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Abstract Physical process‐based two‐moment cloud microphysical parameterizations, in which effective
cloud particle size evolves prognostically with climate change, have recently been incorporated into global
climate models. The impacts of cloud particle‐size change on the cloud feedback, however, have never been
explicitly quantified. Here we develop a partial radiative perturbation‐based method to estimate the cloud
feedback associated with particle‐size changes in the Community Earth System Model. We find an increase
of cloud particle size in the upper troposphere in response to an instantaneous doubling of atmospheric CO2.
The associated net, shortwave, and longwave cloud feedbacks are estimated to be 0.18, 0.33, and−0.15Wm−2

K−1, respectively. The cloud particle‐size feedback is dominated by its shortwave component with a
maximum greater than 1.0 Wm−2 K−1 in the tropics and the Southern Ocean. We suggest that the cloud
particle‐size feedback is an underappreciated contributor to the spread of cloud feedback and climate
sensitivity among current models.

Plain Language Summary Effects of clouds on Earth's radiation budget vary with their spatial
and temporal distribution and their physical properties, including water content and its partitioning
between liquid and ice, and cloud particle size. Changes in cloud distribution and physical properties can
amplify or damp anthropogenic global warming and is the largest source of uncertainty in predictions of
future climate. The simulation of cloud physical properties in climate models is limited due to a lack of
understanding from theory and observations about what controls these properties. Recent progress has been
made in some models to predict cloud particle sizes based on physical processes. In this study, we find an
increase of cloud particle size in response to anthropogenic warming and estimate the resulting cloud
radiative effects. The larger particles increase scattering of solar radiation in the downward direction leading
to an amplification of surface warming. We suggest cloud particle‐size changes play a role in the large spread
of warming in model predictions of future climate.

1. Introduction

Cloud feedback, the change in top‐of‐atmosphere radiative flux resulting from the cloud response to
warming, ranges in amplitude from weakly negative to strongly positive (−0.13 to +1.24 W·m−2·K−1)
in current climate models and has been identified as the main contributor to the spread of model‐based
estimates of climate sensitivity (Ceppi et al., 2017). The uncertainty in cloud feedback arises from the
complex nature of cloud processes, which occur in multiple cloud regimes and have complicated inter-
actions with various radiative, dynamical, and thermodynamic processes including subgrid scale turbu-
lence and cloud microphysics (see Gettelman & Sherwood, 2016, for a review). Decomposing the
cloud feedback into contributions from changes in cloud properties provides valuable insights into the
physical causes of cloud feedback and its uncertainty in current models (Colman et al., 2001; Zelinka
et al., 2012). Previous analyses have demonstrated that the cloud feedback is determined by a number
of processes including a lifting of free‐tropospheric clouds, a decrease of low‐cloud amounts at low to
middle latitudes, and an increase in low‐cloud optical depth at middle to high latitudes (Ceppi et al.,
2017). Cloud optical depth changes have been further linked to variations in cloud phase and water con-
tent (Zelinka et al., 2012).

The role of cloud particle size in the determination of cloud optical properties has long been studied (e.g.,
Ebert & Curry, 1992; Slingo, 1988; Slingo, 1990; Stephens, 1978), and changes in cloud particle size have
been suggested as an important feedback for simulating extreme warm conditions in the past hothouse cli-
mate of the Eocene (Kiehl & Shields, 2013; Zhu et al., 2019). Clouds that contain smaller particles are known
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to have a larger albedo and smaller infrared emissivity (Liou, 2002). Nonetheless, the processes that control
cloud particle size are not well understood, making their incorporation in global climate models a challenge.
In most of the early models, particle size was prescribed and invariable (e.g., Kiehl, 1994), precluding a cloud
particle‐size feedback. In other models, the effective cloud particle size was parameterized as a function of
cloud water content and aerosol number concentration (Martin et al., 1994). In recent years, physical pro-
cess‐based two‐moment cloud microphysical parameterizations have been developed and implemented into
climate models (e.g., Gettelman et al., 2008; Lohmann et al., 2007; Salzmann et al., 2010). These two‐
moment cloud microphysical schemes increase the degrees of freedom in the system, predicting both cloud
water mixing ratio and droplet number concentration. Effective cloud particle size for radiation calculations
is diagnosed from cloud water and particle number and allowed to evolve with climate. However, the effects
on the cloud feedback from particle‐size changes remain to be quantified in climate models with a two‐
moment cloud microphysical scheme.

In the present study, we develop a method based on the partial radiative perturbation (PRP; Colman et al.,
2001; Wetherald & Manabe, 1988; Zhu et al., 2019) to quantify the strength of cloud particle‐size feedback
in the Community Earth System Model Version 1.2 (CESM1.2; Hurrell et al., 2013). The Community
Atmosphere Model Version 5 (CAM5) in CESM1.2 has a two‐moment cloud microphysical scheme that
enables the mean cloud particle size to evolve based on physical processes (Gettelman et al., 2008). Our
results show an increase of cloud liquid and ice particle size in response to warming caused by an instanta-
neous doubling of atmospheric CO2 concentration. The associated shortwave and longwave cloud particle‐
size feedbacks from PRP calculations are approximately 0.33 and −0.15 W·m−2·K−1, respectively, resulting
in a net feedback of 0.18 W·m−2·K−1. Given the magnitude of the net feedback, the cloud particle‐size feed-
back seems to be an underappreciated contributor to the spread of cloud feedbacks and climate sensitivity in
current models.

2. Model, Experiments, and Method

We employ the CESM1.2 with a horizontal resolution of 1.9° × 2.5° (latitude × longitude) for the atmo-
sphere and land and a nominal 1° for the sea ice and ocean. The atmosphere model, CAM5, has 30 hybrid
sigma‐pressure levels. We first conducted two coupled slab ocean model (SOM) simulations: one with a
preindustrial CO2 concentration of 284.7 ppmv and the other with a CO2 concentration twice that value
(hereafter PI and 2×CO2). Other boundary conditions are identical between the two simulations, including
the mixed layer depth and heat transport convergence, which were prescribed from a fully coupled prein-
dustrial simulation with dynamic ocean (Bitz et al., 2011). Aerosol emissions were fixed at the preindus-
trial levels. Our SOM simulations were integrated for 60 years to allow the model to reach equilibrium.
We then conducted two parallel atmosphere‐only simulations forced with CO2 concentrations and
monthly sea surface temperature and sea‐ice cover averaged over the last 30 years from the corresponding
coupled SOM simulations. These atmosphere‐only simulations were used to generate 10 model years of high
frequency fields required for offline radiation calculations. The instantaneous model fields were sampled
every 25 model steps (12.5 hr). The sampling length and interval were chosen in consideration of data size,
to capture interannual variability and to provide equal sampling of the zenith angle (Conley et al., 2013). All
the offline radiation calculations were done using the Parallel Offline Radiative Transfer tool released
together with CESM (Conley et al., 2013). The International Satellite Cloud Climatology Project simulator
in CAM5 was turned on to allow the application of a radiative kernel method (Kay et al., 2012; Zelinka
et al., 2012).

We first calculate the total cloud feedback following the standard “two‐way” PRP method (Colman et al.,
2001; Wetherald & Manabe, 1988; Zhu et al., 2019). Four offline radiation calculations were carried out to
compute the top of the atmosphere (TOA) net radiation flux (Ri,j). Here i and j indicate noncloud (i) and
cloud (j) radiation fields taken from either our PI (1) or 2×CO2 (2) experiments, respectively. For example,
R1,2 denotes the net TOA radiation in the offline calculation driven by fields from the PI experiment but
with all cloud‐related fields substituted from the 2×CO2 experiment. The net cloud feedback is
calculated as

λcld ¼
R1;2−R1;1
� �þ R2;2−R2;1

� �

2ΔT
: (1)
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Here ΔT is the difference in global mean surface temperature between PI and 2×CO2. Note that this method
is an average of two substitutions, the cloud‐related fields of 2×CO2 into the PI experiment (1,2) and the PI
cloud‐related fields into the 2×CO2 experiment (2,1). This two‐way substitution of cloud fields is performed
to remove effects from correlation between cloud and other radiation fields that could contaminant the esti-
mated cloud feedback strength (Colman et al., 2001).

Additional offline radiation calculations were conducted to quantify the feedback from changes in cloud par-
ticle size. To illustrate the procedure, we introduce another subscript, k, to our notation of the TOA radiation
flux (Ri,j(k)), which indicates the experiment from which the cloud particle‐size field was taken. For example,
R1,2(1) denotes the net radiation from offline calculation driven by noncloud fields from the PI experiment,
cloud fields from the 2×CO2 experiment, and cloud particle sizes substituted from the PI experiment. The
cloud particle‐size feedback can be estimated as

λr ¼
R1;2 2ð Þ−R1;2 1ð Þ
� �þ R2;1 2ð Þ−R2;1 1ð Þ

� �þ R1;1 2ð Þ−R1;1 1ð Þ
� �þ R2;2 2ð Þ−R2;2 1ð Þ

� �

4ΔT
: (2)

Maximum number of possible substitutions are performed here to remove effects from correlation between
cloud particle size and other radiation fields.

It is challenging to substitute a single cloud field in one simulation with that from another. For a particular
model grid point and time, clouds could exist in one simulation but not the other. Even when there are clouds
in both simulations, the cloud characteristics (e.g., stratiform vs. convective cloud, cloud water content, and
phase) could be very different. It is usually inappropriate to simply swap cloud fields (such as cloud particle
sizes), because the radiative effects rely strongly on the combination of the cloud characteristics. To overcome
this challenge, we developed a probability density function‐based approach to substitute cloud particle size
between two different simulations. We first divide the globe into small subdomains to avoid substitutions
of particle sizes between different cloud regimes. We next calculate for both simulations cloud particle size
distributionwithin the same subdomain at each time step of the offline radiation calculation. Tomake a cloud
particle‐size substitution within a subdomain as in equation (2), we replace the particle sizes in one simula-
tion with those in the other simulation based on their percentile in the particle size distribution. This statis-
tical approach has the advantage of substituting perfectly the distribution of particle size within a chosen
subdomain and preserves the intrinsic relationships between the cloud particle size and the other cloud vari-
ables and environmental states. Tomaintain the three‐dimensional large‐scale structure of the cloud particle‐
size distribution (see Figure 1 and related discussion in section 3) and to ensure enough cloud samples, we
have used a subdomain size with a latitude band of ~7.5° and a height of three vertical levels. Resampling
from a reasonably large subdomain also helps to remove the effect from potential shifts of cloud fields in
the latitudinal and vertical direction and obtain the effect from the cloud particle‐size changes. The results
show a small dependence on subdomain size (less than ~5%; supporting information Table S1). Note that
radiation code inCAM5 assumes a gammadistribution of cloud particle size that has intercept and slope para-
meters. In this case, an effective particle size is first calculated from the parameters. Intercept and slope para-
meters are then substituted based on the distribution of the calculated effective particle size. This probability
density function‐based substitution is done for liquid, ice, and snow particles separately.

3. Cloud Particle‐Size Increase With Warming

Figure 1 shows the zonalmean effective cloud particle sizes versus pressure for each simulation. Zonal means
were calculated for model grid points with a cloud liquid or ice water mixing ratio greater than 10−5. The lar-
gest liquid cloud particles, with radii of ~13 μm, are found in the upper troposphere in the tropics. Secondary
maximum centers are located in the troposphere over the subtropics and midlatitudes in both hemispheres.
There exists a north‐south asymmetry in liquid cloud particle size with values over the Southern Hemisphere
midlatitudes larger by 1–2 μm than those over theNorthernHemisphere, likely related to the different aerosol
concentrations. The effective radius of cloud ice particles in CAM5 ranges approximately from 30 to 90 μm. In
the midtroposphere to upper troposphere, ice particle size varies less with latitude and has maximum values
over the tropics. These distributions of cloud particle sizes broadly agree with observations, given the large
uncertainty in satellite retrievals of cloud particle sizes (Gettelman et al., 2008; Kay et al., 2012).

10.1029/2019GL083829Geophysical Research Letters

ZHU AND POULSEN 10,912



Our simulations exhibit an overall increase in the effective radius of cloud liquid and ice particles with
warming. In the 2×CO2 experiment, the effective radius of liquid droplets increases by more than 1 μm
at higher altitudes (Figures 1b and 1c). Over the lower latitudes (~30°S–30°N), there is an indication of
an upward shift of the maximum center of effective radius, as a result of the upward movement of clouds

with warming. The secondary maximum centers in liquid droplet size at
midlatitudes show greater values and expand upward and poleward,
occupying much more space than in the PI experiment. The effective
radius of cloud ice particles increases by ~5 μm, shifting upward with
warming in the 2×CO2 experiment. There are changes with mixed signs
in ice particle size over the lower troposphere, which, we speculate, have
less radiative impact because of the low ice water content and coverage at
the lower altitude.

4. A Cloud Particle‐Size Feedback

The net cloud feedback (λcld; equation (1)) from our PRP calculations
is 0.60 W·m−2·K−1 with a year‐to‐year standard deviation of 0.05
W·m−2·K−1 (Table 1). The shortwave and longwave components are
0.46 ± 0.03 and 0.14 ± 0.04 W·m−2·K−1, respectively. The PRP

Figure 1. Zonal mean effective radius of cloud liquid droplets versus pressure in the preindustrial (a) and the 2×CO2
(b) experiments and the difference between them (c). (d)–(f) Same as (a)–(c) but for the effective radius of cloud ice
particles. Zonal means are constructed for model grid points with cloud liquid/ice water mixing ratio greater than 10–5.
Differences in (c) and (f) that are insignificant at the 95% confidence level are stippled. Units are in micrometers (10–6 m).
Note that cloud particle radii are from the microphysical scheme of stratiform processes, not including part of the
contribution from convective clouds (see section 5).

Table 1
List of Total Cloud Feedback (λcld) and the Cloud Particle‐Size Feedback
(λr) Estimated From Partial Radiative Perturbation Method

Component λcld λr

λcld
(Pendergrass
kernels)

λcld
(Zelinka
kernels)

Net 0.60 (0.05) 0.18 (0.02) 0.62 0.62
SW 0.46 (0.03) 0.33 (0.02) 0.42 0.70
LW 0.14 (0.04) –0.15 (0.00) 0.20 –0.09

Note. The feedback is further decomposed into shortwave (SW) and long-
wave (LW) components. Total cloud feedback calculated from radiative
kernels (the CAM5 kernels from Pendergrass et al., 2018, and the multi-
model kernels from Zelinka et al., 2012) is also listed for comparison.
Values in parentheses are the year‐to‐year standard deviation from 10
years of data. Units are in watts per square meter per kelvin.
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results agree remarkably well with values using the radiative kernels developed for CAM5 (difference <
0.06 W·m−2·K−1; Pendergrass et al., 2018). Using a set of radiative kernels from Zelinka et al. (2012), the
difference is as large as 0.24 W·m−2·K−1 for shortwave and longwave components and serves as a
caution against using radiative kernels from different atmospheric models.

The spatial distribution of the net cloud feedback and its shortwave and longwave components are shown in
Figures 2 and 3a–3c. The net cloud feedback is overall positive with negative values (−0.2–1.2 W·m−2·K–1)
over high latitudes. The net cloud feedback is dominated by its shortwave component over most regions,
except for the tropics where there is a strong positive longwave feedback likely associated with the lifting
of clouds to higher altitudes (Ceppi et al., 2017). The shortwave cloud feedback is dominated by positive
values in stratus and stratocumulus cloud regimes, that is, the subtropical oceans where there is large‐scale
subsidence and the storm track regions. These features generally agree with previous studies (Ceppi et al.,
2017; Gettelman et al., 2012; Zelinka et al., 2012).

Our results suggest an important contribution from changes in cloud particle size to the cloud feedback. The
PRP calculations show a positive cloud particle‐size feedback of 0.18 ± 0.02 W·m−2·K−1, resulting from a
shortwave component of 0.33 ± 0.02 W·m−2·K−1 and an offsetting longwave component of −0.15 ± 0.02
W·m−2·K−1 (Table 1). The net cloud particle‐size feedback is nearly one third of the total cloud feedback
(0.60 W·m−2·K−1) in CESM. The shortwave component accounts for approximately 70% of the total short-
wave cloud feedback, although there are competing effects from changes in cloud amount, height, and
other optical properties (Ceppi et al., 2017; Colman et al., 2001). Similar to the net cloud feedback, the

Figure 2. (a) Zonal mean total cloud feedback (black) and the cloud particle‐size feedback (red) estimated from the partial
radiative perturbation method. (b) As in (a) but for the shortwave component. (c) As in (a) but for the longwave compo-
nent. Zonal means are plotted against the sine of latitude. Units are in watts per square meter per kelvin. Note that the
range on the y axis differs between subplots.

10.1029/2019GL083829Geophysical Research Letters

ZHU AND POULSEN 10,914



cloud particle‐size feedback is dominated by its shortwave component, which is greatest in the tropics and
the storm track regions with values reaching 1.0 W·m−2·K−1 (Figure 2). The particle‐size feedback in the
Southern Hemisphere is greater than in the Northern Hemisphere, consistent with the north‐south
asymmetric changes in liquid droplet size (Figure 1c). The longwave component of cloud particle‐size
feedback is negative everywhere and exhibits minimum values of −0.4 W·m−2·K−1 in the tropics. The
cloud particle‐size feedback has some seasonal variation, moving with the seasonal shift of the
Intertropical Convergence Zone and storm tracks (figure not shown).

The spatial distribution of the cloud particle‐size feedback is shown in Figures 3d–3f. Over the tropics, the
shortwave cloud particle‐size feedback resembles the spatial distribution of the Intertropical Convergence
Zone and has a maximum value of approximately 1.0 W·m−2·K−1. The shortwave cloud particle‐size feed-
back is 0.2–0.4 and 0.8–1.0 W·m−2·K−1 over the Northern Hemisphere midlatitude storm track regions
and the Southern Ocean high latitudes, respectively. The longwave cloud particle‐size feedback is negligible
over most of the regions except for the tropics, where a negative feedback reaches−0.6 W·m−2·K−1. The spa-
tial distribution of the cloud particle‐size feedback is consistent with the increase in particle size (Figure 1).

5. Conclusions and Discussion

In this study, we find an increase in the effective radius of cloud liquid and ice particles with warming in the
CESM1.2, a model that allows cloud particle size to evolve physically with climate. In response to an instan-
taneous doubling of atmospheric CO2, average effective size of liquid cloud particles increases bymore than 1

Figure 3. (a) Net cloud feedback estimated from the partial radiative perturbation method and (b) its shortwave and (c)
longwave components. (d)–(f) As in (a)–(c) but for the cloud particle‐size feedback. Units are in watts per square meter
per kelvin.
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μm in the extratropical and tropical upper troposphere. The average ice particle size also increases with
warming by ~5 μm in the upper troposphere. These increases in cloud particle sizes produce more scattering
of radiation in the forward direction. The associated radiative effects are quantified using a PRP‐based
method. It is found that the particle‐size changes contribute to a substantial part of the cloud feedback, with
a net, shortwave, and longwave feedback strengths of 0.18, 0.33, and −0.15 W·m−2·K−1, respectively. The
shortwave cloud particle‐size feedback is positive everywhere with maxima are greater than 1.0 W·m−2·K−1

in the tropics and the Southern Ocean. The longwave cloud particle‐size feedback is negative and most
significant in the tropics where its magnitude is approximately −0.6 W·m−2·K−1. Further calculations using
CESM suggest a net downward radiative flux at the TOA of approximately 1.2 W·m−2·μm−1 uniform increase
in cloud liquid droplet size (Text S1 and Figure S1). We suggest that the net cloud particle‐size feedback acts to
increase the climate sensitivity in CESM1.2, as compared to its predecessors in which cloud particle sizes are
prescribed and invariant with climate change (Kiehl, 1994).

The cloud particle‐size feedback has likely contributed to the large spread in cloud feedback among current
models. The cloud particle‐size feedback is absent in climate models that prescribe cloud particle size. In
models allowing cloud particle size to evolve with climate, the strength of the feedback will depend on
the details of the particle‐size changes, which, in turn, are closely related to the model physical parameter-
izations. We emphasize that radiative effects from cloud particle‐size changes are intricate and multidimen-
sional, relying on environmental variables and various cloud physical properties, and a comprehensive
calculation using three‐dimensional general circulations models are required in order to quantify its net
contribution to cloud feedback. Further work is needed to investigate the model‐ and parameterization‐
dependence of the cloud particle‐size feedback. An examination of the newer CESM2 (CAM6) suggests a
much larger particle size and greater response to CO2 forcing than those in CESM1.2 (Figure S2), indicating
an important role for cloud particle‐size changes to the higher climate sensitivity in CESM2 (Gettelman et
al., 2019).

The increase of cloud particle size in CESM1.2 with warming results from the greater rate of increase of in‐
cloud water content than that of the particle number concentration (Figure S3). The relatively small changes
(<20%) in cloud particle number concentration are likely related to the prescribed preindustrial aerosol emis-
sions in our experiments. These results imply that the positive cloud particle‐size feedback identified our
experiments acts to compensate the negative cloud feedback from water‐content increase; this compensation
would be absent if the cloud particle size is prescribed. We note that the cloud particle radii in Figure 1 are
from the microphysical scheme of stratiform processes and does not include the contribution from convec-
tive clouds. CAM5 assumes that convective clouds have the same particle size as stratiform clouds in the
same layer. If stratus clouds do not exist in the same layer, CAM5 specifies an effective radius of ~16.5 μm
for liquid droplets, a value that is usually larger than the droplet size from the stratiform scheme
(Gettelman et al., 2008; Park et al., 2014). Therefore, an increased frequency of convective clouds in regions
without stratus clouds could be another source for the overall droplet size increases (see Figure S4 for plots of
probability density function of droplet size that have accounted for the convective clouds). Although the
cloud particle‐size feedback in our calculation includes the fast cloud adjustment to CO2, it is dominated
by the sea surface temperature‐mediated change, as the fast adjustment in cloud particle size is negligible
(Text S2 and Figure S5). Further observational and theoretical studies are needed to investigate the changes
of cloud particle size and number concentration with warming, including the magnitude and spatial pattern,
which are critical for better parameterization of cloud particle sizes in global climate models.

Our study identifies a cloud droplet‐size feedback that has been underappreciated as a contributor to the total
cloud feedback and to the spread of cloud feedbacks and climate sensitivity among current models. Our PRP‐
based method of diagnosing contributions to the cloud feedback from cloud droplet‐size changes has the
potential to be extended to quantify cloud feedbacks associated with other cloud properties, which is the goal
of our ongoing work.
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