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Abstract. The E3SMv2 model, like various other global
models that include representations of aerosol–cloud inter-
actions, uses an empirically chosen lower bound on the sim-
ulated in-cloud cloud droplet number concentration (CDNC)
to help constrain the effective radiative forcing of anthro-
pogenic aerosols, ERFaer. This study identifies where ultra-
low CDNCs (i.e., concentrations lower than 10 cm−3) occur
in the stratiform and shallow convective clouds simulated by
E3SMv2 and which of the occurrences have the strongest im-
pact on ERFaer. Process-level analyses are presented to reveal
characteristics of the cloud droplet formation and removal
processes associated with impactful ultra-low CDNCs.

Simulations performed with present-day emissions show
that ultra-low CDNCs are most frequently found over the
mid- and high-latitude oceans in both hemispheres, while the
occurrences are also frequent in polluted continental regions
despite the high aerosol concentrations. Ultra-low CDNCs
with the largest impacts on the simulated regional and global
mean ERFaer are found in the lower troposphere in the North-
ern Hemisphere middle and high latitudes. These cases are
typically associated with large cloud fractions, strong wa-
ter vapor condensation, weak turbulence, and lack of cloud
droplet nucleation from aerosol activation. Under such at-
mospheric conditions, boosting aerosol activation and en-
hancing turbulent mixing of cloud droplet number can in-
crease the simulated CDNCs, although the magnitude of the
global mean ERFaer increases undesirably. The reason for
this model behavior is discussed. Overall, our study suggests

that mid- and high-latitude low-level stratus occurring under
weak turbulence is a cloud regime worth further investigating
for the purpose of identifying and addressing the root causes
of ultra-low CDNCs and strong ERFaer in E3SM.

1 Introduction

The effects of anthropogenic aerosols on the energy bud-
get of the Earth, especially the effects involving changes
in cloud properties and cloud life cycle, continue to be a
major challenge in our understanding of the Earth system
and our ability to numerically model it (see, e.g., summaries
in Seinfeld et al., 2016; Bellouin et al., 2020). The Energy
Exascale Earth System Model (E3SM; Leung et al., 2020,
https://e3sm.org/, last access: 31 August 2025) is a global
numerical model developed for research and predictions re-
lated to Earth system variabilities. In the publicly released
E3SMv1 and v2 (Golaz et al., 2019, 2022), the global mean
effective radiative forcing of anthropogenic aerosols, denoted
hereafter by ERFaer, was −1.65 and −1.52 Wm−2, respec-
tively, when estimated using pre-industrial simulations (Go-
laz et al., 2022, see the end of Sect. 4.2 therein). Both values
were deemed large in magnitude, compared with the results
from various other models (e.g., Smith et al., 2020; Zhang
et al., 2022a), as well as estimates based on satellite retrievals
(e.g., Bellouin et al., 2020).
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Zhang et al. (2022a) showed that the strong ERFaer in
E3SMv1 was attributable primarily to the aerosol indirect ef-
fect. Golaz et al. (2022) noted that, similar to the results re-
ported for various other models, e.g., Lohmann et al. (2000),
Hoose et al. (2009), Wang and Penner (2009), and Neubauer
et al. (2019), the magnitude of the aerosol indirect effect (and
hence ERFaer) in E3SM could be pragmatically reduced by
imposing a lower bound on the in-cloud cloud droplet num-
ber concentration (CDNC), i.e., by letting

CDNCb =max(CDNC,CDNCmin), (1)

where CDNC is the in-cloud droplet number concentration
obtained by solving the model’s prognostic and diagnostic
equations, CDNCmin is an empirically chosen constant of the
order of 10 to a few tens of droplets per cubic centimeter of
air, and CDNCb is the bounded value used in the calculation
of cloud microphysics. (Since the atmosphere component of
E3SM allows for partial cloudiness in a grid box – as is com-
monly done in global atmospheric models – we clarify that
all CDNCs mentioned in this paper are the in-cloud values in
the respective grid boxes. Whether the other physical quanti-
ties discussed in the following are in-cloud or grid box aver-
ages is clarified when the quantities are introduced.)

On the one hand, low CDNCs have been observed in the
real world and examined by researchers: see the examples
listed in Hoose et al. (2009) and more recent evidence from,
e.g., Wood et al. (2018), O et al. (2018), and Grosvenor et al.
(2018). On the other hand, lower bounds of CDNC were
not only used in earlier simulations of aerosol indirect ef-
fects (see examples summarized in Hoose et al., 2009) but
continue to be used in most recent models, e.g., 40 cm−3 in
Salzmann et al. (2022), 20 cm−3 in van Noije et al. (2021),
10–20 cm−3 in Mignot et al. (2021), and 10 or 40 cm−3 in
Neubauer et al. (2019). From a model developer’s perspec-
tive, in order to understand the strong aerosol indirect effect
in E3SM from its roots, it will be useful to understand where
and why very low CDNCs occur in the simulations. To that
end, the present paper combines sensitivity experiments with
online and offline diagnostics to answer the “where” ques-
tion about the occurrences of ultra-low CDNCs (i.e., concen-
trations lower than 10 cm−3) in E3SMv2 and provide some
initial clues to the “why” question. Specifically, we identify
the geographical locations and altitudes with frequent occur-
rences of ultra-low CDNCs and determine which of those
locations have the largest impacts on the simulated ERFaer.
The features of the atmospheric conditions, as well as cloud
droplet formation, transport, and removal processes associ-
ated with ultra-low CDNCs, are also discussed.

The remainder of the paper is organized as follows. Sec-
tion 2 provides a description of E3SMv2’s atmosphere com-
ponent, focusing on the cloud and aerosol process param-
eterizations most relevant to this study. Section 3 presents
an overview of the numerical experiments. Section 4 identi-
fies where ultra-low CDNCs occur in E3SMv2 simulations
and which of the occurrences have the strongest impact on

ERFaer. Section 5 presents process-level analyses of the at-
mospheric conditions and cloud droplet formation, transport,
and removal processes associated with the simulated ultra-
low CDNCs. Section 6 presents some additional sensitivity
experiments and discussions. Section 7 summarizes the re-
sults and draws conclusions.

2 Model description

The atmosphere component of E3SMv2, commonly referred
to as EAMv2 (see Sect. 2.1 in Golaz et al., 2022), is a global
hydrostatic atmospheric model including comprehensive rep-
resentations of large- and small-scale fluid dynamics, clouds,
radiation, and aerosol life cycles, as well as the interactions
among these physical processes (Fig. 1a). Broadly speaking,
the parameterizations used in EAMv2 divide the simulated
clouds into two categories: (I) deep convection and (II) shal-
low convection and stratiform clouds. The two categories of
cloud can co-exist in a model grid box but the latter is where
the CDNCs are bounded so as to reduce the magnitude of the
global mean ERFaer and hence is the focus of this study.

To provide necessary background information for the rea-
soning in this paper and facilitate the comprehension of our
analyses, the remainder of this section includes an overview
of the sources and sinks of cloud droplets in stratiform and
shallow convective clouds in EAMv2 (Sect. 2.1), a brief sum-
mary of the representation of aerosol life cycles (Sect. 2.2),
and a description of the parameterization that represents
the nucleation, evaporation, and turbulent mixing of cloud
droplet number (Sect. 2.3).

2.1 Sources and sinks of cloud droplets

For stratiform and shallow convective clouds, EAMv2 uses
the parameterization of Gettelman and Morrison (2015),
commonly referred to as MG2, to represent the cloud micro-
physics processes, i.e., collision-coalescence of cloud con-
densate and formation of precipitation, as well as gravita-
tional settling of hydrometeors. The parameterization uses a
two-moment approach, in which the mass and number mix-
ing ratios of cloud droplets are predicted with separate prog-
nostic equations.

Among the atmospheric processes considered in EAMv2,
those depicted with gray boxes in Fig. 1a can directly af-
fect cloud droplet mass or number in stratiform and shallow
convective clouds. The respective tendencies (i.e., rates of
change with respect to time) are shown in Fig. 1b for droplet
mass and in Fig. 1c for droplet number, presented here as the
monthly and annual mean vertical integrals averaged over
the middle and high latitudes. (The low latitudes, 30° S to
30° N, are excluded because the deep convective clouds dom-
inate in those regions.) In terms of such global-scale inte-
grals, the MG2 cloud microphysics parameterization leads to
net sinks of both the mass and the number of cloud droplets
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Figure 1. (a) Atmospheric processes considered in EAMv2 and the sequence of calculations during the model’s time integration. Gray boxes
correspond to processes that can directly change the mass or number mixing ratios of cloud droplets in stratiform and shallow convective
clouds. (b, c) Time mean tendencies of the vertically integrated grid box mean droplet mass and number, respectively, averaged over the
middle and high latitudes. The filled boxes in (b, c) show annual averages, and the whiskers indicate the ranges of monthly averages. “Cu”
refers to cumulus convection. The budgets were diagnosed using 1 year of model output from a present-day EAMv2 simulation conducted
without the prescribed lower bound of CDNC, i.e., configuration nc00 in Table 1.

(Fig. 1b and c). The primary source of cloud droplet mass
is the condensation of water vapor calculated by the param-
eterization named CLUBB (Cloud Layers Unified by Binor-
mals; Larson, 2017; Larson and Golaz, 2005; Golaz et al.,
2002; Larson et al., 2002), which uses higher-order closures
for parameterizing turbulence. The primary source of cloud
droplet number is droplet nucleation (Fig. 1c), which is rep-
resented with a comprehensive parameterization following
Ghan and Easter (2006) and Easter et al. (2004), as elabo-
rated in Sect. 2.3. Condensed water detrained from deep con-
vection is also a source for droplet mass and number for strat-
iform and shallow convective clouds but this source is small
in the mean budget in middle and high latitudes (Fig. 1b

and c). Transport by the resolved winds (i.e., large-scale ad-
vection) and by the parameterized updrafts and downdrafts
in deep convection can lead to local changes of cloud droplet
mass and number but the net effects after temporal and spa-
tial averaging are very small (Fig. 1b and c).

Geographical distributions of the vertically integrated an-
nual mean budget terms are shown in Fig. S1 in the Supple-
ment. There, we see again that the impacts of resolved trans-
port and parameterized deep convective transport are small.
In the middle and high latitudes, the primary sources of cloud
droplet mass and number are water vapor condensation and
droplet nucleation, respectively, while cloud microphysics is
the primary sink for both droplet mass and droplet number.
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2.2 Aerosols

The abundance of aerosol particles in the atmosphere is sim-
ulated in EAMv2 by solving time evolution equations of par-
ticle mass and number mixing ratios. The wide ranges of
particle size and composition are taken into account by con-
sidering seven chemical components (sulfate, black carbon,
primary organic matter, secondary organic matter, marine or-
ganic matter, dust, sea salt) and using four lognormally dis-
tributed modes to represent the statistical distributions of par-
ticle size and composition at specific time instances and loca-
tions. Furthermore, aerosol particles in EAMv2 are divided
into two subpopulations of different attachment states: the
interstitial aerosols are those found outside cloud droplets,
while the cloud-borne aerosols are those embedded in cloud
droplets. EAMv2 solves separate mass and number mixing
ratio equations for the different compositions, modes, and
attachment states listed here. Detailed descriptions of the
aerosol life cycles in EAMv2 can be found in Wang et al.
(2020), Liu et al. (2016), and Liu et al. (2012).

The activation of aerosol particles leads to the formation
of new cloud droplets, a process commonly referred to as
cloud droplet nucleation. From the aerosol life cycle perspec-
tive, activation changes the attachment state of an aerosol
particle from interstitial to cloud-borne, while the evapora-
tion of cloud droplets can result in aerosol resuspension, i.e.,
the conversion of cloud-borne aerosols back to the intersti-
tial state. Further details of the parameterization in EAMv2
involving aerosol activation can be found in Sect. 2.3.

2.3 Nucleation, evaporation, and turbulent mixing of
cloud droplets

In EAMv2, the changes in cloud droplet number mixing ratio
caused by cloud droplet nucleation or evaporation are repre-
sented by a scheme based on Ghan and Easter (2006) and
Easter et al. (2004), similar to the summary in Sect. S1.1.8
of Liu et al. (2012). The following features of the implemen-
tation in EAMv2 (and also in EAMv1; Rasch et al., 2019)
are important for understanding the results presented in later
sections.

First, the nucleation, evaporation, and turbulent mixing
of cloud droplets are tightly coupled both physically and
numerically. For brevity, we refer to the parameterization
in EAMv2 that describes this collection of processes as
DROPMIXNUC, following the Fortran subroutine name in
the EAMv2 code. EAMv2 does not assume vertically con-
stant CDNCs in multi-layer cloudy regions; rather, the pa-
rameterized turbulence is responsible for the upward trans-
port of cloud droplets formed at the cloud base and for the
subgrid-scale mixing of droplets across vertical layers. This
design choice is different from the assumptions used in the
ECHAM4 model described in Sect. 2.3 of Lohmann et al.
(1999) and in various more recent models, such as ECHAM-
HAM (Zhang et al., 2012; Tegen et al., 2019; Neubauer

et al., 2019), ECHAM-SALSA (Kokkola et al., 2018), and
UKESM1 (Grosvenor and Carslaw, 2020). The implementa-
tion in these other models can be interpreted as assuming that
turbulent transport is sufficiently strong to vertically homog-
enize CDNC in a contiguous cloudy region within the same
time step of the numerical simulation.

Second, droplet nucleation in EAMv2 (and also v1) is
treated differently at the cloud base and inside newly formed
clouds, see Sect. 2.1 in Ghan and Easter (2006) as well
as Sect. 2.3.2 versus Sect. 2.3.3 in the following. In both
cases, however, the fractions of interstitial aerosol particles
in different lognormal modes that are activated to form cloud
droplets are calculated using the parameterization of Abdul-
Razzak and Ghan (2000, hereafter ARG2000), assuming that
the supersaturation of water vapor that leads to aerosol acti-
vation is caused by the adiabatic ascents of air parcels. In
EAMv2 (and also v1), the characteristic speed of such as-
cents, w∗act, is estimated as

w∗act =max(wact,min,σw), where (2)

σw =min
(
σmax,

√
w′2

)
. (3)

Here w′2 is the subgrid variance of the vertical velocity of
air calculated by CLUBB. The minimum ascent velocity,
wact,min, is set to 0.1 ms−1, and σmax= 10 ms−1.

Overall, the impact of the DROPMIXNUC parameteriza-
tion on cloud droplet number can be understood as a grid box
mean droplet number tendency, expressed as(
∂Nl

∂t

)
DROPMIXNUC

=

(
∂Nl

∂t

)
mix

+

(
∂Nl

∂t

)
nuc-evap

, (4)

where Nl denotes the droplet number mixing ratio and an
overline denotes the spatial average over a grid box. The first
right-hand-side term in Eq. (4) is turbulent mixing parame-
terized using the eddy diffusivity theory. The second term is
formulated as(
∂Nl

∂t

)
nuc-evap

=

(
∂Nl

∂t

)
cld-regen

+

(
∂Nl

∂t

)
cld-shrink

+

(
∂Nl

∂t

)
cld-grow

+

(
∂Nl

∂t

)
cld-base-nuc

+

(
∂Nl

∂t

)
vert-detr

. (5)

The first term on the right-hand side of Eq. (5) repre-
sents droplet nucleation by cloud regeneration inside persist-
ing clouds (see Sect. S1.1.8 in Liu et al., 2012) but is ne-
glected in EAMv2 (and v1). The other four terms represent
droplet evaporation associated with cloud fraction decrease
(Sect. 2.3.1 and Fig. 2a), droplet nucleation associated with
cloud fraction increase (Sect. 2.3.2 and Fig. 2b), nucleation
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Figure 2. Treatment of different scenarios and physical processes in the parameterization of cloud droplet nucleation, evaporation, and
turbulent mixing in EAMv2. More detailed descriptions can be found in Sect. 2.3.

at the cloud base (Sect. 2.3.3 and Fig. 2c), and the evapo-
ration of droplets detrained by turbulence (Sect. 2.3.4 and
Fig. 2d). The cloud fraction used in DROPMIXNUC is the
liquid cloud fraction calculated by CLUBB.

2.3.1 Droplet evaporation associated with cloud
fraction decrease

If the cloud fraction in a grid box has decreased from the
previous time instance at which the DROPMIXNUC param-
eterization was calculated, the decrement in cloud fraction is
assumed to correspond to disappeared clouds (Fig. 2a). The
decrement in the grid box mean droplet number mixing ratio
is assumed to be proportional to (I) the change in cloud frac-
tion and (II) the in-cloud mean droplet number concentration
of the previous time instance, namely,(
∂Nl

∂t

)
cld-shrink

1t = N̂l(t)
[
fc(t +1t)− fc(t)

]
, (6)

where 1t is the time step size used by the parameterization
and N̂l(t) is the in-cloud mean droplet number mixing ratio at
time instance t , while fc(t) and fc(t+1t) are cloud fractions
at the old and new time instances, respectively. As a result of
this evaporation, the previously cloud-borne aerosol particles
are resuspended, resulting in increases in the grid box mean
interstitial aerosol number and mass concentration.

2.3.2 Droplet nucleation associated with cloud fraction
increase

If the cloud fraction in a grid box has increased from the pre-
vious time instance, the increment is assumed to correspond
to newly formed clouds (Fig. 2b). For these new clouds,
the ARG2000 parameterization is used to calculate the frac-
tions of activated aerosol particles, denoted here as fa,i , i =
1, . . .,M , with M being the total number of aerosol modes.
Note that fa,i depends critically on w∗act as well as on the
aerosol properties. These fractions are applied to the mean
interstitial aerosol number mixing ratios in the grid box, de-
noted here by Na,i , i = 1, . . .,M . Each activated aerosol par-
ticle is assumed to correspond to one newly nucleated cloud

droplet. This leads to an increase in the grid box mean droplet
number mixing ratio that is proportional to the cloud fraction
increment, namely,(
∂Nl

∂t

)
cld-grow

1t =
[
fc(t +1t)− fc(t)

] M∑
i=1

fa,i(t)Na,i(t). (7)

2.3.3 Droplet nucleation at cloud base

A grid box is assumed to have a fraction of its horizontal area
covered by cloud base if the cloud fraction in the current grid
box is larger than the cloud fraction in the grid box below by
at least 0.01 (Fig. 2c). The cloud fraction difference between
the two layers (a positive number) is defined as the cloud
base fraction, fb, of the grid box. At the cloud base, the frac-
tions of aerosol particles being activated from the below-base
layer are calculated using the parameterization of ARG2000.
These activation fractions are applied to the turbulent fluxes
of interstitial aerosols across a unit area at the cloud base,
Fa,i , where

Fa,i = w
∗
actNa,i, i = 1, . . .,M. (8)

Each activated aerosol particle is assumed to correspond
to one newly nucleated cloud droplet. The resulting grid box
mean droplet number tendency is(
∂Nl

∂t

)
cld-base-nuc

=
fb

1z

M∑
i=1

fa,i Fa,i

=
fb

1z

M∑
i=1

fa,i w
∗
actNa,i, (9)

where z is the geopotential height and 1z is the thickness
of the model layer. The aerosol number concentrations Na,i
in Eqs. (8) and (9) are the concentrations in the model layer
right below the cloud base.

The droplet number increment expressed in Eq. (9) and the
turbulent mixing of cloud droplets (i.e., the first right-hand-
side term in Eq. (4)) are numerically solved together using
an explicit time-stepping method with adaptive step sizes,
where 1t in Eqs. (6) and (7) is subdivided into smaller time
steps to fulfill the stability requirement.
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To aid in the interpretation of some of the results presented
later in Sect. 5.2, it is worth clarifying that, when the cloud
fraction is non-zero in contiguous layers in the same grid col-
umn, the cloud fraction may vary in the vertical direction,
and hence cloud bases may be identified in multiple layers
according to the criterion stated at the beginning of this sec-
tion. In this paper, we refer to the cloud base identified in
a grid box as the local cloud base of that grid box. If the
model layer closest to the Earth’s surface is cloud-free, then
the interface between the lowest model layer with non-zero
cloud fraction and the layer below can be referred to as, in
a loose sense, the main cloud base (or lowest cloud base) in
the grid column. The DROPMIXNUC parameterization does
not distinguish between these two types of cloud base. Both
of them lead to the source of cloud droplet number expressed
by Eq. (9).

Given the definition of local cloud base noted here, one
can imagine that, if a grid column has constant cloud frac-
tions across multiple layers, then these layers will have only
a main base and no local base in other cloudy layers. In such
a scenario, considering that droplet nucleation by cloud re-
generation inside persisting clouds (i.e., the first right-hand-
side term in Eq. (5)) is neglected, if the cloud fractions do
not increase with time, there will be no droplet nucleation
above the main cloud base, and turbulent transport will be
the only possible source of the number of cloud droplets in
the cloudy layers away from the main base. This design fea-
ture is important to keep in mind for some of the discussions
in Sect. 5.2.

2.3.4 Droplet evaporation after turbulent transport
into clear air

When cloud droplets are transported by turbulence from a
layer with a larger cloud fraction into a layer with a smaller
cloud, a fraction of the droplets are evaporated, based on the
difference in the two cloud fractions, and the cloud-borne
aerosols therein are resuspended (Fig. 2d). This is done for
transport to both the layer above and the layer below.

As a side note for readers working with EAMv2, we em-
phasize here that the turbulent mixing of cloud droplet num-
ber (and all aerosol species) is numerically solved inside
the DROPMIXNUC parameterization and is not handled by
CLUBB.

2.4 Implementation of CDNCmin in EAMv2

The lower bound of CDNC, CDNCmin, is set to 10 cm−3

in the default EAMv2. Because the model’s time integra-
tion uses sequential splitting to numerically couple most of
the parameterized processes, the value of CDNC in a grid
box, if diagnosed, would change multiple times within the
30 min time step depicted in Fig. 1a, as well as during each
of the 5 min subcycles used for CLUBB, DROPMIXNUC,
and MG2. For our discussions here, it is important to clar-

ify that the lower bound is applied after the DROPMIXNUC
parameterization has been calculated and the resulting ten-
dency of cloud droplet number has been applied, and before
the cloud microphysical processes are calculated; see boxes
III, ∗, and IV in Fig. 1a.

Due to the aforementioned sequence of calculations, the
lower bound, CDNCmin, directly affects all cloud micro-
physics processes in the MG2 cloud microphysics parame-
terization that depend on cloud droplet number concentra-
tion. In addition, CDNCmin indirectly affects the parameters
of the cloud droplet size distribution that are diagnosed near
the end of MG2 (box IV in Fig. 1a) and passed subsequently
to the radiation parameterization for the calculation of cloud
optical properties (box V in Fig. 1a).

3 Numerical experiments and analysis methods

As mentioned in the introduction, this study aims to obtain
a process-level characterization of ultra-low CDNCs in strat-
iform and shallow convective clouds simulated by EAMv2.
Our overall strategy is to first identify the geographical loca-
tions where ultra-low CDNCs occur most frequently, as well
as the locations where the estimated ERFaer is most sensitive
to CDNCmin (Sect. 4). We then examine characteristics of the
cloud formation processes associated with ultra-low CDNCs
(Sect. 5). Additional sensitivity experiments are used to assist
further reasoning about ultra-low CDNCs and their relation
to ERFaer (Sect. 6). Two types of simulation are presented in
this paper, as explained next.

3.1 Nudged simulations for estimating ERFaer

In this study, ERFaer was estimated following the methodol-
ogy used by the Aerosol Comparisons between Observations
and Models (AeroCom) intercomparison activities (see, e.g.,
Gliß et al., 2021; Myhre et al., 2013). Simulations were con-
ducted with interactive atmosphere and land surface mod-
els. The sea surface temperature and sea ice extent were pre-
scribed using climatological values. Pairs of otherwise iden-
tical simulations were conducted using the present-day (PD)
or pre-industrial (PI) emissions of aerosols and precursors,
with the PD emissions set to the 2005–2014 averages and the
PI emissions set to values representing the year 1850. ERFaer
was calculated as the PD–PI difference in the net radiative
flux at the top of the model atmosphere.

These pairs of PD–PI simulations were nudged to the
ERA-Interim reanalysis (Dee et al., 2011) to help distinguish
signals of aerosol effects from noise caused by natural vari-
ability (Kooperman et al., 2012). Horizontal winds in the
altitude range of approximately 0.5 to 850 hPa (i.e., model
levels 5 to 58 out of a total of 72) were nudged with a re-
laxation time of 6 h. The reanalysis data were read every 6 h
and linearly interpolated to each model time step (Sun et al.,
2019; Zhang et al., 2022b). Winds in the near-surface layers,
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Table 1. EAMv2 simulations presented in the paper. “PD” and “PI” refer to the aerosol and precursor emission scenarios, with PD being
the 2005–2014 average and PI being values representing the year 1850. The free-running simulations were climatological runs. The nudged
simulations were constrained by winds from the ERA-Interim reanalysis. Further details can be found in Sect. 3.

Group Short name Brief description Nudged simulations Free-running simulations
with PD or PI emissions with PD emissions

I nc00 No lower bound for CDNC 2005–2014 10 years
I nc10 CDNCmin= 10 cm−3 (EAMv2 default) 2005–2014 –

II nc10_600hPa CDNCmin= 10 cm−3 only between 600 hPa and the
Earth’s surface

2011 –

II nc10_f0.9 CDNCmin= 10 cm−3 only when cloud fraction is
larger than 0.9

2011 –

III nc00_w10 No lower bound for CDNC; updraft velocity used in
activation calculation enhanced by a factor of 10 in
selected grid columns and layers

2011 –

III nc00_w10k10 No lower bound for CDNC; both turbulent mixing
and the updraft velocity used in activation calcu-
lation enhanced by a factor of 10 in selected grid
columns and layers

2011 –

as well as air temperature and humidity, were not nudged,
so as to retain good consistency between the climatology
of the nudged simulations and the climatology of the free-
running simulations (Timmreck and Schulz, 2004; Zhang
et al., 2014; Sun et al., 2019; Zhang et al., 2022a, b). Zhang
et al. (2022a) showed that 1-year nudged E3SM simulations
were sufficient for revealing key signals in the annually aver-
aged global mean, zonal mean, and global patterns of ERFaer.
In this study, however, the sensitivity of ERFaer to CDNCmin
(i.e., 1ERFaer caused by 1CDNCmin) was also examined in
different seasons (see Fig. 4); this requires more simulation
years to distinguish signal from noise. Hence we chose to
conduct one pair (PD and PI) of 10-year nudged simulations
from 2005 to 2014 using the default EAMv2 (i.e., configura-
tion nc10 in Table 1, with CDNCmin= 10 cm−3) and a sec-
ond pair with CDNCmin set to 0 (i.e., configuration nc00 in
Table 1).

Inspired by the results described in Sects. 4 and 5, we
conducted several additional pairs of PD–PI simulations.
Group II listed in Table 1 had CDNCmin set to 10 cm−3

but only in the lower troposphere (between ≈600 hPa and
the Earth’s surface, configuration nc10_600hPa) or only in
grid boxes with a cloud fraction higher than 0.9 (configura-
tion nc10_f0.9). The experiments in group III used no lower
bound but either the characteristic updraft velocity used in
the droplet nucleation parameterization was artificially en-
hanced by a factor of 10 (configuration nc00_w10) or both
the characteristic updraft and the turbulent mixing coefficient
were enhanced by a factor of 10 (nc00_w10k10, Table 1).
The group-II and group-III experiments were used for assess-
ing the model’s responses in the annual mean ERFaer; hence,
these simulations were integrated for 1 year after 3 months
of spin-up.

3.2 Free-running simulation for characterizing
ultra-low CDNCs and associated atmospheric
conditions

To carry out a process-level analysis of the occurrences of
ultra-low CDNCs in EAM, we present a 10-year free-running
simulation conducted under forcing conditions of the year
2010 and with the lower bound CDNCmin turned off (i.e.,
configuration nc00). The reason for not using nudging in this
simulation was that free-running simulations were more con-
venient to set up and would reflect the model’s original be-
havior. That said, we do not expect that nudging horizontal
wind will substantially modify the cloud features discussed
here.

Our analyses of the free-running simulation relied heavily
on the online budget analysis and conditional sampling ca-
pabilities developed for EAM by Wan et al. (2022), as well
as offline interactive data exploration enabled by the visual-
ization application ParaView. During a simulation, CDNCs
were diagnosed at the point in the time loop where ultra-low
values would be bounded for the first time in each “main”
time step of 30 min when the lower bound was in use, as de-
picted by the dashed box marked “(*)” in Fig. 1a. CDNCs
in the range 0.01–9.99 cm−3 are referred to as “ultra-low” in
this paper. We note that this range excludes the cases with
CDNC= 0, as the zeros typically correspond to cloud-free
conditions and are not the focus of this study. For compar-
ison with the ultra-low cases, CDNCs of 30–50 cm−3 and
higher than 50 cm−3 were also sampled and are discussed in
Sect. 5.
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4 Ultra-low CDNCs and ERFaer

This section aims to assess the frequencies and locations of
the occurrences of ultra-low CDNCs in stratiform and shal-
low convective clouds simulated by EAMv2, as well as to
identify the locations at which the simulated ERFaer is most
sensitive to the lower bound, CDNCmin.

4.1 Sensitivity of ERFaer to CDNCmin

We first compare the ERFaer simulated by EAMv2 with or
without using the lower bound. The 10-year mean global and
annual mean ERFaer are −1.71 Wm−2 in the nc00 configu-
ration and −1.43 W m−2 in the nc10 configuration (Fig. 3a).
Figure 4a shows a global map of the annual mean ERFaer de-
rived from the nc00 configuration (i.e., no lower bound). Fig-
ure 4b and c show the signed absolute and relative changes,
respectively, caused by imposing a CDNCmin of 10 cm−3. In
all three panels, masked out in white are the geographical lo-
cations with statistically small ERFaer in nc00, i.e., where an
absolute value of the 10-year annual mean ERFaer is smaller
than the estimated 2 standard deviations of the 10-year an-
nual mean.

A comparison between Fig. 4a and b suggests that the
lower bound reduces ERFaer globally except over the ma-
jor deserts. In the middle latitudes of both hemispheres, the
spatial pattern of the change (Fig. 4b) largely matches the
spatial pattern of ERFaer itself (Fig. 4a), meaning that there
is a rough proportionality between the magnitudes of change
and the baseline values.

In the Arctic, however, the annual mean absolute changes
are large, often exceeding 1 Wm−2 (Fig. 4b), while the
baseline values are moderate (within −2 Wm−2 in general,
Fig. 4a). Therefore, this region features the strongest relative
reduction in the magnitude of ERFaer, of the order of 50 %
to 100 %, when a CDNCmin of 10 cm−3 is imposed (Fig. 4c).
This strong sensitivity in the annual mean ERFaer is domi-
nated by the changes in boreal summer, especially June and
July, which can be seen in the zonally averaged monthly
mean ERFaer differences shown in Fig. 4f. In the North-
ern Hemisphere (NH) middle latitudes, the 10-year mean
monthly zonal mean changes are typically within 1.5 Wm−2,
while the changes near the North Pole are 5 Wm−2 or larger
in June and July.

As can be expected from the results reported in Zhang
et al. (2022a), the changes in ERFaer seen in Fig. 4 are dom-
inated by the changes in the shortwave ERFaer (see Fig. S2),
which, in turn, are attributable primarily to the changes in
the shortwave component of the aerosol indirect effect (see
Fig. S3).

4.2 Geographical distribution of ultra-low CDNCs

Figure 5a is a global map of the 10-year mean annually
averaged fraction of cloudy time steps and model layers

that exhibit ultra-low CDNCs in the nc00 simulation. Here,
“cloudy” is defined as ql > ql,min= 10−15 gkg−1, as is the
case at the point in the model’s time loop where CDNCmin
is applied, and ql is the instantaneous grid box mean cloud
liquid mass mixing ratio in stratiform and shallow convec-
tive clouds. All vertical layers (72 in total in EAMv2) were
included in the calculation of the fraction. Over the mid- and
high-latitude oceans in both hemispheres, 25 % to 55 % of
the cloudy time steps and vertical levels are found to have
ultra-low CDNCs, and we see trends of higher percentages
at higher latitudes.

The fraction shown in Fig. 5a can be interpreted as a con-
ditional probability, P(CDNC ultra-low|ql > ql,min) and was
diagnosed using

P(CDNC ultra-low|ql > ql,min)

= P(CDNC ultra-low∩ ql > ql,min)/P (ql > ql,min). (10)

To avoid drawing undue attention to large values of the
conditional probability resulting from singularities associ-
ated with very small values of the denominator P(ql >
ql,min), Fig. 5d shows P(ql > ql,min), namely the average
fraction of cloudy cases among all model time steps and all
vertical levels. Compared with the low latitudes and most
continental areas, the mid- and high-latitude oceans are as-
sociated with a more frequent presence of cloud liquid mass.
Hence, the high frequencies of ultra-low CDNC depicted by
Fig. 5a over the mid- and high-latitude oceans are meaningful
signals. The geographical distribution of the joint probability
P(CDNC ultra-low∩ ql > ql,min) can be found in Fig. S4a.

One might also wonder whether the high frequencies seen
in Fig. 5a and d have resulted from using a very low thresh-
old of ql,min= 10−15 gkg−1 to define “cloudy” (i.e., cloud
liquid present). Since ql is the grid box mean value and the
grid boxes are large (approximately 200 km× 200 km), and
since numerical discretization and floating-point calculations
both introduce error, we can imagine a simulation producing
ql values that exceed 10−15 gkg−1 but are nevertheless very
small from a practical perspective and hence unlikely to have
large impacts on the mean climate. To avoid drawing un-
due attention to such cases, we diagnosed, in the same nc00
simulation, fractional frequencies similar to those shown in
Fig. 5a and d but with ql,min set to 10−5 gkg−1 in conditional
sampling. The resulting global maps are presented in Fig. 5b
and e, which turn out to closely assemble the results obtained
using the smaller threshold of 10−15 gkg−1. Further increas-
ing ql,min to 0.02 gkg−1 leads to substantial decreases in the
count of cloudy cases (Fig. 5f versus Fig. 5e), but the mid-
and high-latitude oceans still stand out as the regions with
most-frequent cloud liquid presence (Fig. 5f). Overall, the
three sets of diagnostics presented in the figure suggest that,
over the middle- and high-latitude oceans, 25 % to 55 % of
the cases (i.e., grid boxes and time steps) with cloud liquid
presence are associated with ultra-low CDNCs. The feature
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Figure 3. (a) Global annual mean ERFaer simulated with the various configurations of EAMv2 listed in Table 1. (b) Sensitivity of the global
annual mean ERFaer to model configuration, shown as differences with respect to configuration nc00. In both panels, the filled rectangles and
the numbers noted therein correspond to the model year of 2011. For the first two rectangles from the top in panel (a) and the first rectangle
from the top in panel (b), the whiskers visualize the ranges of 1 year annual mean among the 10 simulation years, and the three numbers
noted in each pair of parentheses are the minimum, mean, and maximum values of the 1-year annual averages.

Figure 4. (a) 10-year mean annually averaged ERFaer, diagnosed from a pair of PD and PI simulations nudged to the meteorology of the years
2005–2014, conducted using EAMv2 with no lower bound for CDNC (i.e., configuration nc00). (b) Changes in 10-year annual mean ERFaer
caused by imposing a lower bound of CDNCmin = 10 cm−3 (configuration nc10 minus nc00). (c) As panel (b) but showing the relative
changes. In panels (a–c), masked out in white are the geographical locations where the ERFaer in configuration nc00 is statistically small
(see Sect. 4.1). (d–f) 10-year mean zonal mean monthly ERFaer in the Northern Hemisphere: (d) in configuration nc00, (e) in configuration
nc10, and (f) the differences. Similar figures showing the shortwave (SW) component of ERFaer and the SW component of the aerosol
indirect effect (AIE) can be found in Figs. S2 and S3. Further details and discussions can be found in Sect. 4.1.
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Figure 5. (a–c) 10-year mean annually averaged fraction of cloudy time steps and model layers that exhibit ultra-low CDNCs, i.e., the
conditional probability P(CDNC ultra-low|ql > ql,min). (d–f) 10-year mean annually averaged fraction of all model time steps and model
layers that are considered “cloudy” because the grid box mean cloud liquid mass mixing ratio of stratiform and shallow convective clouds, ql,
is higher than a threshold ql,min, i.e., the probability P(ql > ql,min). The three columns correspond to three different choices of ql,min used
in conditional sampling: ql,min= 10−15 gkg−1 in the left column, ql,min= 10−5 gkg−1 in the middle column, and ql,min= 0.02 gkg−1 in
the right column. The fractions (probabilities) were diagnosed in the 10-year free-running nc00 simulation explained in Table 1, i.e., EAMv2
with no lower bound for CDNC. The geographical distribution of the joint probability P(CDNC ultra-low∩ ql > ql,min) can be found in
Fig. S4. Further details and discussions can be found in Sect. 4.2.

is robust across a wide range of ql,min used for defining cloud
liquid presence.

Between the two hemispheres, the Southern Hemisphere
(SH) shows slightly more frequent occurrences of ultra-low
CDNCs (Figs. 5a–c and S4a–c). The absolute changes in
ERFaer caused by imposing CDNCmin, however, are substan-
tially smaller in the SH than in the NH (Fig. 4b). This is not
surprising, given the significantly lower aerosol concentra-
tions and their PD–PI differences in the SH. Since this study
was originally motivated by the ERFaer in EAMv2, the anal-
yses in the remainder of the paper will focus on the NH.

In southeast (SE) China and the SE United States, about
15 % to 25 % of the time steps and vertical levels with cloud
liquid presence are associated with ultra-low CDNCs, re-
gardless of the value of ql,min used in conditional sampling
(Fig. 5a–c). These percentages might seem unexpectedly
high for continental regions with generally high aerosol con-
centrations. In the following, these two continental regions
are further analyzed, together with the Arctic region and the
North Pacific storm track. The latter two regions were cho-
sen because they feature both high frequencies of occurrence
of ultra-low CDNCs (Fig. 5a–c) and strong sensitivities of
ERFaer to CDNCmin (Fig. 4b).

4.3 Vertical distribution of ultra-low CDNCs

Based on the findings in Sects. 4.1 and 4.2, we selected four
focus regions, namely the North Pacific storm track (oceanic
areas in 30–60° N, 120–240° E), the Arctic region (all geo-
graphical locations northward of 66.5° N), SE China (land

areas in 25–35° N, 110–120° E), and the SE United States
(land areas in 30–40° N, 270–280° E), to examine the verti-
cal distribution of the ultra-low CDNCs. Similar to Fig. 5,
Fig. 6a–d show the 10-year mean fractional frequency of oc-
currences of ultra-low CDNCs in samples with cloud liquid
presence, i.e., P(CDNC ultra-low|ql > ql,min), and Fig. 6e–
h show the fraction of samples featuring ql > ql,min among
all time steps and grid boxes in the region and vertical layer,
i.e., P(ql > ql,min). The vertical profiles of the joint probabil-
ity P(CDNC ultra-low∩ql > ql,min) can be found in Fig. S5.
The four columns in Fig. 6 show results for the four regions.
The solid, dashed, and dotted lines in each panel are 10-year
mean annual averages corresponding to ql,min= 10−15, 10−5,
and 0.02 gkg−1, respectively. Two standard deviations of 1-
year averages are shown as color shading to indicate interan-
nual variability.

The four regions differ in their frequencies of cloud liquid
presence, as expected (Fig. 6e–h), but similar features can
be seen in the fractions of cloudy cases exhibiting ultra-low
CDNCs (Fig. 6a–d). In the upper troposphere (with pressure
values lower than 300 or 400 hPa, depending on the region),
the occurrences of ultra-low CDNCs in liquid-present cases
vary substantially with ql,min, possibly due to the dominance
of ice clouds and very small values of P(ql > ql,min) at those
altitudes. In the middle and lower troposphere (pressure>
400 hPa), the fractions of liquid-present cases associated with
ultra-low CDNCs are rather insensitive to ql,min (Fig. 6a–
d). Compared with the 10-year averages, the interannual
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Figure 6. Regionally averaged vertical profiles of the annual mean fractional frequency of occurrence of various conditions. As in Fig. 5, the
upper row (a–d) shows the conditional probability P(CDNC ultra-low|ql > ql,min), i.e., the fraction of cloudy cases that exhibit ultra-low
CDNCs, and the lower row (e–h) shows the probability P(ql > ql,min), i.e., the fraction of model time steps and vertical layers that are
considered “cloudy” because ql > ql,min. The four columns correspond to different regions; from left to right are the North Pacific storm
track, the Arctic region, SE China, and SE United States, respectively. Lines are 10-year averages, and color shading shows 2 standard
deviations of ten 1-year averages. The solid, dashed, and dotted lines correspond to different ql,min values used in conditional sampling. The
fractions (probabilities) were diagnosed from the 10-year free-running nc00 simulation explained in Table 1 (i.e., EAMv2 with no lower
bound for CDNC). Vertical profiles of the joint probability P(CDNC ultra-low∩ ql > ql,min) can be found in Fig. S5. Further details and
discussions can be found in Sect. 4.3.

variabilities are small, suggesting that the mean frequencies
shown here are statistically significant.

The clouds in EAMv2 in the upper troposphere are often
cirrus, while those occurring between 600 hPa and the sur-
face are typically mixed-phase or warm (liquid) clouds. To
find out which of these cloud types play more important roles
in causing the sensitivity of ERFaer to CDNCmin, we con-
ducted the sensitivity experiment nc10_600 hPa listed in Ta-
ble 1, in which CDNCmin= 10 cm−3 was applied only to the
model’s vertical layers 48 to 72, corresponding to pressure
values equal to or higher than about 600 hPa when the sur-
face pressure was 1000 hPa. Compared with nc00 (no lower
bound), bounding CDNC in all layers (i.e., nc10) reduces the
magnitude of the global annual mean ERFaer by 0.34 Wm−2

in the year 2011 and by 0.19–0.36 Wm−2 in the 10-year pe-
riod of 2005 to 2014 (Fig. 3b). Bounding CDNCs between
600 hPa and the surface gives a reduction of 0.33 Wm−2 in
the year 2011, suggesting that the ultra-low CDNCs in the

lower troposphere play a dominant role in determining the
sensitivity of ERFaer to CDNCmin.

For the lower-tropospheric layers between 600 and about
900 hPa, Fig. 6b reveals that about 40 % of the cloudy cases
(i.e., cloudy time steps and grid boxes) in the Arctic region
are associated with ultra-low CDNCs. Over the North Pacific
storm track (Fig. 6a), SE China (Fig. 6c), and the SE USA
(Fig. 6d), the typical percentages are between 20 % and 40 %.
These are rather high annual mean percentages, especially
for the polluted regions.

4.4 Cloud morphology

Having identified the locations of the most frequent occur-
rences of ultra-low CDNCs, we now start to examine the fea-
tures of the model atmosphere in those cases, focusing on the
lower troposphere and on the four regions discussed earlier
(Fig. 6).
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Figure 7. (a–d) Bivariate histograms of the grid box mean cloud liquid mass mixing ratio, ql, and cloud fraction, fc, for the ultra-low CDNCs
occurring in model layers with nominal pressure higher than 600 hPa. (e–h) Bivariate histograms of the in-cloud droplet mass concentration
(CDMC) and fc. The model output used in this analysis was 120 d of 6-hourly instantaneous values from January, April, July, and October
(30 d per month) of the first simulation year after spin-up. As in Fig. 6, results from different focus regions are shown in different columns,
as indicated above each plot panel. Further details and discussions can be found in Sect. 4.4.

Our preliminary examination of the grid box mean cloud
liquid mass mixing ratio (ql, unit: gkg−1), the in-cloud
droplet mass concentration (CDMC, unit: gcm−3), and cloud
fraction (fc, unitless) suggested that the cases with ultra-
low CDNCs showed moderate to high composite mean val-
ues for all three quantities. A subsequent investigation us-
ing instantaneous model output revealed the existence of two
distinct regimes. Figure 7a–d are bivariate histograms of in-
stantaneous ql and fc in the four focus regions, presented
for the ultra-low CDNC cases sampled in the lower tropo-
sphere from 120 d of 6-hourly instantaneous model output.
Figure 7e–h are bivariate histograms of CDMC and fc. To
include different seasons, the 120 d used in this analysis con-
sisted of 30 consecutive days per month from each of Jan-
uary, April, July, and October of the first simulation year.
The results from the four geographical regions turn out to
show very similar features: the majority of the samples with
ultra-low CDNCs are associated with fc > 0.9, typical val-
ues of ql between 0.01 and 1 gkg−1, and in-cloud droplet
mass concentrations from 0.01 to 1 gcm−3. There is a second

regime featuring very small cloud fractions (fc < 0.1), typi-
cal values of ql lower than 0.01 gkg−1, and in-cloud droplet
mass concentrations spanning a wide range, from about 10−5

to 1 gcm−3. Only a very small portion of the samples is as-
sociated with cloud fractions between 0.1 and 0.9.

These results naturally trigger the following questions:

1. Which of the two regimes plays a larger role in affecting
the simulated global mean ERFaer?

2. Where do the samples in each regime occur in terms
of cloud morphology? In other words, do the ultra-low
CDNCs associated with small or large cloud fractions
typically occur inside a cloudy region or at the bound-
aries between cloudy and cloud-free regions? Do they
occur in small and scattered cloudy regions or are they
associated with large (e.g., synoptic-scale) cloud sys-
tems?

The answers to these questions may provide important
clues for further investigations. For example, when ultra-low
CDNCs are associated with very small cloud fractions and
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are sporadically located (e.g., at the edges of cloudy regions),
one can suspect they might have been caused by numeri-
cal artifacts of spatial discretization. In contrast, if impactful
ultra-low CDNCs are found in large contiguous areas and at
specific types of location (e.g., in the center or at the bottom
of a synoptic-scale cloudy region), then the ultra-low values
may have resulted from certain inherent features of the phys-
ical assumptions in the model.

Our sensitivity experiment nc10_f0.9 was designed to an-
swer the first question. In this pair of PD and PI simula-
tions, the lower bound CDNCmin was applied only to grid
boxes with cloud fractions higher than 0.9. The change in
the year-2011 mean global mean ERFaer relative to nc00
amounts to a reduction of 0.22 Wm−2 in magnitude, ex-
plaining a major portion (about 65 %) of the reduction of
0.34 Wm−2 in magnitude obtained by eliminating all ultra-
low CDNCs (Fig. 3b). We also conducted an additional ex-
periment, bounding CDNCs only in grid boxes with cloud
fractions lower than 0.1; the resulting global mean ERFaer
turned out to be very similar to that of the nc00 configu-
ration. It then follows that the aggregate effect of the cases
with cloud fractions between 0.1 and 0.9 is non-negligible,
despite the relatively low case counts in those cloud frac-
tion bins. How the elimination of ultra-low CDNCs affects
ERFaer and its various components in the high-cloud-fraction
and medium-cloud-fraction regimes is an interesting topic
for future investigations.

The second question asked here is not straightforward to
answer using numerical metrics, so we chose to resort to vi-
sual inspection using ParaView. Given the finding, presented
in Sect. 4.1, that ERFaer simulated by EAMv2 features the
strongest sensitivity to CDNCmin in Arctic summer, Fig. 8
presents various vertical cross-sections in the Arctic circle
along the prime meridian, captured at 00:00 UTC on 3 July
of the first simulation year. The two rows in the figure present
the same quantities in the format of color shading: cloud frac-
tion in Fig. 8a and d, CDNC in Fig. 8b and e, and CDMC
in Fig. 8c and f. The quadrilateral frames in Fig. 8a–c indi-
cate grid boxes with ultra-low CDNCs and small cloud frac-
tions (fc < 0.1). These cases are found sporadically (Fig. 8a)
and are associated with low in-cloud droplet mass concen-
trations (Fig. 8c). This combination of features seems physi-
cally plausible. The quadrilateral frames in Fig. 8d–f indicate
EAMv2’s grid boxes with ultra-low CDNCs and large cloud
fractions (fc > 0.9). These grid boxes are located in the main
body of a multi-layer cloud system (Fig. 8d), where CDNCs
are systematically low across a number of vertical layers and
grid columns (Fig. 8e). The in-cloud droplet mass concen-
trations in these grid boxes, however, can be moderate or
high (e.g., more than 0.05 gm−3, Fig. 8f), which is consistent
with the bivariate histogram shown in Fig. 7f. This combina-
tion of features, i.e., ultra-low CDNC but high cloud fraction
and substantial in-cloud droplet mass concentration, is coun-
terintuitive. While Fig. 8 shows only one time instance, the
distinct features of the two types of ultra-low CDNC case

are frequently seen in the 30 d of instantaneous output that
we examined from June 28 to July 27 of the first simulation
year. An animation showing vertical cross-sections for the
30 d period can be found in the Video Supplement.

A similar analysis of cloud morphology has been carried
out for the SE China region. To ease the search for rele-
vant cases, we examined the monthly mean regionally av-
eraged vertical profiles of P(CDNC ultra-low|ql > ql,min),
P(CDNC ultra-low∩ ql > ql,min), and P(ql > ql,min) in the
first simulation year and selected March as the focus month,
as all three fractions were relatively high in that month (see
third column of Fig. S6). We then selected a model output
time, namely 00 UTC on March 8, when the region of 25–
35° N, 110–120° E was fully covered by low-level clouds, as
judged from the vertically integrated low-level cloud frac-
tion (Fig. 9a). In Fig. 9b and c, cloud fractions in the re-
gion of 25–35° N, 110–120° E are shown in semi-transparent
color shading, and the grid boxes with ultra-low CDNCs and
large (>0.9, Fig. 9b) or small (<0.1, Fig. 9c) cloud fractions
are shown as light gray or dark blue solid 3D boxes, respec-
tively, with the colors indicating the cloud fraction values.
The two panels, Fig. 9b and c, reveal a feature similar to
that seen for the Arctic: ultra-low CDNCs associated with
large cloud fractions are found in contiguous grid boxes in-
side large cloudy regions, while the ultra-low CDNCs asso-
ciated with small cloud fractions are scattered in space. An
animation showing the same kind of 3D visualization for the
30 d period from 28 February to 29 March of the first simula-
tion year can be found in the Video Supplement, and suggests
that the distinct features of the two types of ultra-low CDNC
case are typical over SE China.

Since the ultra-low CDNCs associated with large cloud
fractions have a major impact on the global mean ERFaer and
are intriguingly located inside large cloudy regions, we focus
on this category of cases in the next section, using composite
analysis to understand characteristics of the droplet forma-
tion and removal processes.

5 Cloud droplet budget analyses

Generally speaking, ultra-low CDNCs in stratiform and shal-
low convective clouds could be caused by weak sources or
strong sinks of the number of droplets, or both. To help iden-
tify the culprits, we present in Sect. 5.1 a budget analysis for
the main groups of droplet formation, transport, and removal
processes considered in EAMv2, namely the dynamical core
and parameterizations depicted by gray boxes in Fig. 1a and
described in Sect. 2.1. After that, Sect. 5.2 zooms into the
DROPMIXNUC parameterization to analyze the processes
depicted in Fig. 2 and described in Sect. 2.3. All results pre-
sented in this section are based on the 10-year free-running
simulation using the nc00 configuration, i.e., EAMv2 with
no lower bound for CDNC.

https://doi.org/10.5194/gmd-18-5655-2025 Geosci. Model Dev., 18, 5655–5680, 2025



5668 H. Wan et al.: Ultra-low CDNCs in E3SMv2

Figure 8. Vertical cross-sections of (a, d) cloud fraction, (b, e) in-cloud CDNC, and (c, f) in-cloud droplet mass concentration along the
prime meridian northward of 66.5° N at 00:00 UTC on 3 July of the first year in the free-running nc00 simulation. The color shading is the
same in both rows, but the overlaid quadrilateral frames in the upper row indicate model grid boxes associated with ultra-low CDNCs and
small cloud fractions (<0.1), while the quadrilateral frames in the lower row indicate model grid boxes associated with ultra-low CDNCs
and large cloud fractions (>0.9). An animation showing vertical cross-sections in the 30 d period from 28 June to 27 July can be found in
the Video Supplement. See Sect. 4.4 for further details and discussions.

Figure 9. (a) Vertically integrated low-level cloud fraction at 00:00 UTC on 8 March of the first model year. The dashed square is the SE
China region that panels (b) and (c) zoom into. (b) The semi-transparent color shading shows the cloud fraction values at the point of the
model’s time loop where the CDNCs are diagnosed and the lower bound is applied. The solid 3D boxes with magenta outlines are the grid
boxes featuring ultra-low CDNCs and large cloud fractions (>0.9). (c) As (b), but the solid 3D grid boxes are associated with ultra-low
CDNCs and small cloud fractions (<0.1). An animation showing 3D visualizations in the 30 d period from 28 February to 29 March can be
found in the Video Supplement. See Sect. 4.4 for further details and discussions.
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Figure 10. Results from the 10-year free-running simulation using the nc00 configuration, i.e., EAMv2 with no lower bound for CDNC.
(a) Regionally averaged Arctic July mean frequency of occurrence of grid boxes and model time steps with cloud fraction larger than 0.9
and CDNC (unit: cm−3) in three different ranges. (b–d) Composite mean of the grid box mean cloud droplet number tendencies caused by
resolved transport, DROPMIXNUC, and cloud microphysics, respectively. (e) Composite mean cloud fraction. (f–h) Composite mean of the
grid box mean cloud droplet mass tendencies caused by resolved transport, CLUBB, and cloud microphysics, respectively. Different marks
and colors correspond to different CDNC ranges. The marks and lines show the averages of the month of July of 10 simulation years. Color
shading indicates 2 standard deviations of the July average of individual years. Further details and discussions can be found at the beginning
of Sect. 5 and in Sect. 5.1.

To put the numbers associated with ultra-low CDNCs
into context, two additional CDNC ranges, 30–50 cm−3 and
higher than 50 cm−3, were sampled for comparison, all un-
der the condition of cloud fraction being higher than 0.9. For
clarification, we note that the conditional sampling was done
pointwise (i.e., grid-box-wise rather than column-wise), as
we intended to examine the local conditions associated with
different CDNC ranges. At any time step, if one grid column
had, for example, 2 grid boxes with ultra-low CDNCs, and
another grid column had 10 grid boxes with ultra-low CD-
NCs, these grid boxes would each contribute to the count of
ultra-low CDNCs in their respective model layers, and the
atmospheric conditions (or process rates) in those grid boxes
were recorded to diagnose composite mean values.

The fractional frequency of occurrence of the three CDNC
ranges with respect to all model time steps in the month of the
year and all grid boxes in the model layer and region is shown
in Fig. 10a for Arctic July as a function of altitude (pressure).
The marks and lines indicate 10-year averages of the focus
month. Color shading indicates 2 standard deviations of the
July averages of 10 different years. Figure 10a shows that, in
Arctic July, ultra-low CDNCs occur significantly more often
than higher concentrations, with a clear trend of higher fre-
quencies of ultra-low concentrations toward the surface. In
the figures presented in the remainder of this section, com-

posite mean vertical profiles of various physical quantities
are shown. (The results are masked out, i.e., not shown for
the specific altitude or sampling condition, if the fractional
frequency of occurrence of the condition is lower than 0.1 %
in the focus month in any of the 10 years, to avoid showing
results for very small samples.)

The composite mean cloud fractions of the sampled
CDNC ranges are shown in Fig. 10e for Arctic July. The
mean values are generally higher than 0.95 for all three
CDNC ranges and are about 0.99 or higher for the ultra-low
CDNCs. Due to these very high cloud fractions, although all
process rates (and other physical quantities) shown in the re-
mainder of this section are grid box mean values, we expect
the in-cloud mean values to be similar.

5.1 Source problem or sink problem?

Figure 10b–d present the composite mean cloud droplet num-
ber tendencies in Arctic July caused by the resolved trans-
port, DROPMIXNUC, and cloud microphysics. The parame-
terized vertical transport by updrafts and downdrafts in deep
convection and the detrainment from deep convection have
negligible magnitudes and hence are not shown. This budget
analysis shows that, overall, DROPMIXNUC is the primary
source of cloud droplet number in this region and month of
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the year, while cloud microphysics and resolved transport are
both significant sinks.

A comparison among the three CDNC ranges reveals that
both the sources and the sinks associated with ultra-low CD-
NCs are markedly weaker (closer to zero) than those seen
for higher CDNCs (Fig. 10b–d). This feature is also seen
in the other three regions (see Figs. S7–S9), suggesting that
the ultra-low CDNCs are probably caused by weak sources,
rather than strong sinks.

5.2 Droplet nucleation and turbulence

Figure 10f–h present a budget analysis similar to Fig. 10b-
d but for the mass of cloud droplets. As expected from
the construct of EAMv2 and its parameterizations, in most
model layers in the lower troposphere (except for the very
few layers closest to the Earth’s surface), the turbulence and
cloud parameterization CLUBB acts as the primary source
of droplet mass, while cloud microphysics is the primary
sink. Somewhat counterintuitively, when comparing the three
CDNC ranges, we see that the cases with ultra-low CDNCs
are associated with substantially stronger mass sources and
sinks (Fig. 10f to h), despite their much weaker number
sources and sinks revealed by Fig. 10b–d. This contrast in
tendencies is consistent with the feature revealed earlier in
Fig. 8, that the grid boxes with ultra-low CDNCs and large
cloud fractions are often associated with medium to high
in-cloud droplet mass concentrations. Furthermore, the con-
trast between strong mass sources/sinks and weak number
sources/sinks is also seen clearly in the other three regions,
see Figs. S7–S9.

To investigate why the droplet number sources associated
with ultra-low CDNCs are weak while the corresponding
droplet mass sources are strong, we decomposed the number
tendency caused by the DROPMIXNUC parameterization,
i.e., the quantity shown in Fig. 10c, into the various contrib-
utors described in Sect. 2.3: droplet nucleation at the local
cloud base in the grid box (Fig. 11a), droplet nucleation asso-
ciated with cloud fraction increase in the grid box (Fig. 11b),
and turbulent mixing (Fig. 11c). The evaporation associated
with cloud fraction decrease and the evaporation of droplets
detrained by turbulence are both negligible in magnitude and
hence not shown. The figure shows that the cases with higher
CDNCs (30–50 cm−3 or >50 cm−3) are associated with sig-
nificant droplet number sources due to nucleation at the lo-
cal cloud base in the grid box (Fig. 11a); positive tendencies
are seen in almost all layers in the lower troposphere and
peaks of nucleation rate are found in the near-surface layers
(Fig. 11a, green and blue). The tendencies associated with
turbulence mixing are negative (Fig. 11c, green and blue),
suggesting that droplets are transported away from where
they are nucleated. Nucleation associated with cloud fraction
increase is negligible in most layers with pressure higher than
about 800 hPa. The positive net droplet number tendencies
seen in Fig. 10c for the DROPMIXNUC parameterization in

these higher CDNC ranges turn out to be small residuals be-
tween cloud-base nucleation (a substantial source) and tur-
bulent mixing (a substantial sink). In contrast, in the cases
with ultra-low CDNCs, the droplet number tendencies are
very close to zero for all three processes (Fig. 11a–c, red) and
for the total tendency caused by DROPMIXNUC (Fig. 10c,
red).

Figure 11a reveals near-surface peaks of cloud-base
droplet nucleation in the cases of higher CDNCs but neg-
ligible nucleation associated with ultra-low CDNCs. In
Sect. 2.3.3, we explain that this source of cloud droplet
number is associated with the turbulent influx of activated
aerosols at the local cloud base (i.e., the cloud base in the
current grid box) and that the resulting droplet number ten-
dency is proportional to the fractional area of the local cloud
base (i.e., fb in Eq. (9)). Figure 11d shows that, when ultra-
low CDNCs are simulated (red line), the fractional area of the
local cloud base, fb, has composite mean values very close
to 0, which explains, at least partially, the lack of droplet nu-
cleation in such cases: cloud-base nucleation cannot occur
when there is no cloud base.

Section 2.3.3 also points out that, when there is neither
droplet nucleation at the local cloud base nor nucleation as-
sociated with cloud fraction increase, there still can be, in
principle, a source of droplet number caused by turbulent
mixing. This potential source, however, also appears to be ab-
sent in the cases with ultra-low CDNCs (Fig. 11c, red line).
We note that a significant source of droplet number caused
by turbulent mixing would require (I) substantial nucleation
in other grid layers to cause vertical gradients and (II) suf-
ficiently strong turbulent eddies to carry out down-gradient
transport. The online conditional sampling performed in this
study was pointwise (grid-box-wise), as the current software
infrastructure cannot easily capture column-wide informa-
tion for each of the sampled grid boxes. Therefore we do
not have good model output to reason about factor (I). As for
factor (II), Fig. 11e shows the composite mean of w∗act de-
fined in Eq. (2) and Fig. 11f shows the σw defined in Eq. (3).
While w∗act is used for calculating the activated aerosol frac-
tions and has an assumed minimum of 0.1 ms−1, as in vari-
ous other models (see, e.g., discussions in Poku et al., 2021),
σw does not have this assumed minimum and is an indicator
of the strength of turbulence. In the cases of ultra-low CD-
NCs in Arctic July, the mean σw is about 0.2 ms−1 in the
lowest model layer but quickly drops to 0.04 ms−1 or less at
about 950 hPa and higher altitudes (Fig. 11f), and the values
are systematically and substantially smaller than those seen
for the higher CDNC ranges (Fig. 11f). This means that, even
though droplet nucleation might happen in other layers of the
grid column, turbulent transport from those layers is expected
to be weak as turbulence is weak. Overall, it is understand-
able that when the simulated cloudy regions are relatively
deep (i.e., cover multiple grid layers) and the cloud fractions
vary little in the vertical direction as well as in time, the lack
of local nucleation and the rather weak turbulence mixing

Geosci. Model Dev., 18, 5655–5680, 2025 https://doi.org/10.5194/gmd-18-5655-2025



H. Wan et al.: Ultra-low CDNCs in E3SMv2 5671

Figure 11. Regionally averaged composite mean of various quantities in Arctic July for three different CDNC ranges (CDNC unit: cm−3).
(a) Grid box mean droplet number mixing ratio tendency due to aerosol activation at the local cloud base in the grid box (Eq. (9) and
Sect. 2.3.3). (b) Grid box mean droplet number mixing ratio tendency due to aerosol activation associated with cloud fraction increase
(Eq. (7) and Sect. 2.3.2). (c) Grid box mean droplet number mixing ratio tendency due to turbulent mixing. (d) Fractional area of the local
cloud base in the grid box, i.e., fb in Eq. (9), defined at the beginning of Sect. 2.3.3. (e) Characteristic updraft velocity used for calculating
aerosol activation, see Eq. (2). (f) Subgrid variance of vertical velocity, see Eq. (3). (k) Skewness of the subgrid vertical velocity calculated
by CLUBB. All results were derived from the 10-year free-running simulation using configuration nc00, i.e., EAMv2 with no lower bound
for CDNC. The marks and lines show the averages of the month of July of 10 simulation years. Color shading indicates 2 standard deviations
of the July average of individual years. Further details and discussions can be found in Sect. 5.2.

can lead to a lack of droplet number sources in model layers
away from the main cloud base.

Counterparts of Fig. 11 showing the results for January
over the North Pacific storm track, March over SE China, and
January over the SE United States can be found in Figs. S10–
S12. The focus months were chosen for their relatively high
frequencies of occurrence of ultra-low CDNCs (see Fig. S6).
All the examined regions show the same qualitative features:
compared with the cases with higher CDNCs, the ultra-low
CDNCs are associated with negligible droplet nucleation,
lack of local cloud base, weak turbulence, and negligible
turbulent mixing. These results, especially the fact that all
sources and sinks represented by the DROPMIXNUC pa-
rameterization are negligibly small when ultra-low CDNCs
are found, provide additional evidence to support the conclu-
sion drawn at the end of Sect. 5.1 that the ultra-low CDNCs
in EAMv2 are probably caused by weak sources rather than
strong sinks.

5.3 Droplet nucleation problem or aerosol
concentration problem?

At this point, one might start wondering whether the lack of
cloud droplet number sources identified in the cases of ultra-

low CDNCs is caused by the lack of aerosol particles (APs),
noting that, if APs were abundant, even small activation frac-
tions and relatively weak turbulent transport might be suffi-
cient to avoid ultra-low CDNCs. To help answer this ques-
tion, we present in Fig. 12 the composite mean number con-
centrations of cloud condensate nuclei (CCN) at 0.1 % su-
persaturation. The CCN number concentrations (unit: cm−3)
were diagnosed during the simulation using

ρairNCCN = ρair

M∑
i=1

[
f ∗a,i

(
Na,i +Nc,i

)]
, (11)

where ρair is air density and Na,i and Nc,i are the grid box
mean interstitial and cloud-borne aerosol number mixing ra-
tios, respectively. The activation fractions, f ∗a,i , i = 1, . . .,M ,
were calculated following Eqs. (13) and (15) in ARG2000,
namely,

f ∗a,i =
1
2

[
1− erf(u∗i )

]
, (12)

with

u∗i =
2ln(Sm,i/S

∗)

3
√

2lnσi
. (13)
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Figure 12. Regionally averaged monthly mean composite mean of cloud condensation nuclei (CCN) number concentration at 0.1 % super-
saturation in different regions and focus months: (a) January over the North Pacific storm track, (b) Arctic July, (c) March over SE China,
(d) January over the SE United States. The marks and lines show the averages of the focus month over 10 simulation years. Color shading
indicates 2 standard deviations of the monthly average of different years. Further details can be found in Sect. 5.3.

Here Sm,i is the critical supersaturation of APs with the geo-
metric mean radius of aerosol mode i (Eq. (9) in ARG2000
and Eq. (8) in Abdul-Razzak et al., 1998), σi is the geometric
standard deviation of aerosol mode i (Eq. (2) in ARG2000),
and S∗ is the prescribed supersaturation of 0.1 % instead of
the maximum supersaturation, Smax, in ARG2000. In other
words, the diagnosed CCN concentration is the number con-
centration of APs of all sizes and compositions in the grid
box that would be activated at 0.1 % supersaturation.

In Fig. 12, the composite mean CCN concentrations are
shown for the three CDNC ranges and for all four regions
discussed. The thin black vertical line in each panel is a
reference line corresponding to a number concentration of
10 cm−3. For all regions and altitudes shown in the figure, the
composite mean CCN concentrations associated with ultra-
low CDNCs are higher than 10 cm−3. This is especially so
in SE China, where the mean CCN concentrations between
700 hPa and the surface are generally higher than 400 cm−3.
In other words, if all APs in the grid box were deemed
available for growth into cloud droplets, and if the balance
between the supersaturation production in the ambient at-
mosphere and the supersaturation consumption by the APs’
size growth translated to an Smax of 0.1 % in the ARG2000
aerosol activation parameterization, we would expect cloud
droplet number concentrations about 2 orders of magnitude
higher than the simulated values. It follows that the calcula-
tion of droplet nucleation (rather than the simulated AP con-
centration) plays a primary role in causing ultra-low CDNCs
in this region and time of year.

The composite mean CCN concentrations associated with
ultra-low CDNCs in the lower troposphere turn out to be in
the range of about 20–50 cm−3 in January over the North
Pacific storm track, 30–40 cm−3 in Arctic July, and 10–
120 cm−3 in January over the SE United States. These con-
centrations are higher than 10 cm−3 but not as dramatically
as in SE China. Also, noting that in these regions the CCN
concentrations associated with different CDNC ranges are
significantly different (i.e., the 2-standard-deviation ranges
hardly overlap), we speculate that the AP concentrations also

play a role in causing ultra-low CDNCs in these regions. Fu-
ture work evaluating both the CDNC and AP concentrations
against observational data will be helpful. It will be useful
to carry out a follow-up study to understand the reasons for
the differences between the diagnosed CCN concentrations
and the simulated CDNC concentrations, identifying which
of these differences in various regions and in different CDNC
ranges are physically justifiable and which ones are indica-
tive of the need for model improvement.

6 Additional experiments and discussions

The results in the previous section suggest that weak droplet
nucleation is an important cause of ultra-low CDNCs in strat-
iform and shallow convective clouds in EAMv2. We now
present some additional investigations and discussions along
this line.

6.1 Motivation and design

Since the results presented in preceding sections suggest that
the sampled cases with ultra-low CDNCs and large cloud
fractions feature weak turbulence, one might ask the follow-
ing questions:

– How would the simulated CDNCs and global mean
ERFaer respond if stronger subgrid updraft velocities
were simulated by EAMv2 to cause stronger aerosol ac-
tivation?

– How would the simulated CDNCs and global mean
ERFaer respond if stronger turbulence were simulated
by EAMv2 to cause not only more aerosol activation
but also stronger subgrid transport of droplets from the
cloud base? In other words, would it be worth adopting
the assumption of vertically constant CDNC across con-
tiguous cloudy grid boxes in a column, as in some other
models?

The sensitivity experiments nc00_w10 and nc00_w10k10
in group III in Table 1 were designed to provide qualita-
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tive answers to these questions. In the experiment nc00_w10,
w∗act, defined in Eq. (2), was artificially enhanced by a factor
of 10 to affect aerosol activation but not turbulent mixing;
in the experiment nc00_w10k10, both w∗act and the turbu-
lent diffusivity coefficient, denoted Kmix, were enhanced by
a factor of 10. To avoid causing substantial drifts of the mean
climate, these changes were applied

– only in the DROPMIXNUC parameterization (i.e., with
no code changes in the turbulent transport of heat and
moisture parameterized with CLUBB),

– only in grid layers with pressure higher than 600 hPa,
and

– only in grid columns where three or more layers in that
altitude range had σw 6 0.1 ms−1 and fc > 0.9.

The results are shown in Figs. 13 and 3.
Before discussing the results from these sensitivity exper-

iments, it is worth pointing out an additional feature of the
atmospheric conditions associated with ultra-low CDNCs. In
Fig. 11g, the skewness of subgrid vertical velocity calculated
by CLUBB is shown. Compared with the cases with higher
CDNCs, ultra-low CDNCs are associated with significantly
smaller skewness, especially in grid layers near and below
≈900 hPa. The smaller skewness of subgrid vertical velocity
(Fig. 11g), weaker turbulence (Fig. 11f), larger cloud frac-
tions (Fig. 10e), and lack of local cloud base in the grid boxes
(Fig. 11d), together with the ParaView screenshots of Fig. 8
and the animation in the Video Supplement, give the impres-
sion that the ultra-low CDNCs in Arctic July often occur in
lower-level stratus clouds with large horizontal and vertical
extents and weak turbulence. The higher CDNC values are
associated with larger skewnesses of subgrid vertical veloc-
ity (Fig. 11g), stronger turbulence (Fig. 11f), significant ar-
eas of local cloud base (Fig. 11d), and smaller cloud frac-
tions (Fig. 10e), suggesting that these cases are more con-
vective. These qualitative features are also seen in the other
three regions, as shown in Figs. S10–S12. To further analyze
the atmospheric environment, it would be useful to examine
more physical quantities in the grid columns, for example,
the surface fluxes, boundary layer stability, atmospheric con-
ditions, and aerosol concentrations at the main cloud base.
As mentioned earlier, the conditional sampling performed in
this study was pointwise, hence we will defer the additional
analyses to follow-on investigations.

6.2 Response of cloud droplet number

To present the responses of the simulated CDNCs to en-
hanced turbulence, we use here a metric N̂l,top from a proto-
col of the AeroCom community, namely, the in-cloud CDNC
at the top of liquid water clouds. The top of liquid wa-
ter clouds in a grid column is defined as the highest-in-
altitude model layer with a grid box mean cloud liquid mass

mixing ratio higher than 10−5 gkg−1. As instructed by bul-
let one under “Q/A” at https://wiki.met.no/aerocom/indirect
(last access: 31 August 2025), the time-averaged grid box
mean CDNC and cloud fraction were diagnosed online and
archived as model output. The annual mean N̂l,top was cal-
culated by dividing the annual mean grid box mean liquid-
cloud-top CDNC by the annual mean liquid-cloud-top cloud
fraction.

Figure 13a–c present the annual mean N̂l,top simulated un-
der the PD emission scenario. Figure 13a shows the geo-
graphical distribution simulated by the control model, i.e.,
the nc00 configuration; Fig. 13b and c show the changes
caused by enhancing w∗act alone or enhancing both w∗act and
Kmix. Overall, the systematic changes in N̂l,top are positive,
and Fig. 13c shows larger increases than Fig. 13b (note that
the contour levels are logarithmic), suggesting that stronger
aerosol activation and stronger droplet mixing can both help
increase the simulated cloud droplet number. The largest sys-
tematic changes in N̂l,top are seen in the Arctic, SE China,
the SE United States, and over the North Pacific storm track,
matching some of the geographical regions identified in
Sect. 4.2 with frequent occurrences of ultra-low CDNCs in
EAMv2. This confirms that weak turbulence plays an im-
portant role in causing ultra-low CDNCs in the model. Fur-
thermore, our analysis so far has led to the impression that
the atmospheric conditions associated with ultra-low CDNCs
exhibit features of low-level stratus clouds, while low-level
stratus clouds are known to be commonplace in the afore-
mentioned regions, suggesting that we have probably identi-
fied a cloud regime that is important for the occurrences of
ultra-low CDNCs in the model.

Among the different geographical locations, the largest ab-
solute changes in N̂l,top are found to occur in SE China and
the SE United States. This can be understood from the equa-
tions and results presented earlier. In Sect. 2.3, it is explained
that the characteristic updraft velocity, w∗act, is used to cal-
culate the fractions of interstitial aerosol particles being ac-
tivated. From Eqs. (7) and (9), we see that the droplet num-
ber tendencies caused by the activation of interstitial APs in
mode i, denoted here by Ui , can be expressed in an abstract
form as

Ui :=
(
∂N l

∂t

)
nuc,i

= Gi
(
w∗act

)
Na,i . (14)

The function Gi depends explicitly on w∗act (because of the
activated fraction fa,i), while Na,i does not (at least to the
first order). Hence, a change in this nucleation rate (denoted
here by δUi) due to a change in w∗act (denoted here by δw∗act)
can be estimated using a Taylor expansion, namely,

δUi ≈
(
∂Ui
∂w∗act

)
δw∗act ≈

(
∂Gi
∂w∗act

)(
δw∗act

)
Na,i, (15)

which is proportional to the interstitial AP concentration
Na,i . Figure 12 shows that the ultra-low CDNCs in the pol-
luted regions occur under higher ambient AP concentrations
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Figure 13. (a–c) Annual mean in-cloud CDNC at the top of liquid water clouds, N̂l,top, simulated under the PD emission scenario: (a) results
from the nc00 configuration, (b) changes caused by enhancing the characteristic updraft velocity used in the aerosol activation calculation
in the lower-tropospheric grid boxes with large cloud fractions and weak turbulence (nc00_w10 minus nc00), and (c) changes caused by
enhancing both the characteristic updraft velocity and the diffusion coefficient for cloud droplet number (nc00_w10k10 minus nc00). (d–f)
As (a–c), but showing the PD–PI differences in N̂l,top. Masked out in white are locations with liquid cloud cover lower than 5 %. Details of
the experimental design can be found in Sect. 6.1. Discussions of the results can be found in Sects. 6.2 and 6.3.

than in remote regions. Hence, given the same increases in
w∗act (and the consequent increases in the activation frac-
tions), the regions with higher AP concentrations are ex-
pected to feature larger changes in the number of nucleated
droplets.

6.3 Responses of ERFaer

Figure 13d–f present the PD–PI differences in N̂l,top, again
with Fig. 13d showing results from the nc00 configuration
and Fig. 13e and f showing changes caused by increasing
w∗act or both w∗act and Kmix. The key signals seen here are in-
creases – not only in N̂l,top itself, as seen earlier in Fig. 13a–
c, but also in the PD–PI differences of N̂l,top, suggesting that
there is a differential impact on N̂l,top under PD and PI emis-
sion scenarios. The reason for the differential impact can
again be explained with Eq. (15): the PD emissions lead to
higher Na,i than the PI emissions and hence larger δUi (nu-
cleation rate increase) in response to the same δw∗act. Keeping
in mind the larger PI-to-PD increases in N̂l,top in the sen-
sitivity experiments nc00_w10 and nc00_w10k10, it is not
surprising to see in Fig. 3 that the global mean annual mean
ERFaer is also stronger in magnitude (more negative) in these
experiments.

Recall that this study was motivated by the commonly
observed model behavior that using a lower bound to re-
move extremely low CDNCs can help weaken the simulated
global mean ERFaer in aerosol-climate models. In the sensi-
tivity experiments discussed in this section, CDNCs are in-
creased in regions where ultra-low values are found in the
nc00 configuration; hence, we expect ultra-low CDNCs to
occur less frequently. The corresponding ERFaer, however,

strengthens rather than weakens in magnitude. We conducted
additional experiments in which the assumed minimum value
of the characteristic subgrid updraft velocity, i.e., wact,min in
Eq. (2), was changed. Those experiments exhibited the same
qualitative behavior, namely, higher overall CDNCs are cor-
related with stronger (more negative) ERFaer. This qualita-
tive behavior has been observed in other models (e.g., Gantt
et al., 2014), most recently in Ghosh et al. (2024). These re-
sults are undesirable from the ERFaer perspective, but they
do not contradict the weaker (less negative) ERFaer seen in
global models when lower bounds are applied to CDNC. At
the locations and time steps where ultra-low CDNCs are sim-
ulated under both PD and PI emission scenarios, an imposed
lower bound will artificially eliminate the PD–PI differences
in CDNC and consequently eliminate their contribution to
ERFaer. We speculate that this is how the use of CDNCmin re-
duces ERFaer in EAMv2 – and possibly in some other global
models, as Mignot et al. (2021, Sect. 4.5) have discussed for
the IPSL-CM6A-LR model.

It is also worth noting that our results, presented here,
do not contradict the widely established notion of the cloud
albedo susceptibility being weaker (less negative) in regimes
with higher aerosol load and higher droplet number concen-
tration. Figure 14 explains this point using a schematic in the
spirit of Fig. 3 of Carslaw et al. (2013). The independent vari-
able x and dependent variable y in Fig. 14 here can be inter-
preted as any of the pairs of variables depicted in Fig. 3b–d
of Carslaw et al. (2013), although, for our discussion here,
the most pertinent pairs are (I) CDNC as y with CCN con-
centration as x and (II) cloud albedo as y with anthropogenic
aerosol emission as x. All three curves in Fig. 14 here, y1,
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y2, and y3, have the same qualitative feature as in Fig. 3 of
Carslaw et al. (2013), namely, their slopes (dy/dx) become
less steep as x increases. The y1 curve schematically rep-
resents the nc00 configuration of EAMv2 and the y2 curve
depicts our sensitivity experiment with enhanced w∗act (or
w∗act as well as Kmix). Taking the variable pair (I) stated
earlier as an example, 1x in our schematic is an emission-
induced CCN concentration change; 1y1 and 1y2 are the
resulting droplet number changes in the nc00 configuration
and in the sensitivity experiments, respectively. Figure 13
shows that, with a larger w∗act, both N̂l,top and its PD–PI
difference increase systematically in many geographical re-
gions. For Fig. 14, this means that the y2 curve lies above
the y1 curve and has steeper slopes than the y1 curve in the
depicted range 1x. The y3 curve symbolizes a hypothetical
model configuration that simulates higher droplet concentra-
tions than both nc00 and our sensitivity experiments with en-
hanced turbulence – so much higher that, for the CCN con-
centration range indicated by 1x, the simulation is much
closer to the regime marked “droplet formation limited by
supersaturation” in Fig. 3b of Carslaw et al. (2013), hence
the y3 curve has significantly gentler slopes that are similar
to those found on the y1 and y2 curves at much larger val-
ues of x. The schematic illustrates that, if we focus on a sin-
gle curve (which corresponds to a single model configuration
with a specific choice of model formulation and parameters
for cloud droplet nucleation), y is indeed less sensitive to
x in regimes with higher x (and higher y, since the function
is monotonic). However, different model configurations may
appear as different curves in the schematic and larger y val-
ues do not necessarily correspond to smaller dy/dx slopes
across different curves. Hence, a model capable of simulating
higher CDNCs does not necessarily produce weaker ERFaer.
This point can, in fact, be inferred from the uncertainty enve-
lope diagram in Fig. 3e of Carslaw et al. (2013).

Results from both the literature and our experiments in-
dicate that, while ultra-low CDNCs and strong ERFaer are
related, the relationship is complex. It is possible that the fre-
quent occurrences of ultra-low CDNCs and relatively strong
ERFaer in EAMv2 have the same root causes but, very prob-
ably, there are also various more direct factors that affect
CDNC and ERFaer separately. Before the root causes are ad-
dressed and the more direct impactors are well understood,
alleviation of one symptom might not automatically lead to
mitigation of the other.

7 Summary and conclusions

This study aims at identifying where ultra-low CDNCs (i.e.,
in-cloud cloud droplet number concentrations lower than
10 cm−3) occur in the stratiform and shallow convective
clouds simulated by E3SMv2 and which of the identified sit-
uations have the strongest impact on the simulated effective
radiative effect of anthropogenic aerosols, ERFaer. Process-

Figure 14. Schematic sketched in the spirit of Fig. 3 of Carslaw
et al. (2013). The three curves, y1, y2, and y3, symbolize three con-
figurations of EAMv2 with differences in the parameters or model
formulation used for cloud droplet nucleation in stratiform and shal-
low convective clouds. More details and discussions can be found
in Sect. 6.3.

level analyses are conducted to reveal characteristics of the
cloud droplet formation, transport, and removal processes as-
sociated with impactful ultra-low CDNCs in stratiform and
shallow convective clouds.

Simulations performed with present-day emissions show
that ultra-low CDNCs occur most frequently over the mid-
and high-latitude oceans in both hemispheres, with a general
trend of higher frequencies at higher latitudes (Fig. 5a–c).
Over the North Pacific storm track and in the Arctic region,
among all the model time steps in a year and among all grid
boxes in the middle and lower troposphere, about 20 %–40 %
of the cases with cloud liquid presence are associated with
ultra-low CDNCs (Fig. 6a and b). In polluted continental re-
gions like SE China and the SE United States, this percentage
is about 15 % or higher (Fig. 6c and d), despite the generally
high aerosol concentrations (Fig. 12c and d).

Sensitivity experiments reveal that ultra-low CDNCs in the
lower troposphere (with air pressure higher than 600 hPa)
play the primary role in determining the sensitivity of
E3SMv2’s global mean ERFaer to the lower bound of CDNC
(CDNCmin= 10 cm−3, Fig. 3). The NH middle latitudes and
the Arctic region show the largest absolute changes of annual
mean ERFaer when the lower bound is imposed (Fig. 4b),
while the Arctic region features the largest relative changes
in the annual mean ERFaer (Fig. 4c). In the Arctic, the
strongest seasonal responses of ERFaer are found in boreal
summer (Fig. 4f).

Ultra-low CDNCs are typically found in grid boxes with
either very large (>0.9) or very small (<0.1) cloud fractions
(Fig. 7); the former category is the larger contributor to the
global mean ERFaer’s sensitivity to CDNCmin (Fig. 3). The
ultra-low CDNCs associated with large cloud fractions are
typically found in contiguous grid boxes in the main body

https://doi.org/10.5194/gmd-18-5655-2025 Geosci. Model Dev., 18, 5655–5680, 2025



5676 H. Wan et al.: Ultra-low CDNCs in E3SMv2

of large cloudy regions (Figs. 8 and 9 and the Video Supple-
ment). These cases feature strong water vapor condensation
(Fig. 10g, red line) and weak turbulence (Fig. 11f, red line),
while the statistical distributions of subgrid vertical velocity
feature relatively small skewness (Fig. 11g, red line), sug-
gesting that the clouds are likely to be low-level stratus.

A comparison of the cloud droplet number budgets asso-
ciated with different CDNC ranges suggests that the ultra-
low CDNCs are caused by weak sources of droplet num-
ber (Fig. 10c), especially lack of aerosol activation (Fig. 11a
and b), rather than strong sinks of droplet number (Figs. 10b
and d and 11c).

CCN number concentrations were diagnosed by calculat-
ing the number concentrations of aerosol particles of all sizes
and compositions in the grid box that would be activated at
0.1 % supersaturation. In March over SE China, the compos-
ite mean CCN concentrations associated with ultra-low CD-
NCs are of the order of several hundred per cm3 (Fig. 12c),
suggesting that the simulated cloud droplet nucleation pro-
cess (rather than the aerosol particle number concentration)
plays the primary role in causing the ultra-low CDNCs in that
region and time of year. In the selected focus months over
the North Pacific storm track, the Arctic region, and the SE
United States, the composite mean CCN number concentra-
tions associated with ultra-low CDNCs range from close to
20 cm−3 to about 120 cm−3 in the lower troposphere and the
values are significantly lower than the composite mean CCN
concentrations associated with higher CDNCs (Fig. 12a, b,
and d), suggesting that the simulated cloud droplet nucle-
ation process and aerosol concentrations are both possible
contributors to the ultra-low CDNCs.

Sensitivity experiments show that, in lower-tropospheric
grid boxes with large cloud fractions and weak turbu-
lence, boosting the characteristic updraft velocity used in the
aerosol activation parameterization or enhancing the turbu-
lent mixing of cloud droplet number can increase the simu-
lated CDNCs (Fig. 13b and c) in regions where ultra-low CD-
NCs are frequently found in EAMv2 (Fig. 5a–c) and where
the use of CDNCmin significantly affects ERFaer (Fig. 4b),
suggesting that the identified atmospheric conditions are rel-
evant. However, those increased CDNCs are accompanied
by increased (rather than decreased) PD–PI differences in
CDNC (Fig. 13e and f), as well as larger (rather than smaller)
magnitudes of the global mean ERFaer (Fig. 3). This result
is qualitatively consistent with findings from earlier studies,
such as Gantt et al. (2014), and most recently from Ghosh
et al. (2024). Our interpretation of this undesirable corre-
lation between changes in CDNC and changes in ERFaer
is that, while the frequent occurrences of ultra-low CDNCs
and relatively strong ERFaer in EAMv2 may have the same
root causes, there are probably more direct factors that affect
CDNC and ERFaer separately. Here, we refrain from specu-
lating what the root causes and more direct factors might be,
noting that the E3SM model developers are actively working
in this area (Shan et al., 2024a, b; Burrows et al., 2024). Nev-

ertheless, our results, presented in this paper, clearly suggest
that mid- and high-latitude low-level stratus occurring under
weak turbulence is a cloud regime worth further investigat-
ing.

Code and data availability. The E3SMv2 model codes and mod-
ifications, as well as simulation and analysis scripts used in
this paper, can be found in Zenodo record 14517254 (Wan
and Zhang, 2024, https://doi.org/10.5281/zenodo.14517254). Data
files containing output from the free-running simulations can
be found in Wan (2024, https://doi.org/10.25584/2481237). Data
files containing results from the nudged simulations can be
found in Zenodo record 14518205 (Zhang and Wan, 2024,
https://doi.org/10.5281/zenodo.14518205).

Video supplement. An animation showing vertical cross-sections
of Arctic summer clouds in the style of Fig. 8 can be
found in Zenodo record 14523176 (Yenpure et al., 2024a,
https://doi.org/10.5281/zenodo.14523176). An animation showing
3D visualizations of clouds in SE China in the style of Fig. 9b and c
can be found in Zenodo record 14523263 (Yenpure et al., 2024b,
https://doi.org/10.5281/zenodo.14523263).
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line at https://doi.org/10.5194/gmd-18-5655-2025-supplement.

Author contributions. HW initiated the study, designed the numer-
ical experiments, and performed and analyzed the free-running
simulations. KZ performed and processed the nudged simulations.
RCE, PJR, and XZ contributed to the design of analysis strategies
and the interpretation of results. AY and BG developed plugins for
ParaView to support interactive exploration of the EAMv2 simu-
lation output. AY created the ParaView screenshots and animations
with input from HW and BG. HW wrote the manuscript. All authors
contributed to the revisions.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The authors thank Harri Kokkola (Finnish Me-
teorological Institute), Daniel Grosvenor (University of Leeds and
UK Met Office), and Steven J. Ghan (retired from Pacific Northwest
National Laboratory) for informative discussions on the parameteri-
zation of cloud droplet nucleation in various global models. Mark A.

Geosci. Model Dev., 18, 5655–5680, 2025 https://doi.org/10.5194/gmd-18-5655-2025

https://doi.org/10.5281/zenodo.14517254
https://doi.org/10.25584/2481237
https://doi.org/10.5281/zenodo.14518205
https://doi.org/10.5281/zenodo.14523176
https://doi.org/10.5281/zenodo.14523263
https://doi.org/10.5194/gmd-18-5655-2025-supplement


H. Wan et al.: Ultra-low CDNCs in E3SMv2 5677

Taylor (Sandia National Laboratories) is thanked for his help with
the grid connectivity files needed for ParaView to parse the EAMv2
simulation output. Yun Qian (Pacific Northwest National Labora-
tory) is thanked for his encouragement during the preparation of the
manuscript. Some of the color maps used in the figures (Figs. 4a–c,
5, 7, 8, 9, and 13) are from Scientific Colour Maps 8.0.1 by Crameri
(2023).

Financial support. This study was supported primarily by the
US Department of Energy (DOE), Office of Science, Scientific Dis-
covery through the Advanced Computing (SciDAC) program, via
a partnership in Earth System Model Development between the
Biological and Environmental Research (BER) and the Advanced
Scientific Computing Research (ASCR) programs. Kai Zhang was
supported by the DOE BER program through the E3SM project
and by Pacific Northwest National Laboratory (PNNL) through
the Laboratory Directed Research and Development Program. The
work used resources of the National Energy Research Scientific
Computing Center (NERSC), a US Department of Energy Office
of Science user facility located at Lawrence Berkeley National
Laboratory, operated under contract DE-AC02-05CH11231, using
NERSC awards ASCR-ERCAP0025451, ASCR-ERCAP0028881,
and BER-ERCAP0030805. Additional computing resources were
provided by the Compy supercomputer funded by the DOE BER
program and managed by PNNL Research Computing. PNNL is
operated by Battelle Memorial Institute for the US Department of
Energy under contract DE-AC06-76RLO1830. This research was
supported by the Biological and Environmental Research (grant
no. PAMS-0000267817) and the Advanced Scientific Computing
Research (grant no. PAMS-0000267817) programs.

Review statement. This paper was edited by Stefan Rahimi-
Esfarjani and reviewed by three anonymous referees.

References

Abdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol ac-
tivation – 2. multiple aerosol types, J. Geophys. Res., 105, 6837–
6844, https://doi.org/10.1029/1999JD901161, 2000.

Abdul-Razzak, H., Ghan, S. J., and Rivera-Carpio, C.:
A parameterization of aerosol activation: 1. Single
aerosol type, J. Geophys. Res.-Atmos., 103, 6123–6131,
https://doi.org/10.1029/97JD03735, 1998.

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-
Parris, D., Boucher, O., Carslaw, K. S., Christensen, M., Da-
niau, A.-L., Dufresne, J.-L., Feingold, G., Fiedler, S., Forster,
P., Gettelman, A., Haywood, J. M., Lohmann, U., Malavelle,
F., Mauritsen, T., McCoy, D. T., Myhre, G., Mülmenstädt, J.,
Neubauer, D., Possner, A., Rugenstein, M., Sato, Y., Schulz, M.,
Schwartz, S. E., Sourdeval, O., Storelvmo, T., Toll, V., Winker,
D., and Stevens, B.: Bounding global aerosol radiative forc-
ing of climate change, Rev. Geophys., 58, e2019RG000660,
https://doi.org/10.1029/2019RG000660, 2020.

Burrows, S., Mahfouz, N., Fan, J., Shan, Y., Wu, M., Mülmen-
städt, J., Wang, H., Zhang, K., Lin, W., Terai, C., Zheng, X., Xie,
S., and Golaz, J.-C.: Reducing biases in the simulated histori-

cal temperature record through calibration of aerosol and cloud
processes: Improvements to the aerosol forcing in E3SMv3, De-
partment of Energy Earth and Environmental Systems Modeling
(EESM) Principal Investigator Meeting, Rockville, Maryland,
2024.

Carslaw, K., Lee, L., Reddington, C., Pringle, K., Rap, A., Forster,
P., Mann, G., Spracklen, D., Woodhouse, M., Regayre, L., and
Pierce, J.: Large contribution of natural aerosols to uncertainty
in indirect forcing, Nature, 503, 67–71, 2013.

Crameri, F.: Scientific colour maps (8.0.1), Zenodo [code],
https://doi.org/10.5281/zenodo.8409685, 2023.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V.,
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally,
A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,
C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553–597,
https://doi.org/10.1002/qj.828, 2011.

Easter, R. C., Ghan, S. J., Zhang, Y., Saylor, R. D., Chapman,
E. G., Laulainen, N. S., Abdul-Razzak, H., Leung, L. R., Bian,
X., and Zaveri, R. A.: MIRAGE: Model description and evalua-
tion of aerosols and trace gases, J. Geophys. Res., 109, D20210,
https://doi.org/10.1029/2004JD004571, 2004.

Gantt, B., He, J., Zhang, X., Zhang, Y., and Nenes, A.: Incorporation
of advanced aerosol activation treatments into CESM/CAM5:
model evaluation and impacts on aerosol indirect effects, At-
mos. Chem. Phys., 14, 7485–7497, https://doi.org/10.5194/acp-
14-7485-2014, 2014.

Gettelman, A. and Morrison, H.: Advanced two-moment bulk
microphysics for global models, Part I: Off-line tests and
comparison with other schemes, J. Climate, 28, 1268–1287,
https://doi.org/10.1175/JCLI-D-14-00102.1, 2015.

Ghan, S. J. and Easter, R. C.: Impact of cloud-borne aerosol repre-
sentation on aerosol direct and indirect effects, Atmos. Chem.
Phys., 6, 4163–4174, https://doi.org/10.5194/acp-6-4163-2006,
2006.

Ghosh, P., Evans, K. J., Grosvenor, D. P., Kang, H.-G., Maha-
jan, S., Xu, M., Zhang, W., and Gordon, H.: Modifying the
Abdul-Razzak & Ghan aerosol activation parameterization (ver-
sion ARG2000) impacts simulated cloud radiative effects (shown
in the UK Met Office Unified Model, version 13.0), EGUsphere
[preprint], https://doi.org/10.5194/egusphere-2024-2423, 2024.

Gliß, J., Mortier, A., Schulz, M., Andrews, E., Balkanski, Y.,
Bauer, S. E., Benedictow, A. M. K., Bian, H., Checa-Garcia, R.,
Chin, M., Ginoux, P., Griesfeller, J. J., Heckel, A., Kipling, Z.,
Kirkevåg, A., Kokkola, H., Laj, P., Le Sager, P., Lund, M. T.,
Lund Myhre, C., Matsui, H., Myhre, G., Neubauer, D., van Noije,
T., North, P., Olivié, D. J. L., Rémy, S., Sogacheva, L., Take-
mura, T., Tsigaridis, K., and Tsyro, S. G.: AeroCom phase III
multi-model evaluation of the aerosol life cycle and optical prop-
erties using ground- and space-based remote sensing as well as
surface in situ observations, Atmos. Chem. Phys., 21, 87–128,
https://doi.org/10.5194/acp-21-87-2021, 2021.

Golaz, J.-C., Larson, V., and Cotton, W.: A PDF-Based Model for
Boundary Layer Clouds. Part I: Method and Model Description,

https://doi.org/10.5194/gmd-18-5655-2025 Geosci. Model Dev., 18, 5655–5680, 2025

https://doi.org/10.1029/1999JD901161
https://doi.org/10.1029/97JD03735
https://doi.org/10.1029/2019RG000660
https://doi.org/10.5281/zenodo.8409685
https://doi.org/10.1002/qj.828
https://doi.org/10.1029/2004JD004571
https://doi.org/10.5194/acp-14-7485-2014
https://doi.org/10.5194/acp-14-7485-2014
https://doi.org/10.1175/JCLI-D-14-00102.1
https://doi.org/10.5194/acp-6-4163-2006
https://doi.org/10.5194/egusphere-2024-2423
https://doi.org/10.5194/acp-21-87-2021


5678 H. Wan et al.: Ultra-low CDNCs in E3SMv2

J. Atmos. Sci., 59, 3540–3551, https://doi.org/10.1175/1520-
0469(2002)059<3540:APBMFB>2.0.CO;2, 2002.

Golaz, J.-C., Caldwell, P. M., Van Roekel, L. P., Petersen, M. R.,
Tang, Q., Wolfe, J. D., Abeshu, G., Anantharaj, V., Asay-Davis,
X. S., Bader, D. C., Baldwin, S. A., Bisht, G., Bogenschutz, P. A.,
Branstetter, M., Brunke, M. A., Brus, S. R., Burrows, S. M.,
Cameron-Smith, P. J., Donahue, A. S., Deakin, M., Easter, R. C.,
Evans, K. J., Feng, Y., Flanner, M., Foucar, J. G., Fyke, J. G.,
Griffin, B. M., Hannay, C., Harrop, B. E., Hoffman, M. J., Hunke,
E. C., Jacob, R. L., Jacobsen, D. W., Jeffery, N., Jones, P. W.,
Keen, N. D., Klein, S. A., Larson, V. E., Leung, L. R., Li, H.-
Y., Lin, W., Lipscomb, W. H., Ma, P.-L., Mahajan, S., Maltrud,
M. E., Mametjanov, A., McClean, J. L., McCoy, R. B., Neale,
R. B., Price, S. F., Qian, Y., Rasch, P. J., Reeves Eyre, J. E. J., Ri-
ley, W. J., Ringler, T. D., Roberts, A. F., Roesler, E. L., Salinger,
A. G., Shaheen, Z., Shi, X., Singh, B., Tang, J., Taylor, M. A.,
Thornton, P. E., Turner, A. K., Veneziani, M., Wan, H., Wang,
H., Wang, S., Williams, D. N., Wolfram, P. J., Worley, P. H., Xie,
S., Yang, Y., Yoon, J.-H., Zelinka, M. D., Zender, C. S., Zeng,
X., Zhang, C., Zhang, K., Zhang, Y., Zheng, X., Zhou, T., and
Zhu, Q.: The DOE E3SM Coupled Model Version 1: Overview
and Evaluation at Standard Resolution, J. Adv. Model. Earth Sy.,
11, 2089–2129, https://doi.org/10.1029/2018MS001603, 2019.

Golaz, J.-C., Van Roekel, L. P., Zheng, X., Roberts, A. F., Wolfe,
J. D., Lin, W., Bradley, A. M., Tang, Q., Maltrud, M. E.,
Forsyth, R. M., Zhang, C., Zhou, T., Zhang, K., Zender, C. S.,
Wu, M., Wang, H., Turner, A. K., Singh, B., Richter, J. H.,
Qin, Y., Petersen, M. R., Mametjanov, A., Ma, P.-L., Larson,
V. E., Krishna, J., Keen, N. D., Jeffery, N., Hunke, E. C., Han-
nah, W. M., Guba, O., Griffin, B. M., Feng, Y., Engwirda, D.,
Di Vittorio, A. V., Dang, C., Conlon, L. M., Chen, C.-C.-J.,
Brunke, M. A., Bisht, G., Benedict, J. J., Asay-Davis, X. S.,
Zhang, Y., Zhang, M., Zeng, X., Xie, S., Wolfram, P. J., Vo,
T., Veneziani, M., Tesfa, T. K., Sreepathi, S., Salinger, A. G.,
Reeves Eyre, J. E. J., Prather, M. J., Mahajan, S., Li, Q., Jones,
P. W., Jacob, R. L., Huebler, G. W., Huang, X., Hillman, B. R.,
Harrop, B. E., Foucar, J. G., Fang, Y., Comeau, D. S., Cald-
well, P. M., Bartoletti, T., Balaguru, K., Taylor, M. A., McCoy,
R. B., Leung, L. R., and Bader, D. C.: The DOE E3SM Model
Version 2: Overview of the Physical Model and Initial Model
Evaluation, J. Adv. Model. Earth Sy., 14, e2022MS003156,
https://doi.org/10.1029/2022MS003156, 2022.

Grosvenor, D. P. and Carslaw, K. S.: The decomposition of
cloud–aerosol forcing in the UK Earth System Model
(UKESM1), Atmos. Chem. Phys., 20, 15681–15724,
https://doi.org/10.5194/acp-20-15681-2020, 2020.

Grosvenor, D. P., Sourdeval, O., Zuidema, P., Ackerman, A.,
Alexandrov, M. D., Bennartz, R., Boers, R., Cairns, B., Chiu,
J. C., Christensen, M., Deneke, H., Diamond, M., Feingold,
G., Fridlind, A., Hünerbein, A., Knist, C., Kollias, P., Marshak,
A., McCoy, D., Merk, D., Painemal, D., Rausch, J., Rosen-
feld, D., Russchenberg, H., Seifert, P., Sinclair, K., Stier, P., van
Diedenhoven, B., Wendisch, M., Werner, F., Wood, R., Zhang,
Z., and Quaas, J.: Remote Sensing of Droplet Number Con-
centration in Warm Clouds: A Review of the Current State
of Knowledge and Perspectives, Rev. Geophys., 56, 409–453,
https://doi.org/10.1029/2017RG000593, 2018.

Hoose, C., Kristjansson, J. E., Iversen, T., Kirkevå g, A., Seland, O.,
and Gettelman, A.: Constraining cloud droplet number concen-

tration in GCMs suppresses the aerosol indirect effect, Geophys.
Res. Lett., 36, L12807, https://doi.org/10.1029/2009GL038568,
2009.

Kokkola, H., Kühn, T., Laakso, A., Bergman, T., Lehtinen, K.
E. J., Mielonen, T., Arola, A., Stadtler, S., Korhonen, H., Fer-
rachat, S., Lohmann, U., Neubauer, D., Tegen, I., Siegenthaler-
Le Drian, C., Schultz, M. G., Bey, I., Stier, P., Daskalakis,
N., Heald, C. L., and Romakkaniemi, S.: SALSA2.0: The sec-
tional aerosol module of the aerosol–chemistry–climate model
ECHAM6.3.0-HAM2.3-MOZ1.0, Geosci. Model Dev., 11,
3833–3863, https://doi.org/10.5194/gmd-11-3833-2018, 2018.

Kooperman, G. J., Pritchard, M. S., Ghan, S. J., Wang, M.,
Somerville, R. C. J., and Russell, L. M.: Constraining the in-
fluence of natural variability to improve estimates of global
aerosol indirect effects in a nudged version of the Commu-
nity Atmosphere Model 5, J. Geophys. Res., 117, D23204,
https://doi.org/10.1029/2012JD018588, 2012.

Larson, V. E.: CLUBB-SILHS: A parameterization of subgrid vari-
ability in the atmosphere, arXiv [preprint], arXiv:1711.03675v3,
2017.

Larson, V. E. and Golaz, J.-C.: Using Probability Density
Functions to Derive Consistent Closure Relationships among
Higher-Order Moments, Mon. Weather Rev., 133, 1023–1042,
https://doi.org/10.1175/MWR2902.1, 2005.

Larson, V. E., Golaz, J.-C., and Cotton, W. R.: Small-
Scale and Mesoscale Variability in Cloudy Bound-
ary Layers: Joint Probability Density Functions, J. At-
mos. Sci., 59, 3519–3539, https://doi.org/10.1175/1520-
0469(2002)059<3519:SSAMVI>2.0.CO;2, 2002.

Leung, L. R., Bader, D. C., Taylor, M. A., and McCoy, R. B.: An
Introduction to the E3SM Special Collection: Goals, Science
Drivers, Development, and Analysis, J. Adv. Model. Earth Sy.,
12, e2019MS001821, https://doi.org/10.1029/2019MS001821,
2020.

Liu, X., Easter, R. C., Ghan, S. J., Zaveri, R., Rasch, P., Shi, X.,
Lamarque, J.-F., Gettelman, A., Morrison, H., Vitt, F., Conley,
A., Park, S., Neale, R., Hannay, C., Ekman, A. M. L., Hess, P.,
Mahowald, N., Collins, W., Iacono, M. J., Bretherton, C. S., Flan-
ner, M. G., and Mitchell, D.: Toward a minimal representation
of aerosols in climate models: description and evaluation in the
Community Atmosphere Model CAM5, Geosci. Model Dev., 5,
709–739, https://doi.org/10.5194/gmd-5-709-2012, 2012.

Liu, X., Ma, P.-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C.,
Ghan, S. J., and Rasch, P. J.: Description and evaluation of a
new four-mode version of the Modal Aerosol Module (MAM4)
within version 5.3 of the Community Atmosphere Model,
Geosci. Model Dev., 9, 505–522, https://doi.org/10.5194/gmd-9-
505-2016, 2016.

Lohmann, U., Feichter, J., Chuang, C. C., and Penner,
J. E.: Prediction of the number of cloud droplets in the
ECHAM GCM, J. Geophys. Res.-Atmos., 104, 9169–9198,
https://doi.org/10.1029/1999JD900046, 1999.

Lohmann, U., Feichter, J., Penner, J., and Leaitch, R.: Indi-
rect effect of sulfate and carbonaceous aerosols: A mecha-
nistic treatment, J. Geophys. Res.-Atmos., 105, 12193–12206,
https://doi.org/10.1029/1999JD901199, 2000.

Mignot, J., Hourdin, F., Deshayes, J., Boucher, O., Gastineau, G.,
Musat, I., Vancoppenolle, M., Servonnat, J., Caubel, A., Chéruy,
F., Denvil, S., Dufresne, J.-L., Ethé’, C., Fairhead, L., Foujols,

Geosci. Model Dev., 18, 5655–5680, 2025 https://doi.org/10.5194/gmd-18-5655-2025

https://doi.org/10.1175/1520-0469(2002)059<3540:APBMFB>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<3540:APBMFB>2.0.CO;2
https://doi.org/10.1029/2018MS001603
https://doi.org/10.1029/2022MS003156
https://doi.org/10.5194/acp-20-15681-2020
https://doi.org/10.1029/2017RG000593
https://doi.org/10.1029/2009GL038568
https://doi.org/10.5194/gmd-11-3833-2018
https://doi.org/10.1029/2012JD018588
https://arxiv.org/abs/1711.03675v3
https://doi.org/10.1175/MWR2902.1
https://doi.org/10.1175/1520-0469(2002)059<3519:SSAMVI>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<3519:SSAMVI>2.0.CO;2
https://doi.org/10.1029/2019MS001821
https://doi.org/10.5194/gmd-5-709-2012
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.1029/1999JD900046
https://doi.org/10.1029/1999JD901199


H. Wan et al.: Ultra-low CDNCs in E3SMv2 5679

M.-A., Grandpeix, J.-Y., Levavasseur, G., Marti, O., Menary, M.,
Rio, C., Rousset, C., and Silvy, Y.: The Tuning Strategy of IPSL-
CM6A-LR, J. Adv. Model. Earth Sy., 13, e2020MS002340,
https://doi.org/10.1029/2020MS002340, 2021.

Myhre, G., Samset, B. H., Schulz, M., Balkanski, Y., Bauer, S.,
Berntsen, T. K., Bian, H., Bellouin, N., Chin, M., Diehl, T.,
Easter, R. C., Feichter, J., Ghan, S. J., Hauglustaine, D., Iversen,
T., Kinne, S., Kirkevåg, A., Lamarque, J.-F., Lin, G., Liu, X.,
Lund, M. T., Luo, G., Ma, X., van Noije, T., Penner, J. E., Rasch,
P. J., Ruiz, A., Seland, Ø., Skeie, R. B., Stier, P., Takemura, T.,
Tsigaridis, K., Wang, P., Wang, Z., Xu, L., Yu, H., Yu, F., Yoon,
J.-H., Zhang, K., Zhang, H., and Zhou, C.: Radiative forcing of
the direct aerosol effect from AeroCom Phase II simulations, At-
mos. Chem. Phys., 13, 1853–1877, https://doi.org/10.5194/acp-
13-1853-2013, 2013.

Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C., Stier, P., Par-
tridge, D. G., Tegen, I., Bey, I., Stanelle, T., Kokkola, H., and
Lohmann, U.: The global aerosol–climate model ECHAM6.3–
HAM2.3 – Part 2: Cloud evaluation, aerosol radiative forcing,
and climate sensitivity, Geosci. Model Dev., 12, 3609–3639,
https://doi.org/10.5194/gmd-12-3609-2019, 2019.

O, K.-T., Wood, R., and Bretherton, C. S.: Ultraclean Layers and
Optically Thin Clouds in the Stratocumulus-to-Cumulus Transi-
tion. Part II: Depletion of Cloud Droplets and Cloud Condensa-
tion Nuclei through Collision–Coalescence, J. Atmos. Sci., 75,
1653–1673, https://doi.org/10.1175/JAS-D-17-0218.1, 2018.

Poku, C., Ross, A. N., Hill, A. A., Blyth, A. M., and Shipway, B.:
Is a more physical representation of aerosol activation needed
for simulations of fog?, Atmos. Chem. Phys., 21, 7271–7292,
https://doi.org/10.5194/acp-21-7271-2021, 2021.

Rasch, P. J., Xie, S., Ma, P.-L., Lin, W., Wang, H., Tang, Q., Bur-
rows, S. M., Caldwell, P., Zhang, K., Easter, R. C., Cameron-
Smith, P., Singh, B., Wan, H., Golaz, J.-C., Harrop, B. E.,
Roesler, E., Bacmeister, J., Larson, V. E., Evans, K. J., Qian,
Y., Taylor, M., Leung, L. R., Zhang, Y., Brent, L., Branstet-
ter, M., Hannay, C., Mahajan, S., Mametjanov, A., Neale, R.,
Richter, J. H., Yoon, J.-H., Zender, C. S., Bader, D., Flan-
ner, M., Foucar, J. G., Jacob, R., Keen, N., Klein, S. A., Liu,
X., Salinger, A., Shrivastava, M., and Yang, Y.: An Overview
of the Atmospheric Component of the Energy Exascale Earth
System Model, J. Adv. Model. Earth Sy., 11, 2377–2411,
https://doi.org/10.1029/2019MS001629, 2019.

Salzmann, M., Ferrachat, S., Tully, C., Miünch, S., Watson-
Parris, D., Neubauer, D., Siegenthaler-Le Drian, C., Rast, S.,
Heinold, B., Crueger, T., Brokopf, R., Mülmenstädt, J., Quaas,
J., Wan, H., Zhang, K., Lohmann, U., Stier, P., and Tegen,
I.: The Global Atmosphere-aerosol Model ICON-A-HAM2.3–
Initial Model Evaluation and Effects of Radiation Balance Tun-
ing on Aerosol Optical Thickness, J. Adv. Model. Earth Sy.,
14, e2021MS002699, https://doi.org/10.1029/2021MS002699,
2022.

Seinfeld, J. H., Bretherton, C., Carslaw, K. S., Coe, H., DeMott,
P. J., Dunlea, E. J., Feingold, G., Ghan, S., Guenther, A. B.,
Kahn, R., Kraucunas, I., Kreidenweis, S. M., Molina, M. J.,
Nenes, A., Penner, J. E., Prather, K. A., Ramanathan, V., Ra-
maswamy, V., Rasch, P. J., Ravishankara, A. R., Rosenfeld,
D., Stephens, G., and Wood, R.: Improving our fundamen-
tal understanding of the role of aerosol- cloud interactions in

the climate system, P. Natl. Acad. Sci. USA, 113, 5781–5790,
https://doi.org/10.1073/pnas.1514043113, 2016.

Shan, Y., Fan, J., and Zhang, K.: Developing a Physically Based So-
lution for the Ultra-low Could Droplet Number Issue in E3SM,
presentation at the Department of Energy Earth and Environmen-
tal Systems Modeling (EESM) Principal Investigator Meeting,
Rockville, Maryland, 2024a.

Shan, Y., Fan, J., Zhang, K., Shpund, J., Terai, C., Zhang, G. J.,
Song, X., Chen, C.-C.-J., Lin, W., Liu, X., Shrivastava, M.,
Wang, H., and Xie, S.: Improving Aerosol Radiative Forcing
and Climate in E3SM: Impacts of New Cloud Microphysics and
Improved Wet Removal Treatments, J. Adv. Model. Earth Sy.,
16, e2023MS004059, https://doi.org/10.1029/2023MS004059,
2024b.

Smith, C. J., Kramer, R. J., Myhre, G., Alterskjær, K., Collins,
W., Sima, A., Boucher, O., Dufresne, J.-L., Nabat, P., Mi-
chou, M., Yukimoto, S., Cole, J., Paynter, D., Shiogama, H.,
O’Connor, F. M., Robertson, E., Wiltshire, A., Andrews, T.,
Hannay, C., Miller, R., Nazarenko, L., Kirkevåg, A., Olivié,
D., Fiedler, S., Lewinschal, A., Mackallah, C., Dix, M., Pin-
cus, R., and Forster, P. M.: Effective radiative forcing and adjust-
ments in CMIP6 models, Atmos. Chem. Phys., 20, 9591–9618,
https://doi.org/10.5194/acp-20-9591-2020, 2020.

Sun, J., Zhang, K., Wan, H., Ma, P.-L., Tang, Q., and
Zhang, S.: Impact of Nudging Strategy on the Climate Rep-
resentativeness and Hindcast Skill of Constrained EAMv1
Simulations, J. Adv. Model. Earth Sy., 11, 3911–3933,
https://doi.org/10.1029/2019MS001831, 2019.

Tegen, I., Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C.,
Bey, I., Schutgens, N., Stier, P., Watson-Parris, D., Stanelle,
T., Schmidt, H., Rast, S., Kokkola, H., Schultz, M., Schroeder,
S., Daskalakis, N., Barthel, S., Heinold, B., and Lohmann,
U.: The global aerosol–climate model ECHAM6.3–HAM2.3 –
Part 1: Aerosol evaluation, Geosci. Model Dev., 12, 1643–1677,
https://doi.org/10.5194/gmd-12-1643-2019, 2019.

Timmreck, C. and Schulz, M.: Significant dust simulation dif-
ferences in nudged and climatological operation mode of the
AGCM ECHAM, J. Geophys. Res.-Atmos., 109, D13202,
https://doi.org/10.1029/2003JD004381, 2004.

van Noije, T., Bergman, T., Le Sager, P., O’Donnell, D., Makkonen,
R., Gonçalves-Ageitos, M., Döscher, R., Fladrich, U., von Hard-
enberg, J., Keskinen, J.-P., Korhonen, H., Laakso, A., Myrioke-
falitakis, S., Ollinaho, P., Pérez García-Pando, C., Reerink, T.,
Schrödner, R., Wyser, K., and Yang, S.: EC-Earth3-AerChem: a
global climate model with interactive aerosols and atmospheric
chemistry participating in CMIP6 , Geosci. Model Dev., 14,
5637–5668, https://doi.org/10.5194/gmd-14-5637-2021, 2021.

Wan, H.: CDNC and ERFaer in E3SMv2: numerical experiment re-
sults from free-running present-day simulations, DataHub [data
set], https://doi.org/10.25584/2481237, 2024.

Wan, H. and Zhang, K.: Codes and scripts for an investi-
gation of CDNC and ERFaer in E3SMv2, Zenodo [code],
https://doi.org/10.5281/zenodo.14517254, 2024.

Wan, H., Zhang, K., Rasch, P. J., Larson, V. E., Zeng, X., Zhang, S.,
and Dixon, R.: CondiDiag1.0: a flexible online diagnostic tool
for conditional sampling and budget analysis in the E3SM at-
mosphere model (EAM), Geosci. Model Dev., 15, 3205–3231,
https://doi.org/10.5194/gmd-15-3205-2022, 2022.

https://doi.org/10.5194/gmd-18-5655-2025 Geosci. Model Dev., 18, 5655–5680, 2025

https://doi.org/10.1029/2020MS002340
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/gmd-12-3609-2019
https://doi.org/10.1175/JAS-D-17-0218.1
https://doi.org/10.5194/acp-21-7271-2021
https://doi.org/10.1029/2019MS001629
https://doi.org/10.1029/2021MS002699
https://doi.org/10.1073/pnas.1514043113
https://doi.org/10.1029/2023MS004059
https://doi.org/10.5194/acp-20-9591-2020
https://doi.org/10.1029/2019MS001831
https://doi.org/10.5194/gmd-12-1643-2019
https://doi.org/10.1029/2003JD004381
https://doi.org/10.5194/gmd-14-5637-2021
https://doi.org/10.25584/2481237
https://doi.org/10.5281/zenodo.14517254
https://doi.org/10.5194/gmd-15-3205-2022


5680 H. Wan et al.: Ultra-low CDNCs in E3SMv2

Wang, H., Easter, R. C., Zhang, R., Ma, P.-L., Singh, B., Zhang,
K., Ganguly, D., Rasch, P. J., Burrows, S. M., Ghan, S. J., Lou,
S., Qian, Y., Yang, Y., Feng, Y., Flanner, M., Leung, L. R., Liu,
X., Shrivastava, M., Sun, J., Tang, Q., Xie, S., and Yoon, J.-
H.: Aerosols in the E3SM Version 1: New Developments and
Their Impacts on Radiative Forcing, J. Adv. Model. Earth Sy.,
12, e2019MS001851, https://doi.org/10.1029/2019MS001851,
2020.

Wang, M. and Penner, J. E.: Aerosol indirect forcing in a global
model with particle nucleation, Atmos. Chem. Phys., 9, 239–260,
https://doi.org/10.5194/acp-9-239-2009, 2009.

Wood, R., O, K.-T., Bretherton, C. S., Mohrmann, J., Albrecht,
B. A., Zuidema, P., Ghate, V., Schwartz, C., Eloranta, E.,
Glienke, S., Shaw, R. A., Fugal, J., and Minnis, P.: Ultra-
clean Layers and Optically Thin Clouds in the Stratocumulus-
to-Cumulus Transition. Part I: Observations, J. Atmos. Sci., 75,
1631 – 1652, https://doi.org/10.1175/JAS-D-17-0213.1, 2018.

Yenpure, A., Wan, H., and Geveci, B.: An animation of Arc-
tic clouds simulated by E3SMv2, Zenodo [video supplement],
https://doi.org/10.5281/zenodo.14523176, 2024a.

Yenpure, A., Wan, H., and Geveci, B.: An animation of clouds over
southeast China simulated by E3SMv2, Zenodo [video supple-
ment], https://doi.org/10.5281/zenodo.14523263, 2024b.

Zhang, K. and Wan, H.: CDNC and ERFaer in E3SMv2: numeri-
cal experiment results from nudged simulations under present-
day and pre-industrial emission scenarios, Zenodo [data set],
https://doi.org/10.5281/zenodo.14518205, 2024.

Zhang, K., O’Donnell, D., Kazil, J., Stier, P., Kinne, S.,
Lohmann, U., Ferrachat, S., Croft, B., Quaas, J., Wan, H.,
Rast, S., and Feichter, J.: The global aerosol-climate model
ECHAM-HAM, version 2: sensitivity to improvements in pro-
cess representations, Atmos. Chem. Phys., 12, 8911–8949,
https://doi.org/10.5194/acp-12-8911-2012, 2012.

Zhang, K., Wan, H., Liu, X., Ghan, S. J., Kooperman, G. J., Ma,
P.-L., Rasch, P. J., Neubauer, D., and Lohmann, U.: Techni-
cal Note: On the use of nudging for aerosol–climate model
intercomparison studies, Atmos. Chem. Phys., 14, 8631–8645,
https://doi.org/10.5194/acp-14-8631-2014, 2014.

Zhang, K., Zhang, W., Wan, H., Rasch, P. J., Ghan, S. J., Easter,
R. C., Shi, X., Wang, Y., Wang, H., Ma, P.-L., Zhang, S., Sun, J.,
Burrows, S. M., Shrivastava, M., Singh, B., Qian, Y., Liu, X., Go-
laz, J.-C., Tang, Q., Zheng, X., Xie, S., Lin, W., Feng, Y., Wang,
M., Yoon, J.-H., and Leung, L. R.: Effective radiative forcing of
anthropogenic aerosols in E3SM version 1: historical changes,
causality, decomposition, and parameterization sensitivities, At-
mos. Chem. Phys., 22, 9129–9160, https://doi.org/10.5194/acp-
22-9129-2022, 2022a.

Zhang, S., Zhang, K., Wan, H., and Sun, J.: Further improve-
ment and evaluation of nudging in the E3SM Atmosphere
Model version 1 (EAMv1): simulations of the mean climate,
weather events, and anthropogenic aerosol effects, Geosci.
Model Dev., 15, 6787–6816, https://doi.org/10.5194/gmd-15-
6787-2022, 2022b.

Geosci. Model Dev., 18, 5655–5680, 2025 https://doi.org/10.5194/gmd-18-5655-2025

https://doi.org/10.1029/2019MS001851
https://doi.org/10.5194/acp-9-239-2009
https://doi.org/10.1175/JAS-D-17-0213.1
https://doi.org/10.5281/zenodo.14523176
https://doi.org/10.5281/zenodo.14523263
https://doi.org/10.5281/zenodo.14518205
https://doi.org/10.5194/acp-12-8911-2012
https://doi.org/10.5194/acp-14-8631-2014
https://doi.org/10.5194/acp-22-9129-2022
https://doi.org/10.5194/acp-22-9129-2022
https://doi.org/10.5194/gmd-15-6787-2022
https://doi.org/10.5194/gmd-15-6787-2022

	Abstract
	Introduction
	Model description
	Sources and sinks of cloud droplets
	Aerosols
	Nucleation, evaporation, and turbulent mixing of cloud droplets
	Droplet evaporation associated with cloud fraction decrease
	Droplet nucleation associated with cloud fraction increase
	Droplet nucleation at cloud base
	Droplet evaporation after turbulent transport into clear air

	Implementation of CDNCmin in EAMv2

	Numerical experiments and analysis methods
	Nudged simulations for estimating ERFaer
	Free-running simulation for characterizing ultra-low CDNCs and associated atmospheric conditions

	Ultra-low CDNCs and ERFaer
	Sensitivity of ERFaer to CDNCmin
	Geographical distribution of ultra-low CDNCs
	Vertical distribution of ultra-low CDNCs
	Cloud morphology

	Cloud droplet budget analyses
	Source problem or sink problem?
	Droplet nucleation and turbulence
	Droplet nucleation problem or aerosol concentration problem?

	Additional experiments and discussions
	Motivation and design
	Response of cloud droplet number
	Responses of ERFaer

	Summary and conclusions
	Code and data availability
	Video supplement
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

