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Abstract. The interaction of clouds and radiation is a key process within the climate system, and assessing the impacts of that

interaction provides valuable insights into both the present day climate and future projections. Many modeling experiments

have been designed over the years to probe the impact of the cloud radiative effect (CRE) on the climate, including those that

seek to disrupt the mean CRE effect and those that only disrupt the covariance of the CRE with the circulation. Seven such

experimental designs have been added into the U.S. DOE’s Energy Exascale Earth System Model version 1 (E3SMv1). These5

experiments include both the first and second iterations of the Clouds On-Off Klimate Intercomparison Experiment (COOKIE)

experimental design, as well as the cloud-locking method. This manuscript documents the code changes necessary to implement

such experiments and also provides detailed instructions for how to run them. Analyses across experiment types provide

valuable insights and confirm the findings of prior studies, including the role of cloud-radiative heating toward intensifying the

monsoon, intensifying rain rates, and poleward expansion of the general circulation owing to cloud feedbacks.10

Copyright statement. TEXT

1 Introduction

The interaction of radiation with clouds, termed the Cloud Radiative Effect (CRE), is a strong modulator of the global energy

budget. The different ways clouds interact with shortwave (SW) and longwave (LW) radiation create two very different impacts

for the climate. The SWCRE cools the Earth by reflecting sunlight back to space, while the LWCRE heats the Earth by15

absorbing LW. Globally, SWCRE exceeds LWCRE (Loeb et al., 2018), but over the deep convective regions of the Tropics, the

SWCRE and LWCRE are much closer to each other in magnitude owing to offsetting SW and LW CRE from tropical upper-
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level clouds (Ramanathan et al., 1989; Kiehl, 1994; Tian and Ramanathan, 2002). This offset does not, however, imply that

clouds have no impact because the SWCRE primarily cools the surface while the LWCRE primarily warms the atmosphere.

The surface cooling and atmospheric warming act as an indirect energy transfer from the surface to the atmosphere (Tian et al.,20

2001), and this energetic pathway amplifies the energy export of the Tropics (Tian et al., 2001; Harrop and Hartmann, 2015).

CREs have also been shown to modify tropical circulation patterns (Harrop and Hartmann, 2016; Popp and Silvers, 2017;

Albern et al., 2018; Fläschner et al., 2018; Benedict et al., 2020) and extratropical circulation patterns (Ceppi et al., 2012; Li

et al., 2015; Watt-Meyer and Frierson, 2017; Chen et al., 2021).

Voigt et al. (2021) note that while much research has been done concerning the role of the atmospheric CRE (ACRE) and25

its impact on circulations, many of the studies testing the impact of ACRE have relied on zonally symmetric aqua planet

simulations with prescribed sea surface temperatures. Voigt et al. (2021) advocate for additional research efforts to better

understand the impact of ACRE on circulations with realistic boundary conditions including realistic land configurations and

a careful examination of regional impacts.

Numerous methods for examining the role of ACRE on circulations have been proposed and implemented into models. For30

example, the Clouds On/Off Klimate Intercomparison Experiment (COOKIE; Stevens et al., 2012) removed clouds from the

radiative transfer process in climate model simulations to study their impacts. When land was included, however, dramatic

changes in the land surface fluxes occurred owing to the reduced cloud shading (increased surface SW fluxes) at the land

surface (Webb et al., 2017). As a result, for a follow up set of experiments, COOKIE2, part of the Cloud Feedback Model

Intercomparison Project (CFMIP) contribution to Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al.,35

2016), it was suggested that only the LW portion of CRE be turned off in COOKIE-style experiments to allow realistic boundary

conditions to be used without the severe land-sea temperature contrast changes (Webb et al., 2017). An alternative method was

proposed by Aiko Voigt where clear-sky heating rates are applied in the atmosphere, but the surface still “sees” the all-sky

fluxes (Webb et al., 2017). At the time, this method was not selected as no pilot study had yet been accomplished showing

its efficacy. A subsequent study by Dixit et al. (2018) demonstrated the method for the aquaplanet configuration, but results40

have not been shown for realistic geography to test whether the all-sky versus clear-sky surface flux distinction is effective.

All three of these methods are designed to remove the entirety of the ACRE signal, but there exists an alternative framework

that is designed to disrupt the interactions of clouds with the climate, while holding the mean CRE fixed. One such way of

accomplishing this is through cloud-locking — where the model cloud optical properties are replaced by values taken from a

control simulation. Voigt and Albern (2019) note that COOKIE-style experiments (those experiments that remove the mean45

CRE) are valuable for understanding the present-day climate and its response to ACRE, but for climate change, cloud-locking

experiments are needed (Voigt and Albern, 2019). The cloud-locking method has also been shown to be useful for quantifying

the cloud radiative component of changes in SSTs under forcing (Trossman et al., 2016; Middlemas et al., 2019, 2020; Chalmers

et al., 2022; Hsiao et al., 2022; Boehm and Thompson, 2023).

The goals of this manuscript are: (i) to document the modifications made to E3SMv1 to run a variety of CRE-denial experi-50

ments (including multiple experiments removing the mean ACRE as well as multiple experiments removing only the covariance

between ACRE and circulation); (ii) provide detailed descriptions of how to setup and run these types of experiments on HPC
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systems; and (iii) to provide a few examples of quantitative assessments of the impact of ACRE on the water cycle and cir-

culation. By documenting each of these experiments, we hope to shed light on the value and limitations of each for better

understanding the role of cloud radiative interactions on climate processes.55

2 Model description

We make use of the Energy Exascale Earth System Model v1 (E3SMv1; Golaz et al., 2019). The cloud radiation modi�cations

are made to the E3SM Atmosphere Model (EAM; Rasch et al., 2019). EAM uses a spectral element dynamical core (Dennis

et al., 2012) for solving the primitive equations, the Cloud Layer Uni�ed by Binormals parameterization (CLUBB; Larson et al.,

2002; Golaz et al., 2002a, b) for modeling shallow convection, macrophysics, and turbulence, the Morrison-Gettelman version60

2 microphysics parameterization (Gettelman and Morrison, 2015; Morrison and Gettelman, 2008) for cloud microphysics, the

Zhang-McFarlane deep convective parameterization (Zhang and McFarlane, 1995) with modi�cations by Neale et al. (2008)

for modeling deep convection, the four-mode version of the Modal Aerosol Module parameterization (MAM4; Liu et al., 2016)

for modeling aerosols, and the Rapid Radiative Transfer Model for general circulation models (RRTMG; Iacono et al., 2008;

Mlawer et al., 1997) for the radiative transfer. We use a set of tunings described by Ma et al. (2022) that improve upon the65

simulated climate of E3SMv1 (see Ma et al., 2022, for more details). The exact values of each tuning change from the default

E3SMv1 can be found in the sample run script contained within the supplementary materials.

All experiments are run as “AMIP” style experiments with realistic land-sea geography, an active land model, and prescribed

sea surface temperatures (SSTs) and sea-ice concentrations. The control con�guration uses repeating SSTs and sea-ice concen-

trations based on a 20-year monthly climatology centered on year 2000 of the real world. The annually repeating SST pattern70

means there is no interannual variability, including ENSO, in any of the results presented in this manuscript. The model is

spun-up for 30 years to ensure the global soil moisture is in equilibrium prior to running the control simulation. We then run

the control and all experiments based on those initial conditions taken from the end of that spin-up experiment.

In addition to the control, an experiment was conducted in which a uniform warming of 4K added to the SSTs at all points

in space and time. The spin-up procedure described above is repeated for the +4K experiment to ensure soil moisture has a75

chance to come into a new equilibrium with the change in SSTs.

3 Experiment descriptions

We have performed a variety of experiments to disable some or all impacts of CRE on the climate. The experiments can broadly

be grouped into two separate categories. The �rst is a complete denial of the cloud radiative heating (the “COOKIE-style” type

of experiment). We use the term “complete” here to refer to the removal of both the mean cloud radiative heating and its80

covariance with the atmospheric circulation. These experiments include the original COOKIE experiment and its successor

described above, as well as two additional variants which we describe in detail in the following subsections. The second group

denies the covariance of CRE and circulations while maintaining the mean CRE. By maintaining the mean cloud radiative
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heating, this second category seeks to preserve the general circulation pattern of the control simulation. Preserving the general

circulation relies on the assumption that the covariance term has a much smaller impact than the mean, which has been shown85

to be the case for several models and metrics (Voigt and Albern, 2019). We perform multiple simulations in each of these

two categories. The variations in each experiment allow us to make more nuanced evaluations of aspects of the impact cloud

radiation interactions have on the climate state.

3.1 Complete cloud radiative effect denial

The original COOKIE experiment described by Stevens et al. (2012) is designed to completely remove all impacts of cloud-90

radiation interactions from the simulation. While the COOKIE experiment design can be useful for assessing the total impact

of CREs, with some modi�cations it has also been shown to be valuable for testing the impact of different cloud types (e.g.

Fermepin and Bony, 2014; Dixit et al., 2018) or separating the impacts from LW and SW CREs (e.g. Popp and Silvers, 2017).

In this spirit, we have designed four experiments which we describe in detail in the following subsections.

Before describing the individual experiments, however, it is informative to describe the modi�cations made to the E3SMv195

source code to enable the removal of cloud-radiation interactions. As noted by Stevens et al. (2012), there are two ways to

accomplish this task. The �rst method is to make clouds transparent to every radiative transfer call done within the model (e.g.

setting cloud optical depth to zero everywhere). The other, more complicated, method is to replace the all-sky �uxes with their

clear-sky values. The latter approach is used for E3SMv1. While more challenging, it offers a pair of bene�ts. First, as noted

by Stevens et al. (2012), it allows for the normal model outputs to be used to assess how the clouds respond to decoupling from100

their radiative heating. Second, the impact of clouds can be turned off individually for the surface and atmosphere.

To accomplish the latter bene�t of separating the surface and atmospheric cloud radiative effects, we implement four �ags

to the source code:

(i) no_cloud_lw_radheat_atm

(ii) no_cloud_sw_radheat_atm105

(iii) no_cloud_lw_radheat_sfc

(iv) no_cloud_sw_radheat_sfc

The �rst two of these input �ags control whether the all-sky (including clouds) or clear-sky (cloud-free) �uxes are used to

compute the radiative heating within the atmosphere (for LW and SW, respectively). The third and fourth of these input �ags

control whether the all-sky or clear-sky �uxes are used at the surface (again, for LW and SW, respectively). By using four110

�ags to control the model behavior, the user has �exibility to control LW and SW CREs independently (which is valuable for

the experiment described in section 3.1.2) as well as the �exibility to treat the atmosphere and surface independently (which

is valuable for the experiment described in section 3.1.3). Each �ag is set to false by default, which results in normal model

behavior, with the cloud radiative heating included in the atmospheric and surface temperature tendencies. More precisely,

when running with the default �ag settings, the model is bit-for-bit (BFB) identical to simulations run with the same code base115

prior to these �ags, and the code they control, being implemented. For simplicity, we order the �ags (i-iv) above and use `T' or
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Table 1. A list of the experiments used in this study, what type they belong to, and the prescribed SSTs used. A prescribed SST type of

“mix-and-match” refers to the T0C1 and T1C0 scenarios used for the cloud-locking, prescribed-RadHt, and prescribed-CRE experiments.

The �ag settings refer to the �ags described in section 3.1 for controlling how the model handles cloud radiative heating and surface �uxes.

“Years used” refers to the years used for analysis (all simulations were run for 11 years).

Experiment name Experiment type SSTs prescribed Flag settings (i, ii, iii, iv) Years used

Control control present-day, +4K FFFF 2-11

Clouds-off complete radiation denial present-day, +4K TTTT 2-11

Clouds-off LW complete radiation denial present-day, +4K TFTF 2-11

Clouds-off ATM complete radiation denial present-day, +4K TTFF 2-11

Surface-locking complete radiation denial present-day, +4K TTFF 2-11

Cloud-locking CRE-circulation decorrelation present-day, +4K, mix-and-match FFFF 2-11

Prescribed-RadHt CRE-circulation decorrelation present-day, +4K, mix-and-match FFFF 2-11

Prescribed-CRE CRE-circulation decorrelation present-day, +4K, mix-and-match FFFF 2-11

`F' to denote whether a �ag is set to true or false. For the control experiment, the �ag settings are abbreviated as FFFF. If, for

example, only the atmospheric heating �ags were set to true, such a con�guration would be abbreviated TTFF.

Figure 1 details how the “no_cloud ” �ags modify the EAMv1 source code. All of the changes are contained within the

radiation_tend subroutine of the EAMv1radiation.F90 module (part of RRTMG). The call to compute SW �uxes120

is impacted by whetherno_cloud_sw_radheat_sfc is set to true or false. The land model requires SW surface �uxes

separated into four components: direct visible (< 700 nm), diffuse visible, direct near-infrared (� 700 nm), and diffuse near-

infrared. The SW �ux calculation provides these components, but only for their all-sky values. Not having the clear-sky values

for these four parts of the surface SW �ux means we cannot simply swap out the all-sky for the clear-sky values as desired.

Note that for the net SW �ux computed by RRTMG, both all-sky and clear-sky �uxes are returned and simply interchanging125

which value is provided to the coupler (the ocean model requests the net SW �ux) is easy to do and is demonstrated in Figure 1.

Thus, the only way to get the clear-sky values of the surface SW �ux components needed for the land model — without more

intrusive changes to the underlying RRTMG source code and its interface with EAMv1 — is to call the SW �ux calculation

twice. While we could still pass zero cloud optical depth to the radiation call, we want to keep the model outputs consistent

across all experiments (where the all-sky �ux outputs are the values of what they would be with the model produced clouds).130

The �rst SW �ux calculation removes clouds (by specifying the cloud optical depth to be identically zero in all grid cells) and

sets the separated surface SW �ux components to be passed to the land model. The second call speci�es the clouds as normal,

but the output variables for the separated surface SW �ux components are written to dummy variables that are discarded.

The net effect of these two calls to the SW �ux calculation provides the separated surface SW �ux components for clear-sky

conditions, while all remaining �uxes are otherwise the same. These remaining �uxes include the diagnostic values written to135

the atmospheric history �les (e.g. net surface SW, total downwelling SW irradiance). The logic for the SW �ux calculation is
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depicted in the �rst blue box in Figure 1. For the LW �ux calculations, no changes to how the LW �ux calculation is called are

needed to accommodate the �ags (�rst orange box in Figure 1).

Unlike the land model, the ocean component model receives the total (sum of all four components) of SW �uxes. These net

SW �ux values provided to the ocean are overwritten with their clear-sky �uxes after the diagnostic values have been written140

out to the history �les, like what is done for the surface LW, atmospheric SW, and atmospheric LW �uxes (described below).

The history outputs are stored immediately after the �uxes are computed such that the variables include information about

the clouds. For example, the CREs written to �le (SWCRE is calledSWCFand LWCRE is calledLWCFin EAM history �les)

will be non-zero even when the model temperature tendency is updated using the clear-sky heating rates. One important impact

of choosing to output the computed all-sky values is constructing an energy budget for the atmosphere requires the user to145

select the appropriate boundary �uxes (all-sky or clear-sky) depending on how the �ags have been set. In EAM, this looks like

the following

NET_RAD = FSNT - FLNT - FSNS + FLNS ! when flags are all false

NET_RAD = FSNTC - FLNTC - FSNSC + FLNSC ! when flags are all true

whereFSNT is the net top-of-model SW �ux,FLNT is the net top-of-model LW �ux,FSNSis the net surface SW �ux,150

FLNS is the net surface LW �ux, and a 'C' at the end denotes the clear-sky value. For other combinations (e.g., only

no_cloud_lw_radheat_atm andno_cloud_lw_radheat_sfc are set true) a mix of all-sky and clear-sky �uxes

are needed to computeNET_RAD.

After the history outputs have been saved (second blue and orange boxes in Figure 1), the CRE �ags introduced above are

then used to control whether the clear-sky values will overwrite the all-sky values or not (third and fourth blue and orange boxes155

in Figure 1). After all four �ags are evaluated and the surface �uxes and atmospheric layer heating rates potentially overwritten,

then the temperature tendency will be updated. The radiative heating is applied as a temperature tendency multiplied by the

time step length, and the surface LW and SW �uxes are passed to the coupler for the surface components' boundary conditions

during the next model time step. Again, Figure 1 summarizes these code modi�cations in a �ow chart. The following sections

describe how these �ags have been toggled to produce several variations of COOKIE-style experiments.160

3.1.1 Clouds-off

The “clouds-off” experiment repeats the original COOKIE method of turning off clouds to radiative transfer for both the

atmosphere and surface (Stevens et al., 2012). To run the E3SMv1 clouds-off experiment the following �ag con�guration is

set: TTTT.

If the model is run as an aquaplanet with prescribed SSTs, then theno_cloud_lw_radheat_sfc andno_cloud_sw_radheat_sfc165

�ags become irrelevant. For model con�gurations that include active land, ocean, or sea-ice components, then these “_sfc ”

�ags are necessary. The clouds-off experiment is run with an active land component and prescribed SSTs and sea-ice concentra-

tions (as are all of the simulations documented in this manuscript). Thus, while the SSTs remain the same across experiments,

the land surface temperatures are allowed to respond to changes in cloud radiative �uxes.
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Figure 1. Diagram denoting the code changes controlled by theno_cloud_lw_radheat_atm , no_cloud_sw_radheat_atm ,

no_cloud_lw_radheat_sfc , andno_cloud_sw_radheat_sfc �ags. The �ags have been given in bold-face font to make their

occurrence easier to identify. The blue highlights denote modi�cations impacting SW �uxes and the orange highlights denote modi�cations

impacting LW �uxes. The gray arrows denote the order in which these calls are made within EAM'sradiation_tend subroutine. The

SW and LW calculations do not happen in parallel, but they are independent of one another, so they are shown side-by-side in this schematic

for illustrative convenience.

Figure 2. Surface temperature for Boreal summer (JJAS; top row) and winter (DJFM; bottom row) for the control experiment (a and f).

Differences between the control and the various complete cloud radiative effect denial experiments (control minus experiment) are provided

in the other panels. Stippling denotes locations where differences are not statistically signi�cant at the 95th percentile. All values are shown

with units of Kelvin.

Like in the original COOKIE simulations, the lack of cloud shading leads to changes in the land surface temperature (Webb170

et al., 2017). The surface temperature differences are largest during summer and winter with a large amount of cancellation for

the annual average (see Figure 2b and g). In JJAS, SW �uxes dominate the surface energy �ux over Northern Hemisphere land,

allowing the surface SWCRE to cause the signi�cant cooling seen in Figure 2b (see also Table 2). In DJFM, surface LWCRE

warms the surface, giving rise to the large warming seen in Figure 2g (see also Table 2). Table 2 shows that clouds cause a

signi�cant reduction in surface total heat �ux relative to the control (primarily a reduction in evapotranspiration, not shown),175
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Table 2.Surface �uxes for the control and all experiments. The �uxes are net shortwave, net longwave, and total (sensible plus latent) heat.

All �ux values are positive downwards. The radiative �uxes are either the all-sky or clear-sky depending on whether the surface “sees” the

clouds or not. For the experiments, the �uxes are listed as differences (control minus experiment) to highlight the impact of clouds on that

experiment. For experiments like Clouds-off ATM and Cloud-locking these values are small, as expected, because the surface “sees” the

clouds in these experiments. Northern Hemisphere land refers to model grid cells where the land fraction exceed 50% and are northward of

30� N.

N. Hem. Land JJAS DJFM

SW �ux LW �ux TH �ux SW �ux LW �ux TH �ux

Control 146.1 -63.2 -74.4 66.3 -48.7 -23.2

Clouds-off -42.5 20.2 19.5 -16.9 21.4 -3.7

Clouds-off LW -1.7 17.9 -14.8 -0.9 16.9 -13.9

Clouds-off ATM -0.7 1.8 -0.8 -3.0 3.8 -1.4

Surface-locking -1.3 2.2 -0.3 -1.5 -1.2 -0.5

Cloud-locking 6.0 -3.2 -2.7 3.5 -3.5 -0.0

Prescribed-RadHt 2.7 0.0 -2.5 -0.7 2.5 -1.2

Prescribed-CRE 0.8 0.9 -1.4 -1.4 2.6 -0.8

in response to the large reduction in downwelling surface shortwave �uxes. Because of the seasonally dependent role of clouds

on the surface, we focus on the seasonal means instead of the annual mean. This focus on the seasonal means reduces the risk

of missing important seasonal signals that cancel out in the annual mean.

3.1.2 Clouds-off LW

The cloud radiation denial experiment for the CFMIP contribution to CMIP6 (the next generation of COOKIE experiments180

Webb et al., 2017) removes only the cloud-LW interactions. To run such an experiment with E3SMv1, the �ag setting is TFTF.

We refer to this experiment as “clouds-off LW.” The clouds-off LW experiment still allows SW all-sky �uxes to update the

model tendency terms. While ACRE has only a small contribution from SW (see Figure 3c), SW dominates the surface CRE

across much of the globe, and so it was expected that the differences in surface temperature between the clouds-off LW and

control experiments would be less than those between the clouds-off and control experiments. For high-latitudes, however,185

the surface LWCRE is important, with the net CRE becoming positive poleward of 60� (Figure 3b). Like in the clouds-off

experiment, the surface LWCRE is removed for the clouds-off LW experiment. As a result, there are still signi�cant surface

temperature differences between the control and clouds-off LW experiment (see Figure 2c and h). There is little seasonal

difference in the temperature response in the clouds-off LW experiment, because the surface LWCRE is similar throughout the

year (not shown). The surface LWCRE is always positive because the emissivity of clouds is larger than that of the clear-sky,190

so clouds emit more downwelling LW than surrounding clear-sky regions and heat the surface (Slingo and Slingo, 1988).
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Figure 3. Annual mean, zonal mean Cloud Radiative Effect (CRE) at the (a) top-of-atmosphere, (b) surface, and (c) in the atmosphere. The

solid lines use CERES-EBAFv4.1 data (NASA/LARC/SD/ASDC, 2019) and the dashed lines are from the control simulation. The blue line

denotes SW, the orange line denotes LW, and the green line denotes the Net �ux. All values are given inWm � 2 .

The temperature differences relative to the control for the clouds-off LW experiment are of similar magnitude to those in the

clouds-off, meaning some of the surface temperature biases this experiment is designed to alleviate are still present.

The next generation of COOKIE experiments run for the CFMIP contribution to CMIP6 (COOKIE2, for short) show similar

warming patterns (Figure 4). These COOKIE2 experiments rely on the “amip” and “amip-lwoff” experiments, meaning that195
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they also use prescribed SSTs, but the SSTs are transient and follow the observed evolution instead of repeating the same

pattern each year. The qualitative response of the surface LWCRE on the surface warming is consistent across all models

(Figure 4) regardless of how the SSTs are prescribed. The large warming at high latitudes is not unique to E3SM. This robust

land warming from surface LWCREs suggests caution should be exercised when using the clouds-off LW or the COOKIE2

experiments for extratropical analyses that are sensitive to land temperature.200

3.1.3 Clouds-off ATM

An alternative to removing only the cloud-LW interactions was proposed by Aiko Voigt and considered for the CFMIP contri-

bution to CMIP6 (refer to discussion in Webb et al., 2017). This alternative experiment removes only the atmospheric heating

from cloud-radiation interactions, while maintaining the all-sky surface �uxes. To run this “clouds-off ATM” experiment, the

�ag setting is TTFF. The clouds-off ATM con�guration only removes the ACRE while still allowing surface CREs to con-205

tribute to the surface tendencies. It is important to note that the cloud shading of surface SW or increased downwelling LW are

generated by the simulated clouds within the clouds-off ATM. In other words, if the cloud �elds shift in location, the surface

CREs shift too. By allowing the surface to “see” the clouds, the temperature drift is signi�cantly reduced in the control vs

clouds-off ATM relative to the differences produced by the clouds-off and clouds-off LW experiments (see Figure 2).

The reduced temperature drift is likely to be valuable to studies examining the high latitudes. For example, Figure 5 (top row)210

shows that ACRE increases the amount of snowfall in the Arctic. A similar increase in total precipitation occurs over the same

Arctic area (not shown). Despite the large temperature changes shown in Figure 2, the temperatures still get suf�ciently cold

to allow for snow, such that the increased precipitation from ACRE leads to an increase in snowfall for all experiments. This

increase in snowfall can be found whether comparing the Control to the Clouds-off LW or the Clouds-off ATM experiments,

suggesting it is a robust effect. Despite the increase in snowfall from ACRE, the surface LWCRE can have a large and offsetting215

role on surface snow amounts (measured as the snow water equivalent, SWE). Figure 5 shows that the role of surface LWCRE

is to reduce SWE such that SWE is smaller in magnitude in the Control than in the Clouds-off LW experiment, despite the

increase in snowfall. When surface LWCRE is left on in the Clouds-off ATM experiment, we see an increase in SWE, consistent

with the increase in surface snowfall (Figure 5f).

3.1.4 Surface-locking220

To test whether further reductions in surface temperature differences could be achieved between a complete CRE denial exper-

iment and the control, we perform additional code modi�cations to directly limit the surface temperature drift. Speci�cally, the

surface �uxes are prescribed following the methodology of Lau et al. (2019) in a new experiment, referred to as the “surface-

locking” experiment. By prescribing the surface �uxes, instead of, for example, prescribing the land surface temperature, we

can control both the heat and moisture �uxes into the atmosphere. The surface-locking experiment uses the same �ag settings225

as the clouds-off ATM experiment (TTFF). There is one important difference between our implementation of the prescribed

surface �uxes from that of Lau et al. (2019). In E3SM, we relax the surface �uxes at every time step to the prescribed surface

�ux to avoid triggering a numerical instability arising in the parameterization for shallow convection, turbulence, and macro-
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