information S1). Doing so ensures that ERF and feedback are derived
independently, which is not the case when both are estimated as the regression slope and intercept from the
abrupt-4xCO2 experiment. These ERF and feedback values closely capture the EffCS change seen in the coupled
experiments, and we find that the feedback reduction contributes 82% to the reduced EffCS from E3SMvl to
E3SMv2, with the ERF reduction contributing the remaining 18%. Therefore, the reduced EffCS in v2 is largely
caused by the reduced feedback, and we will focus on the feedback change in the remaining analyses.

The more negative total feedback in E3SMv2 mainly results from the weakened total cloud feedback (0.72 vs.
0.93 W/m?%K) with partial compensation from increased albedo and lapse rate feedbacks. The atmosphere-only
experiments largely reproduce the total cloud feedback reduction from E3SMvl to E3SMv2—a reduction of
0.19 W/m?%K for the atmosphere-only experiment versus 0.21 W/m?/K for coupled experiment—although they
underestimate the coupled total cloud feedback for both E3SMv1 and E3SMv2. This underestimate can be allevi-
ated by prescribing an SST warming pattern derived from the corresponding 150 years fully coupled experiment
to the atmosphere-only experiment rather than using the spatially uniform 4K warming (Figure S1 in Supporting
Information S1).

The spatial distribution of cloud feedbacks for atmosphere-only and coupled experiments is presented in Figure 2
and Figure S2 in Supporting Information S1, respectively. From the global mean to the spatial distribution,
atmosphere-only experiments with uniform 4 K SST warming well capture the reduced global-mean net cloud
feedback (mainly caused by low clouds) and can also capture the dominant regions with pronounced reduction of
cloud feedback from E3SMv1 to E3SMv2.

3.2. Attribution of Cloud Feedback Change to Specific Parameterization Modifications

In this section, we investigate the impact of individual modifications from E3SMv1 to E3SMv2 on the cloud feed-
back using a set of atmosphere-only experiments listed in Section 2. The naming convention for the simulations
hereafter indicates the base model (v2) followed in parentheses by the relevant parameterization or configuration
grouping that has been reverted back to v1 settings. We first conduct a simulation called “v2.v1(All),” which is
based on v2 with all major physical modifications reverted to their v1 settings (Table 2) to ensure that the main
contributors to the cloud feedback reduction are captured. The global mean total cloud feedback is 0.61 W/m*K
in v2.v1(All), quite close to that in v1 (0.65 W/m?%K). The difference of the total cloud feedback between v2 and
v2.v1(All) is also quite similar to that difference between v2 and v1 (Figure S3 in Supporting Information S1)
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Table 2
Description of Progressively Reverted Simulations From v2 to vl
Short name Description
v2 E3SMv2
v2.v1(clubb) v2 + CLUBB related parameters changed from the settings in v2 to those of v1
v2.v1(clubb.MG) v2.vl(clubb) + MG related parameters changed from the settings in v2 to those of v1

v2.v1(clubb.MG.ZMother)
v2.v1(clubb.MG.ZMother.gust)
v2.v1(clubb.MG.ZMother.gust.ZMtrig)

v2.v1(clubb.MG) + ZM related parameters, except for trigger function, changed from the settings in v2 to those of v1
v2.vI(clubb.MG.ZMother) + Turn off gustiness parameterization
v2.vI(clubb.MG.ZMother.gust) + Turn off the new trigger function

v2.v1(clubb.MG.ZMother.gust.ZMtrig.gw) v2.v1(clubb.MG.ZMother.gust.ZMtrig) + Gravity wave related parameters changed from the settings in v2 to those

v2.v1(All)

vl

of vl

v2.v1(clubb.MG.ZMother.gust.ZMtrig.gw) + sod_sz_thresh (ice nucleation SO2 size threshold for Aitken mode),
sea salt and dust emission factors, linoz_psc_t (ozone related)

E3SMvl

Note. In the description, the bold italicized text denotes the base experiment and the non-italicized text denotes the added configuration relative to the base experiment.

with a spatial correlation of 0.80. Results for v2.v1(All) are not identical to those of v1 because v2.v1(All) does
not include the modifications related to dynamics, such as the new dynamical core, semi-Lagrangian tracer
transport, and physics grid (Golaz et al., 2022), which lack a direct physical connection to the cloud feedback
changes. In the tropical marine low cloud regime (Figure 3), the difference between v2.v1(All) and v1 appears to
be non-negligible and comparable to the difference of other modifications. For this regime, further understanding
of the impact of other non-physical related modifications would be useful. Considering the good correspondence
between v2.v1(All) and v1, we therefore conclude that v2.v1(All) includes the main modifications contributing
to the cloud feedback reduction from v1 to v2. We will focus on the difference between v2 and v2.vI(All) in
subsequent analyses.

To test the impact of individual modifications listed in Table 1 on cloud feedback reduction in v2, we first
progressively revert each modification from their v2 values to their v1 values (Table 2) and evaluate their impacts
on cloud feedback in each regime as described in Section 2 Methods (Figure 3a). The decreased total cloud
feedback from E3SMv1 to E3SMv2 mainly results from the tropical marine low cloud regime, consistent with
Figure 2. In the tropical marine low cloud regime, modifications from ZMtrig (not including ZMtrig_ULL),
ZMother, MG, and CLUBB all contribute to the reduced total cloud feedback in v2 with a slight compensation
from gust. The progressively reverted strategy also reveals the compensating effects between different modifi-
cations and regimes. For example, over the midlatitudes, the modifications in MG decrease the cloud feedback
and the modifications in ZMtrig increase the cloud feedback. The increase of midlatitude cloud feedback from
ZMtrig counteracts its impact on the tropical marine low cloud regime leading to a negligible impact of ZMtrig
on the global net cloud feedback change.

The leading contributors identified in these progressively reverted simulations may depend on the order in which
parameterization changes were implemented. Rather than performing all possible permutations of the modifica-
tion order, we also perform a set of simulations in which we singly revert each modification to their v1 values for
clubb, MG, ZMtrig, and ZMothers (Table 3). The results (Figure 3b) show that modifications in MG still cause
the largest reduction of global-mean total cloud feedback. The impact of individual modifications on cloud feed-
back from singly reverted simulations is overall larger than that from progressively reverted simulations in the
tropical ascent and marine low cloud regimes (Figure 3). The MG modifications still make an important contri-
bution to the cloud feedback reduction in the tropical marine low cloud regime, and modifications in ZMtrig lead
to a larger reduction of cloud feedback.

For subsequent detailed analysis of the mechanisms relating individual parameterization changes to changes
in cloud feedback, we focus on those parameterization changes that cause large feedback changes in both the
progressively and singly reverted simulations shown in Figure 3. Henceforth, we will examine the ZMtrig related
modifications (Section 4.1) due to their largest impact on tropical marine low cloud feedback, and the MG-related
modifications (Section 4.2) due to their largest impact on global mean cloud feedback and important role in the
tropical marine low cloud regime.
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Figure 3. Regime-partitioned total cloud feedback (W/m%K) (solid bars) for (a) progressively reverted simulations and (b) singly
reverted simulations. All feedbacks are scaled by the fractional area of each regime so as to represent the contribution to the global
mean total cloud feedback. The unfilled bars denote the cloud feedback difference between the two adjacent bars (the right value
minus the left value) in panel (a) and denote the cloud feedback difference between v2 and each simulation (v2 minus the value)
in panel (b). The regime-averaged difference between v2 and v1 is labeled. In panel (b), the subgroup experiment of ZMtrig where
Unrestricted air parcel Launch Level is turned off, that is, ZMtrig_ULL, is also shown as a forest green bar.
Separately, parameter changes in ZMother contribute to the reduced cloud feedback in the tropical ascent
cloud regime, which is balanced by the increased cloud feedback due to modifications in MG and CLUBB.
Also, the new ZM trigger function leads to a stronger positive cloud feedback over the midlatitudes, which
balances out the weakened cloud feedback caused by MG there. Impact of these parameterizations change
Table 3

Description of Singly Reverted Simulations for ZMtrig, MG, Cloud Layers Unified By Binormals and ZMother

Short name Description Subgroup experiments
v2.v1(ZMtrig) v2 + ZM trigger function from v1 v2 + v1.ZMtrig_ ULL (only turn off the ULL setting
in the new trigger function)
v2.vIMG) v2 + all MG parameters from v1 v2 + v1. MG_WBF (WBEF efficiency)
v2 + v1.MG_mincdnc (minimum CDNC)
v2 + v1.MG_accre (accretion factor)
v2 + v1.MG_auto (autoconversion CDNC exponent)
v2 + v1.MG_wsub (subgrid velocity)
v2.v1(clubb) v2 + CLUBB parameters from v1 (same as the “v2.v1(clubb)” in Table 2)
v2.v1(ZMother) v2 + ZM other parameters from v1

Note. In the description, the bold italicized text denotes the base experiment and the non-italicized text denotes the added configuration relative to the base experiment.
Subgroup experiments for ZMtrig and MG are used to isolate the impact of ULL setting and each MG parameter on cloud feedback changes, respectively.
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over these two regimes requires further understanding. However, this paper focuses on understanding those
changes that most strongly impact the global mean cloud feedback change from v1 to v2, so these are not
analyzed in detail.

4. Physical Processes Contributing to Evolution of Cloud Feedback From E3SMvl1 to
E3SMv2

4.1. Deep Convection Trigger Function

Section 3.2 shows that changes to ZM trigger function lead to a weaker positive tropical marine low cloud
feedback and a stronger positive midlatitude cloud feedback in v2 compared to v1 (Figure 3 and Figure S4 in
Supporting Information S1). We further explore the physical processes contributing to this result. First note that
the difference in cloud feedback between v2 and v2.v1(ZMtrig) is mostly due to the dCAPE trigger function
as the subgroup experiment without the ULL setting (v2.v1(ZMtrig_ULL)) exhibits negligible cloud feedback
change (Figure 3b).

In the tropical marine low cloud regime, we examine the mean-state clouds and related variables averaged over
aregion (10°S-30°S, 80°W-120°W; marked in Figure S4 in Supporting Information S1) where the new trigger
function leads to the largest cloud feedback reduction. Note that the active ZM scheme operates in a way more
akin to shallow convection over the tropical marine low cloud regime. Relative to v1, v2 has a smaller mean state
cloud fraction and slightly more cloud water (Figures 4a and 4b). Under warming, v1 shows a large decrease of
cloud fraction and cloud water above 900 hPa. The cloud fraction reduction is weaker in v2 while cloud water
is not decreased but increased below 800 hPa in v2 (Figures 4d and 4e). v2.v1(ZMtrig) shows similar vertical
cloud responses as v1 except that cloud reduction is weaker above 900 hPa (Figure 4). The similarity between
v2.v1(ZMtrig) and v1 confirms the contribution of ZMtrig to the reduction of tropical marine low cloud feedback
from v1 to v2. Compared with v2.v1(ZMtrig), the larger cloud fraction and cloud water in v2 is consistent with
the higher relative humidity above 850 hPa (Figures 4a—4c). Between 800 and 900 hPa, the cloud fraction and
water responses differ the most between v2 and v2.v1(ZMtrig), which is not consistent with the general reduc-
tion of relative humidity there (Figure 4f). The opposite response to warming of cloud water and cloud fraction
between 800 and 875 hPa in v2 indicates that the new trigger function tends to produce more “dense” clouds
(larger in-cloud water and smaller cloud fraction) with warming. The estimated inversion strength response to
warming is similar between v2 and v2.v1(ZMtrig) and it is not able to explain the cloud change here (not shown).

To better understand the impact of the ZM trigger function on cloud responses between v2 and v2.v1(ZMtrig),
especially between 800 and 900 hPa, the cloud water tendencies from different physical schemes are examined
in Figure 5. For v2, the detrainment from ZM deep convection (ZMDetrain) and CLUBB are major cloud water
sources, balanced by the sink from cloud microphysics (MP). For v2.v1(ZMtrig), the detrainment from ZM deep
convection is almost the only cloud water source, indicating the ZM deep convection is very active even over this
marine low cloud region. Both MP and CLUBB are cloud water sinks in v2.v1(ZMtrig). Therefore, the cloud
water change under warming depends on the change of the relative contributions of these sources and sinks.
Under warming, the cloud water detrainment from ZM deep convection gets weaker between 800 and 900 hPa
in v2.v1(ZMtrig) (Figure 5d) but gets larger in v2 (Figure 5c), consistent with the increased cloud water there
(Figure 4e). We conclude that the different responses of cloud water detrainment from ZM deep convection lead
to the different cloud water change with warming in v2 relative to v2.v1(ZMtrig).

The differing response of ZM detrainment may come either from changes in the frequency that the ZM scheme
is active or the amount of cloud water that is detrained when the ZM scheme is active. We examine the relative
contributions from changes in the ZM frequency and changes in ZM detrainment when ZM is activated in v2 and
v2.v1(ZMtrig) in Figure 6. Over the defined tropical marine low cloud region, the mean-state ZM frequency is
about 16% in v2 and 35% in v2.v1(ZMtrig) respectively (not shown), which is consistent with the finding that the
more restrictive conditions of the dCAPE-based trigger function tend to reduce the convective-to-total precipita-
tion ratios in the subtropics (Xie et al., 2019). Whereas the average ZM detrainment for the ZM-activated period
increases with warming by roughly the same amount in v2 and v2.v1(ZMtrig), the ZM frequency increases by
roughly 30% in v2 but decreases by roughly 20% in v2.v1(ZMtrig). Therefore, we conclude that, under warm-
ing, the increased cloud water detrainment due to increased ZM frequency is the main contributor to the cloud
water increase, leading to a weaker cloud feedback in v2 compared to v2.v1(ZMtrig). Hirota et al. (2021) also
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Figure 4. Profiles of cloud fraction (CLOUD), cloud water (CLDLIQ), and relative humidity (RELHUM) from v2,
v2.v1(ZMtrig) and v1 averaged over the defined tropical marine low cloud region denoted in Figure S4 in Supporting
Information S1. The difference between P4K and CTL mediated by global mean surface air temperature anomaly is in (d—f).

demonstrated that overly active deep convection affects the subtropical low cloud feedback using CMIP5 and
CMIP6 models.

The activation of ZM convection in v2 relies on the presence of positive values for both CAPE and dCAPE (Xie
et al., 2019), where dCAPE is the dynamic CAPE generation rate caused by the large-scale temperature and
moisture advective tendencies and positive dCAPE means the large-scale environment is favorable for convec-
tion. In our analysis of 1-year simulations with hourly output for v2 over the defined marine low cloud region,
we find that dCAPE values greater than zero are always accompanied by CAPE values greater than zero in both
the CTL and P4K experiments (Table S3 in Supporting Information S1). This implies that changes in dCAPE
have a greater influence on the change of ZM frequency with warming than do changes in CAPE. Indeed, the
occurrence of dCAPE values greater than zero increases with warming, indicating that the large-scale environ-
ment is more favorable for convection in a warmer climate. Additional investigation is required to understand
why the occurrence of dCAPE values greater than zero increases with warming. In v2.v1(ZMtrig), the reduced
frequency of convection is primarily due to weakened CAPE values with warming. Specifically, values less than
70 J/kg become more frequent (Table S4 in Supporting Information S1). This is likely caused by the increased
lower tropospheric stability (Chen et al., 2020; Qu et al., 2015), which inhibits the generation of CAPE.
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Figure 5. Profiles of tendency terms of cloud water in v2 and v2.v1(ZMtrig) over the defined marine low cloud region
denoted in Figure S4 in Supporting Information S1. The CTL is in solid line and P4K is in dashed line. ZM: The difference
between P4K and CTL is in panels (c—d). ZM deep convection except the detrainment; ZMDetrain: detrainment from ZM
deep convection; MP: cloud microphysics.
4.2. Microphysics
Section 3.2 indicates that modifications in MG significantly affect the global mean cloud feedback (Figure 3),
not only in tropical marine low cloud regime, but also in midlatitudes. Relative to v1, the MG modifications in
v2 include an increased Wegener-Bergeron-Findeisen (WBF) factor, an added threshold of a minimum cloud
droplet number concentration (CDNC), a reduced minimum subgrid-scale vertical velocity for aerosol activa-
tion, an increased accretion rate enhancement factor, and a greater dependence of the auto-conversion rate on
the liquid CDNC. The rationale for these changes is detailed in Section 2.2 of Ma et al. (2022). The minimum
CDNC threshold (10 cm~3) prevents the occurrence of clouds with nonzero cloud fraction but very few cloud
droplets. This threshold is also used in ECHAMG6.3 (Salzmann et al., 2022) and showed impacts on aerosol ERF
and EffCS (Neubauer et al., 2019). The more negative autoconversion CDNC exponent enhances the sensitivity
of autoconversion rate to a CDNC change, and the increased accretion enhancement factor increases the accretion
QIN ET AL. 10 of 19
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Figure 6. Relative change of the vertically integrated (surface to 700 hPa) detrainment of cloud water from ZM deep
convection (ZM Detrainment), occurrence frequency of ZM convection (ZM Frequency), and the vertically integrated
(surface to 700 hPa) ZM detrainment when ZM is activated from v2 and v2.v1(ZMtrig) over the defined marine low cloud
region.

rate of cloud droplets by rain. To isolate their relative contributions to the global cloud feedback, we conducted a
set of subgroup experiments with one modification at a time (Table 3).

As shown by v2.v1(MG), the total effect of all MG modifications reduces the global net cloud feedback by
0.23 W/m?%K with the main contributions coming from the tropical marine low cloud regime and midlatitudes.
In the tropical marine low cloud regime, all individual modifications except MG_wsub contribute to the reduced
net cloud feedback (Figure 7). Note that the slightly weakened positive cloud feedback due to the increased WBF
factor in this regime mainly results from the high cloud changes, because the definition of the tropical marine low
cloud regime here uses the climatological vertical velocity at 700 hPa and some high clouds infrequently occur.
Over midlatitudes, the reduced net cloud feedback mainly results from the increased WBF factor, which increases
the conversion efficiency from cloud liquid to ice.

In the tropical marine low cloud regime, interestingly, all modifications except the tuned accretion factor and auto-
conversion CDNC exponent have negligible effects on the mean-state cloud profiles. Their warming responses,
however, are quite different. Each modification except MG_wsub contributes to the reduced net cloud feedback
by suppressing the cloud fraction reduction and enhancing the cloud liquid water increase mainly between 800
and 900 hPa (Figure 8 and Figure S5 in Supporting Information S1). The minimum CDNC threshold and more
negative autoconversion CDNC exponent have slightly larger impacts than others (Figures 7, 8d, and 8e). We
focus now on explaining why these two changes reduce the cloud feedback in this regime.

0.50
IO.25
Ooo= T L|'-' =1 0.00

-0.25

0.3

0.2
0.0 —H...Uuu" o

-0.06 -0.03 -0.03 -0.09 -0.03 -0.23 -0.50

net cloud feedback [W/mZ%/K]
S
o

|
o
)

TropMarineLow TropAscent TropLand MidLat HiLat Global

M v2.v1(MG) v2.v1(MG_accre) v2.v1(MG_wsub)
v2.v1(MG_WBF) v2.v1(MG_auto) -, V2
v2.v1(MG_mincdnc)

Figure 7. Contributions of WBF factor (MG_WBF), minimum cloud droplet number concentration (CDNC) threshold (MG_
mincdnc), accretion factor (MG_accre), autoconversion CDNC exponent (MG_auto) and all MG modifications (MG) on total
cloud feedback changes in each cloud regime. The unfilled bars denote the cloud feedback difference between v2 and each
simulation (v2 minus the value). The differences between v2 and v2.v1(MG) are labeled as the text in the lower part.
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Figure 8. Profiles of (a) cloud fraction (CLOUD; %), (b) cloud water (CLDLIQ; mg/kg), and (c) occurrence frequency
of in-cloud cloud droplet number concentration lower than 10 cm~ (FREQ_MINCDNC; %) from v1, v2, v2.vI(MG),
v2.v1I(MG_mincdnc), and v2.v1(MG_auto) averaged over the tropical marine low cloud regime. The difference between P4AK
and CTL mediated by the global mean surface air temperature anomaly is in panels (d—f). FREQ_MINCDNC and its warming
response are only available from v2.
With regard to the autoconversion CDNC exponent, the autoconversion rate (A, = k * (cloud water content)” *
(CDNC)?) is reduced when the autoconversion CDNC exponent b is changed from —1.2 to —1.4, if everything
else is unchanged. We will henceforth use the term “reduced autoconversion” to refer to the effects of the more
negative autoconversion CDNC exponent. To further understand its impact on weakened positive cloud feed-
back, we examine the cloud water tendencies and their responses with warming in the tropical marine low cloud
regime. The cloud water from CLUBB and detrainment from deep convection are the main cloud water sources,
and the cloud microphysics (MG) is the only cloud water sink. The cloud water removal by MG is dominated by
the cloud water to precipitation process, which includes the autoconversion from liquid water to rain and cloud
water accretion by rain. The tendency from accretion by rain and autoconversion dominates the total tendency
of cloud water to precipitation (Figure 9a). In v2, the reduced autoconversion causes a weakened cloud water
removal (precipitation suppression) by MG cloud microphysics, mainly balanced by the weakened cloud water
QIN ET AL. 12 of 19

85U8017 SUOLULLOD 3AIIERID 3ol dde ayp Aq peusenob ae sjofe YO ‘8sN JO S3|n. 1oy Akeuq| 18Ul UO /8|1 UO (SUORIPUOD-PUR-SWLRI WD A8 1M AIq 1 [Bul [UO//SANY) SUORIPUOD PUe SWLB | 8U} 89S *[7202/T0/9T] Lo A%iqiTaulluo A8|IM ‘@Imisu| eLOWRN 8| pYee Aq 528£00S NEZ0Z/620T 0T/I0p/w00 A8 1M Aiqijeul|uo'sgndnBey/sdny woiy pepeojumod ‘T *¥202 ‘99v2zy6T



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2023MS003875

(a) v2 (b) v2-v2.v1(MG_auto)
CTL CTL

40

400

200 201 °

g/m?/day
o
g/m?/day
o
D

—200+ —201

_40_

—400

All MP Précip All MP Précip
physics only only physics only only

(c) v2 (d) v2-v2.v1(MG_auto)
P4K-CTL P4K-CTL

40

20

g/m?/day
o

_20 4

0

All MP Precip All MP Precip
physics only only physics only only

_40_

I ZMDetrain b« Liquid->Precip @S Accretion by rain
N MP B2 Sedimentation A Autoconversion
[ CLuBB

Figure 9. Vertically integrated cloud water tendencies (surface to 700 hPa) in CTL (a-b) and their warming responses (c—d)
in v2 (a&ec), and the difference between v2 and v2.v1(MG_auto) (b and d) averaged over the tropical marine low cloud
regime. ZMDetrain: detrainment from ZM deep convection; MP: cloud microphysics. The MP tendency (second bar in each
panel) can be further decomposed into tendencies from sedimentation, liquid to precipitation, liquid to ice (not shown), and
liquid to vapor (not shown). The liquid to precipitation tendency (third bar in each panel) is further decomposed into accretion
of cloud water by rain, autoconversion of cloud water to rain, accretion of cloud water by snow (not shown) and conversion of
cloud water to snow from WBF (not shown). Some terms are not shown because those processes do not largely contribute to
the cloud water tendency over the tropical marine low cloud regime.

production from CLUBB (Figures 9b and 9c). The suppressed cloud water to precipitation is mainly induced by
the weakened accretion by rain and autoconversion from cloud water to rain. The weaker precipitation produc-
tion due to the reduced autoconversion is consistent with the larger mean-state cloud water in v2 relative to
v2.v1(MG_auto) (Figure 8b).

Under warming, the cloud water removal by MG is stronger, which is balanced by the stronger cloud water
source from ZM detrainment and weakened cloud water source from CLUBB (Figure 9c). The stronger cloud
water source from ZM detrainment is associated with the increased frequency of ZM deep convection with the
new dCAPE-based trigger function as discussed in Section 4.1. The reduced autoconversion in v2 weakens the
autoconversion and accretion, leading to weaker cloud water removal by precipitation under warming. Indeed
for the difference between v2 and v2.v1(MG_auto) in the change in microphysics tendencies with warming
(Figure 9d), the autoconversion term is of positive sign meaning that cloud water relatively increases with warm-
ing due to the reduced autoconversion. Therefore, the reduced autoconversion (more negative autoconversion
CDNC exponent) in v2 suppresses the mean-state precipitation and this suppression effect strengthens with
warming, helping sustain the cloud, and leading to a less positive cloud feedback in the tropical marine low cloud
regime. Why does the suppressed autoconversion in the present-day lead to further suppression with warming?
One possibility is that this is due to the increased occurrence of CDNC <10 cm~3 with warming. Our sensitivity
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tests separating the use of minimum CDNC threshold and suppressed autoconversion indicate that this is not the
case. Further work is required to fully understand the root cause of these responses.

The minimum CDNC threshold has negligible impact on mean-state cloud fraction and cloud water (Figures 8a
and 8b), but is able to suppress their reduction under warming. We hypothesize that compared to the simula-
tion without the minimum CDNC threshold, the simulation with the introduced minimum CDNC threshold can
suppress the cloud reduction under warming if the occurrence frequency of CDNC lower than 10 cm~ tends
to occur more frequently under warming. Implicit in this hypothesis is the notion that increasing CDNC to
10 cm™3 right before microphysics is calculated reduces the generation of precipitation via autoconversion and
hence supports greater cloud liquid. To examine this, we calculate the frequency of CDNC lower than 10 cm™3
(FREQ_MINCDNC), which is assigned a value of 1 when the minimum CDNC threshold is applied and 0
when it is not applied for each time step. The frequency is determined only when clouds are present to exclude
the impact of cloud fraction response to warming on the frequency estimate. In the tropical marine low cloud
regime, FREQ_MINCDNC is mostly above 60%. This large value may be because CDNC lower than 10 cm™3
happens preferentially when cloud fraction is smaller than 10% (not shown), which is very common in marine
low cloud regions. Under warming, FREQ_MINCDNC increases by 1%-2%/K below 800 hPa. This suggests
that more clouds are forced to increase their CDNC from <10 cm~ to 10 cm™3, likely resulting in weaker cloud
reduction in a warmer climate. We also examine the precipitation efficiency index defined as the ratio of surface
precipitation to the liquid water path (Li et al., 2022) and find the mean-state precipitation efficiency index in v2
is slightly smaller than that in v2.v1(MG_mincdnc) in the tropical marine low cloud regime. Under warming, the
precipitation efficiency index is indeed reduced in v2 but almost unchanged in v2.v1(MG_mincdnc) (not shown).
Therefore, under warming, the increased occurrence frequency of CDNC lower than 10 cm~ likely leads to a
reduced precipitation efficiency (precipitation suppression), weaker cloud reduction, and hence a weaker positive
cloud feedback.

Turning to the large impact of the increased WBF factor on the midlatitude cloud feedback (Figure 7), this has
partly been explained via a cloud phase feedback in which warming favors the occurrence of more reflective
liquid clouds rather than less-reflective ice clouds (Ceppi et al., 2016; McCoy et al., 2015; Mitchell et al., 1989;
Miilmenstidt et al., 2021). To investigate whether this mechanism could explain the varying midlatitude cloud
feedback strength among these MG sensitivity experiments, the relation between T5050 (the temperature at
which the Liquid Condensate Fraction (LCF) equals 0.5) (McCoy et al., 2015) and net cloud feedback over the
midlatitudes (30°N-60°N and 30°S—60°S) is examined in Figure 10. Notably, the T5050 increases from 248 K
in v2.v1(MG) to 258 K in v2, primarily due to the increased WBF factor in v2. The increased T5050 indicates
the mean-state liquid fraction is reduced in v2, which can be confirmed by v2's reduced mean-state cloud water
in the mixed-phase temperature region (0 ~ —40°C) relative to v2.v1(MG_Berg) (Figure 11c). Midlatitude cloud
water reduces under warming but this reduction is weaker in v2 compared to v2.v1(MG_Berg) (Figures 11e
and 11f), and leads to a weaker positive cloud optical depth feedback (Figure 10). This is consistent with the
previous findings that smaller mean-state liquid fraction tends to cause more negative midlatitude cloud feedback
(Bodas-Salcedo et al., 2019; Frey et al., 2017; Gettelman et al., 2019).

Previous studies found that E3SMv1 tends to underestimate the prevalence of cloud ice and overestimate the
supercooled liquid water in the mixed-phase clouds compared with ship-based and in-situ observations and satel-
lite data (Desai et al., 2023; Yang et al., 2021; M. Zhang et al., 2020; Y. Zhang et al., 2019). M. Zhang et al. (2022)
found that, compared to E3SMv1, E3SMv2 improves the cloud ice simulation over the high-latitudes mainly due
to the changed WBEF efficiency (their Figures 12b and 12c). The present-day LCF is also closer to satellite-based
lidar observations as shown in Figure 10 of Golaz et al. (2022). These examples of improved agreement with
observations suggest that the reduced midlatitude cloud feedback in v2 is more plausible than that in v1. Note
that the supercooled liquid clouds remain overestimated in v2 (M. Zhang et al., 2022) and this might affect the
fidelity of midlatitude cloud feedback.

5. Conclusions and Discussion

This paper investigates the reduction in EffCS from 5.3 K in E3SMv1 to 4.0 K in E3SMv2. We find the reduced
climate sensitivity is related to both the reduced ERF from 4xCO2 and stronger negative climate feedback, with
around 80% of the change attributable to the change in radiative feedback. The stronger negative radiative feed-
back, in turn, is primarily due to a weaker positive cloud feedback, especially over the tropical marine low cloud
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Figure 10. Scatterplot of the total net cloud feedback (W/m?%K) and its subcomponents due to changes in cloud amount,
optical depth, and altitude versus T5050 (K) for v2, v2.v1(MG), and five subgroup sensitivity experiments over the
midlatitudes.

regime. We further examine the impact of modifications in each physical parameterization on cloud feedbacks
by conducting a series of atmosphere-only perturbed SST experiments, and find the modified parameters in MG
microphysics and the incorporation of a new trigger function in the ZM deep convection scheme are key to reduc-
ing the cloud feedback in E3SMv?2 relative to that in E3SMv1.

The CAPE trigger function in the ZM deep convection scheme in E3SMv1 is replaced by the dCAPE based trig-
ger function in E3SMv2, which effectively reduces the mean-state occurrence frequency of ZM deep convection
in the tropical marine low cloud regime. Under warming, however, simulations with the new trigger function tend
to have more cloud water detrainment from ZM deep convection in the tropical marine low cloud regime, which
helps to sustain the clouds and even increase them leading to a negative cloud feedback in some regions. The
reason for this is a warming-induced increase in the occurrence frequency of ZM deep convection rather than an
increase in the mass of condensate detrained when ZM is activated. Further investigation is required to determine
the meteorological conditions driving the increased occurrence frequency of positive dCAPE conditions with
warming.

For v2, the introduced minimum CDNC threshold and more negative autoconversion CDNC exponent in MG
both lead to a less positive marine low cloud feedback. These two modifications help sustain clouds by suppress-
ing precipitation from MG in the mean state, and enhancing the precipitation suppression under warming in the
tropical marine low cloud regime. Lastly, the increased scaling factor of the Wegener-Bergeron-Findeisen (WBF)
process from E3SMv1 to E3SMv2 converts the liquid to ice more efficiently, leading to less supercooled liquid
cloud water in the mean state and a weaker cloud water reduction under warming. This is the dominant reason that
the positive midlatitude cloud feedback weakens in v2. It is also consistent with the previous finding that models
with less present-day supercooled water tend to produce a more negative cloud phase feedback.

How well do individual cloud feedbacks simulated by E3SMv2 match those determined through expert judg-
ment informed by multiple lines of evidence, and is there any improvement with respect to E3SMv1? Following
Zelinka et al. (2022), we further compare the cloud feedback components from E3SMv1 and E3SMv2 with the
expert assessment of cloud feedback components of Sherwood et al. (2020). The reduced total cloud feedback
in v2 mainly results from the tropical marine low cloud regime, and the tropical marine low cloud feedback in
E3SMv2 appears to be likely too weak compared to the expert assessment (Figure S6 in Supporting Informa-
tion S1). However, recent studies using large eddy simulations (LES) and satellite and in-situ observations suggest
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Figure 11. Pressure-Latitude cross section of grid-mean cloud liquid water (mg/kg) from v2 (a and d), v2.v1(MG_WBF) (b and e), and the difference between
v2.v1(MG_WBF) and v2 (¢ and f) in CTL (a—c) and the difference between P4K and CTL (d—f) averaged over the northern and southern hemispheres for middle to
high latitudes (30-90°N/S). The black curves denote the temperature at 0, —20, and —40°C in the control experiment.

smaller trade cumulus cloud feedbacks than reported in the expert assessment (Cesana & Del Genio, 2021; Myers
etal.,2021; Radtke et al., 2021; Vogel et al., 2022). The averaged tropical marine low cloud feedback in v2 is closer
to those observational estimates than that in v1, but locally v2 tends to produce negative marine low cloud feed-
backs (Figure 2) which are inconsistent with the feedback patterns as suggested in observational studies (Ceppi
& Nowack, 2021). Furthermore, following the regime definitions of Myers et al. (2021) (Figure S7 in Supporting
Information S1), we find that v2 produces a trade cumulus cloud feedback around 0.02 W/m?/K, much closer to
the observationally constrained estimates of Myers et al. (2021) than those produced in v1 (0.12 W/m?%K). The
stratocumulus cloud feedback, however, is also reduced from 0.05 W/m?K in v1 to —0.01 W/m?%K (Figure S8
in Supporting Information S1), placing it further from the observationally constrained estimate. This suggests
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that further process-oriented evaluation of cloud feedback and its components during the model development is
needed.

With regard to the physical mechanisms explaining the trade cumulus cloud feedback, recent studies have revealed
that climate models with too strong trade cumulus cloud feedback (Cesana & Del Genio, 2021; Sherwood
et al., 2014) tend to show unrealistically decreased cloudiness near the cloud base (Vial et al., 2017) through
an increase in convective mixing with warming. The enhanced convective mixing lowers the relative humidity
and cloudiness near the cloud base (“mixing-desiccation” mechanism in Vogel et al., 2022). E3SM (either v1
or v2), in contrast, does not seem to have the “mixing-desiccation” issue present in some climate models. Both
cloud fraction and cloud water at the cloud base slightly increase with warming (Figures 4 and 8), and reductions
in cloud fraction and relative humidity tend to happen in the upper part of the cloud layer, and not at the cloud
base. The shoaling cloud layer occurs in all E3SM sensitivity experiments, not revealed in LES and observa-
tions, is likely related to the shallower boundary layer and weakened turbulent mixing under warming due to
the CLUBB scheme. H. Zhang et al. (2018) also found the turbulent mixing tends to decrease under warming
in CAMS5-CLUBB, and the weakened turbulent mixing is mainly caused by the reduced buoyancy flux near the
cloud base. Furthermore, the frequency of ZM deep convection increases with warming, but it leads to more, not
fewer low clouds, through increased convective detrainment at low levels in v2. Therefore, while the value of v2's
weaker trade cumulus feedback is more consistent with observational evidence and LES, we cannot say that this
change results from an improved simulation of how physical processes respond to climate warming.

The reduced climate sensitivity in v2 arose not from explicitly trying to reduce the climate sensitivity or
cloud feedback but primarily from attempts to improve the model's simulation of the present-day climate and
aerosol-cloud ERF, which is thought to be too large. Notably, updates to the ZM trigger function and the WBF
process factor between v1 and v2 led to improved agreement with observations of process-related variables such
as the diurnal cycle of precipitation (Xie et al., 2019) and the temperature dependence of the supercooled liquid
fraction (Golaz et al., 2022). On the basis of these improvements, one might have greater confidence that the
reduced cloud feedback and ECS in v2 is more realistic.

At the same time, climatological cloud property errors (as defined in Klein et al., 2013) remain largely unchanged
from v1 to v2 (not shown). Moreover, many questions remain about why certain changes have impacted the cloud
feedback and whether these can be considered improvements. For example, why should there be more partial
low cloudiness in a warmer climate that is less susceptible to precipitation depletion? Why should ZM (acting
as a shallow convection scheme) be triggered more frequently in a warmer climate? Why should the increased
occurrence frequency of ZM (acting as a shallow convection scheme) make more clouds through detrainment,
instead of depleting more clouds near cloud base through desiccation (as found in other models)? These issues
suggest that caution is needed before concluding that the lower ECS in v2 is more realistic. Continued research
and analysis are needed to better understand how and why process-level changes affect cloud feedbacks, and
whether improvements in aspects of the model representation lend more confidence to its ECS.

Compared to E3SMv1, the twentieth century historical global surface temperature simulation was degraded during
the second half of the record in E3SMv2 (Figure 23 of Golaz et al., 2022) because the reduced climate sensitivity
was not compensated by a big enough decrease in aerosol radiative forcing (Figure B1 of Golaz et al., 2022). This
suggests that further work is required to address the problems related to the aerosol radiative forcing (e.g., aerosol
processes and aerosol-cloud interactions). Meanwhile, Wang et al. (2021) reported an anti-correlation between
cloud feedback and aerosol effective radiative forcing induced by aerosol-cloud interaction (ERFaci) in CMIP6
models. Compared to v1, v2 indeed shows a less negative total aerosol radiative forcing and a weaker positive
cloud feedback (Golaz et al., 2022). Further investigation is warranted to examine whether these specific modifica-
tions, important to cloud feedback change, have distinct or similar effects on ERFaci and how the changes in cloud
feedback found in this study are connected to changes in aerosol-cloud interaction. Overall, continued research
and analysis are needed to better understand the complex interactions among model physics and to refine param-
eterizations in climate models for more accurate representation of these processes in future climate projections.

Data Availability Statement

The model codes can be accessed from https://github.com/E3SM-Project/E3SM. Maintenance branches maint-
1.0 (https://github.com/E3SM-Project/E3SM/tree/maint-1.0) and maint-2.0 (https://github.com/E3SM-Project/
E3SM/tree/maint-2.0) are used for reproducing simulations of version 1 and version 2, respectively. All simulation
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