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Abstract

The persistent inter-model spread in the response of global-mean surface tem-

perature to increased CO2 (known as the “Equilibrium Climate Sensitivity,” or
“ECS”) is a crucial problem across model generations. This work examines the

influence of the models' present-day atmospheric circulation climatologies, and

the accompanying climatological cloud radiative effects, in explaining that spread.

We analyze the Coupled Model Intercomparison Project Phase 6 (CMIP6) models

and find that they simulate a more poleward, and thus more realistic, edge of the

Hadley cell (HC) in the Southern Hemisphere than the CMIP5 models, although

the climatological shortwave cloud radiative effects are similar in the two genera-

tions of models. A few CMIP5 models with extreme equatorward biases in the HC

edge exhibited high ECS due to strong Southern midlatitude shortwave cloud

radiative warming in response to climate change, suggesting an ECS dependence

on HC position. We find that such constraint no longer holds for the CMIP6

models, due to the absence of models with extreme HC climatologies. In spite of

this, however, the CMIP6 models show an increased spread in ECS, with more

models in the high ECS range. In addition, an improved representation of the cli-

matological jet dynamics does not lead to a new emergent constraint in the

CMIP6 models either.
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1 | INTRODUCTION

The poleward shift in the Hadley cell (HC), and of the
midlatitude eddy-driven jet, have been identified as a

robust dynamical signal to increasing CO2 across the lat-
est generation of climate models (Curtis et al., 2020; Grise
and Davis, 2020, and references therein). The poleward
expansion of the tropics has potentially important conse-
quences on the subtropical climate such as pushing the dry
zones poleward (e.g. Lu et al., 2007; Scheff and
Frierson, 2012; Chemke and Polvani, 2019). Such changes
in the large-scale circulation may impact clouds and the

Abbreviations: CMIP6, Coupled Model Intercomparison Project Phase
6; CRE, cloud radiative effects; ECS, equilibrium climate sensitivity;
HC, Hadley cell.
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associated cloud radiative effects (CRE) that are responsible
for most of the uncertainty in the climate change projec-
tions (Grise and Polvani, 2014b; Kay et al., 2014; Bony
et al., 2015; Ceppi and Hartmann, 2015; Wall and
Hartmann, 2015; Lipat et al., 2017, and references therein).
In an observational study, Tselioudis et al. (2016) linked the
midlatitude clouds and CRE with the poleward expansion
of the HC, rather than with the poleward shift of the mid-
latitude jet. Other studies have shown that models have not
been able to simulate the observed sensitivity of clouds and
radiation to dynamical shifts of the midlatitude jet (Grise
and Polvani, 2014b; Grise and Medeiros, 2016). Quantifying
the source of uncertainty in the model radiative response to
dynamical shifts is necessary for a better understanding of
the future climate projection.

Lipat et al. (2017) found that in the Coupled Model
Intercomparison Project Phase 5 (CMIP5) climate warming
simulations, models with excessively narrow climatological
HC produced a stronger Short Wave (SW) CRE warming
over the Southern lower midlatitudes region (28

�–48�
S), and

this contributed to higher model Equilibrium Climate Sensi-
tivity (ECS) values; they suggested the possibility of an emer-
gent constraint based on the climatological position of the
HC edge in the Southern Hemisphere. They hypothesized
that improved representation of atmospheric dynamics in
later model generations would result in smaller future
warming at Southern midlatitudes, and would thus favor
lower model ECS values. In contrast, Zelinka et al. (2020)
recently reported overall increased ECS values for the CMIP6
models; they also showed that it can be attributed, to a large
extent, to higher SWCRE warming over that same Southern
midlatitudes region. Furthermore, Schlund et al. (2020)
reported that the climatological HC position no longer offers
an emergent constraint on ECS in the CMIP6 models, how-
ever, the underlying reasons remain unexplained. The recent
study of Curtis et al. (2020) found a more poleward climato-
logical jet position in CMIP6 than in CMIP5 models, and
suggested this contributes to a muted poleward jet shift aver-
aged from May to October in CMIP6 climate warming simu-
lations. However, the correlation between jet position and jet
shift was found to be much smaller (0.42) for the November
to April average of interest in this paper (the standard
December–January–February mean was not reported). Fur-
thermore, such relationship between the models' equator-
ward jet bias and their jet shift under CO2 forcing, earlier
proposed by Kidston and Gerber (2010), was shown to be
inconsistent with the fluctuation-dissipation theorem by
Simpson and Polvani (2016) and is therefore unclear why a
smaller climatological bias would cause a smaller response.
Nonetheless, it remains important to explore whether and
how the changes in the representation of atmospheric
dynamics affect the associated CRE feedbacks in the CMIP6
model ensemble. The present study aims to understand why

the emergent constraint, as hypothesized by Lipat
et al. (2017), does not hold by the newer generation of cli-
mate models (Schlund et al., 2020) with an improved repre-
sentation of the simulated dynamics. Specifically, we assess
the systematic biases in dynamically driven SWCRE feed-
backs and their relationship with ECS across two generations
of the models. Building on this very idea, we also explore if
the improved jet dynamics and associated SWCRE feedbacks
lead to a new emergent constraint in the CMIP6 models.

In the present study, we examine the most recent
CMIP6 model simulations to test whether changes in the
representation of climatological HC extent in the South-
ern Hemisphere affect those models' equilibrium climate
sensitivities. The objective of the study is pursued in two
analysis steps. First, we map and evaluate the representa-
tion of the HC and CRE in CMIP6 models, and contrast
those to their CMIP5 counterparts. To do this, we com-
pare the climatological HC in the models with reanalyses,
and the climatological SWCRE in the models (in terms of
intensity) with satellite observations. Second, we diag-
nose the link between the simulated HC extent and the
SWCRE at Southern midlatitudes, and the spread in ECS
across model generations. We also diagnose the relation-
ship between the simulated jet and the SWCRE over
Southern midlatitudes. The paper is organized as follows.
Section 2 details the models, observational data and
methodology used in this study. Section 3 discusses the
dynamical representation across model generations, and
the associated impacts on the dynamical and climate sen-
sitivities. Section 4 concludes the paper.

2 | DATA AND METHODS

2.1 | Data

We analyze the output from 24 CMIP6 models (Eyring
et al., 2016) and 24 CMIP5 models (Taylor et al., 2012), as
listed in Table S1. We use the monthly mean output of the
dynamical variables and SWCRE fluxes from the historical
runs, the preindustrial (PI)-control runs, and the abrupt
4XCO2 runs for each model. The fully coupled historical
runs are used to compare the simulations with the
reanalyses and observations over the satellite era. In order
to avoid weighting biases among models, we analyze only
the first ensemble simulations in each model. We select the
models based on the availability of dynamical and radiative
output, and equilibrium climate sensitivity (ECS) values.
The ECS value for each model is obtained from Zelinka
et al. (2020). We use the PI-control runs to examine the cli-
matological cloud-dynamics interaction. The long integra-
tion period of the PI control runs is useful for obtaining a
statistically robust understanding of each model's
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climatology. For a subset of models (based on availability),
we analyze the climatology from AMIP simulations as well.
The AMIP simulations, prescribed with observed sea sur-
face temperature (SST), can provide insight whether a
biased SST distribution in the coupled simulations contrib-
utes to the biased spread in circulation metrics.

We use monthly-mean zonal wind and meridional
wind data from the European Centre for Medium-Range
Weather Forecasts Interim Reanalysis (ERA-Interim)
(Dee et al. 2011) to calculate the HC location. The obser-
vational SW radiative flux data is monthly top-of-the-
atmosphere (TOA) radiative fluxes derived from the
International Satellite Cloud Climatology Project (ISCCP-
H) (Young et al., 2018) during 1984–2016 period.

2.2 | Methods

One dynamical metric and one radiative metric, used in
this study, are defined as follows:

1. The poleward edge of HC (ϕψ500) is calculated as the
latitude where the mid-tropospheric (500 hPa) meridi-
onal mass stream function (ψ500) first changes sign
poleward of its maximum absolute value in the tro-
pics, as in Chemke and Polvani (2019). We calculate
this metric (defined as PSI500) using the tropical-
width diagnostics code package (TropD; Adam
et al., 2018).

2. Shortwave cloud radiative effect (SWCRE) is com-
puted as TOA upwelling clear sky SW radiation
(model output variable ‘rsutcs') minus TOA upwelling
all-sky SW radiation (‘rsut’) as in Lipat et al. (2017).

Following Lipat et al. (2017), we here focus on the
Southern Hemisphere (SH) during the austral summer
(DJF) when the insolation and associated SWCRE are at
maximum, but we also discuss the seasonality by consider-
ing austral winter (JJA). We focus on the zonal mean
SWCRE over Southern lower midlatitude region (hereaf-
ter, LML), defined as the latitude band from 30

�
to 50

�
S

that shows the maximum change in SWCRE (Zelinka
et al., 2020). The SWCRE response to increased CO2

(as shown in Figures 2a and 3b) is diagnosed as the differ-
ence between the abrupt 4XCO2 run (with first 50 years
removed) and the PI-control run climatology, following
Lipat et al. (2017). In addition, to avoid the fast adjustment
of atmospheric circulation response to direct radiative
effect of CO2, we compute temperature-mediated
SWCRE response (as shown in Figure S2); where we
regress detrended timeseries of SWCRE anomalies onto
detrended timeseries of global mean surface temperature
(TS) anomalies and the responses are calculated as the

difference between the 4XCO2 climatology over full avail-
able simulation period (150 years) compared to the PI-
control climatology. From the regression, TS-SWCRE is
defined as the rate of change in SWCRE over SH LML due
to 1 K change in global surface temperature to assess the
relationship between SWCRE changes associated with sur-
face warming and ECS.

We use 4XCO2 runs instead of the Representative
Concentration Pathway (RCP) runs primarily to obtain
a robust signal with a large forcing (Grise and
Polvani, 2014a). Finally, as part of the DECK, the
4XCO2 runs are a standard experiment that will be
included in all future CMIP phases (Eyring et al., 2016;
Grise and Davis, 2020). In order to examine the inter-
annual covarability using PI-control, following Lipat
et al. (2017), the detrended SWCRE timeseries are
regressed onto detrended ϕψ500 timeseries. We define
the HC-SWCRE as the SWCRE changes due to 1

�
pole-

ward shift in HC edge latitude. Statistical significance
is calculated using two-tailed Student's t test.

3 | RESULTS

3.1 | Dynamical and radiative
representation in the CMIP6 climatology

First, we diagnose the historical climatology of the CMIP
models during austral summer and compare with that of
the reanalysis and observations to identify any improve-
ment across model generations. In Figure 1a,d, the clima-
tological distribution of HC edge and SWCRE over the
LML region, across model generations, are shown with
box-and-whisker plots, while the observed mean and
range for the same variables are shown with blue lines.
A wide inter-model spread in climatological HC edge and
SWCRE is seen in both CMIP6 and CMIP5 models
(Figure 1a,d). However, the CMIP5 distribution is consid-
erably larger, as it includes a tail of extreme models with
narrow HC and low SWCRE values; the CMIP6 model
distribution is more tightly confined.

A comparison with reanalysis reveals that, while
CMIP5 models have the HC edge skewed towards the
equator, the CMIP6 models have that feature shifted
towards the poles and thus, falling more within the
observed range (shown as dotted blue lines in Figure 1a).
The intermodel spread in climatological HC edges in
CMIP6 models is clearly reduced, with more realistic
magnitudes for both mean (shown as a black diamond)
and median (shown as a notch and bar) values than that
in the CMIP5 historical runs. The spread in the distribu-
tion of climatological HC edges, using CMIP6 AMIP
runs, further reduces compared to that in the historical
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runs; and therefore, becomes more realistic (Figure 1b).
Comparison of the modeled LML SWCRE with satellite
observations, however, shows that the mean and median
values remain comparable between the two generations
of models, and fall within the observed variability
(Fig. 1d,e). CMIP6 models have a narrower distribution
for climatological SWCRE; therefore, more models are
within the observed boundaries than the CMIP5. Note
that, in historical CMIP5 runs, there are two models that
exhibit an extreme SWCRE while no such behaviors exist
in the AMIP runs. Similar results are also seen in the PI-
control runs (Fig. 1c,f), except the CMIP5 HC edge is
found to be more towards the equator with PI forcings.
We also examine that different subset of models, for his-
torical and AMIP runs, do not really affect our main
results (not shown). During JJA, the intermodel spread in
HC and SWCRE reduces in the CMIP6 models; however,

the mean and median remains comparable across both
generations (Figure S1).

Overall, we conclude that the CMIP6 models simulate
an improved representation of a major atmospheric dynami-
cal cell in the Southern Hemisphere (SH) summer, since
they correct to a large extent the equatorward bias of the
CMIP5 HC edge. Our analysis shows that this bias is primar-
ily due to a subset of CMIP5 models that have excessively
narrow Hadley cells, or a strong negative bias of SWCRE
over SH LML (consistent with Bock et al., 2020), well
beyond those found in the CMIP6 historical and PI-control
ensemble. We assess that a statistically significant correla-
tion, �0.41 for the CMIP6 and �0.47 for the CMIP5 with
95% confidence level, exists between climatological HC edge
and SWCRE over the LML primarily due to the presence of
biased models with narrower/wider HC edge or extreme
SWCRE values. If we remove these extremely biased models
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FIGURE 1 Magnitude of the historical climatology (over the period of 1979–2014) in SH DJF are shown for (a) Hadley cell edge and

(d) SWCRE over SH LML region, respectively for CMIP6 and CMIP5 models as listed in the Table S1. The boxes represent the 25–75
percentiles of the inter-model ranges, notch represents the median, black diamond represents the multi-model mean value and the whiskers

show the outlier models, respectively, in each CMIP group. The blue dotted lines denote the observational variability, defined as 1 SD (over

the same time period) and the blue solid line denotes the mean observed value for the corresponding variable. CMIP6 and CMIP5 ensemble

are shown in red and black boxes, respectively. (b) and (e) are the same as (a) and (d) but for the subset of models with available AMIP runs.

(c) and (f) are the same as (a) and (d) but for the full integration period of PI-control runs
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the relationship does not exist anymore (not shown). Inter-
estingly, such relationship, between climatological HC edge
and SWCRE, does not exist in the subset of models available
for AMIP runs (not shown). This indicates possibility of a
biased SST distribution in the CMIP5 coupled runs led to a
systematic bias in dynamically driven CRE feedbacks and
the associated higher ECS values. Next, we explore the influ-
ence of the models' control climatology on the models'
future warming projection. In order to better compare with
Lipat et al. (2017), the PI control climatology is used for rest
of the manuscript.

3.2 | Influence of climatology on the
radiative feedback and climate sensitivity

We here examine now how the representation of Hadley
cell climatology affects the simulated LML SWCRE
response over the Southern midlatitudes and, potentially,
the ECS across model generations. In Figure 2a, we pre-
sent the relationship between 4XCO2-PI difference in
SWCRE and ECS, and Figure 2b shows the relationship

between the climatological HC edge and ECS. First, a sig-
nificant positive correlation can be seen between the LML
SWCRE response and ECS, in both CMIP5 and CMIP6
models (Figure 2a): this suggests that this regional SWCRE
response contribute to a larger global mean surface
warming, in line with the previous findings (Lipat
et al., 2017; Zelinka et al., 2020). However, as one can see
in Figure 2b, while in CMIP5 models ECS is correlated
with the climatological position of the HC edge (R�0.45),
this is not the case in the CMIP6 model ensemble
(R�0.16). This confirms the recent results of Schlund
et al. (2020), who concluded that the climatological HC
edge is not an emergent constraint on ECS in the CMIP6
models, as suggested by Lipat et al. (2017) using the CMIP5
models. In addition, in order to avoid influence from fast
adjustment of atmospheric circulation response to direct
radiative effect of increased CO2, we further examine the
relationship between SWCRE responses associated with
global mean surface temperature anomalies (TS-SWCRE,
see Section 2.2) and ECS values (Figure S2). A statistically
significant positive correlation between LML TS-SWCRE
and ECS suggests a change in SWCRE response associated
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FIGURE 2 Relationship between the intermodel spread in the (a) response in SWCRE from the PI-control climatology to the 4XCO2

climatology over SH LML (lower midlalitudes defined over 30
�–50�

S) for DJF and ECS values for each model. The SWCRE response is

normalized by corresponding ECS values. (b) Climatological DJF SH Hadley cell latitude from PI-control runs and ECS values. The

individual models from CMIP6 ensemble are shown in red dots and from the CMIP5 models are shown in black dots. The correlation

coefficient (R) and the statistical significance (p) corresponding to each group are shown in the legends. The significant correlations have

been bolded
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with rate of change in surface temperature affects the
higher ECS values only in the CMIP6 models.

To better understand this difference in behavior
between the two model generations, Figure 3A shows the
relationship between climatological HC edge position in
the PI control runs and the Southern Hemisphere LML
HC-SWCRE relationship (see Section 2.2), for both the
CMIP5 and the CMIP6 models. That plot demonstrates
that the CMIP5 ensemble models with narrow Hadley
cells simulate a strong radiative warming/cooling of the
LML when the cell expands/contracts interannually,
whereas the CMIP6 ensemble the LML warming/cooling
accompanying HC expansion/contraction is largely inde-
pendent of the climatological HC position. Furthermore,
as shown in Figure 3b, the 0.67 correlation between
the response of the SWCRE to CO2 quadrupling (on the
abscissa) and the LML HC-SWCRE (on the ordinate) seen
in the CMIP5 models, is not present in the CMIP6 models.

It is important to note that the existence of a strong cor-
relation between the HC edge climatological latitude and the
HC-SWCRE in the CMIP5 models (Figure 3a) is due to the
presence of the four extreme models with unrealistically nar-
row Hadley cells. Removing those extreme models greatly

reduces the significance of the correlation. The results in
Figure 3 indicate that the emergent constraint relating to the
edge of the HC, proposed in Lipat et al. (2017) on the basis
of CMIP5 models, was caused primarily by a subset of
extremely biased models, and the improved simulation of
the HC in the CMIP6 ensemble made that constraint vanish.
However, that improvement did not result in the ensemble
ECS shifting towards a lower value, as hypothesized by Lipat
et al. (2017). These new findings, therefore, point to cloud
microphysics as a more likely possible cause for the
enhanced ECS in the CMIP6 models (Zelinka et al., 2020).
Moreover, due to lack of relationship between the SWCRE
associated with a Hadley cell shift and the SWCRE associ-
ated with the climate change response in CMIP6 models
(Figure 3b), we examine whether any significant differences
occur in the rapid, transient response of the models to the
greenhouse forcing (Grise and Polvani, 2014b, and references
therein). Therefore, we assess the relationship between the
transient SWCRE response to climate change in the SH mid-
latitudes, averaged over first 10 years and 20 years of the
abrupt 4XCO2 runs and HC-SWCRE derived from the inter-
annual variability in the control (not shown). No significant
relationship in the CMIP6 models indicate that the
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thermodynamical changes are not masking the
fast adjustment in dynamically driven clouds radiative
forcing.

4 | DISCUSSION

We have carried out a systematic comparison of simu-
lated Hadley cell extent, CRE, and climate sensitivity in
CMIP6 and CMIP5 model ensembles. The CMIP6 models
simulate large-scale atmospheric dynamics in the South-
ern Hemisphere that is closer to the observations than
the CMIP5 models. Specifically, the CMIP6 models
exhibit a more realistic poleward climatological mean
state for the HC. We find that an improved representa-
tion of the climatological HC extent in the CMIP6 models
does not lead to weaker Southern midlatitude SWCRE
warming, and to lower ECS values as hypothesized by
Lipat et al. (2017). Despite the absence of models with an
excessively narrow climatological HC, the CMIP6 ensem-
ble shows even larger Southern midlatitude SWCRE
warming than CMIP5, resulting potentially from thermo-
dynamical or microphysical processes, as suggested in
Zelinka et al. (2020). In addition, our study suggests that
a biased SST distribution in the CMIP coupled runs may
be linked with systematic cloud-dynamical biases in the
CMIP5 models and therefore, with the associated emer-
gent constraints as found by Lipat et al. (2017).

We have also extended our analysis to examine the
climatological representation of the eddy driven jets, and
the influence of jet dynamics on the simulated LML
SWCRE and model ensemble ECS. Figure S3 shows the
historical climatological distribution of jet latitudes
across model generations, and the observed variability
range for the same. A wide inter model spread in jet posi-
tion is seen in both CMIP5 and CMIP6. As for the HC,
the climatological jets in the CMIP6 have shifted towards
the pole, and thus fall better within the observed variabil-
ity range compared to that for CMIP5. We find a persis-
tent correlation between the climatological HC edge and
jet location across the model generations during DJF
(Figure S3B). The relationship indicates that the models
with a wider HC (i.e. a poleward HC edge) simulate a
more poleward jet latitude. Previously, a strong inter-
annual correlation in DJF between the Southern Hemi-
sphere eddy-driven jet latitude and Hadley cell edge was
reported in CMIP3 models (Kang and Polvani, 2011) and
in CMIP5 models (Waugh et al., 2018). Overall, we find
that the CMIP6 models simulate an improved representa-
tion of the major atmospheric dynamical cells in the
Southern Hemisphere (SH), in terms of both HC edge
and jet latitudes. However, unlike the HC, the

climatological jet-latitude does not seem to influence ECS
values, in either of the CMIP5 or CMIP6 (not shown).
Relationship between SWCRE and latitude of the jet in
the PI control runs (similar to Figure 3) does not affect
the response of SWCRE to increased CO2, and thus ECS
values. We conclude, therefore, that an improved rep-
resentation of the climatological jet dynamics in the
CMIP6 models also does not lead to a new emergent
constraint on ECS (consistent with Grise and
Polvani, 2014b).

Finally, we note that in a recent paper Curtis
et al. (2020) claim that increased horizontal grid resolu-
tion in many CMIP6 models is the key to a poleward
mean state and a muted shift in the jets. Chemke and
Polvani (2019) highlighted the key role of static stability
in modulating the HC response to increased CO2 forcing.
The underlying reasons that lead to a more realistic simu-
lation of large-scale dynamics in the CMIP6 ensemble are
likely very complex, and lie well beyond the scope of this
paper, which is focused on the emergent constraint pro-
posed by Lipat et al. (2017). It is also important to men-
tion that we have here focused only on the zonal mean
circulation in the SH, because of its possible linkage to
ECS. However, further analysis of the regional responses,
and of the NH circulation, would also necessary for a bet-
ter understanding of the climate change projection across
model generations.

ACKNOWLEDGEMENTS
We thank Dr. Rei Chemke for useful discussion and shar-
ing the CMIP5 HC results. BD and GT are supported by
the National Aeronautics and Space Administration
Modeling, Analysis, and Prediction program under grant
NNH16ZDA001N-MAP16-0070 and LMP is funded by a
grant from the US National Science Foundation to
Columbia University. We thank NASA NCCS for compu-
tational resources as well as to NASA-GISS staffs for
supporting a telework environment. The data used in this
study are freely available as listed. ISCCP-H data can be
accessed NASA GISS (https://isccp.giss.nasa.gov/
products/products.html), ERA-Interim data can be
accessed at ECMWF website (https://www.ecmwf.int/),
CMIP6 and CMIP5 data are freely available at https://
esgf-node.llnl.gov/search/cmip6/ and https://esgf-node.
llnl.gov/search/cmip5/, respectively.

AUTHOR CONTRIBUTIONS
Bithi De: Conceptulization; analysis and writing; George
Tselioudis: Conceptualization; funding acquisition;
resources; supervision; writing – review and editing.
Lorenzo Polvani: Conceptualization; supervision; writ-
ing – review and editing. Bithi De designed the study

DE ET AL. 7 of 8

https://isccp.giss.nasa.gov/products/products.html
https://isccp.giss.nasa.gov/products/products.html
https://www.ecmwf.int/
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip5/
https://esgf-node.llnl.gov/search/cmip5/


along with GT; performed the analysis and wrote the
manuscript (followed by edits from GT and LMP).

CONFLICT OF INTEREST
The authors declare no conflict of interests.

ORCID
Bithi De https://orcid.org/0000-0001-9529-6163

REFERENCES
Adam, O., Grise, K.M., Staten, P., Simpson, I.R., Davis, S.M.,

Davis, N.A., et al. (2018) The tropd software package (v1): stan-
dardized methods for calculating tropical-width diagnostics.
Geoscientific Model Development, 11, 4339–4357.

Bock, L., Lauer, A., Schlund, M., Barreiro, M., Bellouin, N.,
Jones, C., et al. (2020) Quantifying progress across different
cmip phases with the esmvaltool. Journal of Geophysical
Research: Atmospheres, 125, e2019JD032321.

Bony, S., Stevens, B., Frierson, D.M., Jakob, C., Kageyama, M.,
Pincus, R., et al. (2015) Clouds, circulation and climate sensitiv-
ity. Nature Geoscience, 8, 261–268.

Ceppi, P. & Hartmann, D.L. (2015) Connections between clouds,
radiation, and midlatitude dynamics: a review. Current Climate
Change Reports, 1, 94–102.

Chemke, R. & Polvani, L.M. (2019) Exploiting the abrupt 4�CO2

scenario to elucidate tropical expansion mechanisms. Journal
of Climate, 32, 859–875.

Curtis, P.E., Ceppi, P. & Zappa, G. (2020) Role of the mean state for
the southern hemispheric jet stream response to CO2 forcing in
CMIP6 models. Environmental Research Letters, 15, 064011.

Dee, D.P. & Coauthors. (2011) The ERA-interim reanalysis: config-
uration and performance of the data assimilation system. Quar-
terly Journal of Royal Meteorological Society, 137, 553–597.

Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, B.,
Stouffer, R.J., et al. (2016) Overview of the coupled model
intercomparison project phase 6 (cmip6) experimental design
and organization. Geoscientific Model Development, 9, 1937–
1958.

Grise, K.M. & Davis, S.M. (2020) Hadley cell expansion in CMIP6
models. Atmospheric Chemistry and Physics, 20, 5249–5268.

Grise, K.M. & Medeiros, B. (2016) Understanding the varied influ-
ence of midlatitude jet position on clouds and cloud radiative
effects in observations and global climate models. Journal of
Climate, 29, 9005–9025.

Grise, K.M. & Polvani, L.M. (2014a) Is climate sensitivity related to
dynamical sensitivity? A southern hemisphere perspective. Geo-
physical Research Letters, 41, 534–540.

Grise, K.M. & Polvani, L.M. (2014b) Southern hemisphere cloud-
dynamics biases in CMIP5 models and their implications for
climate projections. Journal of Climate, 27, 6074–6092.

Kang, S.M. & Polvani, L.M. (2011) The interannual relationship
between the latitude of the eddy-driven jet and the edge of the
hadley cell. Journal of Climate, 24, 563–568.

Kay, J.E., Medeiros, B., Hwang, Y.-T., Gettelman, A., Perket, J. &
Flanner, M.G. (2014) Processes controlling southern ocean
shortwave climate feedbacks in cesm. Geophysical Research Let-
ters, 41, 616–622.

Kidston, J. & Gerber, E.P. (2010) Intermodel variability of the pole-
ward shift of the austral jet stream in the cmip3 integrations
linked to biases in 20th century climatology. Geophysical
Research Letters, 37, L09708.

Lipat, B.R., Tselioudis, G., Grise, K.M. & Polvani, L.M. (2017)
CMIP5 models' shortwave cloud radiative response and climate
sensitivity linked to the climatological Hadley cell extent. Geo-
physical Research Letters, 44, 5739–5748.

Lu, J., Vecchi, G.A. & Reichler, T. (2007) Expansion of the hadley
cell under global warming. Geophysical Research Letters, 34,
L06805.

Scheff, J. & Frierson, D.M.W. (2012) Robust future precipitation
declines in cmip5 largely reflect the poleward expansion of
model subtropical dry zones. Geophysical Research Letters, 39,
L18704.

Schlund, M., Lauer, A., Gentine, P., Sherwood, S.C. & Eyring, V.
(2020) Emergent constraints on equilibrium climate sensitivity
in CMIP5: do they hold for CMIP6? Earth System Dynamics
Discussions, 2020, 1–40.

Simpson, I.R. & Polvani, L.M. (2016) Revisiting the relationship
between jet position, forced response, and annular mode vari-
ability in the southern midlatitudes. Geophysical Research
Letters, 43, 2896–2903.

Taylor, K.E., Stouffer, R. & Meehl, G. (2012) An overview of CMIP5
and the experiment design. Bulletin of the American Meteorolog-
ical Society, 93, 485–498.

Tselioudis, G., Lipat, B.R., Konsta, D., Grise, K.M. & Polvani, L.M.
(2016) Midlatitude cloud shifts, their primary link to the
Hadley cell, and their diverse radiative effects. Geophysical
Research Letters, 43, 4594–4601.

Wall, C.J. & Hartmann, D.L. (2015) On the influence of poleward
jet shift on shortwave cloud feedback in global climate models.
Journal of Advances in Modeling Earth Systems, 7, 2044–2059.

Waugh, D.W., Grise, K.M., Seviour, W.J.M., Davis, S.M., Davis, N.,
Adam, O., et al. (2018) Revisiting the relationship among met-
rics of tropical expansion. Journal of Climate, 31, 7565–7581.

Young, A.H., Knapp, K.R., Inamdar, A., Hankins, W. & Rossow, W.
B. (2018) The international satellite cloud climatology project
h-series climate data record product. Earth System Science Data,
10, 583–593.

Zelinka, M.D., Myers, T.A., McCoy, D.T., Po-Chedley, S.,
Caldwell, P.M., Ceppi, P., et al. (2020) Causes of higher climate
sensitivity in cmip6 models. Geophysical Research Letters, 47,
e2019GL085782.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

How to cite this article: De, B., Tselioudis, G., &
Polvani, L. M. (2021). Improved representation of
atmospheric dynamics in CMIP6 models removes
climate sensitivity dependence on Hadley cell
climatological extent. Atmospheric Science Letters,
e1073. https://doi.org/10.1002/asl.1073

8 of 8 DE ET AL.

https://orcid.org/0000-0001-9529-6163
https://orcid.org/0000-0001-9529-6163
https://doi.org/10.1002/asl.1073

	Improved representation of atmospheric dynamics in CMIP6 models removes climate sensitivity dependence on Hadley cell clima...
	1  INTRODUCTION
	2  DATA AND METHODS
	2.1  Data
	2.2  Methods

	3  RESULTS
	3.1  Dynamical and radiative representation in the CMIP6 climatology
	3.2  Influence of climatology on the radiative feedback and climate sensitivity

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	REFERENCES


