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Abstract: This work is devoted to the development of an ensemble of below-cloud scavenging
models of pollutant aerosol transport into the atmosphere. Among other factors contributing to the
uncertainty of the forecasts of the dispersion and deposition of technogenic gas-aerosol releases in
the atmosphere, precipitation scavenging is one of the least studied and, in case of precipitation, can
be the dominant mechanism for aerosol deposition. To form the ensemble of below-cloud scavenging
models, appropriate experimental data, raindrop-aerosol capture models, raindrop terminal velocity
parameterizations, and raindrop size distributions were chosen. The pool of models was prepared
and then evaluated to adequately describe the experimental data using statistical analysis. Rank
diagrams were used to analyze the adequacy of meteorological ensembles; together with the ensemble
distribution construction, they allowed selecting the groups of models with such properties as to
produce unbiased estimates and dispersion corresponding to the dispersion of the experimental
data. The model calculations of the concentration fraction deposited due to below-cloud scavenging
were performed using a log-normal distribution with characteristics corresponding to those observed
during the accidents at the Chernobyl NPP and Fukushima-1 NPP. The results were compared with
those obtained using the models of the NAME and FLEXPART codes. The results of this work can be
used to improve the current approaches applied for modelling the distribution of pollutants in the
atmosphere in the case of emergency, enhancing the reliability of forecasts by taking into account
uncertainties in the results. The formed multi-model ensemble will be included in the decision
support system used in responding to releases of radioactive substances into the atmosphere.

Keywords: ensemble forecast; below-cloud scavenging; raindrop; contamination; aerosols; pollutants

1. Introduction

Atmospheric transport modeling is one of the most important tasks of emergency
preparedness and response [1,2] because atmospheric transport is the fastest way to deliver
pollutants from the source to humans. Atmospheric transport modeling is performed
using diagnostic or predictive weather forecast models, which generally determine the
quality of the modeling. Depending on the problem, the forecast can be considered on
different time scales, from “nowcasting” [3,4] for early detection of warning situations, to
medium-range forecasting [5,6], which can be used for assessments of possible hazards to
human health due to pollutant emissions, and finally long-term forecasts [7,8] for long-term
safety analysis issues. Using models of atmospheric transport, the parameters of pollution
of environmental objects are modeled. Important parameters such as surface deposition
density and time-integrated concentration are used for assessment of the population ex-
posure and hence the population safety [9]. The accuracy (mean and dispersion) of such
estimates is studied in terms of processes that affect the result: turbulent and advective
transport [10,11], dry deposition [12–14], chemical transformations [15,16], and precipita-
tion scavenging [17,18]. At present, we know the accuracy of the models describing the
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turbulent transport for the landscapes, where the Monin–Obukhov similarity theory [19] is
valid; dry deposition for areas with typified landscape conditions [20]; and wet deposition
for precipitations that are relatively homogeneous over composition and territory [21]. In
practice, when modeling the distribution of atmospheric releases during the accident at the
Fukushima-1 NPP, the differences between the actual data and forecasts differed by orders
of magnitude or more due to inaccuracy of knowledge about the source term [22] as well
as to the inaccuracy of physical processes modeling [23]. An ensemble forecast [24] was
developed to solve such problems, taking into account all uncertainties (inaccuracy of the
initial data and inaccuracy of modeling processes). It was previously used for modeling
weather conditions [25], to obtain the weather forecast for impurity dispersion problems.
In [26], the first ensemble forecasts were successfully applied to the ETEX experiment and
then to the accident forecasting system [6,27–29]. It is essential for the ensemble approach
to take into account all types of uncertainties. This can be achieved by using a priori data
on the distribution function of given parameters [30] or, for example, using a multi-model
ensemble [24].

In this paper, we present the results of assessment of the uncertainties caused by the
below-cloud scavenging of aerosol particles by raindrops, using the multi-model ensemble
method. The main result is a well-defined structure of the distribution function. This is
critical if the ensemble is used for dose estimates with assurance levels (e.g., probability of
exceeding a threshold) [31].

When forming an ensemble of models, the following processes should be taken into
account in the below-cloud scavenging models of aerosols by precipitation: microphysical
processes of the interaction of aerosol particles with droplets using Brownian diffusion,
interception, impaction, thermo- and diffusiophoresis, and viscous (aerodynamic) drag, as
well as the processes of coalescence and breaking of raindrops when falling in the atmo-
sphere [18]. One of the determining factors, similar to the modelling of dry deposition [12],
is the particle size distribution of aerosols. We will evaluate the quality of the ensemble on
the basis of comparison with experimental data and field measurements by metrics used
in meteorological models for describing the quality of reproduction of calculated data (in
comparison with the observation data).

Wet deposition is commonly divided into in-cloud scavenging and below-cloud scav-
enging [17]. The below-cloud scavenging of aerosol particles by raindrops is studied in this
paper. There are two types of below-cloud scavenging models: integral models that are
based on the dependence of the scavenging coefficient Λ on the intensity of precipitation
Λ = aIb (where a and b are empirical constants, depending on the type of precipitation) [32],
and differential models that take into account the dependence of the scavenging constant
on the diameter of the aerosol particle d [33].

To select the models for a multi-model ensemble, we analyzed the experimental data
from studies of below-cloud scavenging, as well as a set of models of below-cloud scaveng-
ing that consider microphysical processes of interaction (Brownian diffusion, interception,
impaction, thermo- and diffusiophoresis), models describing the terminal droplet fall
velocity, and the polydispersity of the aerosol and the raindrop system.

The prepared set of models was tested against the experimental data; the estimates of
the FB, Pearson, FAC5, and FAC10 criteria were obtained. Then, the models were selected
using the rank histograms to form a multi-model ensemble that provides an unbiased
estimate. We also demonstrated that the ensemble dispersion covers the scatter of the
experimental data if the ensemble is approximated by a normal distribution function.
Additionally, this ensemble was applied for the log-normal distribution of aerosol particles
with diameters with the characteristics of Chernobyl aerosols observed in the first days
after the accident. Comparative calculations were carried out using the integral models in
order to assess the fraction of the washed-out concentration. They showed a significant
(more than an order of magnitude) increase in the modeling error when there is a deviation
from the average dimensional characteristics of aerosols.
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The formed multi-model ensemble could be used to describe the quantitative char-
acteristics of the forecast uncertainty associated with the lack of knowledge about the
environment parameters and the parameters of the aerosol interaction with hydrometeors
in the atmosphere, providing a well-defined structure of the distribution function of the
results. This is necessary for the development of codes predicting the consequences for the
population by improving the quality of the forecast.

2. Materials and Methods
2.1. Below-Cloud Scavenging Models

Below-cloud scavenging of aerosol particles in atmospheric transport models is de-
scribed by the below-cloud scavenging coefficient, Λ (1/s):

dC(d)
dt

= −Λ(d)× C(d) (1)

where C(d) is the concentration of aerosol particles with diameter d in the volume under
study, and t is the interaction time of precipitation and aerosol. Determining Λ seems to be
the main difficulty in modeling the interaction between aerosols and precipitation.

In case of the polydisperse system of raindrops, the below-cloud scavenging coefficient
Λ is determined by the following expression:

Λ(d) =
∫ ∞

0
E(D, d)V(D)

πD2

4
N(D)dD (2)

where N(D) is the size distribution function of raindrops, m−4, E(D) is the collision efficiency
of raindrops, V(D) is the raindrop terminal velocity, m/s, and D is the raindrop diameter, m.

2.1.1. Collision Efficiency E

The collision efficiency E(D, d) is, by definition, the ratio of the actual collision cross
section to the geometric cross section of the raindrop. The value E = 1 means that all
particles in the geometric volume swept by the falling raindrop will be collected by the
raindrop. Usually the values of E << 1 [34].

There are a number of different models for evaluating the collision efficiency. The
following models for calculating E were used in this paper to form a multi-model ensem-
ble: the Slinn model [35] (hereinafter the SL83 model); the extended model SL83+ [36],
which takes into account the contributions of thermo- and diffusiophoresis; the Pripachkin
model [37] (hereinafter PR19).

Figure 1 shows a schematic representation of the contributions of processes that affect
the wet deposition for various aerosol particle diameters, built according to the SL83+
model, as well as the contribution of thermo- and diffusiophoresis at a fixed raindrop
diameter D = 1 mm and a difference between particle and raindrop absolute temperatures
of Ta − Ts = 3 ◦C. It can be seen that the Brownian diffusion has a greater effect for small
particles (with a diameter of less than 0.01 µm), while impaction affects large particles (with
a diameter of more than 2 µm). Aerosols in the range of 0.01–2 µm (the so-called Greenfield
Gap range) are least scavenged. The contribution of thermophoresis decreases with particle
diameter increase. Diffusiophoresis does not depend on the aerosol particle diameter.
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Figure 1. Schematic representation of the contributions of processes. 1—Brownian diffusion, 2—
interception, 3—impaction, 4—thermophoresis, 5—diffusiophoresis, Eff—total collision efficiency. 
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Figure 1. Schematic representation of the contributions of processes. 1—Brownian diffusion,
2—interception, 3—impaction, 4—thermophoresis, 5—diffusiophoresis, Eff—total collision efficiency.

Parameterization of collision efficiency of an aerosol particle by a raindrop in the
SL_83 model

The SL83 model takes into account the influence of Brownian diffusion processes,
impaction, and interception. The collision efficiency E is expressed as [30]:

E(d, D) = EBr + Eint + Eine (3)

where EBr, Eint, and Eine are the efficiencies of diffusion, interception and inertial impaction,
respectively.

EBr =
4

ReDSc

(
1 + 0.4ReD

1
2 Sc

1
3 + 0.16ReD

1
2 Sc

1
2

)
(4)

Eint = 4
d
D

[
µa

µw
+

d
D

(
1 + 2ReD

1
2

)]
(5)

Eine =

(
St− St∗

St− St∗ + 2
3

)3/2

(6)

where D and d are the diameters of a raindrop and an aerosol particle, correspondingly,
m; St = 2τ(V(D)−v(d))

D is the Stokes number; V(D) and v(d) are the terminal velocities

of raindrops and particles, correspondingly, (v(d) << V(D)); τ =
(ρp−ρa)d2Cc

18µa
is the relax-

ation time of particles; µa, µw are the dynamic viscosity of air and water, correspond-
ingly, kg/(m·s); St∗ =

1.2+1/12 ln(1+ReD)
1+ln(1+ReD)

is the critical Stokes number calculated for a rain-

drop; ReD = D·V(D)
2ν is the Reynolds number calculated for a raindrop with a diameter D;

Sc = µa
ρa ·Ddi f f

is the Schmidt number calculated for a raindrop; ρa, ρp are the air density

and particle density, kg/m3; Cc = 1 + 2λa
d

(
1.257 + 0.4e−0.55 d

λa

)
is the Cunningham correc-

tion for aerosol particle glide; λa = 0.0651·10−6 is the mean free path of air molecules, m;
Ddi f f =

CckbTa
3πµd is the diffusion coefficient of aerosol particles in air, m2/s; and kb = 1.38·10−23

is the Boltzmann constant, J/K. For particles of mass density ρp different from 1.0, g/cm3,

the inertial contribution to the collision efficiency should be scaled by
(

ρw
ρp

)1/2
[35].

Parameterization of the collision efficiency in the SL_83+ model
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The model is based on the SL83 model, which takes into account the models of thermo-
and diffusiophoresis processes. The aerosol particle collision efficiency E is as follows:

E(d, D) = EBr + Eint + Eine + Eth + Edph (7)

According to [36], the contributions of thermophoresis Eth and diffusiophoresis Edph
to the efficiency E can be expressed as follows (other terms of the sum are similar to the
SL83 model):

Eth(d, D) =
4αth

(
2 + 0.6ReD

1
2 Pr

1
3

)
(Ta − Ts)

V(D) D
(8)

Edph(d, D) =

4βdph

(
2 + 0.6ReD

1
2 Sc

1
3
w

)(
p0

s
Ts
− p0

a RH
Ta

)
V(D) D

(9)

Coefficients αth and βdph are defined by the following expressions, correspondingly:

αth =
2Cc

(
ka +

5λa
D kp

)
ka

5P
(

1 + 6λa
D

)(
2ka + kp +

10λa
D kp

) (10)

βdph =
TaDdi f f water

P

√
Mw

Ma
(11)

where Pr = cpµa
ka

is the Prandtl number; Scw = µa
ρaDdi f f water

is the Schmidt number for water

vapor in air; Ddi f f water = 0.25·10−4 [38] is the water vapor diffusion coefficient in the air,
m2/s; RH is the relative air humidity; P is the normal atmospheric pressure, Pa; Ta is
the absolute air temperature, K; Ts is the absolute temperature of the raindrop surface, K
(in [18,36,39], the values of Ts and Ta were chosen to obtain Ta − Ts = 3 ◦C); p0

s p0
a is the

pressure of water vapor at temperatures Ta Ts, Pa; ka, kp is the thermal conductivity of air
and particles, W/m·K; Mw = 18.0 and Ma = 28.97 are the molecular masses of water and
air, a.m.u.

2.1.2. Terminal (Falling) Velocity V

The terminal raindrop velocity (raindrop fall velocity) is the terminal vertical compo-
nent of the raindrop velocity, which is achieved by balancing drag force of the medium
with the raindrop gravity.

Table 1 lists the parametrizations of the terminal raindrop velocity, m/s, from [18].

Table 1. Formulas for calculating the terminal raindrop velocity, m/s.

Kessler 1969 V(D) = 13(D·100)0.5

Atlas 1977 V(D) = 1.7·105(D·100)0.67

Willis 1984 V(D) = 48.54 · (D·100) · e−1.95(D·100)

Best 1950 V(D) = 9.58 · (1− e
(
−D·100

0.171 )
1.147

)

Figure 2 shows the dependence of the calculated terminal velocity on the raindrop
diameter for the selected models. One can see that around the raindrop diameters of
~0.1 mm and ~10.0 mm, the terminal velocity values differ by several times for the selected
parametrizations, which in turn will affect the results of calculations, if the size distribution
of raindrops is taken into account.
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2.1.3. Raindrop Size Distribution N(D)

The following raindrop size distributions were chosen for the current study:
Raindrop size distribution ND_MP48
Exponential distribution [40]:

N(D) = N0ee−βeD (12)

where N0e = 0.08·108 m−4 is the entanglement parameter (at D = 0); D is the raindrop
diameter, m; βe = 4100 × I−0.21 m−1 is the slope parameter; I is the rain intensity, mm/hour.

Raindrop size distribution ND_FL86
Lognormal distribution [41]:

N(D) =
Ntotal√

2πD log(σD)
exp (−

(log
(

D/Dg)

)2

2log2(σD)
) (13)

where D is the raindrop diameter, mm; Ntotal is the total raindrop density, m−3; Dg is the
raindrop median diameter, mm; σD is the standard geometric deviation.

σ∗D = 1.43− 3.10× 10−4 I (14)

Ntotal = 172 I0.22 (15)

Dg = 0.75 I0.21 (16)

where (*) is used for the variables, for which the approximation is based on the intensity of
precipitation I; σ* is only applicable for I > 5 mm/h.

2.1.4. Models for Comparison of Concentration Loss for the Integral Spectrum of
Aerosol Particles

Pripachkin microphysical model PR19
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In this model, the collision efficiency takes into account the processes of Brownian
diffusion, impaction, and the interception of an aerosol particle by a raindrop and does
not take into account the thermo-diffusiophoresis and the electrostatic interaction. The
raindrops are represented as a system of spherical obstacles that form a homogeneous
filtering medium for capturing the aerosol particles [37]. The below-cloud scavenging
coefficient Λ is determined by the following expression:

Λ(d) =
3
2

E(d, D)I
1
D

(17)

The aerosol collision efficiency E(d, D) is related to the capture coefficient η, as follows:

E(d, D) = 1− e−γη (18)

where γ = 4αH
πD is a coefficient depending on the macroscopic parameters of the medium

(~1.0), α = πD3n(D)
6 is the partial density of raindrops (varies from 10−5 to 10−10 for raindrops

with a size of 0.1–6 mm, respectively), n(D) is the volume concentration of raindrops, m−3,
H is the vertical size of the reference volume (from 102 to 103 m), η = ηst + ηD + ηDK are the
coefficients of inertial, diffusion capture, and capture due to entanglement, respectively.

ηst =
St− St∗

St
(19)

ηD =
4× (1 + 0.4ReD

1
2 Sc

1
3 )

ReDSc
(20)

ηDK = 4r
[

µa

µw
+ r
(

1 + 2ReD
1
2

)]
(21)

where St is the Stokes number calculated for a raindrop, St∗ is the critical Stokes number, Sc
is the Schmidt number, ReD is the Reynolds number calculated for a raindrop of diameter
D (St, St∗, Sc, ReD µa, µw; see model SL83), and r = d/D is the entanglement parameter.

Parameterized model FLEXPART v10.3
This model was used in the transport code FLEXPART (version v10.3 and higher) to

calculate the below-cloud scavenging coefficient [33]; a detailed description of the model is
presented in [42].

log
(

Λ
Λ0

)
= a + bD−4

p + cD−3
p + dD−2

p + eD−1
p + f

(
I
I0

)0.5
(22)

where Λ0 = 1.0 1/s, I0 = 1.0 mm/h, Dp = log d
d0

, d0 = 1.0 m, a = 274.36, b = 332839.6,
c = 226656, d = 58005.9, e = 6588.38, and f = 0.24498.

Integral models of the codes NAME and FLEXPART
These models were used in the transport code NAME [32] and FLEXPART (versions

below v10.3; a detailed description is presented in [33]) to calculate the below-cloud
scavenging coefficient in the form of dependence of the type Λ = aIb.

NAME Λ = 8.4× 10−5 I0.79 (23)

FLEXPART Λ = 0.33× 10−4 I0.42 + 1.0× 10−4 I0.58 (24)

2.2. Statistics

The following values were calculated as statistical metrics for selecting the ensemble
members: FB—fractional bias, R—Pearson’s correlation coefficient.

FB =
xo − xp

0.5·
(

xo + xp
) (25)
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R =
∑n

i=1
(
xpi − xp

)
(xoi − xo)√

∑n
i=1
(
xpi − xp

)2
√

∑n
i=1(xoi − xo)

2
(26)

FAC5 = Proportion of data satisfying 0.2 ≤
xp

xo
≤ 5 (27)

FAC10 = Proportion of data satisfying 0.1 ≤
xp

xo
≤ 10 (28)

where xp are predicted values, and xo are experimental values.

2.3. Ensemble Verification

The rank histograms (Talagrand diagrams) [43] characterize bias of ensemble estimate
and allow demonstrating the reliability of the ensemble forecast in comparison with a
sample of experimental data. The interpretation of the rank histogram is based on the
assumption that all ensemble members, as well as observation data, have the same distri-
bution. If the ensemble units are chosen in such a way that the observations equally “fit”
between the ensemble members, then the rank histogram is flat. The asymmetric type of
the histogram indicates a bias of the mean value of the forecasts. If the rank histogram
is symmetrical and U-shaped, this means that the ensemble distribution does not cover
the observations. If the histogram is Λ-shaped, the distribution is scattered. When the
experimental value is less than the ensemble calculations, bin 1 is assigned to it; if the
experimental value is in second place in ascending order, bin 2 is assigned to it, etc.

2.4. Experimental Data

The experimental data were taken from the studies of below-cloud scavenging of
aerosols by raindrops [35,44–47]. Unfortunately, at the moment, there is a lack of experi-
mental data on below-cloud scavenging, and in most studies the data are presented in the
form of an integral approximation, both in terms of precipitation intensity and disperse
composition of aerosols. The data given in the study conducted by Sparmacher were
obtained under controlled conditions and are the best in terms of their “validity”. Table 2
presents the experimental values of the below-cloud scavenging coefficient Λ, as well as
the conditions under which they were obtained.

Table 2. Experimental conditions and experimental values of the below-cloud scavenging coefficient
Λ from various studies.

N Source Precipitation Intensity,
mm/h

Density of Aerosol
Particles, g/cm3 Coefficient Λ, 1/s

1 Sparmacher
0.1 ≤ dp ≤ 1.0 µm

2.0–5.0
1.0

(1.4–4.9) × 10−7

2 5.0–12.0 (0.6–2.0) × 10−6

3 Sparmacher
1.0 ≤ dp ≤ 10.0 µm

2.0–5.0
1.0

(0.2–2.6) × 10−6

4 5.0–12.0 (4.2–6.2) × 10−6

5 Slinn
1.0 ≤ dp ≤ 10.0 µm

2.0–5.0
3.0 *

(1.6–8.6) × 10−4

6 5.0–12.0 (1.0–2.1) × 10−3

7 Baklanov
1.0 ≤ dp ≤ 10.0 µm 5.0 3.0 * (0.1–15.0) × 10−4

8 Blanco-Alegre
0.1 ≤ dp ≤ 1.0 µm 1.0–3.0 1.0 ** (0.2–8.0) × 10−5

9 Zikova
0.1 ≤ dp ≤ 1.0 µm 2.0–5.0 *** 1.0 ** (1.7–5.5) × 10−5

* the values of density of aerosol particles were not explicitly indicated in the papers and were chosen according
to [48]; ** the values of density of aerosol particles also were not indicated in these papers and were taken equal to
1.0 g/cm3 due to the fact that in the scavenging models, the particle density contributes only to large particles
(>1.0 µm); *** the values of precipitation intensity were taken equal to the generally accepted moderate rains
intensity [49].
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The experimental data from experiments 8 and 9 also could be described using the
ensemble approach, but the conditions under which such experiments were carried out led
to dominance of the in-cloud scavenging process [18]. In this paper, we decided to focus on
below-cloud scavenging models only, but we cannot ignore the recent experimental data, so
we performed assessments by combining in-cloud and below-cloud scavenging models to
ensure that these experimental data can be also covered. For this purpose, models (Jylha’s
model [50], Environ’s model [51], Pudykiewicz’s model [52])were taken and applied under
experimental conditions.

Jylha 1991 Λ = 3.4× 10−5 I0.55 (29)

Environ 2018 Λ = 4.2× 10−4 I0.79 (30)

Pudykiewicz 1989 Λ = 3.5× 10−5 RH−RH0
RHc−RH0

, RH > 80% (31)

where Λ is an in-cloud scavenging coefficient, 1/s; I is rain intensity, mm/h; RH is relative
humidity, %; RH0 is a threshold value of the relative humidity above which the subgrid
scale condensation occurs; RHc is a relative humidity for the saturation state. As can be
seen in Figure 3, the in-cloud scavenging process determines the scavenging coefficient
and deposition rate. Thus, we will focus on the experimental data 1–7 from Table 2, and in
further work we will consider the cleaning process in the cloud as a separate process, the
models of which, also using the ensemble preparation method studied in this work, will be
tested and built in the same way.
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3. Results and Discussion
3.1. Set of Below-Cloud Scavenging Models

Based on the collision efficiency models, the terminal raindrop velocity, and the size
distribution of raindrops, a set of models (Table 3) of below-cloud scavenging was formed,
which was then tested against the experimental data.
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Table 3. Set of below-cloud scavenging models.

N Collision
Efficiency

Distribution
of Raindrops

Terminal Raindrop
Velocity N Collision

Efficiency
Distribution
of Raindrops

Terminal Raindrop
Velocity

1 SL83 MP48 KS69 9 SL83+ MP48 KS69

2 SL83 FL86 KS69 10 SL83+ FL86 KS69

3 SL83 MP48 AU77 11 SL83+ MP48 AU77

4 SL83 FL86 AU77 12 SL83+ FL86 AU77

5 SL83 MP48 WL84 13 SL83+ MP48 WL84

6 SL83 FL86 WL84 14 SL83+ FL86 WL84

7 SL83 MP48 BS50 15 SL83+ MP48 BS50

8 SL83 FL86 BS50 16 SL83+ FL86 BS50

The curves in Figure 4 represent all 16 combinations of below-cloud scavenging models
calculated using the parameters of experiment Nos. 1 and 2 (Table 2). Integrals for models
were calculated by the numerical Simpson’s 1/3 rule.
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3.2. Partitioning of the Study Area According to Diameter Ranges

Due to the fact that the values of below-cloud scavenging coefficient Λ differ by several
orders of magnitude (from 10−7 to 10−3) depending on the diameter of aerosol particles,
the study area was divided into two groups according to the characteristic sizes of aerosol
particles: the fine aerosol group: 0.1–1.0 µm; and the coarse group: 1.0–10.0 µm. Figure 5
show the histograms of normalized systematic errors for both groups of diameters. The
histogram in Figure 5a shows that for the fine aerosol group, all combinations of models
that include the SL83 collision efficiency model underestimate the values of the coefficient
Λ, while the models that include the SL83+ model (that takes into account the thermo-
and diffusiophoresis in addition to SL83), on the contrary, overestimate them. This is
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probably related with the limited experimental data in the fine aerosol group. In the coarse
group (Figure 5b), the models have both positive and negative FB values, depending on
the transition between exponential and lognormal raindrop distribution systems.
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Since the choice of parameterization of terminal raindrop fall velocity does not strongly
affect the scavenging coefficient, it was decided for ensemble constructing to use the models
with different descriptions of collision efficiency, as well as different systems of raindrop
distribution, to give an unbiased estimate in total.

3.3. Results of Calculations of Statistical Metrics

The values of statistical metrics for the constructed set of below-cloud scavenging
models are given in Table 4. Pearson correlation coefficient values are about 0.6 for the fine
group and about 0.5 for the coarse group; FAC5 values range from 0.28–1.0 for the fine
group and are about 0.5 for the coarse group; FAC10 values range from 0.64–1.0 for the
fine group and are approximately 0.7 for the coarse group. The results indicate that the
used set of disperse models is valid in terms of reproducing experimental data both for
fine and coarse aerosol fractions. Further construction of a multi-model ensemble involves
the enumeration of possible combinations from the selected set that satisfies the criteria
of unbiased estimates and compliance of dispersion of the ensemble with dispersion of
experimental data. This is done using the rank histograms.
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Table 4. A set of below-cloud scavenging models and the values of statistical metrics compared with
experimental data (combinations selected for ensemble models are in bold).

N Collision
Efficiency

Distribution of
Raindrops

Terminal
Raindrop
Velocity

FB
(Fine)

FB
(Coarse)

Pearson
(Fine)

Pearson
(Coarse)

FAC5
(Fine)

FAC5
(Coarse)

FAC10
(Fine)

FAC10
(Coarse)

1 SL83 MP48 KS69 0.14 −0.33 0.68 0.50 1.00 0.63 1.00 0.70

2 SL83 FL86 KS69 0.88 0.18 0.61 0.50 0.93 0.59 1.00 0.74

3 SL83 MP48 AU77 0.23 −0.21 0.64 0.51 1.00 0.59 1.00 0.74

4 SL83 FL86 AU77 0.90 0.22 0.61 0.51 0.93 0.59 1.00 0.70

5 SL83 MP48 WL84 0.24 −0.26 0.65 0.51 1.00 0.63 1.00 0.74

6 SL83 FL86 WL84 0.86 0.10 0.63 0.52 0.93 0.59 1.00 0.74

7 SL83 MP48 BS50 0.26 −0.25 0.64 0.52 1.00 0.63 1.00 0.74

8 SL83 FL86 BS50 0.86 0.09 0.63 0.52 0.93 0.59 1.00 0.74

9 SL83+ MP48 KS69 −1.41 −0.34 0.54 0.50 0.29 0.63 0.64 0.74

10 SL83+ FL86 KS69 −0.86 0.18 0.55 0.50 0.71 0.67 1.00 0.74

11 SL83+ MP48 AU77 −1.39 −0.21 0.54 0.51 0.29 0.59 0.64 0.78

12 SL83+ FL86 AU77 −0.85 0.22 0.55 0.51 0.71 0.67 1.00 0.70

13 SL83+ MP48 WL84 −1.39 −0.26 0.54 0.51 0.29 0.63 0.64 0.78

14 SL83+ FL86 WL84 −0.87 0.10 0.56 0.52 0.71 0.67 1.00 0.74

15 SL83+ MP48 BS50 −1.38 −0.26 0.54 0.52 0.29 0.63 0.64 0.78

16 SL83+ FL86 BS50 −0.88 0.08 0.56 0.52 0.71 0.67 1.00 0.74

3.4. Construction of Rank Histograms

The applicability of a set of models as an ensemble can be demonstrated by rank
histogram. For this task, combinations of models with different collision efficiency descrip-
tions (SL83 and SL83+) as well as different raindrop distribution systems (MP48 and FL86)
were taken. A total of 225 combinations, collected from a set of models from Table 3, were
analyzed. Rank histograms were used to analyze how the models describe the statistical
dispersion of observed values for all experimental data from Table 2. Given the small
amount of experimental data, a four-member ensemble was chosen. A larger set, as the cal-
culations showed, led to a strong nonuniformity in the histograms for individual members.
Therefore, histograms were constructed for each combination (for each measurement in
each experiment, taking into account the conditions, the values of below-cloud scavenging
coefficients Λ were calculated for the selected models, they were ranked, and the rank
corresponding to the experimental value was determined; the number of experimental
values that fell into the corresponding ranks is represented as the column height in the rank
histogram).

Examples of the rank histograms for combinations of models are shown in Figure 6a–f.
The remaining combinations show a similar behavior in terms of distribution; therefore,
they are not presented in this paper. We can conclude that the ensemble with models
1, 4, 13, and 14 in Figure 6f is the best. It can be seen that all experimental values are
evenly distributed among the ensemble members, which indicates that the estimate of
the multi-model ensemble is unbiased. A similar behavior was observed in the analysis
of meteorological ensemble in [16], where many more experimental points are available;
nevertheless, there are also bins with behavior that is not ideal with respect to the overall
distribution. The constructed ensemble has an unbiased estimate. If we consider the
ensemble by all measurements, then the average characteristics are FB~−0.3, Pearson~0.6,
FAC5~0.7, and FAC10~0.9 for the fine group, and FB~0.1, Pearson~0.5, FAC5~0.6, and
FAC10~0.7 for the coarse group, which is acceptable considering a wide range of Λ. We
shall consider further the results of calculations for this ensemble based on experimental
data separately for each experiment, integrating the spectrum of aerosol particles over
diameters for the postulated form of size distribution of aerosol particles.
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3.5. Comparison of the Results of Model Calculations for the Ensemble with Experimental Data

To estimate the statistical dispersion of the ensemble with respect to the experimen-
tal data, we used an approach based on the approximation of the results of ensemble
calculation by the normal distribution function. For this purpose:

1. Groups of diameters were selected in the experimental data, for which the scavenging
value was within the error of the experimental data. This was used to separate the
coarse areas from the fine areas;

2. Model calculations of the below-cloud scavenging coefficient Λ were carried out for
the average diameter of an aerosol particle d corresponding to the experiment in the
considered group of diameters;

3. Then, using the obtained values, the average value µ =
∑4

i=1 Λ(d)i
4 and standard

deviation σ =

√
∑4

i=1 Λ(d)
2
i

4 −
(

∑4
i=1 Λ(d)i

4

)2
was calculated;

4. The fractions of the experimental values that fall into the ranges µ± σ, µ± 2σ, and
µ± 3σ were analyzed.

Figure 7a–g shows the results of the model calculations for the ensemble (curves e1, e4,
e13, and e14) in comparison with the experimental data from Table 2. Figure 8a–g shows the
resulting distribution densities of the ensemble (curve ens) together with the experimental
results from Table 2. One can see from the figures that the ensemble distributions cover
100% of experimental data Nos. 1, 2 within σ (Figure 8a,b), 100% of experimental data No. 3
within 2σ (Figure 8c), and 80–100% of experimental data Nos. 4–7 within 3σ (Figure 8d–g).
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No. 6, (g) experiment No. 7.

3.6. Calculation of Polydisperse Aerosol Scavenging from a Control Volume

In this section, we analyze how the choice of below-cloud scavenging model affects the
results of estimates of changes in the concentration of aerosol particles in the test volume
due to scavenging. The models described in Section 2.1.4, and the used multi-model
ensemble were studied for this analysis.
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First, the lognormal aerosol size distribution with different CMAD (count median
aerodynamic diameter) and σ = 2.5 was considered; the scavenging time was varied
between 0 to 3 h. This test was conducted to compare results integrated over droplet and
particle size distributions in comparison with previous studies. The FLEXPART integral
model was not tested here due to limitation of 500 nm in maximum particle size. The
CMAD of 1 µm corresponds to an MMAD (mass median aerodynamic diameter) of about
12.4 µm (for 4000 kg/m3 density), and a major part of the mass is concentrated in the range
exceeding the model applicability.

As can be seen from Figure 9 for CMAD = 1 µm for precipitation intensities of 2.5 and
10 mm/h, the results of calculations using ensemble models are close to the Pripachkin
model. For lower intensities, the results are in good agreement with the FLEXPART integral
model. With the increase of precipitation, the intensity difference becomes significant
and reaches the values of 0.2–0.5; the results obtained using ensemble models are higher
than those calculated by the Pripachkin model. The other models considered significantly
overestimate fraction of mass concentration in comparison with the ensemble models
(underestimation of deposited values). The same behavior of mass concentration in the
control volume could be found in studies [18,53].

Atmosphere 2023, 14, x FOR PEER REVIEW 17 of 24 
 

 

First, the lognormal aerosol size distribution with different CMAD (count median 
aerodynamic diameter) and σ = 2.5 was considered; the scavenging time was varied be-
tween 0 to 3 h. This test was conducted to compare results integrated over droplet and 
particle size distributions in comparison with previous studies. The FLEXPART integral 
model was not tested here due to limitation of 500 nm in maximum particle size. The 
CMAD of 1 µm corresponds to an MMAD (mass median aerodynamic diameter) of about 
12.4 µm (for 4000 kg/m3 density), and a major part of the mass is concentrated in the range 
exceeding the model applicability. 

As can be seen from Figure 9 for CMAD = 1 µm for precipitation intensities of 2.5 and 
10 mm/h, the results of calculations using ensemble models are close to the Pripachkin 
model. For lower intensities, the results are in good agreement with the FLEXPART 
integral model. With the increase of precipitation, the intensity difference becomes signif-
icant and reaches the values of 0.2–0.5; the results obtained using ensemble models are 
higher than those calculated by the Pripachkin model. The other models considered sig-
nificantly overestimate fraction of mass concentration in comparison with the ensemble 
models (underestimation of deposited values). The same behavior of mass concentration 
in the control volume could be found in studies [18,53].  

 
Figure 9. Time evolution of the normalized bulk aerosol particle mass concentration deposited due 
to below-cloud scavenging for different aerosol particle number distribution CMAD −=1 µm, σ = 

Figure 9. Time evolution of the normalized bulk aerosol particle mass concentration deposited
due to below-cloud scavenging for different aerosol particle number distribution CMAD = 1 µm,
σ = 2.5. ens−ensemble members, FLEX2−FLEXPART integral model, NAME−NAME integral model,
PR19−Pripachkin dispersion model.



Atmosphere 2023, 14, 398 18 of 24

The next set of results is devoted to the analysis of the characteristic distributions of
pollutant emissions into the atmosphere. The lognormal distribution with different MMAD
and σ = 2.5 was considered as the aerosol size distribution; the scavenging time was varied
from 0 up to 3 h. Since the actual diameter is used in the below-cloud scavenging models for
Λ calculations, the aerodynamic diameter of aerosol spectrum was recalculated according
to d = da/

√
ρa
ρ0

, where da is the aerodynamic diameter and ρ0 = 1000 kg/m3. Two cases
were studied. In the first case, the dependence of concentration fraction in control volume
on the timing of precipitations was studied. Values of 1.0 µm [54] and 8 µm [55] were
taken as the MMAD (of the lognormal aerosol distributions representative of accidental
releases). It was seen (Figure 10) that for low intensities, the results of calculation of
concentration loss are in good agreement with each other. For an MMAD of 1 µm, the
FLEXPART parameterized dispersion model gives values within the ensemble distribution,
and the FLEXPART curve is close to ensemble mean. For MMADs of 1 µm and 8 µm, the
integral models give underestimated and overestimated results of concentration loss in the
control volume. In all cases, the ensemble covers at least one of the integral models, which
corresponds to ensemble forming objectives.
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Figure 10. Time evolution of the aerosol mass concentration deposited due to below-cloud scav-
enging for different aerosol mass distributions (left column: MMAD = 1 µm, σ = 2.5; right column:
MMAD = 8 µm, σ = 2.5). ens−ensemble memebers, FLEX1−FLEXPART parameterized disper-
sion model, FLEX2−FLEXPART integral mode, NAME−NAME integral model, PR19−Pripachkin
dispersion model.
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In the second case, the dependence of the fraction of scavenging concentration on the
MMAD of the lognormal aerosol distribution was studied; the precipitation intensity I was
taken equal to 0.01, 2.5, and 10 mm/h, and the duration of precipitations was set to 1 h.

Figure 11 shows that the concentration loss increases with increasing MMAD for
models that take into account the dispersed structure of aerosols. At a value of MMAD
~10−5 m, the proportion of the washed out concentration tends toward 100% at high values
of precipitation intensity.
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Figure 11. Dependence of fraction of aerosol concentration deposited due to below-cloud scaveng-
ing(%) from MMAD of lognormal aerosol distribution for different intensities (m), ens−ensemble
memebers, FLEX2−FLEXPART integral model, NAME−NAME integral model, PR19−Pripachkin
dispersion model.

For lower values of intensity, the ensemble gives reasonable dispersion up to 160%
from the results averaged over ensemble members. The spread of the results decreases with
the MMAD’s increase: for 0.01 mm/h, from 240% to 100%; for 2.5 mm/h, from 200% to
14%; for 10 mm/h, from 200% to 0.2%. The curves intersect the FLEXPART integral model,
the NAME integral model, and the Pripachkin model in the MMAD range between 10−6

and 10−5. In general, there is an overestimation of washed out concentration when using
integral models compared with the results based on the models that resolve the spectrum
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of aerosol particles for aerosols with MMAD of 2 µm or less, and an underestimation for
coarse ones. In addition, after integration over the spectrum of aerosol particles, a decrease
in dispersion of the ensemble is seen. However, it should be noted that the source of release
can also be practically monodisperse (for example, a filtered release [56] or the release of
molecular forms of radionuclides [57]).

4. Conclusions

The paper presents the results of a multi-model ensemble construction to determine
the below-cloud scavenging coefficient in atmospheric transport models. Combinations
of models describing the efficiency of aerosol capture by raindrops, the terminal raindrop
fall velocity, and the size distribution of raindrops were considered as members of the
ensemble. The following criteria for constructing a multi-model ensemble were used: the
unbiased estimate, characterized by a flat form of a rank histogram, as well as ensemble
dispersion of no more than 3σ of the normal distribution covering the statistical spread of
experimental data. As a result of the study, it was found that the following combinations of
models satisfy these requirements: the Slinn 83 collision efficiency model with the Kessler
1969 raindrop velocity model and exponential raindrop size distribution, as well as with
the Atlas 1977 model and lognormal distribution. In addition, the modified Slinn 83 model,
which takes into account the processes of thermo- and diffusiophoresis, was included in the
constructed ensemble in combination with the Willis 1984 model using both exponential
and lognormal raindrop size distributions. The following range of metric values as a result
of comparison with experimental data is found: FB (−1.4–0.9), FAC10 (0.64–1.0), Pearson
(~0.6) for the fine fraction and FB (−0.3–0.2), FAC10 (~0.7), and Pearson (~0.5) for the
coarse fraction.

Based on experimental data in two ranges of particle diameters, using the ensemble
approximation by a normal distribution, the FB metric, and Talagrand rank diagrams, it
was found that the constructed ensemble provides an unbiased estimate. Perhaps, when
using an ensemble in an atmospheric dispersion model, it is worth using this ensemble
to reproduce the statistical characteristics of the normal distribution and then use the
Monte Carlo method in the complex ensemble forecast. The results were compared with
integrated models (not taking into account the size spectrum of aerosol). It was found that
the ensemble forecast is physically adequate; the integral models tend to overestimate the
concentration decrease (increase in predicted deposition) in the range of fine fractions (up to
1–5 µm) and underestimate the results for coarse fractions. The spread of the ensemble after
integration over the spectra of raindrops and aerosol particles decreased to 250%, which
decreases with MMAD increase to 100% for low intensities and from 200% to 0.2% for high
precipitation rates. Nevertheless, taking into account the different characteristics of aerosols
released into the atmosphere due to dispersion and dust suppression, the authors believe it
correct to include the advanced approaches that take into account the size characteristics
of raindrops and aerosols in the atmospheric transport model. In the future, the authors
consider it expedient to develop this approach in describing in-cloud scavenging, which in
some cases can also affect estimates of wet deposition.
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Nomenclature

µ, µw Dynamic viscosity of air and water, kg/m·s
C(d) Concentration of aerosol particles with diameter d, 1/m3

Cc Cunningham correction for aerosol particle glide
D Diameter of a raindrop, m
d Diameter of a particle, m
Ddiff Diffusion coefficient of aerosol particles in air, m2/s
Ddiff water Water vapor diffusion coefficient in the air, m2/s
E(D) Aerosol particle collision efficiency
EBr Efficiency of Brownian diffusion
Eine Efficiency of inertial impaction
Eint Efficiency of interception
Edph Efficiency of diffusiophoresis
Eth Efficiency of thermophoresis
H Vertical size of the reference volume (from 102 to 103 m)
I Rain intensity, mm/hour
ka, kp Thermal conductivity of air, particles, W/m·K
kb Boltzmann constant, J/K
Mw, Ma Molecular masses of water and air, a.m.u.
N(D) Raindrop size distribution, m−4

n(d) Volume concentration of raindrops, m−3

P Normal atmospheric pressure, Pa
p0

s p0
a Pressure of water vapor at temperatures Ta Ts, Pa

Pr Prandtl number
r Entanglement parameter
ReD Reynolds number calculated for a raindrop with a diameter D
Sc Schmidt number
Scw Schmidt number for water vapor in air
St Stokes number
St* Critical Stokes number
t Interaction time of precipitation and aerosol, s
Ta, Ts Absolute air temperature and absolute temperature of the raindrop surface, K
V(D) Raindrop terminal velocity, m/s
v(d) Particle velocity, m/s

α
Partial density of raindrops (varies from 10−5 to 10−10 for raindrops with a size of
0.1–6 mm, respectively)

γ Coefficient depending on the macroscopic parameters of the medium (~1.0)
η Coefficients of inertial diffusion capture and capture due to entanglement
Λ Below-cloud scavenging coefficient, 1/s
λa Rean free path of air molecules, m
ν Rinematic viscosity, m2/s
ρa, ρp Rir density, particle density, kg/m3

τ Relaxation time of particles, s
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