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Abstract. The current generation of global climate models from the Coupled Model Intercomparison Project Phase 6 (CMIP6)

exhibits a surprisingly cold-biased ensemble-mean mid-20th century global-mean surface temperature anomaly, compared to

the previous generation Phase 5 (CMIP5) and to the observed mid-century (1940-1970) temperature anomaly. Most CMIP6

models, 31 of 36 models in contrast to 17 of 27 CMIP5 models, are colder than the uncertainty range of the observed anomaly,

indicating that the CMIP6 suppressed warming is not caused by a few cold models. However, no clear cause that sufficiently5

explains the tendency towards suppressed mid-20th century warming emerges. Whereas models that best match observations

exclusively exhibit weaker aerosol forcing than that exhibited by colder models, there is not a clear relationship between

mid-century temperatures and aerosol forcing. Likewise, no systematic differences emerge among other model aerosol repre-

sentations, such as inclusion of aerosol-cloud interactions for ice clouds in the model or the type of aerosol model input data set

used, nor variations in greenhouse gas forcing or climate sensitivity, that could explain the suppressed warming. This indicates10

the presence of another cause, or more likely a set of causes, of the suppressed warming in many CMIP6 models. Thus, the

prospects of a strong constraint on present-day aerosol forcing based on the mid-century warming is weakened, even if it is

encouraging that those models that do match the observed warming best all have relatively weak aerosol forcing.

1 Introduction

It may be argued that it is a necessary, though insufficient, criterion that climate models accurately reproduce the observed15

historical evolution of the global-mean surface temperature anomaly to lend credibility to model-based projections of future

warming. Therefore, it was surprising that the latest generation of global climate models from the Coupled Model Intercom-

parison Project Phase 6 (CMIP6) exhibits a suppressed warming in the mid-20th century relative to the previous generation

Phase 5 models (CMIP5) and to the observed historical temperature evolution (Figure 1). The CMIP5 ensemble-mean histori-

cal warming evolution is in much better agreement with the observations than the CMIP6 ensemble-mean for much of the 20th20

century, and particularly during the mid-century period after a warming signal has already emerged.

We suspected that stronger forcing from anthropogenic aerosols in CMIP6 relative to CMIP5 is primarily responsible for the

suppressed mid-century warming (Flynn and Mauritsen, 2020). Other studies have also suggested stronger aerosol forcing as a
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partial or primary cause of the suppressed warming in individual models or types of models that participated in CMIP6 (Zhang

et al., 2021; Smith and Forster, 2021; Dittus et al., 2020; Andrews et al., 2020; Gillett et al., 2021). Anthropogenic aerosols25

produce a net negative forcing and thus induce a cooling response, such that a too-strong aerosol forcing in CMIP6 appeared

as a likely cause of the suppressed warming. The larger atmospheric anthropogenic aerosol burden during the pre-1970s period

strongly influenced the response of the global-mean surface temperature, after which stricter air quality regulations began to

reduce the aerosol burden (Stevens, 2015). However, the strength of the aerosol forcing remains highly uncertain, with recent

assessments estimating that the net present-day aerosol forcing falls within a likely range of -1.6 to -0.6 Wm-2 (Bellouin et al.,30

2020) or -2.0 to -0.6 Wm-2 (Forster et al., 2021), based on multiple lines of evidence. This range is in line with previous

estimates of the net aerosol forcing based on the previous CMIP generations of models and from the IPCC Fourth Assessment

Report, which displayed similarly large ranges for the aerosol forcing (Kiehl, 2007; Forster and Taylor, 2006; Forster et al.,

2013), indicating that the uncertainty has not decreased substantially over time. The range of net aerosol forcing estimated

for CMIP6 models in this study (Figure 4; Table 1) and in Smith et al. (2020) does not diverge from previous assessments. To35

address this uncertainty, Stevens (2015) developed a simple model for the aerosol forcing and argued that a net forcing stronger

than -1.0 Wm-2 is incompatible with the warming signal observed between 1850-1950, and that the net forcing likely lies in

the range -1.0 to -0.3 Wm-2. This estimate was disputed by Kretzschmar et al. (2017) and Booth et al. (2018), arguing that the

comparison of the simple model to global climate models is flawed, and that aerosol forcing stronger than -1.0 Wm-2 remains

plausible. Smith et al. (2021) updated the model developed by Stevens (2015), including modifications based on Kretzschmar40

et al. (2017) and Booth et al. (2018), and indeed found that aerosol forcing stronger than -1.0 Wm-2 was consistent with the

historical warming.

Aerosols may affect the radiation balance through aerosol-radiation interactions (ARI), or the scattering and absorption of

radiation directly by aerosols, and through the indirect aerosol-cloud interactions (ACI). The ACI include the aerosol-cloud

albedo effect, also known as the first indirect or Twomey effect (Twomey, 1977), and the aerosol-cloud lifetime effect, or45

the second indirect effect (Albrecht, 1989); these interactions exist for all cloud phases. In the course of model development

between CMIP5 and CMIP6, many modelling groups included ACI in the newer versions of their models for the first time

or modified their model’s ACI (Fyfe et al. (2021); Zelinka et al. (2020); Andrews et al. (2019); CNRM-CM6-1, Voldoire

et al. (2019); E3SMv1, Golaz et al. (2019); CESM2, Gettelman et al. (2019); HadGEM3-GC3.1, Bodas-Salcedo et al. (2019);

MPI-ESM1.2, Mauritsen et al. (2019)). Additionally, more CMIP6 models included ACI for liquid clouds than for ice clouds50

(Table 1). Recent evidence has indicated that the response to anthropogenic aerosols, in particular ACI, may account for the

suppressed warming in some CMIP6 models, rather than a stronger aerosol forcing alone. Fyfe et al. (2021) obtained a colder

20th century temperature evolution in CanESM5 using the CMIP5 rather than the CMIP6 aerosol input data set, indicating the

influence of the response to anthropogenic aerosol on the suppressed warming in this model, while Zhang et al. (2021) identified

ACI as an important driver of the suppressed warming within earth system models that participated in CMIP6. However, the55

net effects of ARI and ACI on the forcing remain highly uncertain, and indeed the spread in ACI was found to be one of

the main contributors to the spread in the net forcing itself among the CMIP6 models, with ACI for ice clouds specifically

playing a potentially important role (Smith et al., 2020). Smith and Forster (2021) also argued that aerosol forcing alone is
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not the cause of the suppressed warming, though, in contrast, they identified a combination of stronger aerosol forcing and

weaker greenhouse gas forcing, amplified by increased climate sensitivity, in the CMIP6 ensemble-mean relative to the CMIP560

ensemble-mean as the cause. The cold bias during the mid-century period previously exhibited by the UKESM1 model was

much improved after updates were made to its configuration, despite an absence of substantial weakening of its present-day

aerosol forcing, further indicating a cause(s) of the suppressed warming beyond only the aerosol forcing strength, at least for

earth system models (Mulcahy et al., 2023).

In this study, we investigate if systematic differences exist within the CMIP6 ensemble that could explain the suppressed65

warming seen in the CMIP6 ensemble-mean and for individual models. CMIP6 contained a range of relatively warm to rela-

tively cold models for the mid-century period (Figure 2), allowing these models to be differentiated based on the comparison of

a model’s mean mid-20th century temperature anomaly to the CMIP5 and CMIP6 ensemble-mean mid-20th century anomalies,

and thereby to identify potential systematic differences in aerosol forcing, ACI, or other parameters within CMIP6 that could

cause models to exhibit suppressed warming. It should be noted that a cause for the suppressed warming related to a systematic70

difference between the CMIP5 and CMIP6 ensembles cannot be definitively proven here. Ground work enabling the disentan-

glement of the various forcing agents was done in the Radiative Forcing Model Intercomparison Project (RFMIP; Pincus et al.

(2016)), whose experiments are available for CMIP6 models but which were not performed for CMIP5 models. Model aerosol

forcing therefore cannot be directly compared between the two eras, as forcings cannot be estimated in a consistent manner.

2 Model experiments and methodology75

The CMIP6 ensemble analyzed here includes 36 models, as listed in Table 1 along with their mean mid-20th century surface

temperature anomalies and various other information. Most model output was downloaded from the Earth System Federation

Grid nodes; all MPI-ESM1.2-CR simulations and the fixed-SST MPI-ESM1.2-LR simulations were conducted as part of the

study. The information about aerosol input type and ice cloud ACI in Table 1 was found in the online CMIP documentation for

individual models (https://search.es-doc.org) or by contacting the relevant modeling group. The ECS values in Table 1 were80

taken from Flynn and Mauritsen (2020), Zelinka et al. (2020), and Zelinka (2021), and the method used to compute the ECS is

described in those sources.

2.1 Estimation of model and observational historical warming

The historical warming evolution for each model was computed from its historical simulation and the surface temperature

variable ts, using the first realization available (typically r1i1p1f1). Global-mean, annual-mean surface temperature anomalies85

were computed relative to a baseline of 1850-1900 for all models and the observations. The mean mid-20th century surface

temperature anomaly, or warming, is computed as the global-mean, annual-mean anomaly averaged over the period 1940-1970,

as highlighted in Figure 1. The observationally-based historical warming evolution and anomalies are computed from the Cow-

tan and Way (2014) version 2.0 surface temperature reconstruction. Land surface temperatures and sea surface temperatures

are based on the Hadley Centre/Climatic Research Unit Temperature (HadCRUT) version 4.2.0 and University of Alabama in90
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Huntsville (UAH) version 5.6 global surface temperature datasets, with missing data infilled by kriging. Data coverage uncer-

tainty and reconstruction parameter uncertainty are included in the Cowtan and Way data set, while uncertainty from natural

variability is computed based on the 100-member Max Planck Institute for Meteorology MPI-ESM1.1 model Grand Ensemble

of historical climate change simulations (Maher et al., 2019). The total observational uncertainty is computed as the coverage

uncertainty, reconstruction parameter uncertainty, and uncertainty due to natural climate variabilty summed in quadrature. The95

years 1963-1966, corresponding to the cooling following the Mt. Agung volcanic eruption, were excluded from the anomaly

estimations. The model and observationally-based historical warming evolutions and anomalies are computed similarly to

Flynn and Mauritsen (2020).

The mean mid-20th century anomalies for each CMIP6 model are used to divide these models into warming blocks based

on their position relative to the mean mid-20th century temperature anomaly for the CMIP5 ensemble-mean and the CMIP6100

ensemble-mean (Figure 2, Table 1); the mean observational anomaly and uncertainty is also shown in Figure 2 for reference.

The CMIP6 models that exhibit mean anomalies warmer than the CMIP5 ensemble-mean – the hottest CMIP6 models during

the mid-20th century – are grouped into Block 1, containing 6 models. The models whose mean anomalies fall between the

CMIP5 and CMIP6 ensemble-means are grouped into Block 2, containing 15 models, and the models whose mean anomalies

are colder that the CMIP6 ensemble-mean anomaly – the coldest CMIP6 models during this period – are grouped into Block105

3, also containing 15 models. The warming blocks are not relevant to CMIP5 as these models were not analyzed beyond

comparison of the distribution of mean mid-century warming anomalies, and accordingly were not divided into warming

blocks.

2.2 Estimation of model effective radiative forcing

Model effective radiative forcings (ERFs;Forster et al. (2016)) were estimated exclusively from RFMIP or RFMIP-type fixed-110

SST simulations, in which sea surface temperatures (SSTs) and sea ice are held constant at their climatological levels to

isolate the forcing from surface temperature-mediated slow responses; present day forcing for CMIP6 is defined as the year

2014 (Pincus et al., 2016). Present day aerosol ERF was estimated from the piClim-aer simulation, if provided, or taken from

the literature, as listed in Table 1; model transient ERF was estimated from the piClim-histaer simulation. It is important to

note that the piClim-aer and piClim-histaer simulations hold all aerosols from natural sources, such as volcanoes, constant115

at pre-industrial values, so that only anthropogenic aerosols impact the radiative forcing. Present day greenhouse gas ERF

was estimated from the piClim-ghg simulation or taken from the literature (Table 1), and transient greenhouse gas ERF was

estimated from the piClim-histghg simulation. These simulations include forcing from the well-mixed greenhouse gases only.

To compute the present day ERF, the difference in global-mean, annual-mean net top-of-atmosphere (TOA) radiative fluxes

is taken between the piClim-aer or piClim-ghg simulation and the RFMIP piClim-control simulation, in which all forcing120

agents are held constant at their pre-industrial values (Hansen et al., 2005; Pincus et al., 2016). The mean over all 30 years of

the piClim-aer or piClim-ghg simulation is then taken after subtracting the control simulation from these simulations to obtain

the present day ERF estimate. For the present day aerosol ERF, 21 of the 36 models provided the necessary simulation, while

17 of the 36 models provided the necessary simulation for the present day greenhouse gas ERF.
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The transient aerosol and greenhouse gas ERFs are estimated as the global-mean, annual-mean net TOA radiative flux125

anomaly relative to that over the period 1850-1900. No further averaging in time is performed. The clear-sky transient aerosol

and greenhouse gas ERFs are estimated using the same method, except using the clear-sky rather than all-sky TOA radiative

fluxes provided in the model output. For the transient aerosol ERF, 10 models provided the necessary simulation, while only 6

models provided the necessary simulation for the transient greenhouse gas ERF.

2.3 MPI-ESM1.2-CR simulations with different aerosol indirect effect strengths130

A set of experiments was performed with the Max Planck Institute coarse-resolution MPI-ESM1.2 (MPI-ESM1.2-CR) model

to assess the present day aerosol ERF with different strengths of the aerosol indirect effect and its influence on mid-century

warming. These simulations were configured as atmosphere-only with prescribed SSTs fixed in a preindustrial pattern and a 30

year simulation length, as in the RFMIP fixed-SST simulations. However, aerosol emissions were fixed in the spatial pattern

of the year 2005 (Stevens et al., 2017) rather than 2014, so that present day refers to the year 2005 for these simulations. This135

likely does not significantly impact the comparison to the present day aerosol ERFs estimated for the CMIP models. Additional

CMIP-type historical fully-coupled simulations with forcing agents varying according to their observed historical evolutions

were also run with MPI-ESM1.2-CR to estimate the mid-20th temperature anomaly. The present day aerosol ERF and the

mid-century temperature anomaly for each simulation were computed following the methods described above for the CMIP

models. The model contains ACI for liquid clouds only. A full description of these simulations can be found in Huusko et al.140

(2022).

Both types of simulations were run with the default strength for the aerosol indirect effect within MPI-ESM1.2-CR as

well as with an enhanced indirect effect. The indirect effect was enhanced by reducing the assumed optical depth of natural

background aerosol in the calculation of the Twomey effect by a constant factor of 0.1 and 0.01, respectively, which is a

convenient way to artificially change the model’s ACI strength (Fiedler et al., 2017; Jiménez-de-la Cuesta and Mauritsen,145

2019; Huusko et al., 2022). Each enhancement of the indirect effect from the default results in a strengthening of the aerosol

forcing and an increasing degree of suppressed mid-century warming.

Natural variability in the mid-20th century temperature anomaly was estimated from the historical-type simulations. Each

historical-type simulation was run as a three-member ensemble for each indirect effect enhancement, resulting in nine sim-

ulations in total. The deviation of each ensemble member from its respective ensemble mean was first computed, and then150

the standard deviation over all nine deviation values was taken. This standard deviation is taken as the estimate of natural

variability in mid-century warming.

3 Comparison of warming distributions between CMIP5 and CMIP6

Not only is the mid-century warming in CMIP6 colder than CMIP5 and the observations (Figure 1; Table 1), but the distribution

of mean mid-century temperature anomalies from CMIP6 models is also shifted towards colder anomaly magnitudes relative155

to the CMIP5 distribution (Figure 2; Table 1). The CMIP5 and CMIP6 ensemble-mean mid-century warming magnitudes are
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biased cold relative to the observed warming by 0.05 K and 0.19 K, respectively; 31 of 36 (86%) CMIP6 models are colder than

the lower uncertainty bound of the observed mid-century warming and 2 of 36 (6%) CMIP6 models warmer than the upper

uncertainty bound, in contrast to 17 of 27 (63%) models colder and 7 of 27 (26%) models warmer for CMIP5. These statistics

indicate that the suppressed warming is not due to the influence of one or two very cold models. Rather, at least one systematic160

difference between CMIP phases potentially exists that causes the suppressed warming. Because the CMIP6 individual model

warming anomalies span a large range, with some models in better agreement with the observations, some in better agreement

with the CMIP6 ensemble-mean anomaly, and some models much colder than all anomalies, systematic differences may exist

within the CMIP6 ensemble itself that could explain the suppressed warming.

CMIP6 Block 1 (Figure 2; Table 1) includes the models with the most realistic mean mid-20th century warming when165

compared to the observations. This is partially a consequence of the definition for Block 1, because the observational anomaly

is larger than that for the CMIP5 ensemble-mean. However, it is worthwhile to note this result because good agreement for

one period of the warming evolution does not necessarily imply good agreement for another period. The Block 3 models in

turn exhibit the least realistic mid-century warming, and have a tendency to exhibit the least realistic warming in the late 20th

century and early 21st century.170

4 Can anthropogenic aerosols explain the suppressed warming?

4.1 Comparison of aerosol forcing estimates among warming blocks

The Block 1 models exhibit both the weakest present day aerosol ERFs and the most realistic mid-20th century temperature

anomalies, constituting a systematic difference between the models in Block 1 and the models in Blocks 2 and 3. The mean

present day aerosol ERF for Block 1 is -0.59 (± 0.04) Wm-2, whereas the means for Block 2 and Block 3 are -1.09 (± 0.22)175

Wm-2 and -1.07 (± 0.29) Wm-2, respectively (Table 1). The distribution of present day aerosol ERFs for individual models

within Block 1 falls outside those for Blocks 2 and 3, just as its mean ERF magnitude falls outside the standard deviations for

Blocks 2 and 3 (Figure 4; Table 1). Not surprisingly, the transient aerosol ERF for Block 1 is weaker than that for Blocks 2

and 3 throughout most of the 20th century and the early 21st century (Figure 5). Weak aerosol forcing may thus be the primary

cause of the lack of suppressed mid-century warming in the Block 1 models and their better agreement with the observations,180

while stronger aerosol forcing for Blocks 2 and 3 may be a partial cause of the suppressed warming seen in these models, but

it does not explain the variations between and within these model blocks.

Interestingly, the clear-sky transient aerosol forcing for Block 1 is weaker than for Blocks 2 and 3 through the most of the

second half of the 20th century (Figure 5). The clear-sky transient forcing then becomes similar for all three blocks during

the late 20th and early 21st centuries. This suggests that a clear-sky aerosol process, such as ARI, may also contribute to the185

systematically weaker aerosol forcing exhibited by Block 1.

In contrast, the mean present day aerosol ERFs for Blocks 2 and 3 are statistically the same, and the distributions of aerosol

ERF magnitudes for the Blocks 2 and 3 individual models are quite similar, with the distribution for Block 2 falling wholly

within the bounds of that for Block 3 (Figure 4; Table 1). Additionally, Blocks 2 and 3 exhibit similar transient aerosol ERF
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magnitudes through the entire historical period (Figure 5). Because it does not display systematic differences between Blocks190

2 and 3, aerosol forcing alone cannot explain the different degrees of suppressed warming displayed by these models, in

qualitative agreement with Smith and Forster (2021), Fyfe et al. (2021), and Zhang et al. (2021). This implies that stronger

aerosol forcing in combination with at least one other factor must be at play to cause the suppressed warming.

However, some caution must be taken with these results for the all-sky and clear-sky aerosol forcings. Only 3 models within

Block 1 provided the piClim-aer simulation necessary to compute the aerosol ERF, compared to 7 models for Block 2 and 11195

for Block 3; even fewer provided the piClim-histaer simulation for each block.

Consistent with Stevens (2015), the most realistic mid-20th century warming seen in CMIP6 models, the Block 1 models,

is associated with weak aerosol forcing. The warming displayed by all other models falls well below the uncertainty range

of the observations (Figures 2 and 4). However, in contrast to the argument of Stevens (2015), many Blocks 2 and 3 models

that exhibit an aerosol forcing weaker than -1.0 Wm-2 also exhibit moderately to substantially suppressed warming, while200

many Blocks 2 and 3 models that exhibit aerosol ERFs stronger than -1.0 Wm-2 often exhibit mid-century warming rather

than cooling. Warming, albeit unrealistic, in this subset of CMIP6 models obtained across a range of weak and strong aerosol

ERFs is more consistent with Kretzschmar et al. (2017) and Booth et al. (2018). It should be noted, however, the no model

within this subset that exhibits strong aerosol forcing is able to meet a more stringent criterion of being able to reproduce

realistic mid-century warming, despite meeting a simpler criterion of exhibiting mid-century warming rather than no warming205

or cooling.

Further, we have an expectation of the relationship between the mid-century warming and present day aerosol forcing based

on the MPI-ESM1.2-CR model, also shown in Figure 4. If aerosol forcing differences are the main driver of the magnitude

of the mid-century warming, then we might expect the CMIP6 models to fall roughly along the MPI-ESM1.2-CR curve.

However, many Block 3 models are located far from this expectation; they display a suppressed mid-century warming relative210

to the MPI-ESM1.2-CR expectation as well as the CMIP5 and CMIP6 ensemble-means. Most Blocks 1 and 2 models tend to

fall roughly along the expectation, being within or just outside the natural variability estimate for the mid-century warming,

though more scatter about the curve can be seen for the Block 2 models than for Block 1. These deviations from the expected

relationship between aerosol forcing and mid-century warming suggest that more factors than just aerosol forcing difference

are important causes of the suppressed warming. Further, it is possible that different processes could be important for different215

types of models, such as the distinction found in Zhang et al. (2021) for the importance of aerosol emissions for earth system

models compared to global climate models, or the use of fully interactive chemistry in earth system models and not in less

complex models, which influences how aerosol emissions are used by the model and aerosol composition, and thus the forcing.

4.2 Comparison of model aerosol representations among warming blocks

The aerosol forcing comparison above supports the idea that processes in addition to the aerosol forcing itself, such as details220

of the model aerosol representations, may explain the suppressed warming. We therefore examine here model aerosol repre-

sentations listed in the CMIP model documentation for potential systematic differences. Two possibilities emerge, the type

of aerosol input data set used by the model and whether ACI for ice clouds specifically were included in the model (Table
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1). Other aerosol representation options listed in the documentation did not display variation among CMIP6 models. CMIP6

provided a standardized anthropogenic aerosol emissions input data set and a standardized aerosol prescribed concentrations225

input data set, to provide as consistent as possible an aerosol input across the models. Block 1 includes 2 models that used

the emissions input data set, and 4 models that used the prescribed concentrations data set; Block 2 includes 10 models that

used emissions and 5 that used prescribed concentrations; and Block 3 includes 12 models that used emissions and 3 that

used prescribed concentrations. At first, this appears to be differentiation among warming blocks, especially as Block 1 is the

only block to contain more models that used prescribed concentrations rather than emissions. But it is more likely that aerosol230

forcing is the primary cause of the lack of suppressed warming, as Blocks 2 and 3 have a very similar division between the

two input types and Figure 3 shows little systematic difference in mid-century warming or aerosol forcing emerges between

models using the emissions input data set and prescribed concentrations input data set. This rules out how a model ingests

aerosol boundary conditions and translates that into forcing as a strong influence on the suppressed warming.

The second possibility, ACI for ice clouds specifically, also initially demonstrated promise for a systematic difference. No235

models in Block 1 include ACI for ice clouds; 7 of 15 models in Block 2 do not include ACI for ice clouds; and 10 of 15

models in Block 3 do not include ACI for ice clouds. Block 2 is approximately evenly divided between models that do and

do not include ACI for ice clouds, while Block 3 contains twice as many models that do not include ACI for ice clouds as

models that do, suggesting that a lack of ACI for ice clouds may play a role in the higher degree of suppressed warming seen

for Block 3 models compared to Block 2. However, Figure 4 shows that there is not much difference in mean mid-20th century240

temperature anomalies between models that do and do not include ACI for ice clouds. For example, there are two pairs of

models in Block 2 that exhibit similar aerosol forcing and warming magnitudes within each pair, despite the inclusion or lack

of inclusion of this type of ACI. In essence, the models that do include ACI for ice clouds do not differentiate themselves from

models that do not in terms of both the mid-century warming or aerosol forcing.

Other possibilities remain for differences among models in terms of aerosol representation that could not be investigated here245

due to lack of inclusion in the CMIP documentation and a lack of otherwise easily accessible documentation. These include,

among other possibilities, the complexity of the aerosol scheme in models and differences in how aerosol-cloud and aerosol-

radiation interactions are represented. These additionally present a potentially promising avenue for further investigation of the

causes of the suppressed warming.

5 Do greenhouse gas forcing or climate sensitivity play a role?250

The three warming blocks present weak differentiation in terms of their mean present day greenhouse gas ERF: 2.63 (± 0.20)

Wm-2, 2.91 (± 0.13) Wm-2, and 2.89 (± 0.24) Wm-2, for Blocks 1, 2, and 3, respectively (Figure 4; Table 1). Block 1 includes

only 3 models that provided the necessary simulation, Block 2 includes 6 models, and Block 3 includes 9 models, so care must

again be taken with these results. This suggests very tentatively that Block 1 models exhibit less greenhouse gas forcing, in

light of the standard deviations and small sample sizes. However, if such a difference exists at all among warming blocks, then255

this alone would actually lead to less warming in the Block 1 models.
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The range of Block 3 greenhouse gas ERF magnitudes again contains the entire range for Block 2. While Block 1 contains

the smallest greenhouse gas ERF magnitude, its range also overlaps with those for Blocks 2 and 3. Block 3 appears to exhibit

a correlation between the greenhouse gas forcing and mean mid-century warming, but it is not quite statistically significant

at the 95% confidence level (r = 0.66, p = 0.053) and is driven by the three Block 3 models with negative mean mid-20th260

century temperature anomalies and somewhat smaller greenhouse gas forcing magnitudes (CNRM-ESM2-1, EC-EARTH3,

and UKESM1-0-LL). This suggests that a weak greenhouse gas forcing may play some role in the suppressed warming for

these three very cold models specifically. However, given the lack of systematic differences among and within warming blocks,

and the lack of correlations with the mid-century warming and aerosol forcing, greenhouse gas ERF again likely is not strong

a cause of the suppressed mid-century warming in CMIP6.265

Systematic differences also did not emerge in ECS among warming blocks, so it is unlikely that differences in climate feed-

backs among CMIP6 models amplify or diminish the mid-century warming responses to aerosol or greenhouse gas forcings.

6 Conclusions

We have investigated the causes of the suppressed warming in CMIP6 models during the mid-20th century by examining the

mean warming displayed by the models over the period 1940-1970. The models divide into three warming blocks based on270

where the model’s mid-century warming falls relative to the CMIP5 and CMIP6 ensemble-mean warming, with Block 1 models

displaying the warmest and most realistic mid-century warming and Block 3 displaying the coldest and least realistic warming.

The distribution of mid-century temperature anomalies shows that CMIP6 is shifted colder relative to CMIP5, rather than a

small number of unusually cold CMIP6 models affecting the CMIP6 ensemble-mean.

We have not found a satisfactorily complete explanation for the suppressed warming in CMIP6. Model aerosol forcing275

appeared to be a reasonable culprit, as was suggested in earlier work. However, aerosol forcing was found to play an important

but partial role: a systematically weaker aerosol ERF for the small subset of Block 1 models likely accounts for the more

realistic mid-century warming seen in these models, and likewise systematically stronger aerosol ERF for the Block 2 and

Block 3 models may partially account for the greater degree of suppressed warming seen in these models. Aerosol forcing,

nevertheless, remains insufficient to explain all variations among the many cold-biased models. Greenhouse gas forcing was280

not found to play an important role in variations of the mid-century warming among CMIP6 models, which, however, does not

rule out systematic differences in greenhouse gas forcing between CMIP6 and CMIP5 that influence the mid-century warming,

such as found by Smith and Forster (2021). It should again be noted that some caution should be taken with these results,

due to the small numbers of models that have submitted the necessary RFMIP simulations at the time of writing; we strongly

encourage more models to perform these types of forcing experiments.285

We established an expected relationship between aerosol forcing differences and mid-century warming based on the MPI-

ESM1.2-CR model. Many Block 3 models fell far away from the expectation curve, and, while these models did not deviate

as much as Block 3, the Block 2 models displayed much scatter about the expectation curve. This points to the importance of

another process, or a set of processes, in addition to aerosol forcing that cause the suppressed warming. We thus investigated
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whether model aerosol representations could impact the model response to aerosol forcing, including the inclusion of ACI for290

ice clouds and the type of aerosol input data set used by the model. However, despite initially deceiving divisions of CMIP6

models by aerosol input data set used or by whether ACI for ice clouds were included in the model, these were ultimately not

found to have any systematic difference among models in terms of the mid-century warming or aerosol forcing, and thus are

unlikely to be a cause of the suppressed warming. No other model aerosol configuration options emerged as a potential cause.

However, this should not be taken to mean that ACI, or even ARI, must be completely ruled out as causes of the suppressed295

mid-century warming, but rather that they are not direct or obvious causes. This further potentially points to a more much

subtle role for differences in aerosol representation among models that can impact representation of ACI and ARI within a

model, and thus remains a promising direction of investigation to uncover the missing causes of the suppressed mid-century

warming within CMIP6.

Other possibilities remain for differences among models in terms of aerosol representation that could not be investigated here300

due to lack of inclusion in the CMIP documentation and a lack of otherwise easily accessible documentation. These include,

among other possibilities, the complexity of the aerosol scheme in models and differences in how aerosol-cloud and aerosol-

radiation interactions are represented. These additionally present a potentially promising avenue for further investigation of the

causes of the suppressed warming.

Qualitatively consistently with recent estimates of the lower bound of aerosol ERF that remains consistent with observed305

warming, many CMIP6 models exhibit mid-century warming despite very strong aerosol forcing. Interestingly, several CMIP6

models exhibit substantially suppressed warming, or even mid-century cooling, despite an aerosol ERF weaker than the esti-

mated lower bound constraint of -1.0 Wm-2, in contrast to previous work arguing that weaker aerosol forcing should be most

consistent with realistic mid-century warming. Though the weak warming, or even global cooling, displayed by these models

is unrealistic, warming should be implausible in these models or should have a smaller degree of warming suppression if the310

estimated lower bound were a strong constraint on the aerosol forcing. This result underscores the difficulty in constraining

the aerosol forcing, due to the large number of uncertainties related to it and in aerosol interactions with other aspects of the

climate system. This also highlights the need to disentangle whether models represent the historical warming evolution for the

correct reasons. Our results partly undermine the hope for constructing a strong constraint on the aerosol forcing based on the

mid-20th century warming, since a direct relationship with the mid-century warming does not emerge, even if the models that315

best matched the observed warming all did have weak aerosol forcing.

Data availability. The source code for the MPI-ESM1.2 model is freely available online through https://mpimet.mpg.de/en/science/models/mpi-

esm (Mauritsen et al., 2019). The MPI-ESM1.2-CR simulation output data are available online through Zenodo at

https://doi.org/10.5281/zenodo.8054511. All other model output is freely available online from the Earth System Federation Grid nodes.
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Table 1. List of CMIP6 models with their mid-century warming, aerosol, and ERF parameters. "Aerosol Input Type" refers to use of the

CMIP6-standard aerosol emissions (E) or aerosol prescribed concentrations (PC) model input data sets. "Ice Cloud ACI" includes both cloud

albedo and lifetime effects for ice clouds. Legend for source of present day aerosol and greenhouse gas ERF estimates: 1=RFMIP, 2=Smith

et al. (2020), 3=author contribution, 4=Mauritsen et al. (2019), 5=Oshima et al. (2020), 6=Michou et al. (2020), 7=Golaz et al. (2019), 8=van

Noije et al. (2021), 9=Horowitz et al. (2020), 10=Seland et al. (2020), 11=O’Connor et al. (2021).

Model Warming Block Mean Mid-Century Anomaly (K) Aerosol Input Type Ice Cloud ACI Present Day Aerosol ERF (Wm-2) [Source] Present Day Greenhouse Gas ERF (Wm-2) [Source] ECS (K)

EC-EARTH3-VEG 1 0.50 E No – – 4.17

INM-CM4-8 1 0.34 E No – – 1.81

IPSL-CM6A-LR 1 0.38 PC No -0.63 [2] 2.84 [1] 4.50

MPI-ESM-1-2-HR 1 0.30 PC No -0.60 [4] 2.36 [1] 2.84

MPI-ESM-1-2-LR 1 0.29 PC No -0.54 [3] 2.69 [2] 3.03

NESM3 1 0.32 PC No – – 4.50

ACCESS-CM2 2 0.18 E No -1.09 [2] 3.04 [1] 4.66

BCC-CSM2-MR 2 0.15 E Yes – – 3.07

CAMS-CSM1-0 2 0.26 PC No – – 2.29

CANESM5 2 0.26 E No -0.85 [2] 2.86 [1] 5.58

CESM2 2 0.17 E Yes -1.37 [2] 3.04 [1] 5.15

CESM2-WACCM 2 0.26 E Yes – – 4.65

CESM2-WACCM-FV2 2 0.23 E Yes – – 4.80

GISS-E2-1-G (p1) 2 0.18 E No -1.32 [2] 2.81 [1] 2.60

GISS-E2-1-H (p1) 2 0.18 E No – – 2.99

IPSL-CM6A-LR-INCA 2 0.15 PC No -0.75 [1] – 3.82

MIROC-ES2L 2 0.17 PC Yes – – 2.66

MIROC6 2 0.19 PC Yes -1.04 [2] 2.69 [1] 2.60

MRI-ESM2-0 2 0.24 PC Yes -1.22 [6] 3.03 [1] 3.11

NORCPM1 2 0.17 E No – – 2.78

SAM0-UNICON 2 0.14 E Yes – – 3.67

ACCESS-ESM1-5 3 0.04 E No -1.14 [1] 3.06 [1] 3.88

BCC-ESM1 3 0.06 E Yes – – 3.29

CESM2-FV2 3 0.12 E Yes – – 4.81

CNRM-CM6-1 3 0.02 PC No -1.16 [6] 2.74 [2] 4.81

CNRM-ESM2-1 3 -0.04 E No -0.74 [6] 2.51 [1] 4.75

E3SM-1-0 3 0.07 E Yes -1.65 [7] – 5.27

EC-EARTH3 3 -0.20 PC No -0.80 [8] 2.55 [1] 4.26

GFDL-CM4 3 0.13 E No -0.73 [1] 3.13 [2] 3.79

GFDL-ESM4 3 0.08 E No -0.70 [9] 3.22 [1] 2.56

HADGEM3-GC31-LL 3 0.04 PC No -1.10 [2] 3.11 [2] 5.46

MPI-ESM-1-2-HAM 3 0.04 E Yes -1.26 [1] 2.95

NORESM2-LM 3 0.11 E No -1.36 [10] 2.80 [2] 2.49

NORESM2-MM 3 0.09 E No -1.26 [10] – 2.49

TAIESM1 3 0.007 E Yes – – 4.36

UKESM1-0-LL 3 -0.08 E No -1.09 [11] 2.92 [11] 5.31

MPI-ESM1-2-CR bg1 – 0.31 (±0.05) PC No -0.72 [3] – –

MPI-ESM1-2-CR bg01 – 0.11 (±0.05) PC No -1.25 [3] – –

MPI-ESM1-2-CR bg001 – -0.06 (±0.05) PC No -2.11 [3] – –

CMIP5 Ensemble-Mean Mean Mid-century Anomaly (K) ± Std. Dev.: 0.27 ± 0.03

CMIP6 Ensemble-Mean Mean Mid-century Anomaly (K) ± Std. Dev.: 0.14 ± 0.03

Observations Mean Mid-century Anomaly (K) ± Uncertainty: 0.33 ± 0.03

CMIP6 Block 1 Mean Present Day Aerosol Forcing (Wm-2) ± Std. Dev.: -0.59 ± 0.04

CMIP6 Block 2 Mean Present Day Aerosol Forcing (Wm-2) ± Std. Dev.: -1.09 ± 0.22

CMIP6 Block 3 Mean Present Day Aerosol Forcing (Wm-2) ± Std. Dev.: -1.07 ± 0.29

CMIP6 Block 1 Mean Present Day Greenhouse Gas Forcing (Wm-2) ± Std. Dev.: 2.63 ± 0.20

CMIP6 Block 2 Mean Present Day Greenhouse Gas Forcing (Wm-2) ± Std. Dev.: 2.91 ± 0.13

CMIP6 Block 3 Mean Present Day Greenhouse Gas Forcing (Wm-2) ± Std. Dev.: 2.89 ± 0.24
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Figure 1. Ensemble-mean historical global-mean surface warming evolution in CMIP5 (blue) and CMIP6 (red) compared with the observa-

tions (black). Ensemble standard deviation or observational uncertainty as shading for each curve. Baseline is 1850-1900. Vertical light gray

shading highlights the mid-20th century period analyzed (1940-1970). Figure based on Flynn and Mauritsen (2020).
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Figure 2. Distribution of mean mid-20th century global-mean surface temperature anomalies (K) on the y-axis for individual CMIP5 models

(dark gray) and individual CMIP6 models from their historical simulations. Mean mid-century temperature anomaly from the observations

as black, horizontal line with uncertainty displayed as light gray shading, the CMIP5 ensemble-mean mid-century anomaly as blue horizontal

line, and the CMIP6 ensemble-mean mid-century anomaly as red horizontal line. Colors for individual CMIP6 models indicate the warming

block to which the model belongs: dark red for Block 1, orange for Block 2, and blue for Block 3. X-axis has no meaning.
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Figure 3. Scatter plot of mean mid-20th century surface temperature anomalies (K) on the y-axis vs. present day ERF for aerosol and well-

mixed greenhouse gases (Wm-2) on the x-axis for the CMIP6 models that provided the necessary simulations. Marker colors indicate the

warming block to which the individual model belongs, as in Figure 2, with circles for models using emissions as the aerosol input and plus

signs for models using prescribed concentrations instead. MPI-ESM1.2-CR temperature anomalies and present day aerosol ERF magnitudes

plotted as connected black circles, with vertical error bars indicating the estimated uncertainty due to natural variability in the mid-century

warming based on these simulations. Mean mid-century warming from the observations plotted as black, horizontal line with uncertainty

as light gray shading, and mean mid-century warming for Block 1, Block 2, and Block 3 plotted as red, orange, and blue horizontal lines,

respectively, for reference.
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Figure 4. Same as in Figure 3, but with the circle and plus sign markers indicating models lacking aerosol-ice cloud interactions and models

that include them, respectively.
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Figure 5. Mean historical evolution of the all-sky transient aerosol ERF and well-mixed greenhouse gas ERF (left panel) for Block 1 (dark

red), Block 2 (orange), and Block 3 (blue). Mean historical evolution of the clear-sky transient aerosol and well-mixed greenhouse gas ERF

(right panel) for each warming block.
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