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Observational constraint of in-cloud supersaturation for
simulations of aerosol rainout in atmospheric models
Nobuhiro Moteki1, Tatsuhiro Mori2, Hitoshi Matsui 3 and Sho Ohata 4,5

Quantitative simulation of an aerosol’s lifecycle by regional-scale and global-scale atmospheric models is mandatory for unbiased
analysis and prediction of aerosol radiative forcing and climate change. Globally, aerosol deposition is dominated by the rainout
process, which is mostly triggered by activation of aerosols to liquid droplets in supersaturated domains of precipitating clouds.
However, the actual environmental supersaturation value that aerosols experience in precipitating clouds is difficult for models to
predict, and it has never been constrained by observations; as a result, there is large uncertainty in atmospheric aerosol simulations.
Here, by a particle-tracer analysis of 37 rainfall events in East Asia, near the largest source region of anthropogenic aerosols in the
northern hemisphere, we observed that the environmental supersaturation actually experienced by the removed aerosols in
precipitating clouds averaged 0.08 ± 0.03% and ranged from 0.03 to 0.2%. Simulations by a mixing-state-resolved global aerosol
model showed that the simulated long-range transport efficiency and global atmospheric burden of black carbon aerosols can be
changed by a factor of two or three as a result of a change in the environmental supersaturation in precipitating clouds within just
0.08 ± 0.03%. This result is attributable to the fact that the sensitivity of an aerosol’s rainout efficiency to environmental
supersaturation is higher for the less-aged black carbon concentrated near source regions. Our results suggest that observational
constraints of environmental supersaturation in precipitating clouds, particularly near source regions, are of fundamental
importance for accurate simulation of the atmospheric burden of black carbon and other aerosols.
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INTRODUCTION
Atmospheric aerosols play an important role in Earth’s climate
system through direct and indirect modification of the radiation
budget.1,2 Most anthropogenic and biomass-burning aerosol
particles of radiative significance belong to the accumulation
mode, from ~0.1 to ~2 μm.3 Rainout during moist convection is
the single most important atmospheric process limiting the
vertical transport of accumulation-mode aerosols from the
boundary layer to the free troposphere and, thus, their long-
range transport and contribution to the global atmospheric
burden.4,5 In a moist air parcel, rainout is usually triggered by
activation of an aerosol to sub- or supercooled liquid cloud
droplets;6–8 this process, called nucleation scavenging, occurs in
localized supersaturated domains (LSDs) of a precipitating cloud
system (Fig. 1). In each LSD, the aerosol’s critical supersaturation
(SSc) value and the environmental supersaturation (SSlsd) value
together determine the proportion of the aerosol particles
susceptible to nucleation scavenging.
The rainout amount of aerosols in a particular space-and-time

(4D) domain comprising an ensemble of LSDs (e.g., a computa-
tional grid cell and the computational time interval in an
atmospheric model) is determined primarily by two 4D-domain-
averaged variables: condensed-water production and the SSlsd
value maintained during droplet nucleation in each LSD. Atmo-
spheric models that have been validated by precipitation
observations may be reasonably able to predict the mean

condensed-water production in a particular 4D domain, but it is
difficult for current atmospheric models to predict the mean SSlsd
value in a particular 4D domain with verified accuracy because in a
non-adiabatic precipitating cloud, environmental supersaturation
is highly sensitive to many physical processes at both macroscopic
to microscopic scales.9,10 As a result, the prognostic environmental
supersaturation value provided as an output variable by the
aerosol activation parameterization scheme11–13 of an atmo-
spheric model is not necessarily close to the 4D-domain-averaged
SSlsd in the real atmosphere.
Recently developed global-scale atmospheric models coupled

with aerosol microphysical modules explicitly14 or implicitly15,16

assume that only aerosol particles in clouds with SSc less than the
modelled (or prescribed) SSlsd value are subject to nucleation
scavenging and efficient rainout. In these models, the timescale
for transforming fresh high-SSc hydrophobic particles (SSc > SSlsd)
into low-SSc hydrophilic particles (SSc < SSlsd) can change drasti-
cally depending on the modelled (or prescribed) SSlsd value.17–19

Therefore, the model predictabilities of the atmospheric lifetime
and spatial distribution of initially high-SSc aerosols such as black
carbon (BC) and primary organic matter (POM) can be greatly
reduced by a small bias in the modelled (or prescribed) SSlsd value
in precipitating clouds.20 For these reasons, the current lack of any
observational constraint on SSlsd in precipitating clouds is one of
the largest sources of uncertainty in simulations of atmospheric
aerosols, especially BC and POM.
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Here, we propose an observational method for estimating SSlsd
in convective-type precipitating clouds that uses water-insoluble
BC as a particle tracer8 (Fig. 1, see Methods). Our method provides
an estimate of the SSlsd value actually experienced by the
removed aerosols at the time of their activation to droplets
averaged over the LSDs distributed over a particular atmospheric
4D domain with dimensions similar to those of a discretized
atmospheric 4D domain in regional-scale to global-scale atmo-
spheric models. Thus, for the purpose of constraining simulations
of aerosol rainout, SSlsd estimated by our observational method is
physically more relevant than local instantaneous supersaturation
in non-precipitating clouds estimated by in situ aircraft measure-
ments.21–24 In this paper, we first present and discuss our
observational results in East Asia, and then we demonstrate on
the basis of sensitivity-test simulation results that SSlsd in
precipitating clouds is an important parameter controlling the
global BC distribution.

RESULTS
Observational estimation of in-cloud supersaturation
We carried out observations at two different locations in Japan:
Tokyo, which is dominated by fresh urban pollution25 in which BC-
containing aerosols have higher SSc (i.e., they are more hydro-
phobic), and Okinawa, which is frequently influenced by aged
Asian continent pollution26 in which BC-containing aerosols have
lower SSc (i.e., more hydrophilic) (Supplementary Table 1).

For each rainfall event, we estimated the SSlsd value experi-
enced by the removed aerosols from the results of a detailed
comparison between the BC-containing aerosols in the surface air
before the rainfall and the BC particles in the rainwater, under the
assumption that the former had been transformed to the latter
through localized moist convection (BC tracer method: Fig. 1). The
BC tracer method utilizes the experimental finding that the mass-
equivalent diameter of each water-insoluble BC particle core,
denoted here as Dtr, is invariant during the rainout process.8 The
assumption of localized moist convection by the method is
plausible for convective-type precipitation but would be invalid
for stratiform-type precipitation.27 We introduce the Convective
Precipitation Index (CPI) as a measure of the relative contribution
of lower tropospheric water vapor to vertically integrated
condensed-water production near each observation site (see
Methods). The assumption of localized moist convection is more
plausible for rainfall events with higher CPI (Supplementary Table
1). Therefore, we pay particular attention to events with CPI > 0.5
(N= 23) among the observed rainfall events (N= 37) in the
following analysis and discussion.
For each rainfall event, we calculated the ratio of the size-

resolved tracer number concentration, dN/dlogDtr, in rainwater
(i.e., the removed tracer) to dN/dlogDtr in the surface air before
precipitation (i.e., the initial tracer) from in situ measurements (Fig.
2a, b). This rain-to-air number concentration ratio, the scavenged
number fraction (SNF), is a function of Dtr and is denoted here as
SNF(Dtr). Further, we define Relative SNF(Dtr) as SNF(Dtr) normal-
ized by the SNF value at a particular Dtr= Dstd. In this study, Dstd

Initial tracer Removed tracer 

LSD¹ LSDk LSDn

Boundary layer

Free troposphere

(with supersaturation SSlsd)
Survived tracer

Localized Supersaturated Domain

   = 100 ~ 101 km (  = 100 ~ 101 min)  Horizontal scale (Time duration) in each observation:

Observation site

Moving direction
 of cloud system

Fig. 1 Conceptual diagram of the BC tracer method. The mass-equivalent diameter (Dtr) of each water-insoluble BC particle is an observable
invariant during removal and transport processes. In a convective-type precipitating cloud system, the removal efficiency of aerosols in a
moist air parcel uplifted from the boundary layer is determined mainly by the nucleation scavenging process within each localized
supersaturated domain (LSD). The occurrence and activity of LSDs in a cloud system are complex functions of time and space. For simplicity,
the figure illustrates a temporal snapshot of the spatial distribution of discrete LSDs (LSDk, k= 1, …, n). For each rainfall event, the average of
SSlsd, weighted by the number of tracer particles scavenged in LSDk (k= 1, …, n), is estimated by comparing the Dtr-resolved number
concentrations of initial tracer (in the surface air) and removed tracer (in rainwater) measured at a surface observation site. For each rainfall
event, the rainwater sampling period was typically ~100−101 min (Table S1). The cloud system moves horizontally ~100−101 km during the
rainwater sampling under the typical wind speed in the lower troposphere of ~10ms–1. The number (n) of LSDs contributing to the
scavenging of observed tracer depends on the sampling period as well as on the translational speed of the cloud system
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was set to 900 ± 100 nm (Fig. 2a, b). We used Relative SNF in our
analysis so that the results would be unaffected by the absolute
tracer concentration in rainwater. We used κ-Köhler theory28 with
measured input parameters (e.g., coating volume on BC core;
Supplementary Fig. 1) to derive SSc-resolved number concentra-
tions of the initial tracer-containing aerosols at each of four small-
tracer Dtr values (D= 200 ± 10 nm, 220 ± 10 nm, 263 ± 15 nm, or
302 ± 20 nm) and at one large-tracer Dtr value (=Dstd, 900 ±
100 nm) (see Methods) (Fig. 2c–f).

Under our observational conditions, we estimated that the
fractional contribution of nucleation scavenging to total scaven-
ging is always greater than 0.8 for aerosols containing tracer
particles in the size range 200 nm ≤ Dtr ≤ 1000 nm (see Methods).
Thus, the following data analysis assumes that nucleation
scavenging predominates over in-cloud and below-cloud impac-
tion scavenging.
Under the assumption that both small (Dtr= D) and large (Dtr=

Dstd) tracer particles in a collected rainwater sample are activated
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Fig. 2 Observational results of tracer particles used for estimating the SSlsd experienced by the removed tracers during each of the rainfall
events (thin curves). Thick curves show averaged results over all rainfall events in each observation site. a Normalized size-resolved number
concentrations (dN/dlogDtr) of the initial and removed tracer particles and the resulting Dtr-resolved relative scavenged number fraction
(Relative SNF) in Tokyo. b Same as panel (a) but for Okinawa. c Normalized SSc-revolved number concentration (dN/dSSc) of the initial tracer
evaluated at Dtr= 200 nm and at Dtr= Dstd (900 ± 100 nm) in Tokyo, where the SSc of tracer (BC)-containing particles was predicted by using κ-
Köhler theory. d Same as panel (c) but for Okinawa. e, f Same as panels (c, d) but for Dtr= 302 nm instead of Dtr= 200 nm
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to droplets at environmental supersaturation SSlsd, we estimated
SSlsd by numerically solving the following equation with respect to
SSlsd:

Relative SNF Dð Þ ¼
R SSlsd
0

dN
dSSc

�
�
�
Dtr¼D

� �

dSSc

R SSlsd
0

dN
dSSc

�
�
�
Dtr¼Dstd

� �

dSSc

; (1)

where dN/dSSc denotes the probability density function of the
observational SSc-resolved number concentration of tracer-
containing aerosols at the indicated Dtr value normalized by
Z 1

0

dN
dSSc

�
�
�
�
Dtr

 !

dSSc ¼ 1: (2)

We estimated the systematic relative error of the derived SSlsd
value resulting from the measurement uncertainties, and neglect-
ing other scavenging mechanisms, to range between −10 and
+20% (see Methods).
For each rainfall event, the SSlsd value determined by this

procedure can be physically interpreted as the average of SSlsd
k (k

= 1,…, n) weighted by the number of measured tracer particles in
rainwater that have been scavenged in LSDk (k= 1,…, n). For each
rainfall event, the time duration of rainwater sampling ranged
mostly from 5 to 30min (Supplementary Table 1). For a cloud
system moving horizontally with a constant speed of ~10 ms–1,
which is a typical wind speed in the lower troposphere, the
moving distance during the sampling time would thus be
~100−101 km. In this case, we can interpret the derived SSlsd
value as the average over the LSDs distributed within a horizontal
scale of ~100−101 km (Fig. 1). In the case of a cloud system that
does not appreciably move during the sampling time, we can
interpret the derived SSlsd value as the average over the LSDs
above the observation site within a period of ~100−101 min. On
the basis of these considerations, we interpret the derived SSlsd as
the tracer-weighted average of SSlsd

k (k= 1,…, n) in a particular
space-and-time (4D) domain with a horizontal scale of ~100−101

km and a timescale of ~100−101 min.
The absolute scavenged number fraction of tracer particles at

Dtr= D is defined here as

Absolute SNF Dð Þ ¼
Z SSlsd

0

dN
dSSc

�
�
�
�
Dtr¼D

 !

dSSc; (3)

where SSlsd is determined by solving Eq. (1). Absolute SNF can be
physically interpreted as the expected scavenged number fraction

of initial tracer-containing aerosol particles with Dtr= D that have
experienced environmental supersaturation SSlsd.
We compared scatter plots of Absolute SNF versus SSlsd for each

of the four small-tracer Dtr values for all observed events (Fig. 3a)
and for events with CPI > 0.5 (Fig. 3b). For the reason mentioned
above, we assume the results for CPI > 0.5 events to be more
reliable than those for all events. Consistent with our expectation,
for CPI > 0.5 events, SSlsd did not depend on Dtr (Fig. 3b). For all
events, we interpret the systematic dependence of SSlsd on Dtr

(Fig. 3a) as an artifact resulting from the inclusion of low-CPI
events that violate the assumption of localized moist convection.
For CPI > 0.5 events, SSlsd ranged from 0.03 to 0.2% (average ±

standard deviation, approximately 0.08 ± 0.03%; Supplementary
Table 2), and, in contrast to the general trend predicted by a
model using an aerosol activation parameterization scheme,29

SSlsd did not show a clear anti-correlation with the aerosol number
concentration in the surface air before the rainfall. This result
implies that the actual mechanism determining SSlsd in real
precipitating clouds is complex. The SSlsd value of 0.08 ± 0.03%
determined herein is substantially lower than the reported values
of maximum supersaturation in non-precipitating marine strato-
cumulus clouds in East Asia (average ± standard deviation, 0.24 ±
0.06%).23 This systematic difference implies that for the majority of
LSDs in a non-adiabatic precipitating cloud system, supersatura-
tion is not maintained at as high a level as the maximum
supersaturation realized in the updraft core of adiabatic non-
precipitating clouds.

Sensitivity of the global BC distribution to in-cloud supersaturation
We performed a set of numerical experiments with the CAM5-
chem/ATRAS2 global aerosol model14 to quantify changes in the
simulated global aerosol fields due solely to differences in the
model’s treatment of environmental supersaturation (SS) and the
associated nucleation scavenging process in precipitating clouds.
The base simulation was performed with the default CAM5-chem/
ATRAS2 parameterization scheme, in which both the determina-
tion of the SS value and the nucleation scavenging process are
treated differently between grid-scale and sub-grid-scale cloud
types. In the case of grid-scale clouds, the scavenged number
fraction of an aerosol is predicted from the dN/dSSc distribution
for that aerosol, and the prognostic SS value is determined by
using the aerosol’s activation parameterization.13 In the case of
sub-grid-scale clouds, the scavenged number fractions of aerosols
with SSc > 1.0, SSc > 0.5, and SSc ≤ 0.5% are assumed to be 0, 0.4,
and 0.8, respectively, and the SS value is not computed. The
categorization of clouds between grid-scale and sub-grid-scale
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Fig. 3 Scatterplots between the absolute scavenged number fraction (Absolute SNF) and the SSlsd value estimated for a all rainfall events (N
= 37) and b rainfall events with CPI > 0.5 (N= 23). Each open circle (triangle) indicates the results for a single rainfall event in Tokyo (Okinawa).
The same analysis was performed using each of the four indicated distinct small-tracer Dtr values. The filled circles and error bars represent the
median values and the 25th–75th percentile range
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Fig. 4 a, c, e Global distributions of the 5-year mean column BC mass simulated by the CAM5-chem/ATRAS2 model with the supersaturation
(SS) of precipitating clouds constrained to be 0.05%, 0.08%, and 0.11%, respectively. b, d, f Global distributions of the ratio of column BC mass
obtained by the sensitivity-test simulations to that obtained by the base simulation. In the sensitivity-test simulations, the SS constraint was
applied to both grid-scale and sub-grid-scale clouds
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Fig. 5 a, c, e Global distributions of the 5-year mean BC wet deposition flux simulated by the CAM5-chem/ATRAS2 model with the
supersaturation (SS) of precipitating clouds constrained to be 0.05%, 0.08%, and 0.11%, respectively. b, d, f Global distributions of the ratio of
the BC wet deposition flux obtained by the sensitivity-test simulations to that obtained by the base simulation. In the sensitivity-test
simulations, the SS constraint was applied to both grid-scale and sub-grid-scale clouds
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types depends on the selected grid resolution of CAM5; thus, a
physically meaningful categorization is not assured. In the
sensitivity-test simulations, SS for both grid-scale and sub-grid-
scale clouds was set to 0.05, 0.08, or 0.11%, corresponding to the
average ± the standard deviation (about 0.03%) of the SSlsd values
determined for CPI > 0.5 events (Supplementary Table 2). Only
aerosol particles with SSc < SS were assumed to be scavenged by
cloud water and removed by rainfall. We applied a single SS value
globally to avoid the technical complexities of applying regional
values in a global model.
The simulated global distributions of the BC column burden and

wet deposition flux (Figs. 4 and 5, left panels) indicate that a
substantially large portion of the total atmospheric BC mass in the
northern hemisphere (NH) is deposited in the mid-latitudes, in
particular around East Asia, the largest source region. Thus, our
sensitivity-test simulations, in which a single SS value determined
from observations around East Asia was applied globally, can
provide useful insights, at least into BC fields in the NH.
According to a recent detailed investigation of the aerosol mass

deposition budget, nucleation scavenging may account for 94% of
in-cloud scavenging of BC, with below-cloud scavenging con-
tributing only 14% of total annual and global mean BC
deposition.30 In our simulations, the contribution of below-cloud
scavenging to total BC scavenging was negligibly small (~1% of
the nucleation scavenging) on annual and global average. Thus, in
the following discussion we assume that BC deposition is
triggered predominantly by nucleation scavenging.
A global distribution map of annual mean maximum SS values

in grid-scale clouds, derived from the base simulation, is shown in
Supplementary Fig. 2. The major qualitative features of this map,
higher SS in higher latitudes and lower SS in more polluted
regions, are similar to the results obtained by another model in
which a globally constant updraft velocity was assumed in grid-
scale clouds.29 The simulated SS value of grid-scale clouds in our
base simulation around our observation sites (Tokyo and Okinawa)
was ~0.12%, which is slightly larger than our estimated SSlsd of
0.08 ± 0.03% for observed rainfall events.
The sensitivity-test simulations conducted using the three SS

values all predicted substantially large BC mass concentrations
(Fig. 4, right panels) and wet deposition values (Fig. 5, right
panels), relative to the base simulation values, almost everywhere
except near the major anthropogenic source regions in East Asia,
India, Europe, and the United States. The large increase in the BC
column burden in remote terrestrial and oceanic regions
compared to the base simulation values is attributable to

increased long-range transport of aerosols from the major BC
source regions in the sensitivity-test simulations. This systematic
increase in long-range BC transport in the sensitivity-test
simulations relative to the base simulation can be explained by
modest decreases of wet deposition and compensatory modest
increases of vertical transport associated with less-efficient BC
rainout during moist convection in the proximity of the major BC
source regions (Fig. 5, right panels). In these regions, substantial
proportions of BC-containing particles remain fresh and thus have
relatively high SSc values; as a result, BC rainout efficiency tends to
be more sensitive to the prescribed SS value.
The model was able to reproduce the aircraft-observed vertical

profile of BC mass concentrations over East Asia (Supplementary
Fig. 3a) reasonably well in both the base simulation and the
sensitivity-test simulation with SS= 0.08%. In marked contrast, in
the Arctic and other remote regions, the simulated vertical BC
profile was up to an order of magnitude larger in the sensitivity-
test simulation with SS= 0.08% compared with the base
simulation (Supplementary Fig. 3b–h) because of a substantial
increase in the long-range transport of BC to regions that are
remote from the major source regions.
We estimated the fractional contribution of the BC emitted from

the Asian region (60°E−160°E, 20°N−50°N) to the BC column
burdens in Arctic (66°N−90°N) and NH mid-latitude (20°N−66°N)
regions (Supplementary Table 3). The Asian source contribution to
the Arctic BC column burden was ~2.5 times higher in the SS=
0.08% sensitivity-test simulation (32%) than in the base simulation
(13%) as a result of the greater efficiency of long-range BC
transport via moist convection. By contrast, the Asian source
contribution to the NH mid-latitude BC column burden (~50% in
the base simulation) did not change appreciably in the SS= 0.08%
sensitivity-test simulation (~51%) because the majority of the NH
mid-latitude BC column burden was attributable to the highly
concentrated BC near the source regions before the moist
convection processing.
Comparison of simulated and observed seasonal variations of

surface BC mass concentrations at two observation sites in the
Arctic (Fig. 6) shows that, except in summer, the base simulation
severely underestimated, by an order of magnitude, the monthly
BC mass concentration (See Sinha et al.31 for the details of these
observation data). At both Arctic sites, the sensitivity-test
simulation with SS= 0.08% for grid-scale+ sub-grid-scale clouds
reproduced the observed average and seasonal variations of
surface BC concentrations better than the base simulation. This
difference between the sensitivity-test and base simulation results
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Fig. 6 Comparison of monthly surface BC mass concentrations between in situ observations and the CAM5-chem/ATRAS2 simulations for a
Barrow, Alaska and b Ny-Ålesund, Norway. In the sensitivity-test simulations, the SS constraint was applied to both grid-scale and sub-grid-
scale clouds. The black curves show base simulation results, and the light-blue dots show observation results. The period of observation data
is August 2012−May 2015 for Barrow and March 2012−May 2015 for Ny-Ålesund
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for Arctic surface BC concentrations was due mostly to the
difference in the simulated BC scavenging efficiency in grid-scale
clouds. However, it should be noted that the relative contributions
of grid-scale and sub-grid-scale clouds depend on the selected
model grid size and the default scavenging scheme adopted in
the base simulation.
The essential conclusion that we deduce from the simulation

results shown in Fig. 6 is that the Arctic surface BC concentration
can shift by a factor of 2−3 solely as a result of a change in SSlsd
within the quite narrow range of 0.05−0.11%, which is the
average ± standard deviation range of our observational SSlsd
value for convective-type precipitation in East Asia.
Finally, we examine the sensitivities of the global burdens of BC

and other aerosols to the SSlsd value in light of our sensitivity-test
simulation results for grid-scale+ sub-grid-scale clouds (Supple-
mentary Table 4). Our sensitivity-test simulations with SS= 0.05
−0.11% predict a BC lifetime of 7−15 days, substantially longer
than the current best estimate of less than ~5 days,32,33 which is
constrained by global-scale atmospheric BC datasets. The over-
estimate of the BC lifetime is also implied by the overestimation of
BC concentrations in the middle-to-upper troposphere relative to
the lower troposphere (Supplementary Fig. 3b−g). Because of this
issue, we focus our discussion on the relative change of each
target variable depending on the assumed SS value, and we avoid
any discussion directly related to the absolute accuracy of the
target variables. The sensitivity-test simulation results (Supple-
mentary Table 4) suggest that the absorption aerosol optical
depth (AAOD), global burden, lifetime, and direct radiative forcing
of BC can each be changed by a factor of 2 solely by a change of
SSlsd within the range 0.05–0.11%. Total AAOD, which includes
AAOD of both dust and BC, was slightly less sensitive to an SSlsd
change than BC-AAOD, because dust rainout is almost unaffected
by a change of the SSlsd value within the range 0.05–0.11%. In
contrast, total AOD, which includes both absorbing and non-
absorbing aerosols, is much less sensitive to an SSlsd change than
total AAOD. This marked contrast in sensitivity reflects the fact
that the major contributors to total AOD are hydrophilic particles
with very low SSc (i.e., sulfate, sea salt, and moderately sized,
water-soluble organic particles); thus, the dependence of their
rainout on SSlsd values within 0.05–0.11% is small.

DISCUSSION
The results of this pilot study suggest that observational constraint
of rain-cloud supersaturation, particularly near aerosol source
regions, is important for improving model predictability of
lifecycle and climate effects of aerosols such as BC and POM,
which are initially hydrophobic. The BC tracer method proposed
herein provides estimates of SSlsd values actually experienced by
removed aerosols in convective-type precipitating clouds aver-
aged over the LSDs within a particular space-and-time domain
with dimensions comparable to those of the currently smallest
resolvable domain in global atmospheric models (i.e., horizontal
scale ~100−101 km; timescale ~100−101 min),34,35 and thus it will
contribute to the forthcoming researches for physically-based
improvements of aerosol rainout simulations by cloud-resolving
scale atmospheric models. In the future, controlling factors and
mechanisms determining SSlsd values in various types of
precipitating clouds should be investigated. In addition, an
observational method for estimating SSlsd values applicable to
stratiform-type precipitating clouds27 is also desirable.

METHODS
Observation of rainfall events
Observations in Tokyo were conducted during July and August 2014 and
June and July 2015 at the Hongo campus of the University of Tokyo, Japan.
The experimental setup for collecting rainwater and sampling ambient air

at this site has been described previously.8 Observations in Okinawa were
conducted during March 2016 at the Cape Hedo Atmosphere and Aerosol
Monitoring Station (CHAAMS), which is operated by the National Institute
for Environmental Studies (NIES), Japan. At CHAAMS, rainwater samples are
collected using a glass funnel and beaker installed on the station rooftop.
The experimental setup for sampling ambient aerosols at this site is
described by Yoshida et al.36

At both sites, initial tracer data for each rainfall event were acquired
during the 1-h period just before the onset of precipitation. The rainwater
sampling period during each rainfall event ranged from ~5min to ~1 day
(Supplementary Table 1) and was usually less than 30min for CPI > 0.5
events. During each rainfall event, the observed size-resolved number
concentration and the mixing state of BC-containing aerosols were almost
unchanged during the 1-h period just before the onset of rainfall; this
result implies that boundary layer aerosols around the observation sites
were uniform on a horizontal scale of ~101 km. This observational fact
supports an important assumption of our BC tracer method, which we
designed for convective-type precipitation: BC-containing particles in
surface air observed just before a rainfall are transformed into the BC
particles in the collected rainwater through localized moist convection
around the observation site.

Convective Precipitation Index
For each rainfall event, we evaluated the validity of the assumption of
horizontal localization of moist convection in our BC tracer method by
estimating the relative contribution of lower tropospheric water vapor
convergence to the vertically integrated water vapor convergence in an
atmospheric column above the observation site. For this purpose, we
introduced the CPI, defined as follows:

CPI ¼
ZZ

ΣðP>0Þ

Z 1000hPa

900hPa
�∇ � vqdp

� �

dxdy=
ZZ

ΣðP>0Þ

Z 1000hPa

300hPa
�∇ � vqdp

� �

dxdy;

(4)

where v, q, and ΣðP>0Þ denote the horizontal wind velocity vector, specific
humidity, and the precipitating area within a 1° × 1° rectangular domain
around the observation site, respectively. For this analysis, we used
atmospheric global spectral model reanalysis data for the Japan area with
a horizontal resolution of 0.25° × 0.2° (longitude × latitude) provided by the
Japan Meteorological Agency. Six-hourly meteorological datasets were
time-interpolated to obtain the v and q fields at the time of each rainfall
event. The precipitating area was defined as those subdomains in which
the vertically integrated horizontal moisture convergence was positive.
Rainfall events with higher positive CPI values are more likely to be
convective-type precipitation, in which mass convergence in the lower
troposphere is compensated by mass divergence in the upper tropo-
sphere.27 In contrast, rainfall events with near-zero or negative CPI might
be stratiform-type precipitation, in which mass convergence in the middle
troposphere level is compensated by mass divergence in both lower and
upper tropospheric levels.27 Supplementary Table 1 lists the CPI value
calculated for each observed rainfall event.

Measurement data for the BC tracer analysis
We used two distinct types of modified single-particle soot photometer
(SP2, Droplet Measurement Technologies, Longmont, CO, USA) to measure
BC particles: a wide-range SP237 and a standard SP2.38 The wide-range SP2
was used to measure dN/dlogDtr of BC particles in the 70 nm ≤ Dtr ≤
2000 nm size range in both ambient air and rainwater, where the mass-
equivalent diameter (Dtr) of BC core particles was derived from the BC
mass quantified by using the incandescence signal and assuming a BC
density of 1.8 g cm–3. We used the Marin-5 pneumatic nebulizer37

(Teledyne CETAC Technologies Inc.) for extracting the BC particles in
rainwater into the air sampled by the wide-range SP2.
The standard SP2 was used for measuring the mixing state of individual

BC-containing aerosols in the ambient air. The volume of coating materials
on the BC core of known Dtr was derived from the measured time-
dependent scattering cross section Cs(t) in the laser beam of the SP2 as
follows. First, the Cs value before the onset of particle evaporation (Cs-be)
and the Cs value at the onset of incandescence of the BC core (Cs-oi) were
separately determined.39 Then, the unknown coating volume was
determined to fit the theoretical Cs-be/Cs-oi ratio for the known Dtr value
to the observed Cs-be/Cs-oi ratio. Theoretical Cs-be and Cs-oi values for BC-
containing aerosols were computed by using original discrete-dipole
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approximation code (Block-DDA),40,41 along with the realistic assumption
that each BC core was an aggregate of many BC spherules, each with a
diameter of 40 nm, and that its fractal dimension Df was 2.8. Each BC
spherule was approximated by a set of ~270 dipoles to suppress the
discretization shape error. Dipoles were also assigned to approximate the
coating material around each BC spherule, where the thickness of the
coating depended on the prescribed total coating volume. When we
assumed a refractive index (m) of 2.00+ 1.00i for the BC core, the
theoretical Cs-oi value agreed reasonably with the measured Cs-oi value for
BC-containing aerosols in both Tokyo and Okinawa (Supplementary Fig. 4).
For this reason, we assumed m= 2.00+ 1.00i for the BC core, although m
= 2.26+ 1.26i, as previously reported,42 could also explain the measured
Cs-oi value in Okinawa. We assumed the coating materials to have m=
1.52+ 0.00i. This procedure was used to estimate the coating volume of
ambient BC-containing particles with 185 nm ≤ Dtr ≤ 323 nm. The major
source of uncertainty is the assumed Df value of the BC core, because Df

can vary depending on the source and age of BC-containing aerosols.
However, the coating volume derived by the above procedure differed by
no more than 10% between an assumed value of Df= 2.5 and one of Df=
2.8. Therefore, we assumed the relative error bounds of the derived
coating volume to be ±10%.
The mass-equivalent shell-to-core ratio (SCr) of BC-containing particles

was defined as the ratio of the mass-equivalent diameter of each BC-
containing particle to that of its BC core (=Dtr). The SCr-resolved number
concentration dN/dSCr for BC-containing particles with 185 nm ≤ Dtr ≤
323 nm was derived from the standard SP2 data (Supplementary Fig. 1).
For particles with 323 nm ≤ Dtr ≤ 1000 nm, dN/dSCr was theoretically
estimated by using an original box model that simulated the aerosol
aging process on the basis of gas-to-particle condensation theory3

(Supplementary Fig. 1). In this simulation, the initial conditions and
integration time were tuned so that at Dtr= 323 nm the simulated dN/dSCr
agreed with the measured dN/dSCr.
In this study, we assumed the hygroscopicity parameter28 κ of coating

materials on the BC core to be identical to that of non-BC aerosols in the
submicrometre size range. An aerosol mass spectrometer43 (AMS:
Aerodyne Research, USA) was used to measure the non-BC chemical
composition of submicrometre aerosols in both Tokyo and Okinawa
(Supplementary Fig. 5). In Okinawa, the hygroscopicity parameter κ of non-
BC aerosols was derived by using the AMS data along with published
parameter values28 (Supplementary Table 5). In Tokyo, κ for non-BC
aerosols was estimated by using the hygroscopic growth factor of a 200-
nm BC-free particle, measured with a humidified-SP225 (h-SP2), and this κ
value was then assumed for the coating materials on the BC core. For each
rainfall event, in situ data acquired during the 1-h period before the rainfall
were used for estimating κ.
We used κ-Köhler theory28 to compute the critical supersaturation SSc of

tracer-containing particles from the input parameters Dtr, SCr, and κ.

Relative contribution of each scavenging mechanism
We evaluated the plausibility of the assumption of the dominance of
nucleation scavenging as the mechanism by which aerosols are
incorporated into condensed water on the basis of numerical simulations
of the aerosol scavenging process using a modified cloud parcel model.
We extended the cloud parcel model developed by Feingold and
Heymsfield44 to include aerosol-droplet impaction processes45 in our
simulations. In the case of BC-containing particles, the aerodynamic effects
of their nonspherical shape46 were considered in the impaction efficiency
formula.45 To simulate the scavenging process during each rainfall event,
the modified cloud parcel model was driven by in situ aerosol data and
in situ meteorological data (temperature, moisture, rainfall intensity)
acquired in each rainfall event. We tuned the updraft velocity w by finding
the value that resulted in the best fit of the simulated Relative SNF(Dtr) to
the observed Relative SNF(Dtr) in the size range 70 nm ≤ Dtr ≤ 1000 nm. The
relative contributions of nucleation scavenging, in-cloud impaction
scavenging, and below-cloud impaction scavenging derived from the
simulations were averaged over all events and over CPI > 0.5 events
(Supplementary Fig. 6). From these results, we inferred that the fractional
contribution of nucleation scavenging was not less than 0.8 within the
tracer size range of 200 nm ≤ Dtr ≤ 1000 nm that we used in our SSlsd
estimation.

Estimating the error bounds of SSlsd
We estimated the uncertainty of SSlsd due to the uncertainties in the
coating volume and fractional contribution of nucleation scavenging. Our
calculations based on κ-Köhler theory showed that the ±10% relative error
in the coating volume (Δv/v) causes a relative error of about ±9% in the
estimated supersaturation (ΔSSlsd/SSlsd).
We evaluated the systematic error of SSlsd due to ignoring the

contributions of in- and below-cloud impaction scavenging to the
observed Relative SNF as follows. To evaluate the error bounds, we
considered a hypothetical worst case: a fractional contribution of
nucleation scavenging of 0.8 for small-tracer particles (Dtr= D), and one
of 1.0 for large-tracer particles (Dtr= Dstd). In this hypothetical case, we can
estimate the supersaturation experienced by the removed tracers at the
time of their activation to droplets (SSlsd′) by multiplying the left-hand side
of Eq. (1) by 0.8 and then solving. We estimated the upper bound of
systematic error by subtracting the derived SSlsd′ value from the original
SSlsd value, ΔSSlsd= SSlsd – SSlsd′. The upper bound of relative systematic
error of SSlsd averaged over the observed rainfall events was about +10%.
From these results, we estimated the relative error bounds of SSlsd to be

−10% ≤ ΔSSlsd/SSlsd ≤+ 20%. This error range is substantially narrower
than the relative standard deviation of the observed SSlsd for CPI > 0.5
events (~40%).

Model simulations
We conducted global model simulations using the Community Atmo-
sphere Model version 5 (CAM5-chem)47 with the Aerosol Two-dimensional
bin module for foRmation and Aging Simulation version 2 (CAM5-chem/
ATRAS2),14,48 in which the nucleation scavenging scheme was modified as
described below. The stand-alone version of CAM5 (FC5 compset) in
Community Earth System Model version 1.2.0 was used with a horizontal
resolution of 1.9° latitude × 2.5° longitude and 30 vertical layers from the
surface to ~40 km. In addition to a base simulation, online sensitivity-test
simulations were conducted for six (3 × 2) distinct cases: three SS values
(0.05, 0.08, and 0.11%) and two different nucleation scheme implementa-
tions (sub-grid-scale clouds only and sub-grid-scale+ grid-scale clouds).
Each simulation was performed over six years, and averages of the last five
years were used in the analysis. We used anthropogenic, biomass burning,
and biogenic emissions of Lamarque et al.49 in the year 2000 for gas-phase
and aerosol species. Nine aerosol species (sulfate, nitrate, ammonium, dust,
sea salt, primary and secondary organic aerosol, BC, and water) were
treated in the model. The model considered gas-phase chemistry,50

condensation/evaporation of inorganic and organic species,14 coagula-
tion,51 nucleation,52 aerosol activation13 and evaporation53 from clouds,
aerosol formation in clouds,54 dry and wet deposition,55 and aerosol
optical properties.14 Aerosol particles were resolved with 12 size bins from
0.001 to 10 μm (dry diameter), as in the ATRAS-d model.48 Non-BC
chemical compositions in each size bin were assumed to be internally
mixed. Mixing states of BC-containing particles were resolved into seven
BC mass fraction bins (1–0.99, 0.99–0.9, 0.9–0.8, 0.8–0.5, 0.5–0.2, 0.2–0.1,
and 0.1–0.0001) for each of the five dry total diameter bins from 0.04 to
1.25 μm. This 2D bin representation was able to resolve the size and
mixing-state dependences of the SSc value of BC-containing particles with
sufficient accuracy for the purpose of this study.
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