Geosci. Model Dev., 17, 1585-1602, 2024
https://doi.org/10.5194/gmd-17-1585-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

New model ensemble reveals how forcing uncertainty and model
structure alter climate simulated across CMIP generations of the
Community Earth System Model

Marika M. Holland!, Cecile Hannay', John Fasullo', Alexandra Jahn?>, Jennifer E. Kay*>, Michael Mills®,
Isla R. Simpson', William Wieder', Peter Lawrence!, Erik Kluzek!, and David Bailey!

IClimate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder, CO, USA
2Depalrtment of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Boulder, CO, USA

3Institute of Arctic and Alpine Research, University of Colorado, Boulder, Boulder, CO, USA

4Department of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Boulder, CO, USA
5Cooperative Institute for Research in Environmental Science, University of Colorado, Boulder, Boulder, CO, USA
6 Atmospheric Chemistry Observations and Modeling Laboratory, National Center for Atmospheric Research,

Boulder, CO, USA
Correspondence: Marika M. Holland (mholland @ucar.edu)

Received: 17 June 2023 — Discussion started: 4 August 2023

Revised: 5 December 2023 — Accepted: 8 January 2024 — Published: 22 February 2024

Abstract. Climate simulation uncertainties arise from inter-
nal variability, model structure, and external forcings. Model
intercomparisons (such as the Coupled Model Intercompar-
ison Project; CMIP) and single-model large ensembles have
provided insight into uncertainty sources. Under the Com-
munity Earth System Model (CESM) project, large ensem-
bles have been performed for CESM2 (a CMIP6-era model)
and CESM1 (a CMIP5-era model). We refer to these as
CESM2-LE and CESMI1-LE. The external forcing used in
these simulations has changed to be consistent with their
CMIP generation. As a result, differences between CESM2-
LE and CESM1-LE ensemble means arise from changes in
both model structure and forcing. Here we present new en-
semble simulations which allow us to separate the influences
of these model structural and forcing differences. Our new
CESM2 simulations are run with CMIP5 forcings equiva-
lent to those used in the CESM1-LE. We find a strong in-
fluence of historical forcing uncertainty due to aerosol effects
on simulated climate. For the historical period, forcing drives
reduced global warming and ocean heat uptake in CESM2-
LE relative to CESM1-LE that is counteracted by the influ-
ence of model structure. The influence of the model structure
and forcing vary across the globe, and the Arctic exhibits a
distinct signal that contrasts with the global mean. For the

21st century, the importance of scenario forcing differences
(SSP3-7.0 for CESM2-LE and RCP8.5 for CESM1-LE) is
evident. The new simulations presented here allow us to diag-
nose the influence of model structure on 21st century change,
despite large scenario forcing differences, revealing that dif-
ferences in the meridional distribution of warming are caused
by model structure. Feedback analysis reveals that clouds and
their impact on shortwave radiation explain many of these
structural differences between CESM2 and CESMI. In the
Arctic, albedo changes control transient climate evolution
differences due to structural differences between CESM2 and
CESMI.

1 Introduction

Model intercomparison projects such as the Coupled Model
Intercomparison Project (CMIP; Eyring et al., 2016) have en-
abled considerable advances in our understanding of the cli-
mate system. Central to CMIP is the adoption of the same
external forcing by multiple modeling centers. For historical
and future simulations, this includes both natural (volcanic
and solar) and anthropogenic (greenhouse gas, ozone, sul-
fate aerosol, and carbon aerosol) forcings. The availability
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of coordinated simulations from different centers run with
the same external forcing allows for the quantification of
model structural uncertainty, the inter-model contrast that
arises from differences in resolution, physical parameteriza-
tions, and other specified or emergent model attributes. The
advantage of using the same external forcing in model ex-
periments is also relevant for coordinated projects outside of
CMIP. For example, comparing the recent publicly available
single-model large ensembles (Deser et al., 2020) enables the
separation of model structure and internal variability uncer-
tainty. This separation cannot be accurately done from CMIP
simulations alone because of typically small-ensemble sizes
from individual models. Single-model large ensembles of
historical conditions also enable comparison to the observed
record within the context of internal variability. While the
broad use of common external forcing is important, inher-
ent in the assessment of climate simulation fidelity with ob-
servations is that the applied historical external forcings are
credible.

While CMIP has enabled consistent historical external
forcing to be applied across independently developed mod-
els, the influence of forcing uncertainty about historical cli-
mate simulations can be considerable, especially for aerosols
(e.g., Wang et al., 2021). For example, recent work using the
Community Earth System Model 2 (CESM2) has shown that
uncertainties in biomass burning emissions affect historical
warming (Fasullo et al., 2022), Arctic sea ice loss (DeRe-
pentigny et al., 2022), and the hydrologic cycle (Heyblom
et al., 2022). These studies found that interannual variability
in the prescribed biomass burning emissions affect climate
through nonlinear cloud—aerosol interactions. The interan-
nual variability in the biomass burning is not well known
prior to satellite estimates beginning in 1997. Because of
this, prescribed biomass burning emissions either have a dis-
continuity in variability in 1997, as done for CMIP6, or
omit the post-1997 observed interannual variability, as done
for CMIP5. Uncertainties in other prescribed aerosol forc-
ings also affect historical simulations. For example, Fyfe et
al. (2021) showed that differences in volcanic aerosol and
anthropogenic aerosol forcing between CMIP5 and CMIP6
influence the surface air temperature evolution in Canadian
Earth System Model (CanESMS5) simulations. These studies
highlight that forcing uncertainty can complicate the attribu-
tion of differences between models and observations.

Forcing uncertainty for both historical conditions and
future projections (often called “scenario uncertainty”;
Hawkins and Sutton, 2009) can also cause challenges when
comparing across climate model generations. Ideally, the
availability of large initial-condition ensemble simulations
with different generations of the same model would allow us
to quantify the influence of new model developments on the
simulated transient climate evolution and climate variability.
Comparing multiple models across various phases of CMIP
would also ideally allow for assessment of how models as
a group are performing relative to observations. However,

Geosci. Model Dev., 17, 1585-1602, 2024

M. M. Holland et al.: Model shows forcing uncertainty and model structure alter climate simulations

model forcing protocols change with the phases of CMIP.
This forcing change is well recognized for future model pro-
jections. For example, in the transition from Representative
Concentration Pathway scenarios (RCPs; Van Vuuren et al.,
2011) used in CMIPS5 to the Shared Socioeconomic Pathway
scenarios (SSPs; Meinshausen et al., 2020) used in CMIP6.
Perhaps it is less well understood that historical forcings are
also revised between CMIP phases and that these changes to
the historical forcing impact simulated historical climate.

Here, we present simulations which enable quantifica-
tion of the influence of external forcing uncertainty and
model structural uncertainty of transient climate within a sin-
gle modeling system: the Community Earth System Model
(CESM). This work builds on large initial-condition ensem-
ble simulations that have been performed for CESMI1, us-
ing CMIPS5 forcing protocols (CESM1-LE; Kay et al., 2015),
and CESM2, using CMIP6 forcing protocols (CESM2-LE;
Rodgers et al., 2021). These simulations have been very well
utilized by the research community to investigate many as-
pects of the climate system. Work by this broad research
community includes comparisons between the CESM1-LE
and CESM2-LE to understand differences between them.
However, the differences between these two ensembles arise
from both model structural changes (i.e., CESM1 to CESM2)
and external forcing changes (i.e., CMIP5 to CMIP6), pro-
hibiting the attribution of simulation differences to model
structure alone. Thus, to enable the separation of model
structure and forcing influences, we have performed a set of
CESM2 simulations with external forcings that are CMIP5-
based and equivalent to those used in the CESM1-LE simula-
tions. We provide information on the experimental design of
these simulations, including the model version, external forc-
ing, and tuning. Through comparison with CESM1-LE and
CESM2-LE, these CESM2-CMIP5 simulations enable us to
separate forcing uncertainty and model uncertainty within
the context of the CESM large ensembles, all while account-
ing for internal climate variability. Here, we present the ex-
perimental design of these CESM2-CMIP5 simulations and
use them to disentangle the influence of model structure
and external forcing on global and regional climate warm-
ing. Note that several previous studies have used subsets of
these simulations to explore some specific aspects of the cli-
mate system (e.g., Schneider et al., 2022; DeRepentigny et
al., 2022). The overarching goal is that these publicly avail-
able community experiments will allow researchers to further
investigate the influence of the CESM model structure and
CMIP forcing uncertainty about numerous aspects of simu-
lated Earth system variability and change. Given the compu-
tational expense required to perform these simulations, they
serve as a valuable community resource.
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2 Experimental design

Both CESM1 (Hurrell et al., 2013) and CESM2 (Danaba-
soglu et al., 2020) are comprehensive global climate mod-
els that include atmosphere, ocean, land, and sea ice compo-
nents. Both models are run at a nominal 1° horizontal resolu-
tion. There were changes across all component models in the
transition from CESM1 to CESM2. Some notable changes in
the atmosphere include updated cloud microphysics (MG2;
Gettelman and Morrison, 2015); the inclusion of an addi-
tional aerosol mode in the Modal Aerosol Model (MAM4;
Liu et al., 2016); and the inclusion of the Cloud Layers Uni-
fied By Binormals (CLUBB) unified turbulence scheme (Go-
laz et al., 2002; Larson, 2017). In the ocean model, CESM2
includes a new Langmuir mixing parameterization (Li et al.,
2016) and the mixing effects of estuaries (Sun et al., 2019).
Prognostic salinity (Turner and Hunke, 2015) and an updated
melt pond scheme (Hunke et al., 2013) are included within
the CESM2 sea ice component. Within the land model, nu-
merous new processes and parameterizations are included
within CESM2 that have improved the realism of hydro-
logical and ecological processes (Lawrence et al., 2019).
Many studies have compared the CESM1 and CESM2 ver-
sions to document differences in simulated climate variabil-
ity and transient climate evolution (e.g., CESM2 special col-
lection, https://agupubs.onlinelibrary.wiley.com/doi/toc/10.
1002/(ISSN)1942-2466.CESM2, last access: 13 February
2024). CESM2 has a considerably higher-equilibrium cli-
mate sensitivity than CESM1 (Gettelman et al., 2019a;
Bacmeister et al., 2020), although the transient climate re-
sponse is similar in the two models (Danabasoglu et al.,
2020).

To enable the study of climate change and internal cli-
mate variability, large ensembles have been performed with
both CESM versions. For the CESMI1-LE (Kay et al.,
2015), the simulations used forcing protocols from CMIP5
(e.g., Lamarque et al., 2010; Meinshausen et al., 2011), with
the exception of ozone concentrations, which were obtained
from a CESM1 simulation using the Whole Atmosphere
Community Climate Model (WACCM) with active chem-
istry (Marsh et al., 2013). RCP8.5 scenario forcing is used for
2006-2100. Here we refer to the forcing used in the CESM1-
LE simulations as CMIPS5 forcing, although we recognize
that other RCP scenarios are available under the CMIPS
forcing protocol. CESM1-LE simulations included a multi-
century pre-industrial control, a single member run from
1850-1920 and 40 members from 1920-2100. The 40 mem-
bers were initialized with the same conditions in 1920 but
with a micro-perturbation equivalent to a random round-off
level (order of 10~13 K) perturbation applied to the air tem-
perature field. For many climate properties, initial-condition
memory can persist for several years to a decade, and so the
initial 1920 decade of simulated conditions is not considered
to be independent. Note that for some properties, like South-
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ern Ocean surface climate, the initial-condition influence can
persist longer (Singh et al., 2023).

The CESM2-LE (Rodgers et al., 2021) includes 100 en-
semble members, with the first 50 members and second 50
members differing in the prescribed biomass burning emis-
sions as discussed below. In the first 50 members of the
CESM2-LE, forcing data provided by CMIP6 (Eyring et
al., 2016) were used apart from stratospheric ozone; strato-
spheric aerosols; H>O production rates, due to methane ox-
idation in the stratosphere; and nitrogen deposition to the
land and ocean components. These non-CMIP6 provided
forcings were obtained from CESM2(WACCM6) simula-
tions with active chemistry (Gettelman et al., 2019b), which
applied CMIP6-provided forcings but calculated the chem-
ical and aerosol constituents. The CESM2-LE simulations
cover 1850-2100 and use scenario forcing from SSP3-7.0
for 2015-2100. We refer to this as CMIP6 forcing, al-
though we acknowledge that it is just one of the scenar-
ios used for CMIP6 and is not necessarily representative
of the other SSPs. Indeed, relative to other SSP scenar-
ios, SSP3-7.0 maintains high sulfur and black carbon emis-
sions throughout the 21st century (Gidden et al., 2019). The
CESM2-LE ensemble members are initialized with a mix of
micro-perturbations similar to the CESMI-LE and macro-
perturbations in which initialization is taken from different
years of a CESM2 multi-century pre-industrial control sim-
ulation. As documented by Fasullo et al. (2022) and DeRe-
pentigny et al. (2022), the CMIP6 biomass burning emissions
exhibit a large increase in variability during 1997-2014 with
the incorporation of satellite-based emission data. This in-
fluences the simulated early 21st century transient climate,
particularly in the Northern Hemisphere extratropics. Given
that these variable biomass burning emissions are used in
the first 50 members of the CESM2-LE, we refer to this 50-
member subset as CESM2-LEvbb. In the second 50 members
of the CESM2-LE (referred to here as CESM2-LEsmbb), the
prescribed biomass burning emissions were smoothed. This
largely affects conditions from 1990-2020. These CESM2-
LEsmbb simulations are used to provide an estimate of the
influence of the changing biomass burning emission variabil-
ity on the simulated change.

Large-ensemble simulations (and the simulations per-
formed here) require extensive computational resources, lim-
iting the ability to perform simulations with multiple forc-
ing scenarios. The scenario forcing used in the two CESM
large ensembles are different both in their details and in
the approximate level of radiative forcing reached in 2100
(8.5Wm~2 for RCP8.5 used in CESMI-LE; 7.0 W m~2 for
SSP3-7.0 used in CESM2-LE). The new CESM2-CMIP5
simulations performed for this study enable us to explicitly
assess the role of model structure in differences between the
simulated 21st century change in CESM1-LE and CESM2-
LE, despite the significant scenario forcing differences. Im-
portantly, the forcing used in the historical simulations also
differs considerably from CMIP5 to CMIP6, with implica-
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tions for historical change simulated in these large ensem-
bles.

To enable the separation of the role of forcing ver-
sus model structure in the differences between CESM1-LE
and CESM2-LE, we have performed an additional set of
CESM2-CMIP5 simulations in which CESM2 uses forc-
ing from CMIPS5, consistent with that used in CESMI-
LE. Changing the forcing in CESM2 led to a slight radia-
tive imbalance at the top of the model of approximately
—0.35W m~2 in the first 10 years of our initial pre-industrial
control simulation. This is likely due to different background
volcanic aerosol emissions. This model imbalance can re-
sult in a long spin-up adjustment. For example, as shown
in Fyfe et al. (2021), in similar pre-industrial control exper-
iments performed with the CanESM5 model, the inclusion
of background aerosol emissions results in a multi-century
cooling drift in global mean surface temperature. To avoid
a long spin-up adjustment, it is important to achieve a low
model imbalance in control simulations. The CESM project
uses a criterion of <0.1 W m™2 for the absolute imbalance at
the top of the model (Danabasoglu et al., 2020). Given this, to
achieve a radiative balance within the 0.1 W m~? criteria and
prevent temperature drifts over time in the pre-industrial con-
trol simulation, we applied a small adjustment to a tuning pa-
rameter (clubb_gamma_coef =0.318 in the CESM2-CMIP5
runs versus clubb_gamma_coef =0.308 in the CESM2-LE
runs). This parameter controls the probability density func-
tion (PDF) of subgrid vertical velocity within the CLUBB
scheme and increasing clubb_gamma_coef decreases the
stratiform nature of the clouds, which darkens them. For the
first 10 years of pre-industrial control simulations, this tun-
ing resulted in a top-of-model imbalance of —0.1 Wm™2. It
led to a change in global average shortwave cloud forcing
from —48.5 W m~2 with the original clubb_gamma_coef to
—48.0 W m™?2 with the tuned clubb_gamma_coef (with the
largest changes in the tropics; see Fig. S1 in the Supplement).
The influence on global-averaged longwave cloud forcing
was minimal. Since the tuning applied is small, we expect
the influence on the simulated transient climate response to
be small relative to the CMIP5 versus CMIP6 forcing differ-
ences. The same parameter value of clubb_gamma_coef was
used in the pre-industrial, historical, and RCP8.5 runs for the
CESM2-CMIPS5 simulations.

This CESM2-CMIPS set of simulations includes a 500-
year pre-industrial control that is initialized at year 501 of
the CESM2-LE pre-industrial control and has static 1850
forcing, a single member from 1850-1920 that is initialized
from year 250 of the pre-industrial control, and 15 mem-
bers from 1920-2100. Model simulation drift in the pre-
industrial control run for simulation properties assessed here
is small at the time of historical run initialization (Fig. S2)
and does not qualitatively affect our results. Similar to the
CESMI-LE, we use a micro-perturbation method to initial-
ize the ensemble simulations in 1920. For the historical pe-
riod prior to 2006, CMIPS5 historical forcings were used, and
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then in the 2006-2100 period, the RCPS8.5 scenario forcing
was used, as in CESM1-LE. All of the experimental design
information for these simulations can be found on the GitHub
repository (https://github.com/NCAR/CESM2-CMIPS, last
access: 14 February 2024). In CESM2, aerosols are treated
using a four-mode version of the Modal Aerosol Model
(MAM4; Liu et al., 2016). Relative to the three-mode ver-
sion (MAM3) used in CESM1, MAM4 includes an addi-
tional primary carbon mode. As such, the amount of par-
ticulate organic matter (POM) and black carbon (BC) emis-
sions used in the CESM2-CMIP5 simulations was the same
as that in CESM1-LE, but they were put in the primary car-
bon mode available in MAM4. This additional primary car-
bon mode allows for an explicit treatment of the aging of pri-
mary carbonaceous aerosols. While the aerosols are in this
mode, they are hydrophobic and are not removed by wet de-
position, leading to an overall lengthening of the lifetime of
carbonaceous aerosols within MAM4 and a substantial in-
crease in particulate organic matter and black carbon burdens
in some regions (Liu et al., 2016). The inclusion of this mode
could influence the model sensitivity to differences in car-
bonaceous aerosol emissions.

The time evolution of global anthropogenic and biomass
burning emissions used in the simulations is shown in Fig. 1.
The time resolution of the specified emissions data varies be-
tween the CMIP5-based forcing, which used a linear inter-
polation of decadal means, and CMIP6-based forcing, which
used annual values for the historical period and a linear in-
terpolation of decadal means for the scenario forcing. Addi-
tionally, the emission magnitudes differ between CMIPS and
CMIP6. This emission difference is expected for much of the
21st century, as the RCP8.5 scenario used in the CESM1-LE
runs differs from the SSP3-7.0 scenario used in CESM2-LE.
However, the emissions also differ, sometimes substantially,
for the historical period.

Volcanic forcing also differs throughout the simula-
tions (Fig. 2). In CMIP5, there are no background strato-
spheric aerosols prescribed in the simulations. In contrast,
a background-averaged volcanic forcing was applied in the
pre-industrial control, historical, and SSP scenario integra-
tions for CMIP6. Fyfe et al. (2021) found that this differ-
ence in background volcanic forcing influenced the control
climate state with consequences for 20th century warming.
The aerosols associated with specific eruptions throughout
the historical period also differ from CMIP5 to CMIP6. Un-
fortunately, the volcanic aerosol burden is not available from
both model simulations. However, a comparison of the vol-
canic aerosol burden in CESMI1-LE with the stratospheric
aerosol optical depth in CESM2-LE indicates that CMIP6
generally includes more eruptions and that the relative forc-
ing magnitude between specific eruptions differs between the
CESM1-LE and CESM2-LE simulations (Fig. 2). In contrast
to the prescribed aerosols, the prescribed concentrations of
greenhouse gases (Fig. 3) are nearly identical for the histor-
ical period and the early-21st century but start to diverge at

https://doi.org/10.5194/gmd-17-1585-2024
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Figure 1. Emissions of global anthropogenic and biomass burning emissions, including (a) black carbon (BC), (b) primary organic matter
(POM), (c¢) sulfur dioxide, and (d) gas-phase condensable sources of secondary organic aerosols (SOAGs) for CMIP5 (red) and CMIP6

(black) forcings.

around 2040, given the different RCP8.5 and SSP3-7.0 sce-
narios used for the CMIP5-based versus CMIP6-based sim-
ulations.

3 Methods

We present global and regional climate metrics to determine
factors driving differences in 20th and 21st century warm-
ing between CESM1-LE and CESM2-LE. We focus on the
forced climate response, and so assess the ensemble mean
properties. We attribute differences between CESM1-LE and
CESM2-LE to the influence of differences in model structure
and differences in model forcing using the following:

Model structure influence = CESM2-CMIP5 — CESMI1-LE (1)
Forcing influence = CESM2-LEvbb — CESM2-CMIPS5. 2)

As identified in previous studies (Fasullo et al., 2022; DeRe-
pentigny et al., 2022; van Marle et al., 2017), the CMIP6
forcing used in CESM2-LEvbb applies biomass burning
emissions at the end of the historical period based on satellite
data. This leads to an increase in the high-frequency variabil-
ity in the biomass burning emissions from 1997-2015 rel-
ative to earlier and later periods. This change in emission
variability has been shown to influence the simulation of a
number of changes within the climate system (Fasullo et al.,
2022; DeRepentigny et al., 2022; Heyblom et al., 2022) and
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could account for some of the forcing influence quantified us-
ing Eq. (2), since CMIPS5 forcing uses smooth biomass burn-
ing emissions throughout. To investigate this, we also use the
CESM2-LE simulations to quantify the response to highly
variable biomass burning in the CMIP6 forcing using

Variable biomass burning (BB) forcing influence =
CESM2-LEvbb — CESM2-LEsmbb. 3)

If this term is near-zero, then the changing variability in
biomass burning that is present in the standard CMIP6 forc-
ing has little influence relative to smoothed biomass burn-
ing emissions. Notably, other changes are present in the
biomass burning emissions between CMIP6 and CMIP5, and
so the analysis of biomass burning forcing influence quanti-
fied here only reflects the influence of emission variability
within CMIP6.

All anomalies discussed below are relative to the 1930-
1950 period when both CESM2 and CESMI1 have large-
ensemble simulations available. Given the large number of
ensemble members in the CESM1-LE, CESM2-LEvbb, and
CESM2-LEsmbb, the ensemble mean quite robustly charac-
terizes the forced climate response for these cases. However,
because of computational constraints, only 15 members are
available for the CESM2-CMIP5 simulations. To quantify
the effect of this smaller sample size on our results, we apply
bootstrapping in the computation of the model and forcing
influence metrics. We resample, with replacement, the mem-

Geosci. Model Dev., 17, 1585-1602, 2024
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Figure 2. Proxy measures of the volcanic forcing in CESM1-LE and CESM2-LE simulations, including the stratospheric sulfate aerosol
(SSA) burden in CESM1-LE (red; left axis) and the stratospheric aerosol optical depth (AOD) from CESM2-LE (dashed black; right axis).
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bers from the CESM1-LEvbb and CESM2-LE to produce
bootstrapped ensembles with the same ensemble size as the
CESM2-CMIP5 and calculate the model influence and forc-
ing influence, as per Egs. (1) and (2). We repeat this 1000
times and present information showing the 2.5th-97.5th per-
centile of bootstrapped estimates. Because the biomass burn-
ing forcing uncertainty (Eq. 3) is based on a difference in
ensemble means for CESM2-LEvbb and CESM2-LEsmbb,
which both have 50 members, no bootstrapping is performed.

4 Results
4.1 Global change

For the 2000-2020 average, the globe warms modestly more
in CESM2-LEvbb (0.81°C, with a standard deviation of
0.07 °C across members) than in CESM1-LE (0.70 °C, with
a standard deviation of 0.06 °C across members) (Fig. 4a),
although the ensembles overlap. Model structural changes
consistently result in more surface warming in CESM2-LE
than in CESM1-LE over the 20th and 21st centuries (Fig. 4b).
This warming difference is counteracted by differences in the
external forcing, except from 2000-2010 when the total forc-
ing influence is neutral. Uncertainty associated with biomass
burning emission variability results in less warming for the
2000-2010 period and may explain some of the total forcing
influence. Taken together, the compensation between model
structure and forcing leads to the relatively similar 20th cen-
tury warming in CESM1-LE and CESM2-LE. Later in the
21st century, the forcing differences associated with the dif-
ferent scenarios dominate and lead to less global warming in
CESM2-LE than in CESM1-LE by 2100.

Simulation differences in the global temperature change
evolution (Fig. 4) strongly correspond to changes in the
global net top of atmosphere (TOA) shortwave (SW) flux
(Fig. 5a). The sign convention is such that fluxes are positive
downward. Thus, the increase in net SW values is associated
with a lower planetary albedo and more shortwave radiation

https://doi.org/10.5194/gmd-17-1585-2024
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Figure 4. The 1920-2100 time series of (a) the change in global ensemble mean surface air temperature relative to the 1930-1950 average,
and (b) the attribution of CESM2-LE versus CESM1-LE differences in air temperature change to structural model differences and forcing
differences, as defined in Sect. 3. As described in Sect. 3, the range shown for the model and forcing attribution in panel (b) represents the

2.5th—97.5th percentile of 1000 bootstrapped samples.

retained in the Earth system. Over the 20th century, all sim-
ulations show a decline in net SW, indicating a higher global
planetary albedo. This largely results from emissions of an-
thropogenic sulfate aerosols. Consistent with previous work
(Trenberth and Fasullo, 2009), the net SW changes then re-
verse sign, increasing in the early 21st century and leading
to more SW warming of the globe. Compared to CESM1-
LE, CESM2-LE has smaller net SW reductions in the 20th
century but reaches a similar net SW increase by 2100. The
time-varying differences between CESM2-LE and CESM1-
LE are due to a relative compensation of the influence of
model structure and forcing that changes over time. Model
structure consistently drives a relative increase in net SW
anomalies in CESM2 compared to CESM1 throughout the
20th and 21st centuries (Fig. 5b). However, the CMIP6 forc-
ing counteracts this structural difference, except for 2000-
2020, when the forcing has little impact. In the latter part of
the 21st century, this forcing influence is particularly large,
which is consistent with the different scenario forcing. By
2100, the influence of external forcing and model structure
nearly balances, and the 2100 net SW change is similar in
CESM2-LE and CESM1-LE.

Changes in the net SW flux can be associated with both
clear- and cloudy-sky conditions. An analysis of the cloud
liquid water path (LWP) suggests that many of the simu-
lated differences in the global average net SW flux between
CESM2-LE and CESMI-LE are associated with clouds.
The global average LWP increases in the 20th century and
then generally stays elevated in CESM1-LE and CESM2-LE
through 2100, relative to the 1930-1950 average (Fig. 5c).
The influence of model structure and forcing on changing
LWP (Fig. 5d) bears a striking resemblance to the analy-
sis of the net SW flux (Fig. 5b) (although with an opposite
sign, consistent with the influence of LWP on cloud albedo).
Model structure causes smaller 20th century global LWP in-
creases in CESM2 relative to CESM 1, with these differences
then being retained through the 21st century. In contrast, the
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CMIP6 model forcing contributes to larger increases in LWP
throughout the 20th and 21st centuries. This compensation
between model structure and model forcing leads to only
small LWP changes in the CESM2-CMIP5 simulations by
2100.

An analysis of the clear-sky net SW flux (Fig. 5e) suggests
that, in the 20th century, model structure has limited influ-
ence on differences between CESM2-LE and CESM1-LE.
The 20th century forcing differences also have a modest in-
fluence, although differences in episodic volcanic forcing are
evident (Fig. 5f), with implications for episodic reductions in
air temperature. In the 21st century, both model structure and
external forcing reduce the clear-sky net SW flux in CESM2-
LE relative to CESM1-LE. This reduction is consistent with
changes in aerosol optical depth (Fig. 5g and h) that result
from higher sustained aerosol emissions (Fig. 1) and model
structural changes. It is also affected by a cryospheric albedo
contribution, as discussed further below.

The changing planetary heat budget is consistent with the
changing global ocean heat content, as indicated by global
depth-averaged ocean temperature (Fig. 6). Model struc-
ture leads to more ocean heat uptake in CESM2 relative to
CESM1 throughout the 20th—21st centuries. This heat uptake
difference is counteracted by the forcing differences, with
the historical CMIP6 and SSP3-7.0 scenario resulting in less
heat uptake. The variable biomass burning forcing influence
on global ocean heat content is small, although it does influ-
ence other aspects of the ocean simulation, as documented in
Yamaguchi et al. (2023). As a result of the compensation be-
tween model structure and forcing, the change in ocean heat
content by 2100 is quite similar between the CESM2-LE and
CESMI1-LE. This is consistent with the surface air tempera-
ture and SW budget analysis above.

4.2 Zonal average change

The impact of changes in cloud properties and aerosol optical
depth can vary by location. Additionally, the global average
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Figure 5. (a) Change in global ensemble mean net TOA SW. (b) Attribution of differences in CESM2-LE versus CESM1-LE simulated net

TOA SW change to model and forcing uncertainty. (¢) As in panel (a)

but for global cloud liquid water path. (d) As in panel (b) but for

global cloud liquid water path. (e) As in panel (a) but for net TOA clear-sky SW. (f) As in panel (b) but for net TOA clear-sky SW. (g) As
in panel (a) but for global aerosol optical depth. (h) As in panel (b) but for global aerosol optical depth. As described in Sect. 3, the ranges
shown for the model and forcing attributions represent the 2.5th—97.5th percentile of 1000 bootstrapped samples.

metrics can mask compensating regional changes. For exam-
ple, while model structure causes more 20th—-21st century
global warming in CESM2 relative to CESM1 (Fig. 4), the
influence of model structure on climate varies considerably
by latitude (Fig. 7). In particular, throughout the 21st century,
model structural differences result in more CESM?2 warming
in the tropics but less in the high northern latitudes (Fig. 7c,

Geosci. Model Dev., 17, 1585-1602, 2024

d, e). From 1980-2010, the CMIP6 forcing enhances Arctic
warming (Fig. 7f). This is related in part to biomass burning
variability, as revealed by a comparison of CESM2-LEvbb
and CESM2-LEsmbb (Fig. 7c; Fasullo et al., 2022; DeRe-
pentigny et al., 2022), although this is only a fraction of the
total CMIP6 versus CMIPS effect (Fig. 7c). Through the re-
mainder of the 21st century, from 2020-2100, forcing re-
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Figure 6. (a) Change in global ensemble mean depth-averaged ocean temperature. (b) Attribution of differences in CESM2-LE versus
CESMI-LE simulated ocean temperature change to model and forcing uncertainty. As described in Sect. 3, the ranges shown for the model
and forcing attribution in panel (b) represent the 2.5th-97.5th percentile of 1000 bootstrapped samples.

duces warming at all latitudes in CESM2-LE, with the largest
influence in the Arctic. This is consistent with the lower
greenhouse gas concentrations and higher aerosol emissions
in SSP3-7.0 as compared to RCPS8.5. However, in spite of
the lower approximate radiative forcing represented by the
SSP3-7.0 scenario, a similar tropical warming is present by
2100 in CESM2-LE and CESM1-LE, due to the compensat-
ing effect of model structural differences.

Previous work indicates that shortwave cloud forcing and
feedbacks differ between CESM2 and CESM 1 (Danabasoglu
et al., 2020; Gettelman et al., 2019; Bacmeister et al., 2020;
Schneider et al., 2022) and have a distinct meridional struc-
ture. Given this, we assess the latitudinal structure of the
change in the net top-of-atmosphere shortwave fluxes and the
influence of model structure and forcing differences in driv-
ing changes over the 21st century (Fig. 8). These are gener-
ally consistent with the surface air temperature change anal-
ysis (Fig. 7), suggesting a causal link in which regional SW
changes drive regional changes in air temperature. By 2100,
the net shortwave increases at nearly all latitudes in all sim-
ulations (Fig. 8b), indicating more shortwave heating and a
lower planetary albedo. This decreased planetary albedo is
consistent with a decrease in total cloud cover everywhere,
except at the high latitudes (not shown), where a cryospheric
response to warming plays a role, as discussed further below.
The influence of structural model differences has a quite con-
sistent spatial pattern through the 21st century, resulting in a
generally larger SW increase in the tropics in CESM2 but a
smaller Arctic change (Fig. 8e). The importance of external
forcing changes over time. In the early 21st century, the forc-
ing counteracts the structural model differences at most lati-
tudes (Fig. 8c). However, by 2100, the CMIP6 forcing drives
lower net SW increases nearly everywhere (Fig. 8d), which is
consistent with the higher aerosol emissions and lower green-
house gases in the SSP3-7.0, as compared to the RCPS.5.
Notably, even with the considerably different scenario forc-
ing by 2100, on a regional basis, the forcing influence is small
relative to the influence of the model structure. As such, the
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model structural influence largely explains the different pat-
terns of zonal SW heating in 2100.

The net SW changes result from changing aerosols, cloud
cover, cloud properties, and surface albedo. We assess these
factors using an approximate partial radiative perturbation
(APRP) method (Taylor et al., 2007) that enables us to sepa-
rate the SW cloud feedback and the surface albedo feedback.
An assessment of the SW cloud feedback (Fig. 9) suggests
that over the 21st century, clouds explain much of the SW
signal shown in Fig. 8, although there are some discrepan-
cies in high latitudes. In all simulations by 2100, clouds drive
less SW reflection (and so a positive feedback) for much of
the 50° N-50° S region (Fig. 9b). In high latitudes, the mod-
els simulate a negative feedback, indicating that clouds drive
more SW reflection for the 2080-2100 period, although the
models differ in the magnitude and exact location of this re-
sponse in the Arctic. The influence of model structure and
external forcing on differences in the SW cloud feedback be-
tween CESM2-LE and CESMI1-LE (Fig. 9¢ and d) bears a
strong resemblance to the net SW analysis (Fig. 8c and d) for
most of the globe. For both the early- and late-21st century
changes, model structure causes a more positive SW cloud
feedback in CESM2 over most of the tropics. This indicates
a decreased tropical cloud brightening in CESM2 relative to
CESM1, consistent with the model structural influence on
net SW (Fig. 8). However in high latitudes, it is less clear
that cloud feedbacks are responsible for the differences in the
net SW between the CESM2-LE and CESM1-LE. For exam-
ple, in the Arctic, model structure leads to a large reduction
in net SW in CESM2 for both the early and late 21st cen-
tury (Fig. 8c and d) that appears much smaller than the cloud
feedback influence (Fig. 9c and d). Analysis of the surface
albedo feedback (Fig. 10) helps to explain this discrepancy.
In particular, the model structure results in a much weaker
albedo feedback in CESM2 relative to CESM1 for both the
early and late 21st century.
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Figure 7. Zonally averaged surface air temperature change relative to the 1930-1950 average. (a) 2000-2020 ensemble mean change.
(b) 2080-2100 ensemble mean change. (c) Attribution of CESM2-LE versus CESM1-LE difterences in the 2000-2020 change to model and
forcing uncertainty. (d) Attribution of differences in the 2080-2100 change to model and forcing uncertainty. (e) Attribution of differences
in the running 10-year average ensemble mean change to model uncertainty. (f) Attribution of differences in the running 10-year average
ensemble mean change to forcing uncertainty. For panels (e) and (f), the same color bar is used, and the solid black contour denotes the 0 °C

line.

4.3 Arctic change

The zonal average comparison points to large changes in the
Arctic between CESM2-LE and CESM1-LE in which the at-
tribution to model structure, external forcing, and the relative
compensation of the two, changes over time. Additionally,
the net SW analysis implicates Arctic cryospheric changes.
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As such, we assess differences in Arctic amplification and
sea ice across the simulations.

The Arctic amplification (AA) factor, defined as the sur-
face air temperature change for 70-90° N divided by the
global surface air temperature change, is shown in Fig. 11.
Results are shown for 10-year running average changes. As
discussed by Holland and Landrum (2021), AA typically
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Figure 8. Same as Fig. 7 but for the change in the zonally averaged net TOA SW.

emerges from background climate noise around 2000 (see
also England et al., 2021), and model simulations often ex-
hibit transient changes in AA over the 21st century. At the
beginning of the 21st century, CESM2-LE simulates higher
AA than CESMI1-LE, consistent with the larger CMIP6-
driven Arctic warming (Fig. 7). The AA in CESM2-LE de-
clines rapidly in the 21st century, reaching values lower than
that of CESMI-LE after 2020. Throughout the 21st century,
model structure drives this reduced AA in CESM2 relative
to CESM1, consistent with its influence on Arctic warming.
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From the mid-21st century onwards, forcing differences play
a minimal role in the AA differences in the CESM2-LE and
CESM1-LE simulations. This indicates that while the forcing
is quite different during this period, with effects on the abso-
lute warming, it has limited influence on the amplification of
global warming in the Arctic.

In September, CESM2-LE has a lower ice area through-
out the 20th century relative to CESM1-LE (Fig. 12a) (see
also DeRepentigny et al., 2020; DuVivier et al., 2020). This
sea ice difference between the two models is a consequence
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of the model structure (Fig. 12b). All the simulations reach
near-ice-free conditions in September by mid-21st century.
There is a larger loss of ice area in CESMI1-LE than in
CESM2-LE, which contributes to the larger surface albedo
feedback in that model (Fig. 10; see also Schneider et al.,
2022, their Fig. 3). Surface characteristics of the sea ice
also likely influence model differences in the early 21st cen-
tury albedo feedback. For example, the higher CESM1-LE
feedback is consistent with thicker and more extensive snow
cover on the sea ice (Webster et al., 2020) and a higher
initial surface albedo. The influence of forcing uncertainty
on the September sea ice area is relatively small, except
for the 2000-2020 period when CMIP6 forcing leads to
more rapid sea ice loss. A comparison of the CESM2-LEvbb
and CESM2-LEsmbb simulations indicates that the chang-
ing variability in biomass burning emissions, highlighted as
an important driver of September ice loss in DeRepentigny et
al. (2022), is about half the magnitude of the total influence
of the CMIP6 versus CMIPS5 forcing difference.

As compared to CESMI1-LE, CESM2-LE has a lower
March Arctic sea ice cover through the mid-21st century
(Fig. 12¢). Both model structure and external forcing con-
tribute to the lower 20th century sea ice, with model structure
playing a larger role (Fig. 12d). Starting around the mid-21st
century, CMIP6 forcing leads to reduced loss of the March
sea ice area, as compared to the CMIP5 forcing, consistent
with the SSP3-7.0 forcing relative to RCP8.5. However, af-
ter 2070, the model structure enhances the CESM2 March
sea ice area loss. As a result, CESM2-LE and CESMI1-LE
obtain a similar March sea ice area in 2100, despite a weaker
winter sea ice area loss in CESM2-LE prior to 2070.

5 Conclusions

There are multiple sources of uncertainty in climate model
simulations including internal variability, model structural
uncertainty, and external forcing uncertainty, the latter of
which is typically called scenario uncertainty for future pro-
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jections (e.g., Hawkins and Sutton, 2009). Large initial-
condition ensemble simulations enable the separation of in-
ternal variability from forced changes in climate properties
and generally allow for a more robust comparison to obser-
vations (although this can depend on how well the internal
variability is simulated). Ideally, comparisons of large en-
sembles across model generations or phases of CMIP could
provide insight into model improvements over time. How-
ever, in addition to structural model changes, the external
forcing used in progressive phases of CMIP changes for both
historical aerosol emissions and the future scenario forcing
of aerosols and greenhouse gases. Here we present CESM
community simulations that, together with the existing large
ensembles of CESM1 (a CMIP5-era model) and CESM2 (a
CMIP6-era model), enable us to quantify the relative im-
portance of the model structure versus forcing uncertainty
within the context of the CESM large ensembles. This is
useful for both the historical period, when uncertainties in
aerosol emissions and other forcings play a role, and for the
21st century, where considerably different scenarios applied
in CESM1-LE and CESM2-LE limit the ability to attribute
differences in their 21st century climate response to model
structural differences. These new CESM2-CMIPS simula-
tions use the CESM2 model but subject to the CMIP5 forcing
used in CESM1-LE. They are available for community use,
which will enable further exploration of the relative impor-
tance of model structure and forcing uncertainty for simu-
lated climate characteristics.

For the historical period, we find that the forcing uncer-
tainty inherent in the CMIP5 to CMIP6 differences can be
as sizable as the CESM1 to CESM2 model physics differ-
ences. On the global mean, the CMIP6 forcing drives a re-
duced ocean heat uptake, and global surface air tempera-
ture change relative to the CMIP5 forcing. Model structural
changes between CESM2 and CESM1 counteract this and
drive the larger global average warming in CESM2. This is
largely a consequence of the differences in changing cloud
conditions and their role in shortwave radiation budgets. Be-
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Figure 12. The time series of Northern Hemisphere (a) September sea ice area. (b) Attribution of CESM2-LE versus CESM1-LE September
ice area differences to model and forcing uncertainty. (¢) March sea ice area. (d) Attribution of CESM2-LE versus CESM1-LE March ice
area differences to model and forcing uncertainty. As described in Sect. 3, the ranges shown for the model and forcing attributions represent

the 2.5th-97.5th percentile of 1000 bootstrapped samples.

cause of the compensating effects of forcing and model struc-
ture, the CESM2-LE and CESM 1-LE models simulate a sim-
ilar historical global warming.

The influences of model and forcing uncertainty in the
CESM2-LE to CESMI-LE differences are not uniform
across the globe. For the 2000-2020 average, the Arc-
tic region exhibits a distinct signal that contrasts with the
global mean, with CMIP6 forcing driving increased histori-
cal warming that is counteracted by the CESM2 model struc-
ture. Some fraction of this Arctic response may be due to the
influence of changing variability in biomass burning emis-
sions that is present in CMIP6 but not in CMIP5 (Fasullo
et al., 2022; DeRepentigny et al., 2022). However, biomass
burning variability typically accounts for less than half of the
difference that is attributable to the CMIP6 versus CMIP5
forcing. Feedback analysis suggests that the historical dif-
ferences in regional warming and their attribution to model
and forcing uncertainty largely arise from the influence of
changing cloud properties on global shortwave budgets, with
surface albedo changes also playing a role in high latitudes.
Given the interactions with clouds, our analysis suggests that
not only do the total emissions matter but also that their spa-
tial and seasonal distributions are important and can be an
important source of uncertainty in historical climate simula-
tions.
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In the 21st century projections, the lower greenhouse gases
and higher aerosol emissions of the CMIP6 SSP3-7.0 sce-
nario relative to the CMIP5 RCP8.5 scenario is evident
and decreases warming for all latitudes. Note that there are
specifics of the individual SSP scenarios, and in particular,
the SSP3-7.0 scenario used here is a high-aerosol-emission
scenario; so the results presented here are not broadly rep-
resentative of an RCP versus SSP difference but are instead
specific to these individual scenarios. The simulations pre-
sented here enable us to quantify the role of model struc-
ture in 21st century change simulated by CESM2-LE and
CESMI1-LE, despite the very different scenario forcing that
was used. This influence of model structure is generally con-
sistent for changing climate conditions across the 20th and
21st centuries. In the 21st century, model structural differ-
ences are responsible for a different meridional pattern of
warming. In particular, the CESM2 model structure causes
more tropical warming but less Arctic warming relative to
CESM1. Feedback analysis reveals that in the tropics this is
largely associated with the influence of clouds on shortwave
radiation, whereas in the Arctic the surface albedo feedback
plays an important role. This is consistent with differences
in shortwave cloud feedbacks between the model versions,
as identified in previous work (e.g., Gettelman et al., 2019;
Bacmeister et al., 2020; Schneider et al., 2022). As a result
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of the different meridional structure of warming, the Arctic
amplification in CESM2-LE is considerably smaller than in
CESM1-LE by 2100.

Our study illustrates that forcing uncertainty plays an im-
portant role in simulations of both historical and future con-
ditions. Notably, for many of the climate properties assessed
here, the historical forcing uncertainty is comparable to the
structural uncertainty associated with different model gener-
ations within the same model family. Fyfe et al. (2021) docu-
ment a similar finding for results from the Canadian Earth
System Model (CanESM). There are fundamental differ-
ences across all components of CESM2 relative to CESM1,
making them considerably different models. The availability
of simulations that enables a robust comparison across differ-
ent climate model generations, such as the CESM2-CMIP5
simulations presented here, is valuable for disentangling the
sources of uncertainty in historical and future simulations.
A better quantification of historical forcing uncertainty pro-
vides a useful context for model assessments that rely on
comparisons to the observational record. Future intercompar-
ison projects should seek to better quantify the role of histor-
ical forcing uncertainty for simulated climate; for example,
through dedicated experiments with forcing used in earlier
CMIP phases. Exploring forcing uncertainty within multi-
ple models and for multiple forcing sets is important, given
that the simulated response to various forcings is dependent
on model structure and can be non-linear, due to a state de-
pendence of climate feedbacks. Note that the availability of
similar simulations for the CanESM (Fyfe et al., 2021) cur-
rently allows for a multi-model investigation of some of the
high-level findings shown here, such as whether the compen-
sation of model structure and forcing uncertainty is a general
characteristic of climate simulations or is instead specific to
the CESM family of models. Additionally, given the many
differences in climate variability and change simulated by
CESM2-LE and CESM1-LE, the publicly available CESM2—
CMIP5 simulations will enable future work diagnosing the
role of model structure and external forcing on these simu-
lated properties.

Code and data availability. The model code needed to run
the CESM2-CMIP5 simulations and information on case se-
tups are available from https://doi.org/10.5281/zenodo.8169925
(Hannay and Holland, 2023). Data from the CESMI-LE are
available through the National Center for Atmospheric Re-
search (NCAR) Climate Data Gateway and instructions for
data access are available from https://doi.org/10.5065/d6j101d1
(Kay and Deser, 2016). Data from the CESM2-LE are also
available from NCAR’s Climate Data Gateway, with in-
structions for access at https://doi.org/10.26024/kgmp-c556
(CESM2_LE_OUTPUT, 2024). The CESM2-CMIP5 simulations
presented here are available from the Climate Data Gateway at
https://doi.org/10.26024/4zgv-rt74 (Holland and Hannay, 2024)
(https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2.cmip5.

forcing.html, last access: 14 February 2024). The post-processed
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data files used for this article, including global mean and zonal
mean time series of various quantities and feedback analyses,
are available as a child dataset from the Climate Data Gateway
(https://doi.org/10.26024/4zgv-1t74, Holland and Hannay, 2024).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-17-1585-2024-supplement.
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