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High resolution numerical simulations are used to study the structure of the cloud edge area. We
consider an aerosol distribution function with a similar aerosol core size (12 nm). The aerosol
composition is assumed to be water soluble NaCl. Depending on the specific conditions in the
investigated cloud edge area, water is evaporated or activated from the aerosol surface. We use a
publicly available high order domain code for direct numerical simulation (DNS) in combination
with the Smagorinsky subgrid scale model. We compare 2D and 3Dmodel results of turbulent air
motion of aerosol particles with varying grid cell sizes. We show that a 2D model with high
resolution gives a more realistic number of activated particles than the corresponding 3D model
with lower resolution.We also study the effects of aerosol dynamics on turbulent fields and show
that water vapor condensation and evaporation have significant effects on temperature and
supersaturation fields.
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1. Introduction

Atmospheric aerosol particles affect the Earth's radiative
balance both by scattering solar radiation and by acting as
cloud condensation nuclei (CCN). CCN are a subset of all the
particles that are able to form cloud droplets in atmospheric
conditions. The radiative properties of clouds depend on the
number of clouddroplets, and an increase in CCN concentration
increases the cloud droplet number concentration (CDNC)
(Twomey, 1977). A global decrease in CCN by year 2100,
resulting from decreased sulfur dioxide emissions, could
decrease CDNC by 20% (Makkonen et al., 2012). The change in
CDNC, together with decreasing aerosol direct effect due to a
decrease in aerosol concentration, would change the aerosol
total forcing from present day to year 2100 by up to 1.4Wm−2

(Makkonen et al., 2012).
CDNC does not depend on the activation at cloud base in any

simplemanner, but the cloud is a dynamic systemwith spatially
and temporally varying properties. More cloud droplets may
vskaia).
form due to in-cloud activation, and entrainment of air from
cloud edges may lead to formation of fresh cloud droplets
(Brenguier and Grabowski, 1993; Wyszogrodzki et al., 2011;
Slawinska et al., 2012). On the other hand, mixing at cloud
boundaries, or in-cloud dynamics, can cause part of droplets to
evaporate (Wood et al., 2002; Romakkaniemi et al., 2009;
Morales et al., 2011).

In-cloud dynamics can be important especially in stratus
type clouds with long in-cloud residence time of air parcels.
Mixing at cloud boundaries takes place in all clouds, and the
type of mixing depends on the conditions and mixing time
scales. In homogeneousmixing, all droplets losewater but their
number concentration is not affected. In heterogeneousmixing,
a fraction of the droplet population experiences evaporation
and forms aerosol particles with size much smaller than the
size of prevailing cloud droplets. Depending on the time scales,
the moisture content of entraining air, and the size of droplets,
either homogeneous or heterogeneous mixing can be domi-
nating (Andrejczuk et al., 2009).

Different phenomena related to aerosol cloud interactions
and clouddynamics involve a large range of scales.Microphysics
of cloud–aerosol interactions can be studied by process models,
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or so called box models, which are mainly used to study how
and which aerosol particles are able to form cloud droplets. At
the other end of the scale are global models, which are needed
to assess how changes in cloud properties affect the global
radiation budget. Between these scales there are cloud resolving
model (CRM) or large eddy simulation (LES) model that can be
used to study cloud dynamics and for example the effect of
aerosol on drizzle formation. However, even in CRM the scale
(resolution N 1 m) is such that subgrid-scale turbulence needs
to be parameterized. One of the methods to provide these
parameterizations is direct numerical simulation (DNS) which
can be used to study for example cloud boundaries up to a scale
of few meters, or few tens of meters (e.g. (Mellado, 2010;
Lanotte et al., 2009; Kumar et al., 2013)).

In previous studies, direct numerical simulations have been
used to model microscale cloud–clear air mixing (Andrejczuk
et al., 2004, 2006). The model physics was based on the
Boussinesq approximation: density, kinematic viscosity, and the
molecular diffusivity of the temperature and water vapor are
assumed to be constant. The temperature evolution is deter-
mined by the thermal flux and by the release/absorption of the
energy due to evaporation/condensation of/on water droplets.
Additionally, they ignore the solute effect (Seinfeld and Pandis,
2006) and consider 16 size classes of the cloud droplets, with
droplet sizes linearly distributed from 0.78 to 24 μm.

Comparing these earlier studies on aerosol cloud formation
processeswith thenewmodel in this paper, themost important
differences are: the gas is compressible; thermal conductivity
and diffusion coefficients of every species and of a mixture are
not constant and are described by the accurate expressions
(Babkovskaia et al., 2011); thermal flux, change of energy by
evaporation/condensation and viscous heating are included in
the energy equation; and the solute effect is taken into account.
To study the activation of aerosol particles we take 80 classes
of the cloud droplets with the droplet size logarithmically
distributed from 80 nm to 10 μm. We take the grid sizes of
0.5 cm, 1 cm, 2 cm, and 4 cm. Since the considered grid sizes are
larger than the estimatedKolmogorov scale ofO(1)mm,we use
the Smagorinsky subgrid scalemodel with parameter Cs=0.15
for turbulent viscosity (Andrejczuk et al., 2004; Haugen and
Brandenburg, 2006).

This paper is organized as follows. A detailed description of
the model is presented in Section 2. Section 3.1 presents a 1D
model to study aerosol evaporation/condensation (further we
use aerosol dynamics) in a cloud edge area in a laminar regime.
Sections 3.2–3.4 present results from 2D and 3D models with
different resolutions. The main objective of this study is
two-fold: to test the importance of the model resolution and
to compare 2D and 3D model runs for correct simulations of
aerosol activation. In Section 3.5 we study the effect of
turbulent motion on aerosol dynamics. In Section 4 we will
provide our conclusions.

2. Methods

We use the open source PENCIL code, which implements a
high order finite difference method for compressible hydrody-
namic flows. The code is highlymodular and comeswith a large
selection of physics modules. It is widely documented in the
literature and has been used for many different applications
((Dobler et al., 2006; The PENCIL Code, 2001), and references
therein). Recently, a detailed chemistry module has been
implemented, including an accurate description of all necessary
quantities, such as diffusion coefficients, thermal conductivity,
and reaction rates (Babkovskaia et al., 2011). This module
was well tested by using a commercial code (Chemkin) for
calculations of a turbulent combustion process. Our new aerosol
module, coupled to the PENCIL Code, is now prepared for
calculating condensation dynamics of aerosol particles. In the
simulations, the composition of the aerosol cores is assumed to
be NaCl which is a soluble aerosol and will dilute inside the
droplets.

Originally, the PENCIL Code was developed for studying
turbulent motions, so it is well suited for modeling the fluid
mechanical processes in atmospheric clouds. Additionally, due
to an accurate description of the chemistry, the PENCIL Code is
a powerful tool for studying the aerosol dynamics in a turbulent
mediumwith complicated chemical composition. The scientific
goal for the construction of the newmodel is to investigate the
spatial distribution of aerosol particles, turbulent mixing of
clouds with the environment and the influence of turbulence
on aerosol dynamics (and vice versa).

2.1. Fluid dynamic equations

The continuity equation is solved in the form

D lnρ
Dt

¼ −∇ � U; ð1Þ

where D/Dt = ∂/∂t + U ⋅ ∇ is the advective derivative, ρ is
density, and U is velocity.

The momentum equation is written in the form

DU
Dt

¼ 1
ρ

−∇pþ Fvisð Þ þ kB; ð2Þ

where p is pressure, k is the unit vector in the vertical, B is
buoyancy, and

Fvis ¼ ∇ � 2ρνtSð Þ ð3Þ

is the viscous force,whereSij ¼ 1
2 ∂U i=∂xj þ ∂U j=∂xi
� �

−1
3δij∇ � U

is the traceless rate of strain tensor, and νt is turbulent viscosity.
Following Haugen and Brandenburg (2006), in Smagorinsky
model we use νt ¼ CsΔð Þ2

ffiffiffiffiffiffiffiffi
2S2

p
, where Δ is the filter size which

is equivalent to the mesh size.
The equation for the mass fractions of each species (except

water vapor) is

ρ
DYk

Dt
¼ −∇ � Jk; ð4Þ

where Yk = ρk/ρ is the mass fraction, ρk is the density of kth
component, and Jk is the diffusive flux for species k. For water
vapor we have

ρ
DYwk

Dt
¼ −∇ � Jwk−ρCd; ð5Þ

where Cd is the condensation rate.



Table 1
p0 is water vapor pressure over a flat surface in bar, and T is
temperature in °C (Seinfeld and Pandis, 2006).

p0 = a0 + a1T + a2T
2 + a3T

3 + a4T
4 + a5T

5 + a6T
6

a0 6.107799961
a1 4.43651852110−1

a2 1.42894580510−2

a3 2.65064847110−4

a4 3.03124039610−6

a5 2.03408094810−8

a6 6.13682092910−11
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Finally, the energy equation is

cp−
R
m

� �
D lnT
Dt

¼
X
k

hk
T
− R

mk

� �∇ � Jk
ρ

− R
m

∇ � U

þ2νtS
2

T
−∇ � q

ρT
þ cp−

R
m

� �
LCd

cpT
;

ð6Þ

where T is temperature, cp is heat capacity at constant pressure,
R is the universal gas constant, h is enthalpy, mk is molar
mass of the kth species,m is the molarmass of themixture, q is
the heat flux (see details in Babkovskaia et al. (2011)), and
L=2.5 × 106 J kg−1 is the latent heat of condensation for water.

The reason for solving for the temperature directly, instead
of e.g. the total energy, is to avoid finding the temperature from
the total energy afterwards. In this work we use the ideal gas
equation of state given by

p ¼ ρRT
m

: ð7Þ

2.2. Evolution of the number density function

The equation for the evolution of the number density
function takes the form (Mattila et al., 1997; Andrejczuk et al.,
2004)

D� f
D�t

¼ − ∂
∂r f

dr
dt

� �
ð8Þ

dr
dt

¼ Dwmw

RTρw

pv−pvsð Þ
r

ð9Þ

where f(x, r0, r, t)dr is the number of cloud droplets, with the
solid core of the size r0 (covered by the liquidwater) and radius
between r and r + dr, in a unit mass of air about a given point
(x, t) in space and time. D*/D*t = ∂/∂t + (U − kvt) ⋅ ∇ is the
derivative along a droplet trajectory, dr/dt is the particle growth
rate, Dw is the water diffusion coefficient (Hirschfelder et al.,
1969), and mw is water molecular mass. According to the
Stokes law, vt(r) = Cr2 is the sedimentation velocity, where
constant C is selected to satisfy vt(r=10 μm)= 10−2 m s−1.

Water vapor pressure over a droplet of radius r is defined as
(Seinfeld and Pandis, 2006)

pvis ¼ p0 exp
A
2r

−B r0ð Þ
8r3

� �
ð10Þ

where p0 is the water vapor pressure over a flat surface (see
Table 1) at the same temperature, A = 0.66/T (in μm), and

B r0ð Þ ¼ 2� 10−17 r0
1:2� 10−6

� �3
; ð11Þ

where r0 is the radius of the droplet core.
In a general case, the number density function f(x,Ms, r, t) is

a function of the solute mass per particleMs and the size of the
particle r. We ignore the dependence onMs and assume that all
particles have the same solute mass which does not change
with time. Therefore, B(r0) ≃ 34.4νMs/ms cm3 is a constant,
where (for example, for NaCl) ms = 58.5 g mol−1 is the solute
molecular weight, and ν = 2 is the number of ions resulting
from the dissociation of one solute molecule (Seinfeld and
Pandis, 2006). In all further calculations B(r0)=2× 10−17 cm3

is taken to be a parameter.
The condensation rate derives from the growth of cloud

droplets

Cd ¼ 12πρwρ∫frDw YH2O−Yvs

� �
dr; ð12Þ

where Yvs = pvs/(RT)ρ is the saturated water vapor mass
fraction and YH2O ¼ pv= RTð Þρ is the water vapor mass fraction,
where pv ¼ pm=mvYH2O is water vapor pressure, and mv is
water molar mass.

2.3. Buoyancy

Buoyancy is defined as (Andrejczuk et al., 2004)

B ¼ g
T−T0

T0
þ ϵ YH2O−Y0

H2O

� �
−Yc

� �
; ð13Þ

where g=9.81m s−2 is the acceleration of gravity, T0= 293 K
and Y0

H2O ¼ 9:9 g kg−1 are the reference temperature and
water vapor mass fraction, ϵ+ 1= Rv/Rd is the ratio of the gas
content forwater vapor and dry air, and the cloudwatermixing
ratio Yc is defined as

Yc ¼
4πρw

3
∫ f r3dr: ð14Þ

2.4. Initial and boundary conditions

The purposes of this paper are to analyze the importance of
the resolution of the calculation domain and check the validity
of the 2Dapproach for studying the aerosol activation. Since the
presented analysis is mostly qualitative, for our simulations we
take parameters which are typical for atmospheric conditions.

We consider condensation and evaporation of the aerosol
particles covered by liquid water. We take 80 discrete size
classes, logarithmically distributed from rmin = 80 nm to
rmax = 10 μm. The log-normal distribution of particles is

f ¼ Nt

8πð Þ1=2rρ lnσg
exp − ln 2rð Þ− ln 2rmð Þ

2 ln2σg

" #2

; ð15Þ

where Nt = ρ ∫ fdr = 103 cm−3 is the total number of
particles, rm = 1.5 μm, and σg = 1.1.



Fig. 1. Distributions of temperature T, supersaturation S and contour plots of
particle concentration as a function of x-coordinate and particle size at t= 0 s
(dashed curve), 1 s (solid curve), and 2 s (dotted curve).

Table 2
Boundary conditions at x = −220 cm and x = 280 cm; s — symmetric and
a — antisymmetric (see details in The PENCIL Code (2001)).

x = −220 cm x = 280 cm

T 290 K 293 K
Ux 30 cm/s a
ρ s s
YO2 26% 26%
YH2O S = 0 % s
YN2 Normalization Normalization
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Taking the supersaturation S = pv/p0 − 1 as a parameter,
we recalculate the water mass fraction

YH2O ¼ mv

m
p0
p

Sþ 1ð Þ; ð16Þ

where p0 is water vapor pressure over a flat surface (see
Table 1).We assume that the air consists of amixture of oxygen
(O2), nitrogen (N2) and water vapor (H2O). The oxygen mass
fraction (see Eq. (4)) is taken to be YO2

¼ 26% , while the
nitrogen mass fraction is obtained from the condition of
normalization YN2

¼ 1−YO2
−YH2O. Since YH2O depends on air

molarmassm, andm itself depends onYH2O, to findYH2O we use
iterations.

We take the following initial distribution of temperature in
x-direction:

T xð Þ ¼ T2 þ T1

2
þ T2−T1

2
exp x=δxð Þ− exp −x=δxð Þ½ �
exp x=δxð Þ þ exp −x=δxð Þ½ � ; ð17Þ

where temperature T1 = 290 K and supersaturation S1 = 0 %
are the values on the left boundary (x = −220 cm), and
temperature T2 = 290 K and supersaturation S2 = 0.5 % are
on the right boundary (x = 280 cm). The initial thickness of
the cloud edge is δx = 100 cm. Values of temperature and
supersaturation determine water vapor mass fractions, Y1

H2O
and Y2

H2O on the left and right boundaries, respectively. The
initial x-profile for water vapor is

YH2O xð Þ ¼ Y1
H2O þ Y2

H2O

2

þ Y2
H2O−Y1

H2O

2
exp x=δxð Þ− exp −x=δxð Þ½ �
exp x=δxð Þ þ exp −x=δxð Þ½ � :

ð18Þ

The initial temperature and water vapor profiles are shown
in Fig. 1 by the dashed curve.

The pressure p = 1 atm is the same everywhere, and the
density is calculated using the equation of state (7). For
example, if the temperature is taken to be T = 293 K
then the density is ρ = 1.2 × 10−3 g cm−3. Initially the
x-component of velocity is assumed to be constant everywhere
in the domain,Ux =30 cm/s. The particle distribution is taken
to be the same everywhere in the domain, and at boundaries
we use symmetric boundary conditions (The PENCIL Code,
2001). A summary of the boundary conditions is presented in
Table 2.

3. Results

3.1. One-dimensional model

For the test purposewe startwith a one-dimensionalmodel.
Also, the 1D approach allows us to study the complicated air–
aerosol system in a laminar regime. For simplicity, buoyancy is
ignored here.We take the size of the domain as 500 cmand 512
grid points. Fig. 1 shows the temperature, supersaturation and
distribution of particles at times t = 0 s, 1 s and 2 s. Analyzing
the distribution of particles with different sizes we find that the
largest particles accumulate inside the front (or cloud edge),
while the maximal concentration of smaller particles is before
and after it. Themaximumof S is inside the front, and therefore,
the most intensive growth of particles due to condensation of
water happens there. Moreover, the smaller the particles the
larger is the growth rate (see Eq. (9)). Thus, at every time step
the largest particles appear inside the front, while the smaller
particles are accumulated before the front and after it. Since
supersaturation is positive behind the front, the particles
activate there.

Also, one can see that the size of droplets located between
−250 cm to −50 cm is increasing in time, while the initial
supersaturation in this area is zero. Initially this area is in
non-stable equilibrium. When the calculation starts, the
temperature first increases a bit because of the viscous term
(theSmagorinskymodel is still included even in a laminar case).
Then supersaturation becomes a bit smaller than zero and small
particles start to evaporate. Because of evaporation, water

image of Fig.�1
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pressure increases. Since large particles are still activating, the
temperature does not increase much. Supersaturation is grow-
ing and becomes positive, leading to activation of all particles.
This happens for the first 0.1–0.2 s, after that all particles are
activating and the temperature is decreasing.

We also studied the structure and evolution of the cloud
edge for different front thicknesses, inlet velocities, and
parameters S and B(r0), and did not find any new features.
Based on these test cases, we conclude that the presented
cloud droplet module works correctly and we can continue
with multidimensional simulations.

3.2. Multidimensional model setup

Now we consider a 3D domain of the size 500 cm × 250 cm
× 250 cm. The direction of buoyancy force coincides with y-axis.
In y- and z-directions we take periodic boundary conditions for
all variables. The initial x-velocity component Ux is taken to be

Ux x; y; zð Þ ¼ 30 cm=s� cos π
y
Ly

� �
; ð19Þ

where Ly = 280 cm is the vertical size of the domain. The
same Ux velocity profile is used as boundary condition at x =
−220 cm. In the right hand side part of the domain, there is a
verticalmotion, and the horizontal flux interactswith it near x=
0, i.e. Uy(x ≥ 0) = 100 cm/s (Siebesma et al., 2003; Flossmann
andWobrock, 2010; Boy et al., 2011). The initialUy(x b 0) andUz

are taken to be zero. All other initial and boundary conditions are
the same as in Section 2.4. The structure of the motion is shown
in Fig. 2 (left upper corners).

To study the effect of turbulence on aerosol dynamics at the
beginning of the simulations, we generate isotropic turbulence:
the first iterations (during the first 10−3 s) are made without
aerosol dynamics, but with randomly directed external forces
(The PENCIL Code, 2001). After 10−3 s the external forces are
set to zero, and the aerosol particles start to evolve. The time
step of integration is 10−6 s.
Fig. 2.Velocity (shownby arrows) and temperature fields in the 2D calculated domain fo
3.3. Analysis of particle activation for 2D and 3D models with
different grid cell sizes

One of the purposes of this paper is to check how crucial the
Smagorinsky approximation is for the calculation of activation/
evaporation of aerosol particles. The smaller the cell size,
the closer it is to the Kolmogorov scale, and therefore the
descriptions of turbulence, TKE dissipation, and air tempera-
ture are closer to the reality. Whereas for cell sizes larger than
the Kolmogorov scale, one should describe the subgrid scale
turbulence with a corresponding model (in our case the
Smagorinsky model); therefore, the air temperature appears
to be different from the correct one because of the correspond-
ing approximations. This can be crucial for the final particle
distribution.

Additionally, since the full 3D simulations are computation-
ally extremely demanding, we will test whether a 2D model is
appropriate for correct description of aerosol dynamics. For this
task we compare the results of 2D and 3D simulations with
the same settings but with different grid sizes. For two-
dimensional simulations we use cell sizes of 4 cm, 2 cm, 1 cm
and 0.5 cm, and for three-dimensional simulations sizes of
4 cm, 2 cmand 1 cm. Note that the estimated Kolmogorov scale
is about 1 mm.

Fig. 3 shows the number of the particlesNact with the radius
larger than 3 μm as a function of time (here and further we
name such particles “activated particles”), i.e.

Nact ¼
Z
V

ρ
Zrmax

r0

fdr; ð20Þ

where V is the volume of the domain and r0 = 3 μm.
Let us first compare the results of 2D and 3D simulations for

cell sizes of 4 cm (blue dotted curve and blue diamonds), 2 cm
(green dashed curve and green triangles), 1 cm (red dotted-
dashed curve and red asterisks), and 0.5 cm (black solid curve).
Next, for simplicity, we name the case of 4 cm cell size as case 1,
the 2 cm cell size as case 2, the 1 cm cell size as case 3 and the
r grid cell sizes of 0.5 cm(left panel) and of 2 cm (right panel) at t=0, 2, 4, and 6 s.

image of Fig.�2


Fig. 3. Number of activated particles (with the size larger than 3 μm) averaged
over the whole simulation domain, Nact, as a function of t for 2D model runs
with grid cell sizes of 4 cm(blue dotted curve), 2 cm(greendashed curve), 1 cm
(red dotted-dashed curve) and 0.5 cm (black solid curve) and for 3D model
runs with grid cell sizes of 4 cm (blue diamonds), 2 cm (green triangles) and
1 cm (red asterisks). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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0.5 cm cell size as case 4 (see Table 3). We see that for the first
second almost all particles stay non-activated in all considered
cases both for 2D and 3D simulations. Next for t N 1 s, particles
start to activate in cases 1, 3, and 4, and the most intensive
growth of particles happens in the case with the lowest
resolution, case 1. Note that in case 2, the intensive activation
occurs only after 2 s, whereas the activation rate is comparable
with that in case 1. In cases 3 and 4, the activation rates are
comparable, and they are smaller than the corresponding rates
in cases 1 and 2. At t N 4 s, a number of activated particles
become larger in case 1 and case 2 than in case 3 and case 4, and
the difference continues to increase with time. In Fig. 3 one can
see a nonlinear behavior of the curves depending on the grid
cell size.

Based on this analysis we conclude that the 3D simulations
with a resolution of 1 cm (red asterisks in Fig. 3) have themost
realistic results. If we now look at both the 3D simulation with
the next higher resolution of 2 cm and the 2D simulation with
the same resolution of 1 cm we see a higher agreement with
the 2D runs. Thus, we believe that the results of 2D and 3D
simulations differ much less than the results of 3D simulations
with different cell sizes. We conclude that for studying the
Table 3
Summary of multidimensional runs (the curves are used in Fig. 3).

Resolution 2D model 3D model

4 cm (case 1) Blue dotted Blue diamonds
2 cm (case 2) Green dashed Green triangles
1 cm (case 3) Red dotted-dashed Red asterisks
0.5 cm
(case 4)

Black solid –
particle activation a 2Dmodel is appropriate, and therefore, 2D
simulations with high resolution give more realistic results
than a 3D simulation with a lower resolution. This decreases
the computer resources needed for studying the aerosol
dynamics and provides the possibility to carry out more
numerical experiments for more detailed understanding of
the cloud edge structure.

3.4. 2D simulations for grid cell sizes of 2 cm and 0.5 cm

Now we analyze the results of 2D simulations in case 2 and
case 4. Fig. 4 shows the supersaturation S at t = 0 s, 2 s, 4 s and
6 s. The results show a substantial difference in the distributions.
In case 4 the supersaturation is much smaller both before and
behind the cloud edge than in case 2. Note that this is an area of
the most intensive mixing. Only near the left boundary of the
domain the supersaturation is almost the same in both cases. The
reason for this is in the temperature difference (see Fig. 2). In the
case of higher air temperature the supersaturation appears to be
smaller (see Eq. (16)). The difference in temperature distribu-
tions is not large (smaller than 1°), but it appears to be important
for supersaturation, and therefore for particle distribution (see
details in the next paragraph). To interpret this fact in Fig. 5 we
present the total air mass M in the area of the most intensive
mixing [−100 cm, 200 cm] as a function of time (M0 is the total
mass at t=0 s). One can see that for the first second themass in
this area is increasing faster in the higher resolution cases. Thus,
in the case of resolved microturbulence (case 4), at the first
second the air is adiabatically contracted and therefore heated
more efficiently.Wealso checked the effect of viscous dissipation
and found that viscous heating is much smaller than adiabatic
heating.

In Fig. 6 we compare the number of activated particles

nact ¼ ρ
Zrmax

r0

fdr; ð21Þ

for case 2 and case 4 at t = 1 s, 2 s, 4 s, and 6 s, and also find
crucial differences. Note that since in our model the total
number of particles is not conserved with time, there is no
sense to compare these two cases quantitatively. However,
qualitative analysis of such distributions can be done. In case 2
the particles are most effectively activated near the cloud edge
(mostly before the edge), and the size of this area increases
with time. In case 4 the particles more intensively activate in
the flux near the left boundary, where the turbulence is weak
(we assume that the incoming flux is laminar). On the other
hand, near the cloud edge themotion is strongly turbulent, and
here a small amount of activated particles exists. In other
words, we conclude that in case 4 the stronger the turbulence,
theweaker the activation of particles,whereas in case 2 it is vice
versa. This result confirms that the resolution of the computa-
tional domain is extremely important for the correct descrip-
tion of aerosol dynamics.

Finally, we average the particle distribution function in
y-direction and compare the y-averaged number of particles
with corresponding size as a function of x-coordinate for cases 2
and 4 in Fig. 7. One can see that, for example at t=4 s in case 4
almost all small particles behind the edge evaporated, while in
case 2 there is a peak of the particle distribution function near

image of Fig.�3


Fig. 4.2Ddistributions of supersaturation S for grid cell sizes of 0.5 cm (left panel) and2 cm(right panel) at t=0, 2, 4, and 6 s. Left hand sideof thedistribution at t=0 s
corresponds to S= 0 %.
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1 μm. Comparing the temperature behind the cloud edge for
cases 2 and 4 (see Fig. 2) we find that the air is warmer in case 4
and the temperature difference is about 0.5 K. One of the
reasons for this difference is the presence of microturbulence
(in case 4). While the temperature difference is quite small, it
appears to be crucial for the supersaturation because of the
exponential dependence of supersaturation on the air temper-
ature. In Fig. 4 we see that in case 4 the supersaturation is
negative in most parts of the domain, and its minimal value is
−3%, while in case 2 the supersaturation is positive almost
everywhere in the domain. Thus, in case 4 all small particles
evaporated and only large particles survive because their
lifetime is larger than the simulation time. Moreover, large
Fig. 5. A ratio of the total air mass in the domain M to the total massM0 at t =
0 s as a function of time. Solid curve is the case of 0.5 cm grid cell size and
dotted curve is the case of 2 cm grid cell size.
particles capture the released water vapor molecules and
continue growing (see Fig. 7, left panel). In case 2 there is no
such intensive evaporation (S ≥ 0) and small particles can
survive. This result also shows how the microturbulence is
important for the aerosol dynamics in the atmosphere.

3.5. Effect of turbulent motion on aerosol dynamics

Now we inspect the influence of turbulent motion on
aerosol dynamics, and vice versa. First, we study the effect of
aerosol dynamics on the air temperature. Fig. 8 shows the
temperature difference between the results with aerosol and
without it. Analyzing simultaneously the temperature distri-
bution in Fig. 2 and temperature difference in Fig. 8, we
conclude that the activation of particles increases the air
temperature by about 0.03 K, and the evaporation of particles
decreases the temperature by about 0.26 K.

Also, we study the area of the most intensive mixing
(note that this is the area of the cloud edge itself). Fig. 9
shows the difference in supersaturation (S − Sa)/|Sa| for 2D
runs (at t = 4 s) without aerosol dynamics, Sa, and with
including it, S. We can see that aerosol dynamics increases
the supersaturation in the most part of the domain by 16%,
and in some places by up to 46%.

Analyzing the results of multi-dimensional simulations
we found large numerical wiggles in the low resolution case
for t≳ 2 s (see Figs. 4, 7, right panel). Also, small wiggles appear
in the high resolution case (see Figs. 8, 9). Trying different
resolutions and thicknesses of the cloud edge we found two
possible reasons for numerical wiggles: (i) aerosol dynamical
processes that require shorter time step that we have used and
(ii) not sufficiently high (or low) resolution of turbulence
simulations (these two coupled). Indeed, fringes can appear
in particle distribution nearby the smallest particles because
of the too long time step. For example, to move 100 nm
particles from one bin to another the time step should be about
10−7 s, but the larger the particles the larger time step can be
used (dt∼ r2). For our simulationswe take themaximum of the
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Fig. 6. Distribution of activated particles, nact, for grid cell sizes of 0.5 cm (left panel) and 2 cm (right panel) at t = 0, 2, 4, and 6 s.
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initial distribution near 10 μm and the time step of about
10−6 s. Even with such time step the simulations are very
computationally demanded. Also, we found that the wiggles
appear because the fine scale turbulence is not sufficiently
resolved. This fine scale turbulence develops and is more
pronounced at times larger than 2 s, and it is more evident
when the resolution is lower. Note, that at t=2 s in the case of
0.5 cm resolution there are no wiggles, but in the case of 2 cm
resolution small wiggles already appear. Therefore, the high
resolution case represents more correctly turbulence structure
and resulting aerosol dynamics compared to the lower resolu-
tion case.
Fig. 7. Contour plots of particle concentration averaged in y-direction for grid ce
4. Conclusions

In this paper we study the aerosol activation process at a
cloud edge. We consider the flux of aerosol particles, through
the boundary between dry andmoist air. We take into account
the condensation and evaporation of the aerosol particles
covered by liquid water, and assume initially a lognormal
distribution.

For the test purpose we start with a one dimensional
problem to study the motion and evolution of the front
between the areas of dry air and moist air. A flux of dry air
with 103 aerosol particles per cm3, with the maximum of
ll sizes of 0.5 cm (left panel) and 2 cm (right panel) at t = 0, 2, 4, and 6 s.
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Fig. 8. Contour plot of the difference between air temperatures in the 2Dmodel
with and without included aerosol dynamics. The grid cell size is 0.5 cm.
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distribution at rm = 1.5 μm and supersaturation S = 0 %, is
coming into the domain with inlet velocity Uin = 30 cm/s and
interacts with a wet cloud edge. The supersaturation behind
the front is S = 0.5 %. This approach allows us to analyze the
Fig. 9.Contour plot for the difference between the supersaturation, (S− Sa)/|Sa|
for the 2Dmodel at t=4 swith aerosol dynamics, S, andwithout it, Sa. The grid
cell size is 0.5 cm.
effect of the fluid mechanics on the aerosol dynamics (and vice
versa) in a laminar regime. Using a 1D approach we find that
the most intensive growth occurs inside the front, i.e. the
distribution of the largest particles has a maximum there. Then
this single maximum splits into two maxima, and they shift
toward the front edges. In other words, at every time step the
largest particles are located in the front, and the smaller
particles are accumulated before and after it.

Next, we make 2D and 3D simulations with a more
complicated velocity field at the cloud edge. We assume that
the dry air flux is coming into the computational domain in the
middle part and going out near the boundaries.Moist airmoves
in horizontal direction with velocity Uy = 100 cm/s. The third
velocity component is initially zero, Uz = 0 cm/s. Initial
conditions are the same as in the 1D case. After several seconds
the cloud edge forms a curved shape and we analyze the final
distributions of the aerosol particles.

Since the Kolmogorov scale ismuch smaller than the typical
grid cell size of numerical simulation in atmospheric science
(O(1) mm), we use the Smagorinsky model for the subgrid
scale turbulence. To analyze the validity of the Smagorinsky
approximation for the description of turbulent motion of air
with aerosol particles, we compare the number of activated
particles in 2D and 3Dmodels with different resolutions (4 cm,
2 cm, 1 cm and 0.5 cm grid cell sizes). We find that the
differences between the results of 2D simulations with
different grid cell sizes are much larger than those between
2D and 3D simulations with the same cell size. Therefore, we
conclude that a high resolution 2D model gives more realistic
results for the simulations of activated particles than a similar
3D model with lower resolution.

Next, we compare the results of 2D simulations for grid
sizes of 2 cm and 0.5 cm. We analyze the distributions of
supersaturation and the concentration of activated particles
in the domain at times t= 0 s, 1 s, 2 s, and 4 s. We show that
the small scale turbulence plays an important role in particle
activation. In a high resolution case, activation is limited at
the cloud edge (meaning no activation in the middle of the
domain, occurring mainly at the domain boundaries in x-
direction), whereas this is opposite in a case of lower
resolution.

Finally, we investigate the interactions between turbulence
and microphysics. We find that aerosol dynamics increases the
supersaturation in most parts of the domain by 16%, and in
some places even by 46%. Activation of particles decreases the
air temperature by about 0.03 K, and evaporation increases it
by about 0.26 K.

We should note that in this study the initial and boundary
conditions are taken as typical parameters for the atmospheric
conditions. Next we are planning to use the results of an LES
simulation for a more detailed description of the boundaries.
Also, size distribution for the aerosol core and a more detailed
chemistry will be added in the future.
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