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Abstract we investigate the effects of physical parameterizations on cloud feedback uncertainty in
response to climate change. For this purpose, we construct an ensemble of eight aquaplanet simulations
using the Weather Research and Forecasting (WRF) model. In each WRF-derived simulation, we replace only
one parameterization at a time while all other parameters remain identical. By doing so, we aim to (i)
reproduce cloud feedback uncertainty from state-of-the-art climate models and (ii) understand how
parametrizations impact cloud feedbacks. Our results demonstrate that this ensemble of WRF simulations,
which differ only in physical parameterizations, replicates the range of cloud feedback uncertainty found in
state-of-the-art climate models. We show that microphysics and convective parameterizations govern the
magnitude and sign of cloud feedbacks, mostly due to tropical low-level clouds in subsidence regimes.
Finally, this study highlights the advantages of using WRF to analyze cloud feedback mechanisms owing to its
plug-and-play parameterization capability.

1. Introduction

A fundamental goal of climate science is to characterize the equilibrium response of the global near-surface
temperature to the change in radiative forcing at the top of the atmosphere as a result of anthropogenic
activity. One way to address this question is to analyze equilibrium climate sensitivity, defined as a change
in the equilibrium near-surface global average temperature per doubling of the CO, concentration with
respect to the preindustrial levels (e.g., Gregory et al., 2004). Since the 1970s, general circulation models
(GCMs) have been used as the primary tool in these analyses (e.g., Cess et al., 1990; Charney et al., 1979;
Randall et al., 2007). Yet the uncertainty of climate sensitivity has not been reduced despite the tremendous
development and increased complexity of GCMs since the early days (e.g., Flato et al., 2013; Knutti &
Hegerl, 2008).

Ample evidence shows that cloud feedbacks, in particular that of tropical low-level clouds, dominate this
uncertainty (e.g., Vial et al., 2013; Zelinka et al., 2013). The reason for this is most likely the difficulty to
parameterize the subgrid variability of low-level clouds and consequently the inability of GCMs to properly
simulate them (e.g., Bretherton et al., 2013). Because GCMs differ in many respects (e.g., subgrid-scale physi-
cal processes, dynamical core, numerical discretization, and resolution), the multimodel approach often used
to analyze cloud feedbacks (e.g., Andrews et al., 2012) does not clearly identify key processes driving the
cloud feedback uncertainty.

Other studies have attempted to shed light on this problem by perturbing cloud-related parameters (e.g.,
Brient & Bony, 2012; Tan et al., 2016), by interchanging parameterizations of cloud physical processes in a
single GCM (e.g., Gettelman et al., 2012; Watanabe et al., 2012; Zhao et al,, 2016), or a combination of both
(Shiogama et al., 2014). While being very informative on the sensitivity of one particular GCM to specific para-
meters, results from the cloud-related parameters studies are often not relevant to explaining the intermodel
diversity. The multiple-parameterization studies give a broader picture by investigating physical processes,
which can be applied to all GCMs. In these studies, swapping physical schemes in a GCM produces significant
variability in cloud feedbacks, as in classic multimodel studies. This makes it easier to identify the primary
mechanisms driving the uncertainty in cloud feedbacks. However, such studies are challenging to conduct
because of (i) the difficulty of implementing various physical parameterizations in a GCM, including the tun-
ing process to achieve radiative balance, and (ii) the computational cost of running all Earth-like simulations
for several decades.
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In this work, we study how sensitive simulated cloud feedbacks are to physical parameterizations. For this, we
use the Weather Research and Forecasting (WRF) model. WRF is built in a way that permits to select from
many different parameterizations for each physical category, such as microphysics, convection, planetary
boundary layer, and radiation. Therefore, several thousand combinations can be generated without the
tedious work of implementing and testing new parameterizations contrary to conventional GCMs used in
previous studies. To understand which physical category is most responsible for uncertainty of clouds and
cloud feedback, we perform multiple WRF simulations with different sets of parameterizations.

We employ the framework of aquaplanet simulations, in which interactions with the land surface, oceans, and
cryosphere are suppressed, thus removing their responses to global warming. This reduces the computa-
tional cost of simulations compared to Earth-like simulations and allows us to focus on the atmospheric com-
ponent of the Earth’s system and, in turn, to diminish the degree of complexity of the problem. Furthermore,
running different WRF aquaplanet simulations is easier and faster than Earth-like configurations as no specific
tuning is required and 1 year long runs are sufficient for cloud feedbacks analysis (Medeiros et al., 2015). The
aquaplanet framework has proven to be useful for understanding behavior of clouds in GCMs (e.g., Levine &
Schneider, 2011; Medeiros et al., 2015), as the cloud feedbacks are similar to that of their Earth-like counter-
parts (Medeiros et al., 2008).

The main goal of this paper is to highlight the usefulness of the WRF model for studying cloud feedbacks by
leveraging its plug-and-play parameterization capability. To this end, we investigate whether changes in phy-
sical parameterizations are sufficient to reproduce Coupled Model Intercomparison Project Phase 5 (CMIP5)
intermodel variability in cloud feedbacks. We then analyze the impact of these parameterizations on the sign
and magnitude of cloud feedbacks. The paper is organized as follows. In section 2, we describe the experi-
ments and the model ensembles. In section 3, we examine the variability of clouds and cloud feedbacks in
WRF and CMIP5 simulations. We summarize the results in section 4.

2. Aquaplanet Experiment

Following the Aqua-Planet Experiment project (APE, Williamson et al., 2012), we perform two sets of eight
simulations each, using WRF version 3.5.1 of the Advanced Research WRF core: a control experiment with
zonally symmetric prescribed sea surface temperature (SST) referred to as Control, as in APE, and a warmer
experiment with uniformly +4K increased SST simulations referred to as 4K. WRF model is run on 1° x 1° reg-
ular latitude-longitude projection with a 40-level stretched vertical grid and a time step of 200 s. Our setup
closely follows the one described in Bhattacharya et al. (2017). Orbital parameters are set to perpetual equi-
nox conditions with a fixed solar constant, but the diurnal cycle is retained. Aerosol and ozone concentrations
are zonally symmetric and close to the values found over the oceans in the current climate. The simulations
are initialized with zonally symmetric initial conditions. We allow 4 months of spin-up before analyzing 1 year
of monthly mean data, which appears sufficient for our purpose (Medeiros et al., 2016). More details about
the experimental setup are given in the supporting information (SI; Text S1). Both Control and 4K experiments
consist of a standard (St) and seven other WRF simulations using different parameterizations to represent the
diversity of state-of-the-art GCM parameterizations as much as possible (see Table S1). Each member of a
given experiment differs from St by only one parameterization. In the St simulation, microphysical processes
are modeled with the WRF single moment microphysical scheme with six classes of hydrometeors (Hong &
Lim, 2006). The convection scheme is based on the U.S. National Weather Service Global Forecasting (GFS)
and essentially uses Arakawa and Schubert’s (1974) framework, GFS(AS). The planetary boundary layer para-
meterization is based on the Mellor-Yamada-Nino-Nakanishi (Nakanishi & Niino, 2004) level 3 scheme. Finally,
the radiative scheme follows the RRTMG model (lacono et al., 2008). In addition, we employ the Xu and
Randall (1996) cloud scheme to produce subgrid-scale cloud variability and to compute radiation fluxes
and cloud diagnostics. Below are listed the other seven simulations, which differ from St by only one parame-
terization. The MPwdm and MPmor use different microphysics schemes: the WRF Double Moment-6 class
scheme (MPwdm, Lim & Hong, 2010) and the Morrison scheme (Morrison et al., 2009), respectively. In COkf
and COtie simulations, we change the convective schemes based on the modified Kain-Fritsch (Kain, 2004)
and Tiedtke scheme (Tiedtke, 1989), respectively. In the PBLnn2 and PBLysu, we use the boundary layer para-
meterization from Mellor-Yamada-Nino-Nakanishi schemes level 2.5 (PBLnn2, Nakanishi & Niino, 2004) and
from the Yonsei University (Hong et al., 2006). The last simulation, RAcam, uses the radiation scheme
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Figure 1. Zonal mean (x axis, °N) profiles (y axis, hPa) of CF (shading, %) simulated by (a-h) eight WRF configurations (pink box) and (i-n) six CMIP5 models (gray box)
as well as their (p, ) multimodel mean and (o, r) standard deviation normalized by the mean (green box). Note that for Figure 10 and Figure 1r, we excluded grid cells
where the mean was lower than 1% (white areas). The horizontal black dashed lines separate the low- and middle-level clouds (680 hPa) and middle- and high-level

clouds (440 hPa).

based on the CAM model (Collins et al., 2004). Note that all three convection schemes represent shallow and
deep convection.

We then compare the WRF Control and 4K experiments to six CMIP5 models: the Max Planck Institute-Earth
System Model-Low Resolution (MPI-ESM-LR), the Institut Pierre Simon Laplace Coupled Model version 5A
(IPSL-CM5A), the Model for Interdisciplinary Research on Climate version 5, the Flexible Global Ocean-
Atmosphere-Land System model, grid point version 2, the Centre National de Recherches Météorologiques
Coupled Model version 5 (CNRM-CM5), and the Meteorological Research Institute Coupled General
Circulation Model version 3.

One of the key differences between the CMIP5 and WRF aquaplanet simulations is that the former are usually
tuned to match observed fluxes at the top of the atmosphere (TOA) in Earth-like simulations (e.g., Hourdin
etal., 2017), while no specific tuning is performed for WRF simulations. Nevertheless, the energy is conserved,
and the steady state is reached in WRF simulations as described in supporting information (Text S2).
Moreover, the WRF and CMIP5 ensembles show similar mean state dynamics and cloud fraction (Text S3
and Figures S3 and S4), zonal structure of TOA radiative fluxes, and global thermodynamic properties of
the atmosphere (not shown). All WRF and CMIP5 simulations are projected onto the same 2.5° x 2.5° spatial
grid and the 40 WRF vertical levels to facilitate the comparison. CMIP5 simulations are 4 years long as com-
pared to 1 year for WRF. Yet their interannual variation is negligible and using a specific year rather than all
4 years does not impact the results (e.g., Figure S5).
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Figure 2. Same as Figure 1 for CF differences between 4K and Control experiments (STDs are not normalized).

3. Results

Throughout this analysis, we will often refer to three regions: the tropics, the midlatitudes, and the polar
regions defined as being, respectively, equatorward of 30°, between 30° and 60°, and poleward of 60° and
to three cloud layers: low-level (P > 680 hPa), middle-level (680 hPa > P > 440 hPa), and high-level
(P < 440 hPa) clouds.

3.1. Cloud Structure in the Control Experiment

We first investigate to what extent the zonal mean cloud fraction (CF) profiles in the WRF ensemble agree
with the CMIP5 ensemble (Figure 1). In the tropics, substantial cloudiness extends across most of the tropo-
sphere in both ensembles except for IPSL and MPI models, which simulate very few low level clouds
(Figures 11 and 1n). On the one hand, the pattern of tropical clouds is mostly modulated by convective
schemes. For example, WRF simulations using GFS convective scheme produce a significant amount of
clouds in the middle and high levels but very little below (Figures 1a-1c and 1f-1h). On the contrary, the
COkf simulation (Figure 1d) shows clouds only in the high level while the COtie simulation (Figure 1e) also
predicts significant low-level clouds compared to GFS scheme simulations. On the other hand, the amount
of cloud seems sensitive to microphysics parameterizations, according to the larger CF found in the
MPmor simulation (Figure 1b). At middle latitudes and in polar regions, CMIP5 models show slightly greater
intermodel variability, likely because the standard microphysics parameterization limits the formation of
ice clouds.

In conclusion, the amount of cloudiness may be slightly different between WRF and CMIP5 ensembles but
their overall pattern is fairly similar (Figure 1p versus Figure 1q). Furthermore, they both show similar ranges
of variability, particularly for tropical clouds (Figure 1o versus Figure 1r; also see Text S3 and Figure S4).
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Figure 3. SW (blue), LW (red), and net (black bars) cloud feedbacks (y axis W m~2K™") in WRF and CMIP5 simulations (x

axis) for (a) the global domain, (b) the midlatitudes and polar regions, (c) the tropics, and (d) the subsidence regimes in
the tropics.

3.2. Cloud Response to SST Increase

To understand how models respond to an idealized climate change, Figure 2 shows zonal profiles of cloud
response to a uniform +4K SST increase for all WRF and CMIP5 simulations. In the tropics, most WRF and
CMIP5 simulations show a substantial decrease in middle- and high-level clouds below ~200 hPa alongside
an increase of very high level clouds above around 200 hPa generated by a deepening of the troposphere.
The cloud top height increases, because the temperature of the tropopause must remain constant, following
the fixed anvil temperature hypothesis (Hartmann & Larson, 2002). This implies that with the warmer atmo-
sphere, the troposphere depth increases, and the high clouds therefore rise. In contrast, the models’ behavior
is more diverse in the low levels, where some models predict either a clear decrease of the CF (Figures 2a, 2c,
2d, 2f, 2g, 2h, and 2I), others predict an increase (Figures 2b, 2e, 2i, 2m, and 2n), and some predict both in dif-
ferent regions (Figures 2j and 2k). This diversity leads to a weak average low-cloud change in both CMIP5 and
WRF ensembiles (Figures 2p and 2q). It is worth mentioning that in the WRF simulations, whether the low-level
tropical clouds increase or decrease depends mostly on microphysics and convective parameterizations.

At middle latitudes, the ensembles agree on a decrease of the CF in most of the column except around 60°.
Poleward of 50°, while the response of middle-level clouds is more diverse, all models but CNRM simulate
either an increase or an upward shift of the high- and low-level clouds. On average, the Hadley cell is
widened, shifting clouds slightly toward the poles (blue versus red shading between 30 and 50°S/N in
Figure 2; e.g., Tsushima et al., 2006).

3.3. Cloud Radiative Feedbacks

Here we further study the impact of cloud changes on the radiative budget, via the use of the cloud radiative
effect (CRE), defined as the difference between the all-sky flux minus the clear-sky flux at the TOA. Figure 3
shows the change in the short-wave, long-wave, and net CREs normalized by SST, hereafter called ACREs.
A positive ACRE indicates a warming effect due to the clouds when the SST increases; conversely, a negative
ACRE indicates a cooling effect. This quantity may be used as a proxy to characterize cloud feedbacks, as in
Medeiros et al. (2015). The magnitude and the sign of global net cloud feedbacks vary significantly among
the models (black bars, Figure 3a). In most simulations, the cloud feedbacks are dominated by the SW com-
ponent (blue bars, Figure 3), in agreement with previous literature (e.g., Zelinka et al., 2013). Twelve of the 14
CMIP5 and WRF simulations show negative net ACREs (Table S2). The range of WRF ACREs is more than 2
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times as large as that of the CMIP5 simulations (476 W m™2 K™ versus 2.16 W m 2 K™"). It is worth mention-
ing that in the WRF simulations, the extremes, which have opposite sign, correspond to MPmor and MPwdm
microphysical simulations. Furthermore, for almost the same cloud fraction mean state (Figure 1a versus
Figure 1b), the MPwdm and St simulations have an opposite sign of the cloud feedback. This highlights
the importance of microphysics schemes to determine low cloud feedbacks.

At middle latitudes and in the polar regions, all WRF and CMIP5 simulations agree on a negative cloud
feedback driven by the short-wave component. However, because of a larger increase of low-level clouds,
the WRF simulations show larger magnitudes of net ACRE than CMIP5 models (ensemble mean of
—372Wm 2K " versus —1.01 W m~2 K™"). As the atmosphere is warmer on average, more supercooled
liquid clouds are formed with respect to ice clouds. Therefore, the liquid water content of these clouds is
increased at the expense of ice, which means they reflect more short-wave radiation back to space resulting
in a negative cloud feedback. This feature seems robust as it is represented in both WRF and CMIP ensembles,
consistent with previous studies (Cesana & Storelvmo, 2017; McCoy et al., 2016).

Neither the WRF nor CMIP5 simulations agree on the sign of the tropical ACRE (Figure 3c and Table S2,
column 3). This reflects the large variability of tropical low-cloud changes in both ensembles and confirms
the determinant role of the tropical clouds in the global cloud feedback uncertainty. We then separate the
tropical cloud feedbacks into cloud regimes defined by the vertical velocity at 500 hPa: subsidence regimes
for wsopo > 15 hPa and convective regimes for wsgp < —25 hPa. This confirms that cloud feedbacks in subsi-
dence regimes, described in Figure 3d, are the main source of uncertainty of the tropical cloud feedbacks and
hence global cloud feedbacks, as discussed by previous studies (Dufresne & Bony, 2008; Zelinka et al., 2013).
The correlation between the net ACREs in subsidence regimes and over the whole tropics for both ensembles
is 0.97, and it remains as high as 0.81 when compared to the global cloud feedbacks (Table S2).

3.4. Tropical Low-Level Cloud Feedbacks

As the global and tropical cloud feedbacks are dominated by feedbacks in the tropical subsidence regimes,
we focus on this regime to better understand what is driving the spread of ACRE estimates across WRF simu-
lations. Figure 4 shows the vertical profiles of CF in subsidence regimes, for the Control experiment and the
difference between the CFs from 4K and Control experiments. In the Control experiment (Figure 4a), the WRF
ensemble shows a single peak of low-level clouds around 900 hPa, larger and lower in height than that of
CMIP5 ensemble, and very few high level clouds as opposed to CMIP5 ensemble. Note that convective
schemes may significantly affect the height of the low-level CF peak and therefore the ensemble variability,
such as in the COtie simulation (Figure 4c, orange dashed line). The WRF ensemble shows a range of variabil-
ity similar to the CMIP5 ensemble although slightly smaller (Figure 4a, light red shading versus gray shading).

Interestingly, under a warmer climate such as the 4K experiment, the spread of cloud response is also very
similar in both ensembles (Figure 4b). Six of the eight WRF simulations predict a clear decrease of low-level
clouds (Figure 4d) as opposed to an increase in all CMIP5 models but IPSL (Figure S6). These increases or
decreases of the low-level CF are similar with the two behaviors described by Brient et al. (2016) using
CMIP5 models sorted as a function of their climate sensitivity. They argue that (i) for models with shallow
low cloud in present-day climate, the convective drying in a warmer climate favors the deepening of the
clouds and thus a decrease of the CF as in most WRF simulations and the IPSL model and (ii) for models with
more extended low clouds in present-day climate, the turbulent moistening of the boundary layer favors a
shallowing of the clouds and likely an increase of the CF as in the COtie simulation and all CMIP5 models
but IPSL. This confirms that basic features of the low cloud response to a warmer climate can be captured
using aquaplanet simulations and that the diversity of CMIP5 model behaviors can be reproduced by chan-
ging physical parameterizations in WRF. Finally, consistent with the FAT hypothesis, all simulations predict an
elevation of high-level clouds (around 150 hPa). In addition, we found a reduction in the high cloud fraction in
10/14 simulations for the convective cases (Figure S7), in agreement with Bony et al. (2016).

The mean tropical net cloud feedback is positive for the simulations predicting a decrease in the low-level CF
and negative for those predicting its increase (Table S2, column 3), which is driven by the choice of parame-
terization. For example, changing convection or microphysics schemes may result in a response of the low-
level clouds opposite in sign to that of the Control simulation (Figure 4d, COtie, orange dashed line and
MPwdm, blue dashed line). The Tiedtke convection scheme introduces cumuli that can extend above the
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Figure 4. Vertical profiles (y axis, hPa) of multimodel mean cloud fraction (x axis, %) from (a, c) the Control experiment and
(b, d) the difference between 4K and Control experiments for tropical subsidence regimes (wsgg > 15 hPa/d). The colored
dashed lines, the red line, and the light red area represent each WRF simulation, the WRF multimodel mean, and the WRF
multimodel spread, respectively. The gray line and area correspond to the multimodel mean and spread for the CMIP5
models. The spread in WRF and CMIP5 models is defined as plus and minus one standard deviation.

inversion of the stable layer, referred to as “overshooting cumuli,” which explains why the clouds form from
the low to the middle levels in the tropics (Tiedtke, 1989). In a warmer climate such as the 4K experiment, the
inversion becomes stronger. These overshooting cumuli are therefore weakened, resulting in less clouds
right above the stable layer (Figure 4d, orange dashed line). In the MPwdm simulation, the larger raindrop
number concentration in the 4K compared to the Control experiment reduces the precipitation and results
in excessive evaporation (Lim & Hong, 2010). In the 4K experiment, the turbulent moistening of the mixed
layer may be enhanced in these two simulations, which explains why the low-level CF increases.

Finally, the cloud feedback variability is mostly due to local changes in the WRF ensemble, whereas local and
large-scale changes contribute almost equally in the CMIP5 ensemble (Figure S8 and Text S4). On the one
hand, changing physical parameterizations mostly affect cloud feedbacks locally. On the other hand, chan-
ging dynamical options in addition to the physical parameterization as in the CMIP5 ensemble generates
additional variability in the cloud feedbacks due to large-scale circulation changes. Such result stresses the
importance of the dynamical options on the cloud feedbacks, that is, horizontal and vertical resolutions
and dynamical cores, not addressed in the present study.

4, Summary and Conclusions

Pin-pointing cloud feedback mechanisms to underlying physical processes remain very challenging, particu-
larly with a multimodel approach. The present study investigates how physical categories of parametrizations
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affect cloud feedbacks using an unprecedented approach based on the WRF model in aquaplanet mode. For
this purpose, we constructed an ensemble of eight WRF simulations by substituting only one parameteriza-
tion at a time with respect to the standard version. We then analyzed the cloud fraction and feedback differ-
ences between the standard and modified versions of WRF under climate change. Finally, we compared WRF
results to CMIP5 simulations, aiming to determine how the WRF ensemble uncertainty in cloud feedbacks
compares with that of conventional GCMs.

Our results show that modifying the parameterizations in WRF is sufficient to reproduce the spread of CMIP5
models in cloud fraction profiles (Figure 1) along with cloud changes (Figure 2) and cloud feedback estimates
(Figure 3) in a warmer climate. Furthermore, the cloud feedbacks are mostly due to local changes rather than
large-scale circulation changes. These results demonstrate that WRF is a relevant tool for understanding the
diversity of cloud feedbacks in CMIP5 models.

In addition, our results confirm some key features already identified in conventional GCMs for Earth-like simu-
lations, reinforcing our confidence in the WRF-aquaplanet-based approach: (i) most of the global uncertainty
in cloud feedbacks comes from the tropical low-level clouds (e.g., Webb et al., 2006; Zelinka et al., 2013) and
(ii) a change in the tropical low-level cloud fraction in response to a warmer SST dictates the sign of tropical
cloud feedbacks (e.g., Brient et al., 2016). While some studies have shown that tropical low-level clouds are
sensitive to PBL and convective parameterizations (e.g., Gettelman et al., 2012; Vial et al., 2016; Watanabe
etal, 2012; Webb et al.,, 2015), little evidence this far has pointed toward a significant effect of microphysics
in the tropics (e.g., Zhao et al,, 2016). However, our findings suggest that microphysics parameterizations—as
well as convective ones—are a primary contributor to cloud feedbacks in WRF by modulating the change of
the low-level cloud fraction in a warmer climate (Figure 4). In particular, we found that for the same mean
state, two different microphysical parameterizations can produce cloud feedbacks of opposite sign.

Overall, we confirm the relative importance of parameterizations in determining the sign and the amplitude
of cloud feedbacks. This emphasizes the usefulness of the WRF model and its plug-and-play capability for
improving our understanding of the physical mechanisms governing cloud feedbacks, and in turn, narrowing
down their uncertainty in both regional and global climate projections.

Future work will include more thorough study of these physical mechanisms. For example, one could explore
the effect of combined change of parameterizations, as the coupling between parameterizations was shown
to be crucial in changing the magnitude and sign of cloud feedbacks (e.g., cloud and turbulence schemes;
Watanabe et al.,, 2012). Finally, we will study sensitivity of clouds to the dynamical and numerical options
in WRF, such as the horizontal and vertical resolution, and to the cloud fraction scheme, which is known to
be a source of uncertainty in CMIP5 cloud feedback (Geoffroy et al., 2017).
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