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ABSTRACT: An effective method to understand cloud processes and to assess the fidelity with which they are represented
in climate models is the cloud controlling factor framework, in which cloud properties are linked with variations in large-
scale dynamical and thermodynamical variables. This study examines how midlatitude cloud radiative effects (CRE) over
oceans covary with four cloud controlling factors—midtropospheric vertical velocity, estimated inversion strength (EIS),
near-surface temperature advection, and sea surface temperature (SST)—and assesses their representation in CMIP6
models with respect to observations and CMIP5 models. CMIP5 and CMIP6 models overestimate the sensitivity of mid-
latitude CRE to perturbations in vertical velocity and underestimate the sensitivity of midlatitude shortwave CRE to
perturbations in EIS and temperature advection. The largest improvement in CMIP6 models is a reduced sensitivity of CRE
to vertical velocity perturbations. As in CMIP5 models, many CMIP6 models simulate a shortwave cloud radiative warming
effect associated with a poleward shift in the Southern Hemisphere (SH) midlatitude jet stream, an effect not present in
observations. This bias arises because most models’ shortwave CRE are too sensitive to vertical velocity perturbations and
not sensitive enough to EIS perturbations, and because most models overestimate the SST anomalies associated with SH jet
shifts. The presence of this bias directly impacts the transient surface temperature response to increasing greenhouse gases
over the Southern Ocean, but not the global-mean surface temperature. Instead, the models’ climate sensitivity is correlated
with their shortwave CRE sensitivity to surface temperature advection perturbations near 40°S, with models with more
realistic values of temperature advection sensitivity generally having higher climate sensitivity.
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1. Introduction in models is to use the cloud controlling factor framework. In
this framework, large-scale dynamical and thermodynamical
environmental variables are identified that strongly covary
with observed cloud properties, allowing a direct comparison
between how observed and model clouds respond to pertur-
bations in environmental factors. This approach has been
widely used to understand cloud variability and feedbacks over
tropical and subtropical oceans (Norris and Tacobellis 2005;
Myers and Norris 2013, 2015, 2016; Qu et al. 2014, 2015;
Seethala et al. 2015; McCoy et al. 2017; Klein et al. 2017; Scott
et al. 2020), and has been more recently applied to understand
clouds over extratropical oceans (Grise and Medeiros 2016,
hereafter GM16; Wall et al. 2017; Zelinka et al. 2018; Kelleher
and Grise 2019; Scott et al. 2020).

In the extratropics, four key cloud controlling factors are
midtropospheric vertical velocity, estimated inversion strength
(EIS), near-surface temperature advection, and sea surface
temperature (SST) (see also Scott et al. 2020). Midtropospheric
ascent is associated with enhanced cloud fraction in the mid-to-
upper troposphere (Weaver and Ramanathan 1997; Li et al.
2014; Wall et al. 2017), such as the nimbostratus and high-
topped convective clouds that occur within the warm sector of
extratropical cyclones (Lau and Crane 1995, 1997; Gordon et al.
2005). A strong temperature inversion (EIS) above the marine
boundary layer favors the development of low-level stratocu-
mulus clouds (Klein and Hartmann 1993; Wood and Bretherton

Properly representing clouds and their radiative effects re-
mains one of the biggest challenges of climate modeling. It is
well established that cloud feedbacks are responsible for the
majority of the spread in the equilibrium climate sensitivity
(i.e., the steady-state global-mean surface temperature re-
sponse to doubled atmospheric carbon dioxide concentrations)
across models (e.g., Bony et al. 2006; Dufresne and Bony 2008;
Vial et al. 2013; Webb et al. 2013; Zelinka et al. 2020). Efforts
to constrain the spread in equilibrium climate sensitivity (ECS)
across models have largely focused on the role of low cloud
feedbacks over tropical and subtropical ocean basins (e.g., Bony
and Dufresne 2005; Qu et al. 2014, 2015; Myers and Norris 2016;
Klein et al. 2017; McCoy et al. 2017). However, the role of ex-
tratropical cloud feedbacks in determining ECS has recently
been gaining more attention, as Zelinka et al. (2020) linked the
higher average climate sensitivity of models from phase 6 of the
Coupled Model Intercomparison Project (CMIP6) to decreased
extratropical low cloud coverage and albedo.

One of the most effective ways to understand cloud pro-
cesses and to assess the fidelity with which they are represented

& Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-20-
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2006), as the strong inversion inhibits mixing of drier free tro-
pospheric air into the moist marine boundary layer. Advection
Corresponding author: Kevin M. Grise, kmg3r@virginia.edu of cold air over warmer sea surface temperatures also promotes

DOI: 10.1175/JCLI-D-20-0986.1

© 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Brought to you by UNIVERSITY OF VIRGINIA | Unauthenticated | Downloaded 06/11/21 08:37 PM UTC



5870

enhanced low cloud cover by increasing sensible and latent heat
fluxes from the ocean surface into the atmosphere (Norris and
Tacobellis 2005; Zelinka et al. 2018; Miyamoto et al. 2018). In
contrast, increases in SST may decrease low cloud cover, as
warmer SSTs strengthen the moisture contrast between the
marine boundary layer and the overlying free troposphere and
consequently increase the effectiveness of mixing dry free tro-
pospheric air into the moist marine boundary layer (Rieck et al.
2012; Frey and Kay 2018). However, the influence of SSTs on
low cloud cover is stronger in the subtropics than at midlati-
tudes, where there is less of a moisture contrast between the
boundary layer and free troposphere (Kawai et al. 2017; Scott
et al. 2020).

One common application of these cloud controlling factor
relationships is to estimate cloud feedbacks in a warming cli-
mate [see review by Klein et al. (2017)]. By multiplying the
observed sensitivity of cloud properties to the cloud controlling
factors (as estimated from interannual variability) by the ex-
pected changes in the cloud controlling factors with climate
change, one can derive an observational estimate of cloud
feedbacks. This approach inherently assumes that the sensi-
tivity of cloud properties to the cloud controlling factors is time
scale invariant (i.e., the sensitivity remains approximately the
same on interannual and climate change time scales), and that
the changes in the cloud controlling factors with climate change
are relatively well constrained by models. A similar approach
can be used to reconstruct model cloud feedbacks, multiplying
the model sensitivity of cloud properties to the cloud control-
ling factors (as estimated from interannual variability) by the
expected changes in the cloud controlling factors with climate
change (e.g., Qu et al. 2015). Applying this approach, previous
studies have found that the bulk of the uncertainty in model
cloud feedbacks lies in the sensitivity of cloud properties to
the cloud controlling factors (which depends strongly on model
cloud parameterizations), rather than in the response of the
cloud controlling factors to climate change (Qu et al. 2014;
Myers and Norris 2016; Klein et al. 2017). This motivates a
need to examine the intermodel spread in the sensitivity of
cloud properties to the cloud controlling factors, to assess im-
provements across model generations, and to identify consis-
tent model biases against observations.

In this study, we focus on examining the observed and
modeled sensitivity of top-of-atmosphere shortwave cloud ra-
diative effect (CRE)' to cloud controlling factors, with a strong
emphasis on the Southern Hemisphere (SH) midlatitudes (30°-
60°S). This emphasis is motivated by the finding of Zelinka
et al. (2020), who find larger shortwave cloud feedbacks in
CMIP6 models (on average) than in CMIPS5 models (the pre-
vious generation of global climate models), with the largest
differences occurring over the 30°-60°S latitude band. In
CMIP5 models, the shortwave radiative effects of midlatitude
clouds were overly sensitive to midtropospheric vertical ve-
locity perturbations when compared to observations (GM16;

! Shortwave cloud radiative effect is defined as the difference in
outgoing top-of-atmosphere shortwave radiation between clear-
sky and all-sky scenes (e.g., Ramanathan et al. 1989).
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Kelleher and Grise 2019). In contrast, CMIP5 models’ sensi-
tivities of shortwave CRE and low cloud cover to perturbations
in EIS and near-surface temperature advection were under-
estimated (GM16; Zelinka et al. 2018; Kelleher and Grise 2019).

A key consequence of these biases in CMIP5 models was
a systematic misrepresentation of cloud radiative effects as-
sociated with variability in the midlatitude atmospheric circu-
lation. For example, many CMIP5 models simulate a net
shortwave warming effect when the midlatitude jet stream and
its associated large-scale ascent and mid-to-high topped clouds
shift poleward, as the clouds reflect less sunlight back to space
as they move to higher latitudes (e.g., Boucher et al. 2013;
Grise et al. 2013; Grise and Polvani 2014, hereafter GP14).
However, observations show little evidence of a net shortwave
warming effect associated with a poleward jet shift in most
midlatitude ocean basins, as low cloud cover often increases in
the region vacated by the storm-track clouds (Ceppi and
Hartmann 2015; GM16; Zelinka et al. 2018). An erroneous
feedback occurs in many CMIP5 models because they do not
properly capture the sensitivity of midlatitude low clouds to the
increases in EIS and near-surface cold advection that occur in
the region vacated by the storm-track clouds (GM16; Zelinka
et al. 2018). It remains unknown whether the representation of
these processes has improved in CMIP6 models.

CMIP5 models also struggled to properly capture the ob-
served thermodynamic sensitivity of midlatitude clouds. In
these models, the optical depth of midlatitude low clouds was
too sensitive to temperature perturbations (Gordon and Klein
2014; Terai et al. 2016), at least in part because of an improper
partitioning between ice and liquid in mixed-phase clouds
(McCoy et al. 2016; Tan et al. 2016). In CMIP6 models, Zelinka
et al. (2020) found a weaker sensitivity of midlatitude low cloud
cover and liquid water path to SST perturbations, resulting in
an average increase of low cloud cover and liquid water path
with warming in CMIP5 models but little SST sensitivity in
CMIP6 models. This was hypothesized to be due to an increase
in mean-state supercooled liquid water in CMIP6 models
(Zelinka et al. 2020).

The purpose of this paper is to compare and contrast the
sensitivity of midlatitude shortwave CRE in CMIPS and
CMIP6 models to the four cloud controlling factors introduced
above (midtropospheric vertical velocity, EIS, near-surface
temperature advection, and SST), and to assess any model
improvements relative to observations. Specifically, we focus
our discussion on whether the intermodel spread in the
shortwave CRE sensitivity to the cloud controlling factors is
helpful in explaining the intermodel spread in 1) the cloud
radiative effects associated with meridional shifts in the SH
midlatitude jet stream and 2) ECS.

2. Data and methods

The primary data used in this study are monthly mean out-
put from the 28 CMIP5 models listed in Table 1 (WCRP 2011;
Taylor et al. 2012) and the 34 CMIP6 models listed in Table 2
(Eyring et al. 2016; WCRP 2019). We selected this subset of
models, as they had documented values of ECS in the pub-
lished literature (Meehl et al. 2020; Zelinka et al. 2020) and
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TABLE 1. Listing of the CMIP5 models used in this study.
Following Grise and Polvani (2014), the jet-CRE index is defined
using the regression coefficients in Fig. 5 averaged over 30°-60°S
(as plotted in Fig. 5d). Models with a positive index are denoted as
type I, and models with a negative index are denoted as type II.
Asterisks denote models that were classified as type II by Grise and
Polvani (2014), but whose jet-CRE indices are positive.

Model name Jet-CRE index (Wm™2) Model type
ACCESS1.0 -0.34 1I
ACCESS1.3 —-0.36 11
BCC-CSM1.1 1.01 I
BCC-CSM1.1(m) 0.75 I
BNU-ESM 1.38 I
CanESM2 0.72 1
CCSM4 0.43 I
CNRM-CM5 0.21 1
CSIRO-MK3.6.0 -0.78 I
FGOALS-g2 0.55 I
FGOALS-s2 0.81 I
GFDL CM3 —0.25 11
GFDL-ESM2G —0.67 1II
GFDL-ESM2M -0.51 I
GISS-E2-H 0.36 I
GISS-E2-R 0.31 1
HadGEM2-ES -0.28 1T
INM-CM4 -0.21 II
IPSL-CMS5A-LR 0.75 1
IPSL-CM5A-MR 0.79 I
IPSL-CM5B-LR 0.37 I*
MIROC53 0.01 I*
MIROC-ESM 1.55 1
MPI-ESM-LR 0.46 I
MPI-ESM-MR 0.62 1
MPI-ESM-P 0.39 1
MRI-CGCM3 -0.14 11
NorESM1-M 0.63 I

included all necessary variables for the analyses presented. We
use 200 years of the preindustrial control run of each model to
estimate the sensitivity of shortwave CRE to month-to-month
variability in the midlatitude cloud controlling factors. To ex-
amine the climate change response, we also make use of the
abrupt 4xCO, runs from each model, in which atmospheric
carbon dioxide concentrations are quadrupled and then held
fixed for the duration of a 150-yr-long run.

We compare the model results with the sensitivity of short-
wave CRE to month-to-month variability in the midlatitude
cloud controlling factors derived from observations. To do this,
we use monthly mean shortwave top-of-atmosphere radiative
fluxes from the CERES Energy Balanced and Filled (EBAF)
version 4.1 dataset (Loeb et al. 2018; CERES Science Team
2020) to calculate shortwave CRE, monthly-mean SSTs from
the Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST: Met Office Hadley Centre 2000; Rayner
et al. 2003), and monthly-mean wind, temperature, and humidity
data from the ERAS5 reanalysis (ECMWF 2017; Hersbach et al.
2020) to calculate the remaining cloud controlling factors. We
examine the observations over the period 2001-18.

Brought to you by UNIVERSITY OF VIRGINIA | Unauthenticated | Downloaded 06/11/21 08:37 PM UTC

GRISE AND KELLEHER

5871

TABLE 2. As in Table 1, but for the listing of the CMIP6 models
used in this study.

Model name Jet-CRE index (Wm™?)  Model type
ACCESS-CM2 -0.28 I
ACCESS-ESM1-5 -0.42 II
AWI-CM-1-1-MR 0.59
BCC-CSM2-MR 0.25 I
BCC-ESM1 1.05 I
CAMS-CSM1-0 0.30 I
CESM2 —1.00
CESM2-WACCM -1.09
CNRM-CM6-1 0.10 I
CNRM-CM6-1-HR 0.01 I
CNRM-ESM2-1 0.06 I
CanESMS5 0.63 I
E3SM-1-0 —0.62 1I
EC-Earth3 -0.43 I
EC-Earth3-Veg —0.40 II
FGOALS-f3-L 0.32
GISS-E2-1-G 0.44 I
GISS-E2-1-H 0.39 I
GISS-E2-2-G 0.28
HadGEM3-GC31-LL -0.15 II
HadGEM3-GC31-MM -0.20 1I
INM-CM4-8 -0.20 I
INM-CM5-0 -0.13 II
IPSL-CM6A-LR 0.00 I
KACE-1-0-G -0.35 II
MIROC-ES2L 0.82 I
MIROC6 0.06 I
MPI-ESM1-2-HR 0.51 I
MPI-ESM1-2-LR 0.76 I
MRI-ESM2-0 0.11 I
NESM3 0.81 I
NorESM2-LM -1.13 I
SAMO-UNICON -0.35 II
UKESM1-0-LL —0.05 II

To provide further physical interpretation for our results,
we also make brief use of observed cloud fraction from the
International Satellite Cloud Climatology Project (ISCCP).
Following GM16, we use the simulator-oriented ISCCP cloud
product produced for the Cloud Feedback Model Intercomparison
Project (CFMIP) to aid in model evaluation (CFMIP 2011;
Pincus et al. 2012; Zhang et al. 2012), which is available from July
1983 to June 2008. Low cloud fraction derived from passive
satellite measurements is complicated by the fact that low clouds
are often obscured by the presence of clouds at higher altitudes.
Therefore, we use the random overlap assumption (Morcrette
and Fouquart 1986; Weare 2000) to estimate the actual observed
low cloud fraction L':

L'=LI(1-M—H), 1)

where L, M, and H are the low (cloud-top pressure > 680 hPa),
middle (440hPa < cloud-top pressure < 680hPa), and high
(cloud-top pressure < 440 hPa) cloud fractions from ISCCP,
respectively.

In this study, we focus on four midlatitude cloud control-
ling factors: 500-hPa vertical velocity (wsqo), EIS, near-surface
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temperature advection (TADV), and SST. Following Wood
and Bretherton (2006), EIS is calculated as

EIS = LTS - I'}."(z,,, — LCL), (2)

where LTS (lower tropospheric stability) is the potential
temperature difference between the surface and 700 hPa
(6700 — Oste), Ff;:‘o is the moist adiabatic lapse rate at 850 hPa,
Z700 18 the altitude of the 700-hPa level, and LCL is the altitude
of the lifting condensation level [determined using the method
of Georgakakos and Bras (1984)]. Near-surface temperature
advection is calculated as —Vg,5 - VSST, where Vg5 is the 925-
hPa wind vector and VSST is the sea surface temperature
gradient (calculated using spherical coordinates).

We define the sensitivity of shortwave CRE to month-to-
month variations in the four midlatitude cloud controlling
factors (CCFs) using the regression coefficients 90CRE’/dCCF’
from the following multiple linear regression model:

I !
ACRE = <8CRE >A ot <8CRE

W50 JdEIS’

( dCRE’ ICRE'

) AEIS

dTADV' dSST’
+ residual, 3)

) ATADV + ( )ASST

where the primes denote deviations from the mean seasonal
cycle. The regression coefficients from univariate linear re-
gression models based on each cloud controlling factor indi-
vidually are qualitatively similar at midlatitudes, but differ
substantially in the tropics and subtropics (where month-to-
month variability among the four cloud controlling factors is
more strongly correlated). Other studies have used additional
cloud controlling factors, such as near-surface wind speed and
free-tropospheric relative humidity, in multiple linear regres-
sion models focused on low clouds (e.g., Qu et al. 2015; Scott
et al. 2020). Here, we find that the adjusted +* value (which
measures the value of adding predictors to a multiple linear
regression model) does not notably increase with the addition
of surface wind speed as a predictor for shortwave CRE (par-
ticularly at midlatitudes), suggesting that a wind speed predictor
does not provide significant added value to our regression model.
If we add free-tropospheric relative humidity as a predictor,
variance inflation factors (which measure multicollinearity
among predictors in a multiple linear regression model) in-
crease substantially, producing a regression model with less
reliable and less stable estimates of the regression coefficients.
For these reasons, we do not include surface wind speed and
free-tropospheric relative humidity as predictors in Eq. (3).

We define the latitude of the SH midlatitude jet using the
latitude of the maximum in the monthly mean 850-hPa zonal-
mean zonal wind field. The jet latitude is calculated using
the Tropical-width Diagnostics code package (TropD; Adam
et al. 2018a,b), using the ‘“‘peak’ option in the function
TropD_Metric_EDJ.

We evaluate statistical significance using a standard two-
tailed Student’s  test. As a stricter test of statistical significance
on geographical maps where regression and correlation coef-
ficients are calculated at individual grid points, we also employ
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the Wilks (2016) procedure to control the false discovery rate
of multiple simultaneous hypothesis tests. On all maps, fine
stippling indicates significance via a standard Student’s ¢ test,
and bold stippling indicates significance via the Wilks (2016)
methodology.

3. Sensitivity of shortwave CRE to midlatitude cloud
controlling factors

We begin by reviewing the global sensitivities of shortwave
CRE to variations in the four midlatitude cloud controlling
factors. To do this, in Fig. 1, we examine regressions of monthly
anomalies of shortwave CRE onto monthly anomalies of each
of the four cloud controlling factors, where the term anomalies
refers to variations about the mean seasonal cycle. The re-
gressions are computed separately at each grid point using the
multiple linear regression model described above [see Eq. (3)].
We focus on the global oceans, as additional controlling factors
are relevant over land. The left column of Fig. 1 shows the
observed sensitivities, the center column shows the multimodel-
mean sensitivities for CMIP5 models, and the right column
shows the multimodel-mean sensitivities for CMIP6 models.
The sensitivities are plotted for a one standard deviation
anomaly in each cloud controlling factor at each grid point (as
defined from observations); the sensitivities unscaled by stan-
dard deviation are shown in the online supplemental material
(see Fig. S1 therein).

Figures 2—4 provide additional information to support the
interpretation of Fig. 1. Figure 2 shows the multimodel mean
biases in CMIP5 and CMIP6 models relative to observations,
as well as any significant difference in the biases in CMIP6
models relative to CMIPS models. Figure 3 plots the weighted
averages of the regression coefficients from Fig. 1 over all
oceanic grid points within the 30°-60°S band, where the re-
gression coefficient at each grid point is weighted by the cosine
of latitude. Figure 4 shows the corresponding sensitivities of
observed high and low cloud fraction to the four midlatitude
cloud controlling factors. The cloud fraction sensitivities for
the models are qualitatively similar, but are not shown here
because only a small (nonrepresentative) subset of the models
provide the satellite simulator output necessary to directly
compare model cloud fraction with observations. For refer-
ence, analogous plots to Figs. 1-3 for longwave CRE are also
provided in the supplemental material (Figs. S2-S4).

The observed sensitivity of shortwave CRE to 500-hPa ver-
tical velocity variations is positive nearly everywhere globally
(Fig. 1a; see also Fig. 6a of GM16), indicating that upward
vertical velocity anomalies (negative anomalies of wsgo) are
associated with increased reflection of shortwave radiation
by clouds (negative anomalies of shortwave CRE). This rela-
tionship primarily reflects variations in high-topped free-
tropospheric cloud cover with vertical velocity (Fig. 4a). The
observed sensitivity is largest in the deep tropics and decays
toward midlatitude oceans. Over the stratocumulus zones of
the eastern subtropical ocean basins, there are small regions
where the observed sensitivity is near zero, indicating that
vertical velocity plays a lesser role in governing cloud cover in
these regions compared to the other cloud controlling factors
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FIG. 1. Regressions of monthly shortwave CRE anomalies onto monthly anomalies in four cloud controlling factors [following Eq. (3)]:
(a)—(c) 500-hPa vertical velocity (w), (d)—(f) estimated inversion strength (EIS), (g)-(i) near-surface temperature advection, and (j)—(1)
sea surface temperature (SST). Results are shown for (left) 2001-18 CERES shortwave CRE anomalies regressed on cloud controlling
factor anomalies defined from ERA-5 reanalysis and HadISST, and multimodel mean regression coefficients from (center) 28 CMIP5
models and (right) 34 CMIP6 models based on 200 years of preindustrial control variability. The plotted regression coefficients are for a
one standard deviation anomaly (o) in each cloud controlling factor (as calculated from observations) at each grid point. Stippling in the
left column indicates regions where the regression coefficients are 95% statistically significant via a standard Student’s ¢ test (for fine

stippling) and the Wilks (2016) methodology (for bold stippling). Note that the color scale is different in (a)—(c).

(Fig. 4). Overall, models capture the spatial pattern of the ob-
served sensitivities correctly (Figs. 1b,c), but generally overes-
timate the sensitivity of midlatitude clouds to vertical velocity
perturbations (Norris and Weaver 2001; GM16; Kelleher and
Grise 2019). Notably, the bias over midlatitude oceans has
significantly improved in CMIP6 models, but the models re-
main biased compared to observations (Figs. 2a—c and 3a).
Models’ longwave CRE are also overly sensitive to vertical
velocity perturbations, but as for shortwave CRE, there are
significant reductions in these biases at midlatitudes in CMIP6
models (Figs. S2-S4).

The observed sensitivity of shortwave CRE to EIS varia-
tions is positive in tropical deep convective regions and nega-
tive in subtropical low cloud regions and in midlatitudes
(Fig. 1d; see also Fig. 6b of GM16). The sensitivities switch sign
near where the climatological value of EIS is 2K (GM16).
In the deep tropics where a boundary layer temperature in-
version is weak or absent, the positive sensitivity indicates
that enhanced boundary layer stability is associated with
decreased cloud reflection (positive shortwave CRE anom-
alies), as enhanced low-level stability inhibits high-topped
free-tropospheric cloud formation within these deep con-
vective regimes (Fig. 4c). In the subtropical low cloud regions
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and in midlatitudes where the climatological inversion strength
exceeds 2 K, the negative sensitivity indicates that enhanced
boundary layer stability is associated with increased cloud re-
flection (negative shortwave CRE anomalies), consistent with
the well-documented relationship between EIS and low cloud
cover in these regions (Fig. 4d; Wood and Bretherton 2006;
Myers and Norris 2013; GM16). Models capture the spatial
pattern of the observed sensitivities correctly (Figs. le,f),
but generally underestimate the magnitude of the negative
sensitivity in the subtropics (Qu et al. 2015) and midlatitudes
(GM16; Zelinka et al. 2018; Kelleher and Grise 2019).
The model biases are largest in the subtropics and Northern
Hemisphere (NH) midlatitudes (Figs. 2d,e), and the biases
have not notably improved from CMIPS5 to CMIP6 models
(Figs. 2f and 3b).

The observed sensitivity of shortwave CRE to variations in
near-surface temperature advection is generally positive and
is most robust in subtropical low cloud regions and over the
Southern Ocean (Fig. 1g). In these regions, the positive sensi-
tivity indicates that near-surface cold advection is associated with
increased cloud reflection (negative shortwave CRE anomalies),
as the flow of cold air over relatively warmer water promotes the
enhancement of turbulent surface fluxes and the development
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FI1G. 2. Differences between the regression coefficients shown in Fig. 1: (left) CMIP5 multimodel mean — observations, (center) CMIP6
multimodel mean — observations, and (right) CMIP6 multimodel mean — CMIP5 multimodel mean. Stippling in the right column
indicates regions where the difference between the multimodel means of CMIPS5 and CMIP6 models is 95% statistically significant via a
standard Student’s ¢ test (fine stippling) and the Wilks (2016) methodology (bold stippling).

of low cloud cover (Fig. 4f; Seethala et al. 2015; Miyamoto et al.
2018). Over midlatitude oceans, near-surface warm advection is
also associated with increased high-topped free-tropospheric
cloud fraction (Fig. 4e), reflecting the well-known relationship
between mid-to-high-topped cloud cover and warm advection
in midlatitude cyclones (e.g., Lau and Crane 1995; Norris and
Tacobellis 2005), as would be expected from quasigeostrophic
theory. The relationship between warm advection and free-
tropospheric cloud fraction may also reflect the effects of
moisture advection (Field and Wood 2007; McCoy et al. 2020).
Over NH midlatitude oceans, the effects of warm and cold
advection on cloud cover appear to largely compensate, re-
sulting in a weak overall relationship between variations in
shortwave CRE and near-surface temperature advection. Over
the Southern Ocean, however, the cold advection (low cloud)
effect dominates, resulting in the observed positive sensitivity
of shortwave CRE to variations in near-surface tempera-
ture advection there. Models generally underestimate the area
of the subtropics and midlatitudes characterized by a positive
relationship between temperature advection and shortwave
CRE (Figs. 1h,i). While CMIP6 models on average have slightly
improved with respect to CMIP5 models over midlatitude oceans
(Figs. 2g-i), approximately 75% of the models still underestimate
the observed sensitivity over the Southern Ocean (Fig. 3c).
Finally, the observed sensitivity of shortwave CRE to SST
variations is positive over most of the world’s oceans, with the
largest signatures occurring in the subtropics (Fig. 1j). Consistent
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with previous studies (e.g., Myers and Norris 2015, 2016), the
positive sensitivity indicates that cold SST anomalies are asso-
ciated with increased low cloud fraction (Fig. 4h) and thus in-
creased cloud reflection (negative shortwave CRE anomalies) in
these regions. Two exceptions are in deep convective regions
along the ITCZ, where warmer SSTs are associated with in-
creased high-topped free-tropospheric cloud fraction (Fig. 4g),
and in high-latitude regions with variable sea ice cover, where
variations in the underlying clear-sky surface albedo with SST
complicate the interpretation of shortwave CRE. Models cap-
ture the spatial pattern of the observed sensitivities correctly
(Figs. 1k /1), although they generally underestimate the observed
magnitude (Figs. 2j,k). One exception is at SH midlatitudes,
where the models on average slightly overestimate the observed
positive shortwave CRE sensitivity to SST variations (Fig. 3d).
There has been little improvement of these biases from CMIP5
to CMIP6 models (Figs. 21 and 3d), with CMIP6 models showing
slightly greater increases in shortwave CRE with increases in
SST at SH midlatitudes [consistent with the results of Zelinka
et al. (2020)].

In summary, persistent biases in the sensitivity of midlatitude
shortwave CRE to large-scale environmental cloud controlling
factors remain in CMIP6 models. Midlatitude shortwave CRE
are too sensitive to variations in vertical velocity and not sen-
sitive enough to variations in EIS and near-surface temperature
advection (Figs. 1-3). Biases in the sensitivity of midlatitude
shortwave CRE to variations in SST vary by region (Figs. 2j,k).
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crosses show values from individual CMIP models, and large dots show the multimodel-mean

values.

Relative to observations, the most notable improvements from
CMIP5 to CMIP6 models have been in the vertical velocity
and near-surface temperature advection sensitivities (Figs. 2c,i
and 3a.c).

Now, having reviewed the global sensitivities of shortwave
CRE to the four midlatitude cloud controlling factors in ob-
servations and models, we explore two applications of these
results in the remainder of the paper. First, in section 4, we
explore how the midlatitude cloud controlling factor sensitiv-
ities are relevant in explaining the diverse cloud radiative ef-
fects in models associated with meridional shifts in the SH
midlatitude jet stream. Then, in section 5, we explore whether
the midlatitude cloud controlling factor sensitivities are linked
to the spread in ECS across models.

4. Jet-CRE and midlatitude cloud controlling factors

As discussed in the introduction, many CMIPS5 models
simulate a net shortwave warming effect when the SH mid-
latitude jet stream shifts poleward, but such an effect is not
present in observations (GP14). In this section, we examine
whether the improvements in the sensitivity of CRE to the
midlatitude cloud controlling factors in CMIP6 models (as
detailed in section 3) have led to a better representation of the
CRE anomalies associated with a SH midlatitude jet shift.
Following GP14, in Fig. 5, we show the regressions of short-
wave CRE anomalies onto anomalies in the latitude of the SH
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midlatitude jet during the December—February (DJF) season;
qualitatively similar results are found if the regressions are per-
formed over all months, as opposed to just DJF. Corresponding
results for longwave CRE are shown in Fig. S5. The spatial pat-
tern of longwave CRE anomalies associated with a poleward shift
in the SH midlatitude jet is consistent with a simple poleward shift
of storm-track clouds and closely mirrors that of high-topped
cloud cover (Grise et al. 2013; GM16). Observations and models
much more closely agree on the longwave CRE anomalies as-
sociated with a poleward SH jet shift (Fig. S5; GP14; GM16), so
for the remainder of this section we focus our discussion on the
shortwave CRE anomalies shown in Fig. 5, which vary more
widely between observations and models.

The observed pattern of shortwave CRE anomalies associ-
ated with a 1° poleward shift in the SH midlatitude jet is shown
in Fig. 5a. The results are nearly identical to those shown in
Fig. 4 of GP14, except that here we use an updated version of
the CERES EBAF dataset and use the TropD code package to
calculate jet latitude instead of the method from Barnes and
Polvani (2013). As found by GP14, the observed shortwave
CRE anomalies are noisy and widely vary across the Southern
Ocean. Variations in the underlying clear-sky surface albedo
due to changes in sea ice cover complicate the interpretation of
shortwave CRE in regions adjacent to the Antarctic coastline,
and the relatively short observational record may also con-
tribute to the noisiness of the spatial pattern. Nevertheless, we
have confidence in the pattern of shortwave CRE anomalies
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FIG. 4. As in the left column of Fig. 1, but for regressions of monthly ISCCP high cloud fraction (cloud-top

pressure < 440 hPa) and low cloud fraction (cloud-top pressure > 680 hPa) anomalies onto monthly anomalies in
four cloud controlling factors over the period July 1983-June 2008. Low cloud fraction anomalies are calculated

using the random overlap assumption [Eq. (1)].

shown in Fig. 5a, as similar patterns of shortwave CRE anom-
alies can be derived from hundreds of years of preindustrial
control variability in certain climate models (see Fig. 3b
of GP14).

Overall, Fig. 5a demonstrates that the observed shortwave
CRE anomalies associated with a poleward shift in the SH
midlatitude jet do not show a coherent zonally symmetric
warming at midlatitudes as would be expected from a simple
poleward shift of the storm-track clouds. In fact, the average
of the shortwave CRE anomalies over SH midlatitudes (30°-
60°S)—what GP14 term the “jet-CRE index”—is negative
(—0.39Wm™2). In contrast to observations, CMIP5 models
on average show zonally symmetric positive shortwave CRE
anomalies at SH midlatitudes when the jet shifts poleward
(Fig. 5b; GP14; GM16). This bias has been slightly reduced in
CMIP6 models, but largely remains (Fig. 5c).

To assess the behavior of individual models, Fig. 5d plots the
jet-CRE index (i.e., the values in Figs. 5b and Sc averaged over
30°-60°S) for all models examined in this study. The values of
the jet-CRE index for each model are also listed in Tables 1
and 2. The values of the jet-CRE indices for CMIP5 models are
very similar but not identical to those given by GP14 because,
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in this study, we use a slightly different method to calculate jet
latitude and calculate regression coefficients using monthly-
mean anomalies (as opposed to seasonal-mean anomalies in
GP14). GP14 referred to models with positive jet-CRE indi-
ces as type I, indicating that they had a net shortwave warming
effect at SH midlatitudes associated with a poleward jet
shift. Models with negative jet-CRE indices (i.e., those that
more closely resembled observations) were termed type IIL
Of the models we examine here, 19 of the 28 CMIP5 models
are type I, and 19 of the 34 CMIP6 models are type I (Fig. 5d).
While on average CMIP6 models have slightly improved
relative to observations, the type I bias still remains in many
CMIP6 models.

Can the cloud controlling factor framework be used to ex-
plain this persistent model bias? First, in the left column of
Fig. 6, we review how each of the four midlatitude cloud con-
trolling factors change with a 1° poleward shift in the SH
midlatitude jet. The results shown in the left column of Fig. 6
are from observations; qualitatively similar results are found in
both CMIP5 and CMIP6 models (Fig. S6). The vertical velocity
anomalies associated with a poleward SH jet shift are consis-
tent with a poleward shift of the midlatitude storm tracks, with
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FI1G. 5. Regressions of monthly December—February shortwave CRE anomalies onto anomalies in the latitude of
the SH midlatitude eddy-driven jet. Magnitudes shown correspond to a 1° latitude poleward shift in the jet. Results
are shown for (a) 2001-18 CERES shortwave CRE anomalies regressed on the jet latitude defined from ERA-5
reanalysis and (b),(c) multimodel mean regression coefficients from 28 CMIP5 models and 34 CMIP6 models based
on 200 years of preindustrial control variability. Stippling in (a) indicates regions where the regression coefficients
are 95% statistically significant via a standard Student’s ¢ test (fine stippling) and the Wilks (2016) methodology
(bold stippling). (d) The magnitudes of the regression coefficients shown in (a)—(c) averaged over 30°-60°S, where
the dashed black line is the observed value, blue (CMIP5) and red (CMIP6) crosses show values from individual
CMIP models, and large dots show the multimodel-mean values.

anomalous subsidence (positive sy anomalies) near the mean
jet position (51°S) and anomalous ascent (negative wsgy anom-
alies) poleward of there (Fig. 6a; see also GM16). The EIS
anomalies associated with a poleward SH jet shift closely
mirror the vertical velocity anomalies, as enhanced subsi-
dence promotes a warming and drying of the free troposphere
and consequently a strengthening of the boundary layer tem-
perature inversion (Fig. 6d; see also GM16). The near-surface
temperature advection anomalies associated with a poleward
SH jet shift are noisy, with the exception of a region of strong
warm advection associated with the major SH storm-track
cyclogenesis region off the east coast of South America
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(Fig. 6g). Finally, the SST anomalies associated with a pole-
ward SH jet shift reflect changes in Ekman transport and sur-
face turbulent fluxes induced by the poleward shift in westerly
wind stress (Fig. 6j; Sen Gupta and England 2006; Ciasto and
Thompson 2008).

Now, to assess the contribution of each cloud controlling
factor to the shortwave CRE anomalies associated with a 1°
poleward shift of the SH midlatitude jet (as shown in Fig. 5), we
multiply the sensitivity of shortwave CRE to each cloud con-
trolling factor (as shown in Fig. 1) by the change in cloud
controlling factor for a 1° poleward shift of the SH midlati-
tude jet (as shown in the left column of Fig. 6). Results for the
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observations are shown in the center column of Fig. 6, and
results for CMIP6 models are shown in the right column of
Fig. 6. Results for CMIP5 models are nearly identical to
CMIP6 models and are not shown for brevity. Note that the
summation of the CRE anomalies associated with each cloud
controlling factor (Figs. 6m,n) well reproduces the spatial
pattern of CRE anomalies shown in Fig. 5 (although the mag-
nitudes are underestimated), providing evidence of the utility of
the multiple linear regression model [Eq. (3)].

Figure 6 reveals that the shortwave CRE anomalies associ-
ated with a poleward shift of the SH midlatitude jet reflect the
competing contribution of three cloud controlling factors:
vertical velocity, EIS, and SST. Anomalous subsidence over
the Southern Ocean is associated with positive shortwave CRE
anomalies (Figs. 6b,c), consistent with a poleward shift of high-
topped storm-track clouds (see Fig. 1a of GM16). Increases in
EIS over the Southern Ocean are associated with negative
shortwave CRE anomalies (Figs. 6e,f), consistent with an in-
crease in low cloud fraction on the equatorward flank of the jet
in the region vacated by storm-track clouds (see Fig. 1b of
GM16). Increases in SST on the equatorward side of the region
of anomalous subsidence are associated with positive short-
wave CRE anomalies (Figs. 6k,l), consistent with the rela-
tionship between positive SST anomalies and reduced low
cloud fraction in this latitude band (Fig. 4h). Near-surface
temperature advection plays a minimal role in the shortwave
CRE anomalies associated with a poleward shift of the SH
midlatitude jet (Figs. 6h,i).

The model biases in the shortwave CRE anomalies associ-
ated with a poleward shift in the SH midlatitude jet arise for
three reasons. First, the positive vertical velocity contribution
is too large (Fig. 6¢), mainly because of the oversensitivity of
midlatitude CRE to vertical velocity anomalies (Figs. 1-3).
This is a systematic problem across almost all models (Fig. 3a),
but it does not explain a large fraction of the variance in the
intermodel spread in the jet-CRE index (not shown). Second,
the negative EIS contribution is too weak (Fig. 6f), largely
because of the underestimated sensitivity of midlatitude short-
wave CRE to EIS (Fig. 3b). Unlike vertical velocity, the varying
EIS sensitivity across models explains a substantial fraction of
the intermodel variance (55% in CMIP5 models, 44% in CMIP6
models) in the jet-CRE index (Fig. 7a). From Fig. 7a, it appears
that one reason that the majority of CMIP5 and CMIP6 models
display type I behavior (jet-CRE index > 0) is that they under-
estimate EIS sensitivity at SH midlatitudes. Because the models’
sensitivity of SH midlatitude shortwave CRE to EIS variations
has not notably improved from CMIP5 to CMIP6 models
(Fig. 3b), the models’ cloud radiative response to a poleward jet
shift also remains biased on average in CMIP6 models (Fig. 5),
despite other improvements in model cloud parameterizations.
We note that the correlations between the jet-CRE index and
the sensitivity of models’ shortwave CRE to cloud controlling
factors other than EIS are not nearly as large or as consistent
between CMIPS and CMIP6 models (not shown).

The third and final reason for the model bias in the shortwave
CRE anomalies associated with a poleward shift in the SH
midlatitude jet is that the positive SST contribution is too large
(Fig. 61). Unlike the vertical velocity and EIS contributions, this
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does not result from biases in the model shortwave CRE sensi-
tivity to SST perturbations (Fig. 3d), but rather from an over-
estimation of the SST anomalies associated with a poleward jet
shift (see Fig. S6). The exaggerated magnitude of SST anomalies
associated with a SH midlatitude jet shift is a well-documented
problem in CMIP models (e.g., Karpechko et al. 2009; Screen
et al. 2010). Like the varying EIS sensitivity across models, the
varying magnitudes of the SST anomalies associated with a
poleward SH jet shift explain a sizeable fraction of the inter-
model variance (32%) in the jet-CRE index (Fig. 7b). So, Fig. 7b
reveals that another reason that the majority of CMIPS and
CMIP6 models display type I behavior (jet-CRE index > 0) is
that they systematically overestimate the SST anomalies at SH
midlatitudes, and this bias has also not notably improved from
CMIPS5 to CMIP6 models. We note that the correlations between
the jet-CRE index and the magnitude of the responses of the
other cloud controlling factors (other than SST) to a jet shift are
not nearly as large or as consistent between CMIP5 and CMIP6
models (not shown).

In CMIP5 models, GP14 documented a significant correlation
(Ir] = 0.75) between the jet-CRE index and the climatological
magnitude of shortwave CRE over the Southern Ocean. GP14
suggested that there was a trade-off in models between a proper
representation of the climatology and a proper representation of
the cloud processes associated with a jet shift. Models with more
realistic climatological magnitudes of shortwave CRE over the
Southern Ocean were found to be type I models, whereas
models with more realistic values of jet-CRE were found to
underestimate the observed climatological magnitude of short-
wave CRE over the Southern Ocean. In Fig. 7c, we reproduce
this correlation (|r] = 0.66) using the subset of CMIP5 models
examined in this study, but we find that this relationship is less
apparent in CMIP6 models (|r| = 0.37).

What is the impact of the model bias in the shortwave CRE
anomalies associated with a SH midlatitude jet shift? Because
the SH jet shifts robustly poleward in response to increasing
greenhouse gases (e.g., Barnes and Polvani 2013; Vallis et al.
2015; Grise and Polvani 2016), one might suspect that the CRE
associated with a SH midlatitude jet shift may directly feed
back on the global-mean surface temperature response (e.g.,
Boucher et al. 2013). However, as shown in Fig. 7d, the jet-
CRE index is poorly correlated with ECS in both CMIP5 and
CMIP6 models. This result is consistent with previous studies
(e.g., Kay et al. 2014; Ceppi and Hartmann 2015; Wall and
Hartmann 2015), which have concluded that thermodynamic
processes are of much greater importance for SH midlatitude
cloud feedbacks.

Instead, the cloud radiative anomalies associated with mid-
latitude jet shifts may be more relevant for the transient surface
temperature response to increasing greenhouse gases. Figure 8
shows the correlations of the jet-CRE index with the zonal-
mean surface temperature response to abrupt 4xCO, forcing in
both CMIP5 and CMIP6 models. We focus only on the cor-
relations that are robust in both CMIP5 and CMIP6 models, as
it is less likely that these correlations simply occur by chance.
While the correlations in Fig. 8 differ substantially between
CMIP5 and CMIP6 models, one common feature is a positive
correlation around 40°S within the first decade after CO,



5880

JOURNAL OF CLIMATE

VOLUME 34

Correlations with Jet-CRE Index

(a) Shortwave CRE Sensitivity to EIS

(b) SH Midlatitude SST Anomalies (1° Poleward Jet Shift)

2 T - 0.2
2 r=0.74 ° 5 r=0.57 o
2 41 r=0.66 : ° | ‘g r=0.57 : o o °
57; = : ° © %o ° 8 :
3 0 . oo © ° 2015 . 3 1
8% P g ° e g : 0
@&o ° . @ % o:°° 08 1] . o0 o ©
p [ o ) .
wEat o 0 Fip® % 1 2 D op & © %0
5o °© o P o @ ¢ % o % &
D5 e @ <t e P e g oir ° 4o 1
ER) ! 3 d 0o
$52f oo @ o 19 FOCIC o
Tt o . [=3 o [}
2o dy @ o %o
» E 5| ! 1l g Trr O SSAARRFEEEL “EERER T
S 5005 o o ® ° o 1
> g N °
] ° ° g °o °
= -4F © o0 1 £
2 ° © CMIP5 = ol o CMIP5
3 o CMIP6 7] o CMIPs
5 . . . . . n 0 . . . . . :
-1.5 1 -0.5 0 05 1 1.5 2 -1.5 1 -0.5 0 0.5 1 15 2
% (c) Climatological Shortwave CRE Minimum s (d) Equilibrium Climate Sensitivity
< r=-066 . o r=0.27 : o
3 “100F r=-0.37 @® 0o 1 55rr=-0.28 oo 1
= . o ° . o o
E.110f °5 %% @ °% 1 € st : . ]
£ 0 [) = . o o
€ . 2 ° . o
S-120f © ' o0 ° 1 % 45 008 ° 1
o S d
w ; o % °© 8 ) ] ) o ® )
G-1301 %0 1 o 4 a0 E
[ o T oottt oo © 'g o ©
S .40 ° 00 o 1 £ 35 o o o 1
£ . o ° (é) . o °° o
. o
& -150 : ° °° o 1 2 3r °o°°o S 1
E ' ° S 0% o° o °
©-160 : 1 & 25 ° 0o o 1
o N ) ° w . 20
‘<°E o ° )
g -170 ° o CMIP5|1 2r 00 © CMIP5 |
5 : o CMIP6 : o CMIPs
180 . . . . . n 1.5 . . . . A "
-1.5 -1 -0.5 0 05 1 1.5 2 -1.5 1 -0.5 0 0.5 1 1.5 2

Jet-CRE Index (W m?)

Jet-CRE Index (W m'?)

FI1G. 7. Scatterplots of jet-CRE index (as shown in Fig. 5d) vs (a) the sensitivity of shortwave CRE anomalies to
EIS perturbations at SH midlatitudes (as shown in Fig. 3b), (b) SST anomalies (averaged over 30°-50°S) associated
with a 1° poleward shift in the SH midlatitude jet (as shown in Fig. 6j and Figs. S6j-1), (c) the climatological
minimum value of zonal-mean shortwave CRE at SH midlatitudes during DJF, and (d) equilibrium climate sen-
sitivity. Observed values are denoted by the black dashed lines. Correlation coefficients that are 95% statistically

significant via Student’s ¢ test are listed in bold type.

quadrupling. As discussed by Grise and Polvani (2017) and
Ceppi et al. (2018), the poleward shift of the SH midlatitude jet
in response to abrupt 4xCO,, forcing occurs very rapidly (within
the first 5-10 years), much faster than the response of the
global-mean surface temperature. As a result, the cloud radi-
ative anomalies associated with the jet shift appear first before
thermodynamic feedbacks can dominate, resulting in an ini-
tially larger surface temperature warming near 40°S in type I
models within the first decade after CO, quadrupling (Fig. 8;
see also discussion in GP14). Thus, while cloud radiative
anomalies associated with midlatitude jet shifts are not of first-
order importance to the equilibrium surface temperature re-
sponse to increasing greenhouse gases (Fig. 7d), they likely
play a greater role in the transient regional temperature re-
sponse at midlatitudes.

In summary, both CMIP5 and CMIP6 models on average
simulate positive shortwave CRE anomalies at SH midlati-
tudes in response to a poleward shift in the SH midlatitude jet,
an effect that is not present in observations (Fig. 5). This bias is
closely linked to the models’ overestimated sensitivity of
shortwave CRE to vertical velocity variations (Figs. 3a and 6c¢),
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underestimated sensitivity of shortwave CRE to EIS variations
(Figs. 3b, 6f, and 7a), and overestimated SST anomalies asso-
ciated with SH jet shifts (Figs. 61 and 7b). All three of these
problems remain persistent from CMIP5 to CMIP6 models,
resulting in little improvement in the magnitude of the short-
wave CRE anomalies associated with SH jet shifts from CMIP5
to CMIP6 models (Fig. 5d). While the cloud radiative anom-
alies associated with midlatitude jet shifts are not directly rel-
evant for ECS (Fig. 7d), they may still impact transient regional
surface temperature responses at midlatitudes (Fig. 8). In the
next section, we turn our attention to those midlatitude cloud
processes that are more closely linked to ECS.

5. Equilibrium climate sensitivity and midlatitude cloud
controlling factors

In this section, we briefly explore the relationship between
the sensitivities of CRE to the four midlatitude cloud con-
trolling factors in CMIP models (as detailed in section 3) with
ECS. In other words, we seek to understand whether models
with better representations of the observed CRE sensitivities
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FIG. 8. Correlations between the jet-CRE index (as shown in Fig. 5d) and the zonal-mean surface temperature
response to abrupt 4xCO, forcing for (a) CMIP5 models and (b) CMIP6 models. The response to abrupt 4xCO,
forcing is defined as the difference between the abrupt4xCO; scenario and the preindustrial control climatology.
Stippling indicates regions where the correlation coefficients are 95% statistically significant via a standard
Student’s ¢ test (fine stippling) and the Wilks (2016) methodology (bold stippling).

to the cloud controlling factors (Fig. 1, left column) necessarily
have higher or lower values of ECS. Figure 9 displays the
correlations between the ECS of each model and the sensitivity
of its shortwave CRE to variations in the four midlatitude
cloud controlling factors (as shown in Fig. 1). Correlations
between the ECS of each model and the sensitivity of its net
CRE (i.e., the sum of the shortwave and longwave compo-
nents) to variations in the cloud controlling factors are domi-
nated by the shortwave component, so we do not consider the
longwave component here.

Figure 9 reveals that there are few consistent correlations
between ECS and the cloud controlling factor sensitivities that
are significant (via a standard Student’s ¢ test) across both
CMIP5 and CMIP6 models, and none of the correlations are
significant according to the stricter Wilks (2016) methodology.
In interpreting Fig. 9, we focus again on only those relation-
ships that are robust across both the CMIP5 and CMIP6 gen-
erations of models, as it is less likely that these correlations
simply arise by chance. Many previous studies have highlighted
the important role of subtropical marine low cloud processes
in governing the intermodel spread in ECS (e.g., Bony and
Dufresne 2005; Soden and Vecchi 2011; Vial et al. 2013), so
unsurprisingly, there are some significant correlations between
the models’ ECS and their shortwave CRE sensitivities to
EIS and SST perturbations in subtropical low cloud regions.
Alternatively, Zelinka et al. (2020) recently concluded that, on
average, CMIP6 models have larger values of ECS than CMIP5
models because of changes in their low cloud sensitivity to SST
perturbations at SH midlatitudes. Consistent with this argu-
ment, Fig. 9h shows that CMIP6 models with larger increases in
shortwave CRE for a given SST increase at SH midlatitudes
generally have larger values of ECS, but such a relationship is
not present in CMIP5 models (Fig. 9g). Instead, we find here
that one of the significant correlations that is most consistent
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across both CMIP5 and CMIP6 models is between models’ ECS
and their shortwave CRE sensitivity to near-surface tempera-
ture advection perturbations near 40°S (Figs. 9e,f). This is ex-
plored further in Fig. 10. There are also some significant
correlations between models’ ECS and their shortwave CRE
sensitivity to EIS perturbations between 45° and 60°S in both
CMIP5 and CMIP6 models (Figs. 9c,d), but these correlations
are largely driven by a few outlier models (not shown).

Figure 10a shows the scatterplot between the ECS of each
model and its shortwave CRE sensitivity to near-surface tem-
perature advection perturbations at 40°S (as shown in Fig. 3c,
but for 40°S). Consistent with Figs. 9¢ and 91, a significant pos-
itive correlation exists for both CMIP5 (r = 0.38) and CMIP6
(r = 0.50) models. The observed shortwave CRE sensitivity to
near-surface temperature advection falls above the 80th per-
centile of model values (see also Fig. 3¢ for the 30°-60°S latitude
band). All but one model with temperature advection sensitiv-
ities equal to or greater than observations have values of ECS
greater than 3.25K. In contrast, the majority of models with
temperature advection sensitivities less than observations have
values of ECS between 2 and 4.5 K.

Figure 10b now examines the correlations of the models’
temperature advection sensitivities at 40°S (as plotted on the
abscissa in Fig. 10a) with the zonal-mean surface temperature
response to abrupt 4xCO, forcing at the same latitude. Recall
that in Fig. 8 we showed that, in the decade after an abrupt
quadrupling of atmospheric CO, concentrations, the zonal-
mean surface temperature response at this latitude reflects the
cloud radiative processes associated with a midlatitude jet
shift, which are closely linked to models’ shortwave CRE
sensitivities to EIS perturbations (Fig. 7a). Here in Fig. 10b we
show that, in the subsequent decades, the surface temperature
response in this latitude band becomes more strongly con-
trolled by the cloud radiative processes linked to models’



5882

JOURNAL OF CLIMATE

VOLUME 34

Correlations with Equilibrium Climate Sensitivity
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FIG. 9. Correlations between the equilibrium climate sensitivity and the sensitivities of shortwave CRE anom-
alies to four cloud-controlling factors (as shown in Fig. 1) across (left) 28 CMIP5 models and (right) 34 CMIP6
models. Stippling indicates regions where the correlation coefficients are 95% statistically significant via a standard
Student’s ¢ test. No regions are statistically significant via the Wilks (2016) methodology.

shortwave CRE sensitivities to near-surface temperature ad-
vection perturbations. Thus, the observed sensitivity of short-
wave CRE to EIS perturbations may help to constrain the
transient surface temperature response to climate change near
40°S (Figs. 8 and 10c), whereas the observed sensitivity of
shortwave CRE to near-surface temperature advection per-
turbations may help to constrain the longer-term surface
temperature response at SH midlatitudes (and possibly also
globally, as shown in Fig. 10a).

6. Conclusions

Cloud controlling factors serve as a useful framework for
understanding the large-scale dynamic and thermodynamic
processes responsible for driving observed cloud properties. In
this study, we examine the fidelity of CMIP6 models in rep-
resenting the observed sensitivities of midlatitude cloud radi-
ative properties to variations in four cloud controlling factors
(midtropospheric vertical velocity, EIS, near-surface temper-
ature advection, and SST) and assess any improvements rela-
tive to CMIP5 models. Overall, we find that both CMIP5 and
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CMIP6 models on average overestimate the sensitivity of
midlatitude CRE to perturbations in vertical velocity, and
underestimate the sensitivity of midlatitude shortwave CRE to
perturbations in EIS and near-surface temperature advection
(Figs. 1-3). Biases in the sensitivity of midlatitude shortwave
CRE to variations in SST vary by region (Figs. 2j.k). The
sensitivity of midlatitude CRE to perturbations in vertical
velocity—and to a lesser extent near-surface temperature ad-
vection—has improved in CMIP6 models relative to CMIP5
models (Figs. 2c,i).

The cloud controlling factor framework provides a useful
perspective for understanding the CRE anomalies associated
with a poleward shift in the SH midlatitude jet stream. When
the SH jet shifts poleward, models on average simulate de-
creased reflection of shortwave radiation by clouds in the re-
gion equatorward of the jet, an effect not seen in observations
(Fig. 5; GP14). This bias occurs in models for three reasons.
First, when the jet shifts poleward, anomalous subsidence
equatorward of the jet (Fig. 6a) promotes a decrease in high
cloud cover, but because the CRE in models are too sensitive
to vertical velocity perturbations (Fig. 3a), the associated
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Correlations with 40°S Surface Temperature Response
to Abrupt 4xCO, Forcing
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FI1G. 10. (a) Scatterplot of the sensitivity of shortwave CRE anomalies to near-surface temperature advection
perturbations at 40°S (as shown in Fig. 3¢, but for 40°S) vs equilibrium climate sensitivity. The vertical black dashed
line indicates the observed value of temperature advection sensitivity. Correlation coefficients that are 95% sta-
tistically significant via Student’s ¢ test are listed in bold type. (b) Correlations between the sensitivity of shortwave
CRE anomalies to near-surface temperature advection perturbations at 40°S [as plotted on the abscissa in (a)] and
the 40°S surface temperature response to abrupt 4xCO, forcing. The horizontal black dashed lines indicate the
magnitude above which the correlation coefficient is 95% statistically significant via Student’s ¢ test. (c) As in (b),
but for correlations between the sensitivity of shortwave CRE anomalies to EIS perturbations at 40°S (as shown in

Fig. 3b, but for 40°S) and the 40°S surface temperature response to abrupt 4xCO, forcing.

reduction in the reflection of shortwave radiation by clouds is
exaggerated in models compared to observations (Figs. 6b,c).
Second, when the jet shifts poleward, EIS increases in the re-
gion equatorward of the jet vacated by the high-topped storm-
track clouds (Fig. 6d), supporting an increase in low cloud
cover in this region. However, because the shortwave CRE in
models are not sensitive enough to EIS perturbations (Fig. 3b),
the associated increase in the reflection of shortwave radia-
tion by clouds is underestimated in models compared to
observations (Figs. 6e,f). Finally, when the jet shifts poleward,
SST increases in the region equatorward of the anomalous
subsidence (Fig. 6j), promoting a decrease in low cloud cover
in this region (Fig. 4h). Because models on average overes-
timate the SST anomalies associated with SH jet shifts
(Fig. 7b; Karpechko et al. 2009; Screen et al. 2010), the as-
sociated reduction in the reflection of shortwave radiation by
clouds is overestimated in models compared to observations
(Figs. 6k,l).

All three of these biases are widespread among CMIP5 and
CMIP6 models, so the cloud radiative anomalies associated
with SH midlatitude jet shifts remain biased in many CMIP6
models (Fig. 5d), despite improved representation of other
cloud processes relative to CMIP5 models. While these cloud
radiative anomalies are not large enough to impact the global-
mean surface temperature response to increasing atmospheric
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greenhouse gas concentrations (Fig. 7d), they play a role in
determining the transient surface temperature response near
40°S (Fig. 8). This is because the SH midlatitude jet responds
to increasing greenhouse gases on a much faster time scale
than the thermodynamic processes that govern the global-
mean surface temperature (Grise and Polvani 2017; Ceppi
et al. 2018).

We find a stronger relationship between the global-mean
surface temperature response (i.e., the climate sensitivity) and
the sensitivity of midlatitude shortwave CRE to variations in
near-surface temperature advection. Specifically, we find a
significant correlation between ECS and the models’ temper-
ature advection sensitivity near 40°S in both CMIPS5 and
CMIP6 models, with models with more realistic representa-
tions of the observed shortwave CRE sensitivity to near-
surface temperature advection generally having higher values
of ECS (Figs. 9 and 10). Although the correlation is robust in
both CMIP5 and CMIP6 models, correlations do not neces-
sarily imply causality, and future research will be necessary to
determine whether or not this linkage is physical in nature.

Overall, we conclude that constraining the sensitivities of
models’ CRE at midlatitudes to perturbations in EIS will help
to improve the representation of the cloud radiative anomalies
associated with midlatitude jet shifts (Fig. 7a), whereas con-
straining the sensitivities of models’ CRE to perturbations in
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near-surface temperature advection (particularly near 40°S)
may help to reduce the uncertainty in ECS (Fig. 10a). We note
that this conclusion is in some contrast to that of Zelinka et al.
(2018), who found that the sensitivity of low cloud cover to
perturbations in near-surface temperature advection over the
North Pacific basin was more important for determining the
cloud radiative anomalies associated with a North Pacific jet
shift. Similar to the results shown in section 4 for the SH mid-
latitude jet, we have verified that the intermodel spread in the
shortwave CRE anomalies (30°-60°N) associated with North
Pacific jet shifts is significantly correlated with the models’
sensitivities to perturbations in EIS, but not near-surface tem-
perature advection (not shown). However, when focusing only
on the easternmost North Pacific basin [as Zelinka et al. (2018)
do], we do find a significant correlation between the shortwave
CRE anomalies associated with North Pacific jet shifts and the
models’ sensitivities to perturbations in near-surface tempera-
ture advection, but only during summer months.

Zelinka et al. (2018) also conclude that the sensitivities of
low cloud cover to perturbations in EIS and SST are more
important for determining the climate change response, as the
response of midlatitude near-surface temperature advection to
climate change is smaller than that of the other cloud con-
trolling factors (see Fig. 3 of Zelinka et al. 2020). Nevertheless,
improving the sensitivity of models’ CRE to short-term vari-
ability in temperature advection could still be important, as it
may serve as an indirect proxy for other more direct processes
that control ECS. The results of this study have revealed that
CMIP6 models remain biased in how their midlatitude cloud
radiative properties respond to variations in both EIS and
near-surface temperature advection, and both Zelinka et al.
(2018) and our study agree that improving these sensitivities
will be important for more accurate modeling of the cloud
radiative processes associated with midlatitude jet shifts and
with climate change.
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