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Abstract Many global climate models have been found to generate warm rain too frequently. This study,
with a particular global climate model, found that the problem can be mitigated via altering the
autoconversion process so as to inhibit rain formation under conditions of a large cloud number
concentration and small droplet sizes. However, this improvement was found to cause an overly large aerosol
indirect effect. This dichotomy between the constraint on warm-rain formation process and the
energy-budget requirement on aerosol indirect effect was found to result from a pronounced cloud-water
response to aerosol perturbations, which is amplified through the wet scavenging feedback to an extent
depending on precipitation-formation parameterization. Thus, critical compensating errors exist between
warm-rain formation and other key processes, and better constraint on these processes, particularly wet
scavenging, is required to mitigate the dichotomy. The results have broad implication for models that suffer
from the aforementioned too-frequent warm-rain formation bias.

Plain Language Summary Climate scientists rely on numerical climate models to project
temperature changes in the coming decades. The credibility of the projections is argued to arise from the
fact that models are able to reproduce well the temperature trend in the past century. However, success in
reproducing the past does not necessarily mean credible projection for the future, because the former may
be a result of compensating biases in the models, which potentially misrepresent the relationship between
changes to the energy balance and aerosols/clouds. In this study, compensating biases were found to exist
between rain formation and other processes in a model capable of simulating aerosol effects. Specifically, this
model tends to generate rain too frequently against satellite observations, whereas satellite-based
improvements with respect to the rain process yield an unrealistically strong aerosol indirect effect that can
substantially cool the surface. This means that dual efforts are required to derive trustworthy projections of
future climate changes: on the one hand, the rain-formation process should be represented realistically in
accordance with observations, while on the other hand, errors in the interaction between rain and
aerosol/cloud should be mitigated.

1. Introduction

Global climate models (GCMs) are commonly constrained according to historical-period energy budgets at
the top of the atmosphere (TOA) before they are used to predict future climate changes induced by
anthropogenic forcing agents (e.g., aerosols and greenhouse gases; Eyring et al., 2016). However, even
though they represent the historical temperature record well, a growing body of evidence shows that models
suffer from substantial biases in their process representations, such as those relevant to the interaction
among aerosol, cloud, and precipitation (Stephens et al., 2010; Suzuki et al., 2015; Takahashi et al., 2017).
These process-level biases may cause erroneous prediction of the climate response to anthropogenic
forcings, and this could be a major reason for the vast diversity in the future temperature trend projected
by multiple GCMs (Collins et al., 2013).

One particular process that is poorly represented in GCMs is the warm (i.e., liquid) precipitation formation,
which has been found in state-of-the-art GCMs to commonly occur too readily and too frequently (Jing
et al., 2017; Stephens et al., 2010) compared with satellite observations, despite the accumulated surface
precipitation amount being comparable to observations. The representation of the warm-rain formation
process exerts considerable influence on aerosol indirect effect (AIE; Golaz et al., 2011), which is a substantial
controlling agent for global mean surface temperature (Rotstayn et al., 2015).

The bias of precipitation occurrence in some models has been shown to be partly due to the unrealistically
small threshold of cloud droplet effective radius (Re) for the onset of warm precipitation (Golaz et al.,
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2011). Correcting this bias in some GCMs by applying an observation-based threshold of Re and
simultaneously retuning the model to achieve the required energy budget, however, has been
demonstrated to significantly enhance the energy sensitivity to aerosol perturbations, mainly through the
AIE (Menon et al., 2002; Rotstayn, 2000), even to the extent that it could cancel much of the 20th century
warming (Golaz et al., 2013; Suzuki et al., 2013).

The enhancement in the AIE caused by inhibited warm-rain formation at a smaller Re implies a dichotomy
between improving the warm-precipitation formation process and the energy budget requirement on the
AIE due to aerosol perturbations (hereafter referred to as P&E dichotomy): restricting the onset of warm rain
is likely to result in a larger AIE. Given the common bias of too-frequent warm-rain formation among many
GCMs, this P&E dichotomy revealed from a few models is worth exploring in more models.

This study explores the relationship between the precipitation-formation process and AIE by applying two
distinctive warm-rain formation formulations, unlike altering the threshold of Re in the above studies, in
the Model for Interdisciplinary Research on Climate version 5.2 (MIROC5.2; Watanabe et al., 2010), coupled
with the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS; e.g., Takemura et al., 2009).
SPRINTARS has been shown to yield a smaller dependency of cloud water on aerosol perturbations than
other models, to an extent that is dependent on autoconversion formulations (Ghan et al., 2016). We examine
the process-level behavior of warm rain against a satellite-based metric and explore its effect on the anthro-
pogenic AIE from the preindustrial (PI) to present-day (PD) period. Particular emphasis is placed on the role of
aerosol-cloud coupling through wet scavenging in determining the AIE. This study provides insights into how
the warm-rain formation process manipulates the AIE and what the P&E dichotomy found in some models
implies for others.

2. Data, Model, and Methods
2.1. Satellite Data

For evaluation of the simulated precipitation process, satellite data from CloudSat (Marchand et al., 2008) and
the Moderate Resolution Imaging Spectroradiometer (MODIS; Platnick et al., 2015) onboard the A-Train con-
stellation from 2007 to 2010 are used. Radar reflectivity from the CloudSat 2B-GEOPROF product is employed
to obtain the vertical profiles within clouds. Cloud top Re, cloud top temperature (Tctop), and cloud optical
depth (τc) from the Aqua MODIS products (MYD06_L2) are also employed and collocated to the CloudSat
footprint. The cloud properties from MODIS are used to separate warm (i.e., liquid) and cold (i.e., ice) clouds
and to track the evolution of precipitation.

2.2. Model Description

MIROC5.2 coupled with the SPRINTARS aerosol module is used in this study. MIROC5.2 has a standard hori-
zontal resolution of T85 (about 1.4°) and a vertical resolution of 40 layers up to about 3 hPa and can be
run with a coupled ocean model or with prescribed sea surface temperature (SST). Full aerosol-cloud interac-
tions are considered in SPRINTARS, including all the main tropospheric aerosol types and two-moment bulk
microphysics for cloud droplets and ice crystals (Takemura et al., 2009).

The default warm-rain formation scheme of MIROC5.2 is from Berry (1968; hereinafter BR68). An alternative
scheme, from Khairoutdinov and Kogan (2000; hereinafter KK00), is implemented here. The two schemes
are characterized by significantly different precipitation time scales (Michibata & Takemura, 2015; Suzuki
et al., 2015). The autoconversion rates (Raut, kg · m�3 · s�1) are given as follows:

BR68 : Raut ¼ 3:5�10�2L2c
0:12þ 1:0�10�12 Nc

Lc

; (1)

KK00 : Raut ¼ f tune�1; 350L2:47c Nc�10�6
� ��1:79

ρ�1:47
a : (2)

Here Lc is the liquid water content (kg/m3), Nc is the cloud droplet number concentration (m�3), and ρa is the
air density (kg/m3). Both Lc and Nc are prognostic variables within the two-moment scheme. ftune, equaling
5.0 here, is an additional tuning factor to the original KK00 equation, aimed at achieving a TOA energy budget
comparable to the default BR68 simulation (targeting ±1.0 W/m2 for the PI simulation). This tuning of KK00
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affects only the overall magnitude of Raut and retains the functional dependency of Raut on Lc and Nc. No
other tuning is made to exclude inconsistency in other parts of the model.

2.3. Methods
2.3.1. Warm-Rain Formation Process Assessment
For comparisons with satellite observations in the context of the warm-rain process, the Cloud Feedback
Model Intercomparison Project Observation Simulation Package (COSP) version 2.0 (Swales et al., 2018) is
applied to translate model cloud fields into observation-like radar reflectivity computed at subcolumns
defined within model grids.

A 1-year simulation with COSP under PD aerosol emissions is conducted for each autoconversion scheme and
analyzed in comparison to A-Train observations. Model results are output as six-hourly snapshots and then
sampled according to local time (01:00–02:00 and 13:00–14:00) at each grid point to approximately match
A-Train’s equator crossing time (~01:30 and ~13:30).

The precipitation process is assessed with the Contoured Frequency by Optical Depth Diagram (CFODD)
method (Nakajima et al., 2010; Suzuki et al., 2010), which fingerprints the transition of the vertical microphy-
sical structure from a nonprecipitating to precipitating cloud regime as a fairly monotonic function of Re. A
brief description of how a CFODD is constructed is provided in section 3.1.
2.3.2. AIE Analysis
To investigate the effect of warm-rain formulations on the anthropogenic AIE, a pair of 15-year simulations
with PI and PD aerosol emissions is conducted for each autoconversion scheme. Since our focus is on the
AIE, which happens on a rapid time scale without interaction with SST, prescribed SST is used. Greenhouse
gases are held at their PI magnitudes in both the PD and PI experiments. The first and second AIEs
(Albrecht, 1989) are not separated because we are concerned with the overall energy budget changes due
to aerosol-cloud interaction.

The anthropogenic AIE is diagnosed, following Ghan (2013), as AIE = Δ(Fclean� Fclear, clean), in which Fclean and
Fclear, clean are the all-sky and clear-sky radiative fluxes at the TOA, respectively, calculated by neglecting the
aerosol optical depth (AOD), and Δ means the difference between the PD and PI simulations (PD � PI).

The PI simulations under the BR68 and KK00 schemes feature analogous 15-year mean states of clouds, pre-
cipitation, and energy budgets (see Table S1 and Figure S1). Thus, the differences in the anthropogenic AIE
between the two schemes illustrate the warm rain-induced variations in energy sensitivity to aerosol pertur-
bations, which is crucial for future climate projections.
2.3.3. Effect of Wet Scavenging on the AIE
Additional simulations are conducted to isolate the role of aerosol wet-scavenging in influencing the AIE
(section 3.3). In these simulations, a fixed Nc is used for the calculation of the precipitation flux used in the
wet-scavenging process; meanwhile, the aerosol-mediated Nc is used in the cloud microphysics to derive
the precipitation flux transmitted to other parts of the model. Since the Nc is the pathway by which aerosols
influence precipitation (equations (1) and (2)), a fixed Nc for the precipitation in wet scavenging makes the
wet removal of aerosols insensitive to aerosol-induced variations in cloud properties, and thus turns off
the feedback to the AIE from the changes in wet scavenging. Nevertheless, the use of the aerosol-mediated
Nc in cloud microphysics maintains the connection between precipitation’s depletion of cloud water and
aerosol concentrations.

These additional simulations are integrated for 15 model years and denoted as BR68_FN and KK00_FN,
respectively. Different fixed Nc values, ranging from 1.0 × 107 to 1.2 × 108/m3, are tested (the Nc distribution
of the droplet population and the location of the fixed Nc values are shown in Figure S4); the results using an
intermediate value (Nc = 3.0 × 107/m3) are mainly reported here.

3. Results and Discussion
3.1. Warm-Rain Formation Process

We begin by investigating the precipitation-formation process of the PD simulations. We employ CFODD to
fingerprint the precipitation process in clouds. CFODD computes the probability distribution function of
radar reflectivity in each bin of in-cloud optical depth (ICOD) and displays the statistics for all ICOD bins in
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the form of a contoured frequency diagram. For observations, the MODIS τc with an adiabatic growth
assumption algorithm (Suzuki et al., 2010) is used to determine the vertical profile of ICOD. For the model
results, the radar reflectivity and τc are derived from COSP, and the ICOD is obtained with the adiabatic
growth algorithm. Only warm clouds (defined by Tctop > 0 °C) are considered in the analysis.

Figures 1a–1i show the CFODD statistics over the global ocean, classified according to cloud top Re ranges (5–
10, 10–15, and 15–20 μm). The statistics of the A-Train (Figures 1a–1c) shift monotonically from nonprecipi-
tating profiles (radar reflectivity < �15 dBZ) to raining profiles (radar reflectivity >0 dBZ) with increasing Re,
as previously found by Suzuki et al. (2010). The intermediate range of reflectivity (�15–0 dBZ), prevailing in
Figure 1b in the lower part of clouds, is usually regarded as indicating the occurrence of light rain (i.e., drizzle;
e.g., Haynes et al., 2009). This suggests that the onset of drizzle probably occurs in the Re range of 10–15 μm,
consistent with findings from in situ observations (Boers et al., 1998; Pawlowska & Brenguier, 2003). For
clouds with sufficiently small particle sizes (Re < 10 μm; Figure 1a), precipitation is very unlikely to happen
even if the cloud optical depth develops to a considerable magnitude.

However, the simulation with BR68 (Figures 1d–1f) shows precipitating profiles even in the smallest Re range
(with radar reflectivity as large as ~0 dBZ). This demonstrates that BR68 generally lacks nonprecipitating
clouds and even the drizzle mode of precipitation. Precipitation readily occurs and reaches considerable effi-
ciency, regardless of cloud droplet size.

KK00, on the other hand, is significantly closer to the observations than BR68 in the smallest Re range
(Figure 1g). Considerably more nonprecipitating clouds and virtually no raining clouds are seen in this range,
which is also analogous to the results of applying KK00 in other GCMs (Suzuki et al., 2015). This suggests that
the implementation of KK00 in MIROC5.2 actually inhibits the formation of precipitation when the Re is small,
especially in the polluted clouds, taking on the process-level behavior of precipitation closer to
satellite observations.

The inhibitation of precipitation by KK00 in polluted regions, bringing the behavior of precipitation closer to
the satellite observations, stems not from using a proper threshold of Re (no threshold of Re is used in this
study), but from its proportional dependence of the autoconversion rate on the Lc and Nc (Figures 1j–1k),

especially the larger negative dependence on the Nc (Raut∝N�1:79
c for KK00 and Raut∝N�1:0

c for BR68) that sub-
stantially decelerates the cloud-to-precipitation transition when the Nc is large (as indicated by the negative
Raut differences in Figure 1l, and also the smaller Raut for KK00 than for BR68 at large Nc values for a given Lc in
Figure S2). This is corroborated by the fact that the increase in nonprecipitating clouds of KK00 occurs mostly
in regions with high aerosol loadings and thus a high Nc (Figure S3).

3.2. AIE

Next, we investigate the impacts of the above changes on the anthropogenic AIE. Figure 2a shows the simu-
lated AIEs with the BR68 and KK00 autoconversion schemes (red and blue solid fill, respectively), as well as the
expert judgment in Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5; Myhre
et al., 2013; gray solid fill). MIROC5.2 with BR68 gives an AIE of �1.06 W/m2, which is slightly larger than the
IPCC AR5 estimate (�0.45 W/m2, with a 90% uncertainty range from 0 to �1.2 W/m) but still within its uncer-
tainty range. This is not unexpected, since MIROC5.2 with BR68 (the default model configuration) has been
well tuned for historical simulation. In contrast, the AIE obtained with KK00 is as large as �3.05 W/m2; such
a large negative forcing could offset much of the greenhouse-effect warming (equivalent to a forcing of
+3.00 [2.22 to 3.78] W/m2; Myhre et al., 2013) in the last century.

The overestimate of the AIE with a better representation of the warm-rain formation process indicates that the
P&E dichotomy already apparent in other models, such as the Commonwealth Scientific and Industrial
Research Organisation (CSIRO)’s GCM (Rotstayn, 2000) and Geophysical Fluid Dynamics Laboratory
Coupled Model 3 (GFDL CM3; Golaz et al., 2013), also occurs in MIROC5.2. There are some common points
between this study and those previous ones in that they all postponed the onset of warm rain and thus
mediated the too-frequent warm-rain bias (whether by altering the threshold of Re or by modifying the auto-
conversion function), and retuned the model to the required energy budget but ultimately saw substantial
increases in the AIE for PD–PI aerosol perturbations. These common points are unlikely to be a mere coinci-
dence. They imply compensating biases between warm-rain formation and other processes.
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It could be argued that the large AIE just means that other tunable parameters should be further retuned to
reduce the model sensitivity to aerosol perturbations; however, we regard the P&E dichotomy as being
related to more fundamental issues, such as the absence of mechanisms involved in aerosol-cloud-

Figure 1. Probability distribution function of radar reflectivity as a function of in-cloud optical depth (i.e., Contoured
Frequency by Optical Depth Diagrams [CFODDs]) for (a–c) the A-Train, (d–f) Model for Interdisciplinary Research on
Climate version 5.2 (MIROC5.2) with BR68 autoconversion, and (g–i) MIROC5.2 with KK00 autoconversion, as well as the
autoconversion rate (kg · m�3 · s�1) as a function of the liquid water content and cloud droplet number concentration from
the (j and k) two MIROC5.2 simulations and (l) their differences. For the CFODDs, the numbers of bins for optical depth and
reflectivity are 15 and 25, respectively, and the radar reflectivity is normalized in each bin of in-cloud optical depth.
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precipitation interactions. Specifically, attention should be paid to those mechanisms affecting the
susceptibility of cloud water to aerosols. Large-scale GCMs, including MIROC5.2 and GFDL CM3, generally
show monotonic increases in cloud water with increasing aerosol loadings (Michibata et al., 2016; Zhao
et al., 2018), but observations have also shown a negative relationship between them for some cloud
regimes or regions (Malavelle et al., 2017; Matsui et al., 2006; Sato et al., 2018; Small et al., 2009), which
buffers the cloud response to aerosol perturbations and results in a smaller AIE than estimated by GCMs
(Stevens & Feingold, 2009). Such mechanisms that could lead to reduced cloud-water susceptibility to
aerosols—for example, the evaporation and condensation processes of cloud particles, as suggested by a
global cloud resolving model (Sato et al., 2018), mixed-phase and ice-cloud microphysics that could lead
to a positive lifetime effect (Storelvmo et al., 2008), and updraft within clouds (Donner et al., 2016)—
operate mostly at subgrid scales. Although fine-resolution models (e.g., Jiang et al., 2006; Sato et al., 2018)
or multiscale modeling framework models (Wang et al., 2011) have captured some features of these
processes, it remains a challenge to represent them in conventional GCMs due to scale disparity.

3.3. Feedback of Wet Scavenging to the AIE

By increasing aerosols in the atmosphere, the parameterizations in GCMs
generally inhibit precipitation formation due to the larger Nc and smaller
Re and, hence, less efficient coalescence of cloud particles. This lifetime
effect contributes most of the difference in the AIE between KK00 and
BR68, as implied by their large difference in the ΔLWP (i.e., the PD-PI
difference in liquid water path; Table S1). The inhibited precipitation in
regions with increased aerosols induces changes in two aspects: (1) cloud
water—the inhibition of precipitation initially decreases the depletion of
cloud water, resulting in a larger LWP, and (2) aerosol—the inhibition of
precipitation also decreases the wet scavenging of aerosols, causing a lar-
ger aerosol loading in the atmosphere, which further feeds back to
cloud/precipitation properties through their mutual interaction. The
processes of these two aspects of change are illustrated in Figure 3 by
the black and orange arrows, respectively.

The additional simulations with a fixed Nc (see section 2.3.3) are con-
ducted in order to isolate the role of wet-scavenging feedback in influen-
cing the AIE. The grid bars in Figure 2a show the simulated anthropogenic
AIEs from the Nc = 3 × 107/m3 experiments. It is shown that the global
mean AIE of KK00_FN (�1.00 W/m2), which does not include the wet-
scavenging feedback, is considerably smaller than the default KK00

Figure 2. (a) The anthropogenic aerosol indirect effect from estimates of Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5; gray) and
those from the default simulations of Model for Interdisciplinary Research on Climate version 5.2 (MIROC5.2) with the BR68 (red, solid fill) and KK00 (blue, solid fill)
autoconversion schemes, as well as those from the fixed-Nc wet-scavenging experiments BR68_FN (red, grid fill) and KK00_FN (blue, grid fill). The error bar for
IPCC AR5 indicates the uncertainty range, while those for the model results indicate the maximum and minimum annual mean values in the 15-year simulations.
(b and c) The differences in the zonal annual mean AOD and LWP, respectively, between the preindustrial (PI) and present-day (PD) simulations for each of the above
model configurations.

Figure 3. Schematic representation of the effects of aerosol-induced
changes in precipitation on cloud properties, wherein Δ denotes the
changes from the base state. The black arrows indicate the initial effects of
aerosol variations (ΔNa) on the LWP through changes in the Nc, and thus the
depletion efficiency of precipitation (P). The orange arrows indicate the
aerosol wet-scavenging feedback.
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experiment. If the fixed Nc value is set as smaller but more representative values, the AIE of KK00_FN
becomes even smaller (Figures S4 and S5). The smaller AIE is associated with much smaller ΔAOD and
ΔLWP due to anthropogenic aerosol perturbations (Figures 2b and 2c, blue lines). These imply that under
the KK00 autoconversion scheme, the interplay between aerosol-induced changes in precipitation and
the wet scavenging of aerosols plays a crucial role in determining the cloud-water response and AIE.
Specifically, their interplay amplifies the LWP response to, and the AIE of, aerosol perturbations. The ampli-
fication effect on the AIE is also found in the comparison between the BR68_FN and BR68 experiments
(Figures 2a–2c), but to a far more limited extent.

Ghan et al. (2016) revealed that the LWP is far more susceptible to the increase in aerosols for SPRINTARS with
KK00 than for SPRINTARS with BR68. Results here suggest that the larger susceptibility of the LWP to per-
turbed aerosols for KK00 stems partly from its less efficient depletion of cloud water than BR68 and partly
from the feedback from a less efficient wet scavenging of aerosols. This can be traced to the more negative
proportional dependency of Raut on Nc for KK00, which ensures its inhibition of rain formation under the con-
dition of a large Nc.

The large wet-scavenging feedback on cloud water and AIE found here underscores the importance to
appropriately address the precipitation-aerosol relation in GCMs. Previous studies have found that the
precipitation-aerosol relation is likely to be misrepresented by GCMs due to the use of the gridbox-mean,
rather than the clear-sky, aerosols in the wet-scavenging process (Weigum et al., 2016; Gryspeerdt et al.,
2015), even though there are observational proofs that it is the latter that is more representative of the envir-
onment that governs the cloud/precipitation microphysics (Gryspeerdt et al., 2015). GCMs are generally
unable to address subgrid aerosol variations, especially that between the clear-sky and the
cloud/precipitation portions, giving rise to a potentially overestimated wet-scavenging because of using
the less abundant gridbox-mean aerosols in the negative precipitation-Nc relation. This gridbox-mean bias
can be more pronounced in regions where precipitation, and hence wet-scavenging, is sufficiently efficient
such that the gridbox-mean aerosols can hardly represent the clear-sky environment. And noteworthy, the
gridbox-mean bias can be of differing importance to different autoconversion schemes considering their dif-
ferent precipitation-Nc dependencies—schemes with larger precipitation-Nc dependency are supposed to be
more susceptible to the gridbox-mean treatment of aerosols. Therefore, to accurately depict the wet-
scavenging process and achieve a faithful AIE, the treatments of aerosols, other than the precipitation forma-
tion process, should also be improved.

4. Conclusions

Many studies have corroborated a common bias in the warm-precipitation process among state-of-the-art
GCMs: specifically, precipitation is triggered too frequently relative to observations. This study, using a
particular model (MIROC5.2), found that the onset of warm rain can be improved with respect to satellite
observations by altering the formulation of the autoconversion process, which inhibits the triggering of rain
under conditions of a large cloud droplet number concentration and small droplet sizes. However, this
improvement in warm-rain formation results in an enhanced AIE, to the extent that much of the greenhouse
warming in the last century could be offset. Previous studies with other models have also revealed a similar
contradiction between “plausible improvement in warm-precipitation formation” and an “implausible energy
budget due to enhancement in the AIE.” We anticipate this P&E dichotomy to be a common feature among
those GCMs that trigger warm rain too frequently.

One key cause of the P&E dichotomy in MIROC5.2 is the amplification of the LWP response and resultant AIE
through coupling between precipitation formation and the wet scavenging of aerosols. This coupling leads
to the following positive feedback mechanism: aerosol-induced inhibition of rain formation causes less
efficient wet deposition of aerosols, which induces a larger increase in aerosol loading and cloud droplet
number concentration that further inhibits rain and enlarges the cloud water amount. This amplification
effect is also expected in other models with the P&E dichotomy, because the restricting of the warm-rain for-
mation process commonly moves clouds with smaller droplet sizes into a regime that features a reduced wet
scavenging efficiency and greater susceptibility to aerosol variations. Indeed, the aerosol loadings were also
found to significantly differ among varying Re threshold values in GFDL CM3, arguably due to differing wet-
scavenging efficiencies (Suzuki et al., 2017). The different aerosol loadings were also shown to perturb the
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atmospheric energy budget, resulting in a significant change in global precipitation. This implies that the P&E
dichotomy also matters to the hydrological cycle, as well as the energy budget.

The P&E dichotomy implies that compensating errors exist in the coupling between aerosol, cloud, and
precipitation. This underscores the requirement to better constrain other key aerosol-cloud-precipitation
processes, particularly wet scavenging, to mediate the overestimated AIE caused by warm-rain formation
constraint. Specifically, the biases that could lead to an unrealistic prediction of cloud-water susceptibility
to aerosols, which is increasingly indicated by observations to be smaller than or, regionally, even of opposite
sign to model predictions (e.g., Malavelle et al., 2017; Sato et al., 2018; Small et al., 2009), should primarily
be examined.
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