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Abstract

A two-dimensional (2-D) continuous spectral aerosol-droplet microphysics model is
presented and implemented into the Weather Research and Forecasting (WRF) model
for large-eddy simulations (LES) of warm marine stratocumulus clouds. Activation
and regeneration of aerosols are treated explicitly in the calculation of condensa-5

tion/evaporation. The model includes a 2-D spectrum that encompasses wet aerosol
particles (i.e. haze droplets), cloud droplets, and drizzle droplets in a continuous and
consistent manner and allows for the explicit tracking of aerosol size within cloud
droplets due to collision-coalescence. The system of differential equations describing
condensation/evaporation (i.e. mass conservation and energy conservation) is solved10

simultaneously within each grid cell. The model is demonstrated by simulating a ma-
rine stratocumulus deck for two different aerosol loadings (100 and 500 cm−3), and
comparison with the more traditional microphysics modeling approaches (both 1-D bin
and bulk schemes) is evaluated.

1 Introduction15

Numerical modeling of clouds presents a particularly challenging problem in that the
underlying physical processes occur on the micro-scale, while the bulk quantities often
observed and predicted by models are on the macro-scale. In large-scale numerical
models, e.g. regional climate models and general circulation models (GCM), cloud
processes are prognostic but require significant assumptions about the details of the20

sub-gridscale processes (e.g. Sundqvist, 1988; Beheng, 1994; Del Genio et al., 1996;
Rotstayn, 1997; Roeckner et al., 2003; Rotstayn and Liu, 2003; Zhang et al., 2003;
Morrison and Gettelman, 2008). As one moves toward models with smaller domains,
e.g. numerical weather prediction models or cloud resolving models (CRM), relevant
dynamical processes are better resolved and this requires more precise numerical25
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cloud models. Frequently, single-moment or two-moment bulk microphysics schemes
are employed in these models (e.g. Lin et al., 1983; Rutledge and Hobbs, 1983, 1984;
Ferrier, 1994; Walko et al., 1995; Feingold et al., 1998; Rasch and Kristjansson, 1998;
Simpson et al., 2003; Hong et al., 2004; Thompson et al., 2004; Morrison et al., 2005;
Morrison and Pinto, 2005; Hong and Lim, 2006; Li et al., 2008; Thompson et al., 2008;5

Wang and Feingold, 2009a,b; Lim and Hong, 2010). These models predict either the
first moment of a cloud particle size distribution (i.e. number concentration) or both the
first and third moments (i.e. number concentration and mass mixing ratio), respectively.
In general, the prognostic equations for changes both in number concentration and
mass mixing ratio rely on an assumption regarding the shape of the size distribution10

of cloud particles. Here, “particles” refers to any of the following: cloud droplets, rain
drops, pristine ice, snow (aggregates), graupel, and/or hail. By assuming a functional
shape, e.g. a gamma distribution, changes in bulk cloud quantities can be analytically
computed. However, such schemes lack the ability to accurately represent the various
nonlinear processes within a cloud, i.e. collision-coalescence, aggregation, accretion,15

riming, etc, since the analytical solutions require gross assumptions regarding not only
the size distribution shape, but also, fall speed, collection efficiency, etc.

In recent years, advances in computing efficiency and parallel processing have en-
abled the use of more detailed cloud microphysics models, i.e. bin (or spectral) mi-
crophysics. These models have been developed for applications in both warm and20

mixed-phase clouds (e.g. Tzivion et al., 1987, 1989; Feingold et al., 1988; Reisin et al.,
1996; Stevens et al., 1996; Geresdi, 1998; Geresdi and Rasmussen, 2005; Rasmussen
et al., 1987; Khain et al., 2004; Khain and Pokrovsky, 2004; Khain and Lynn, 2009; Fan
et al., 2009; Xue et al., 2010; Lebo and Seinfeld, 2011). Instead of tracking a single
number concentration and mass for each type of cloud particle, the bin microphysics25

schemes discretize the distributions into size bins that span the smallest cloud droplets
to large rain/graupel/snow/hail particles. The inherent nature of this approach allows
for the explicit calculation of the collection processes within clouds based upon pair-
wise collisions of cloud particles. Additionally, through size resolution, other processes,
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e.g. sedimentation, condensation/evaporation, deposition/sublimation, can be better
simulated.

These approaches to simulating clouds, even in the most detailed case of the tradi-
tional bin microphysics scheme, still rely on assumptions, specifically regarding aerosol
activation (i.e. the process by which a haze droplet or wet aerosol grows beyond its cor-5

responding critical radius, rc, thus becoming a cloud droplet) and aerosol regeneration
(this term refers to the mechanism by which an aerosol particle is formed as a cloud
droplet evaporates). In reality, wet aerosols, cloud droplets, and drizzle droplets com-
prise a continuous spectrum defined by both the total size and the contained solute
(aerosol) mass. Recently, Xue et al. (2010) demonstrated the significance of aerosol10

regeneration using a spectral bin microphysics model. Following Mitra et al. (1992), it is
assumed that for each droplet that evaporates, one aerosol particle is generated from
the solute contained in the droplet. However, the size of the regenerated aerosol is not
known, since after activated aerosol particle growth within the cloud droplet spectrum,
information regarding the size of the activated aerosol is lost. Furthermore, the evapo-15

ration of cloud droplets is often simulated by predicting the amount of mass lost to the
gas phase within a time step for a given droplet size, shifting the distribution, and re-
binning the new cloud droplets into the Eulerian bins (Tzivion et al., 1989; Reisin et al.,
1996; Khain et al., 2004; Lebo and Seinfeld, 2011). Thus, information regarding the
size of the droplet before evaporation is lost after a single time step, making it difficult to20

use droplet size as a proxy for the regenerated aerosol size. In all, these assumptions
regarding activation and regeneration represent a shortcoming in the current spectral
bin microphysics models.

In previous works (e.g. Xue et al., 2010; Lebo and Seinfeld, 2011), the size distri-
bution of the regenerated aerosols is prescribed to be lognormal (either with a single25

mode or bimodal). And since the actual size of the regenerated aerosols is not known,
the shape of the regenerated lognormal distribution must also be predefined (often the
shape parameters of the original distribution are used). This assumption introduces a
bias in the modeled droplet number concentration that can be either positive or negative
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(i.e. leads to too many or too few cloud droplets), as will be explained shortly. In Fig. 1
a schematic of the relevant cloud microphysical process that control both the droplet
size and solute mass are shown. Aerosol particles located in subsaturated regions will
exist as haze particles. Upon activation, condensational growth increases the droplet
mass while the solute mass remains constant. If the droplets are sufficiently large,5

collision-coalescence can become an important mechanism for not only cloud droplet
growth, but also solute mass growth. Also, the solute mass in a droplet may have
changed during the time in cloud due to collection, scavenging of aerosols, or in-situ
chemical reaction. Thus, a shift in the size distribution toward larger sizes is expected,
especially, in relatively clean environments where collision-coalescence is significant10

and efficient. Modeling the evolution of solute mass along with cloud droplet number
concentration and mass is desirable.

The activation/regeneration problem can be summarized as follows (Fig. 1). An ini-
tial aerosol size (Ds) distribution (Ns) undergoes activation (left to right, black, solid);
larger cloud condensation nuclei (CCN) are more easily activated since a lower am-15

bient supersaturation is required. These particles are then removed from the aerosol
size distribution, leaving the non-activated particles. From this point, the manner in
which the regeneration step is represented can affect the droplet (and aerosol) size
distribution in two ways:

1. Negative Bias – In regions of entrainment, if all of the droplets within a grid box20

evaporate, the number concentration of regenerated aerosol particles (Nreg) is
identical to the original cloud droplet number concentration (Nd). A traditional ap-
proach is that these particles are described by the parameters used for the initial
aerosol size distribution and are added to the existing distribution (black, dashed).
However, during the activation process, the smaller aerosols do not activate and25

thus should not be regenerated. Here, we see that the aforementioned assump-
tions regarding aerosol regeneration begin to artificially enhance the aerosol num-
ber concentration in the smaller size bins (i.e. those particles that did not activate
and likely will not activate). With subsequent evaporation/regeneration events
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this bias grows, and continuous activation and regeneration will lead to a signifi-
cant, yet artificial, increase in small aerosol particles that are unlikely to activate
since the available water vapor surplus is consumed by the larger aerosols and
cloud droplets (thus reducing the supersaturation below that which would allow
the smaller aerosol particles to activate). Consequently, fewer droplets are formed5

during activation and Nd is ultimately underpredicted, i.e. there is a negative bias
in Nd.

2. Positive or Negative Bias – In the event that all of the droplets in a grid cell are
not evaporated, large droplets will remain, while smaller droplets will completely
evaporate (Pruppacher and Klett, 1997). The smaller, now evaporated droplets,10

were most likely formed on aerosol particles near to the cutoff size for activation
(i.e. the critical supersaturation of these aerosols is just below the ambient super-
saturation when activation occured) and should consequently return to the bins
containing the smallest activated aerosols. Instead, these droplets are evaporated
and the regenerated aerosol is spread over all sizes. This treatment produces ex-15

cess small aerosols (similar to that shown above for the Negative Bias) but also
produces excess larger aerosols. The larger aerosols are more likely to activate
in a subsequent time step than their smaller counterparts (since the their criti-
cal supersaturation is smaller). By spreading the distribution out over all sizes,
particles will activate to form new cloud droplets in the presence of small super-20

saturations (even though, if the aerosols were placed in the correct location, the
critical supersaturation ought to be too large for subsequent activation to occur).
Here, a competition exists between the negative skewness caused by overpro-
ducing smaller aerosols and positive skewness caused generating excess larger
aerosols. The former will suppress Nd while the latter will enhance Nd.25

An approach to reproducing or recycling aerosol particles was presented by Kogan
et al. (1995) to attempt to account for the fact that smaller droplets (likely formed from
smaller aerosol particles) will evaporate first and more readily. Here, the regenerated
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aerosols are assumed to go to the smallest size bin in the aerosol distribution until it
attains its pre-activated value (i.e. the number concentration that was set during the
model initialization), then the second smallest bin is filled, and so on. This method,
albeit more precise in that it will not artificially produce excess small particles, still
lacks the ability to reproduce the ambient aerosol field after droplet evaporation, es-5

pecially in conditions where the collision-coalescence process is a significant sink of
small aerosols and a source of larger aerosols (as shown below).

Another method for simulating aerosol effects on clouds is to assume that the aerosol
number concentration is fixed (e.g. Lu and Seinfeld, 2005, 2006; Sandu et al., 2008;
Chen et al., 2011). Although this assumption circumvents the aerosol regeneration10

problem, fixing the aerosol number concentration may result in excess droplet forma-
tion. After activation, only those particles that are less likely to activate remain. On
the next time step, if a supersaturation exists, as long as it is less than that of the pre-
vious time step, no new aerosols should activate (unless particles in the larger size
categories are replenished by advection). But, in the case of fixed aerosol number15

concentration, the possibility exists for aerosol particles to activate and increase Nd,
leading to a positive bias in Nd. Such a bias can lead to an artificial suppression of
drizzle formation, increasing the LWP, or more vigorous evaporation in regions of en-
trainment since the droplets will be smaller (assuming the LWC is unchanged) acting
to decrease the LWP. Obviously, these effects can offset one another, but in the case20

that they do not, the predicted LWP will likely not be correct.
To more accurately simulate the evolution of the continuous field that encompasses

the spectrum from wet aerosols to drizzle droplets and address in detail the activa-
tion/regeneration problem in cloud models, we present here the implementation of a
2-D continuous spectral aerosol-droplet microphysics scheme coupled to a 3-D dy-25

namical core for studying warm cloud microphysics. Recently, Ovchinnikov and Easter
(2010) described a detailed 2-D fixed-bin (i.e. Eulerian) cloud microphysics scheme in-
cluding chemistry, in which activated aerosols and interstitial wet aerosol particles are
tracked within each grid point. The method does not include collision-coalescence and

23661

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/23655/2011/acpd-11-23655-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/23655/2011/acpd-11-23655-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 23655–23705, 2011

Continuous spectral
aerosol-droplet

microphysics model

Z. J. Lebo and
J. H. Seinfeld

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

incorporates a linearized approximation to the droplet vapor growth equation. Collision-
coalescence is an essential process for drizzle formation, and will alter the regenerated
aerosol distribution, by shifting the solute mass to larger sizes.

The new method, as described in detail below, requires no a priori assumptions re-
garding aerosol activation and regeneration, since the treatment is explicitly accounted5

for via the representation of condensation/evaporation. Moreover, the solutions to the
supersaturation (mass) and energy (temperature) equations are performed in a con-
sistent, continuous, and simultaneous (i.e. latent heating and changes in the vapor
surplus/deficit are computed with condensation/evaporation) manner including the ef-
fects of droplet curvature and solute mass on the condensation/evaporation rate of wet10

aerosol particles and cloud droplets. A detailed calculation of the collision-coalescence
process is included to accurately represent both the evolution of the droplet spectrum
due to pair-wise collisions, as well as the shift in the aerosol size distribution resulting
from collision (either pair-wise collisions of cloud droplets or aerosol and cloud droplets,
i.e. scavenging). Thus, the model includes the relevant physics in a manner that re-15

quires few assumptions unlike the more traditional 1-D bin microphysics schemes and
bulk schemes. The continuous nature of the microphysics scheme allows one to ad-
dress regeneration as well as determine the effect of cloud microphysics on the aerosol
size distribution, an important component in determining the resulting aerosol spec-
trum after a cloud dissipates and accurately predicting evaporation rates in regions of20

entrainment.
The remainder of the work is organized as follows: Sect. 2 describes the 2-D con-

tinuous spectral aerosol-cloud microphysics model in detail as well as the alternative
models used for comparative purposes. Section 3 discusses the dynamical model that
is used as well as the model initialization. Numerical results are presented in Sect. 4,25

while Sect. 5 includes a discussion of the most important conclusions and future work.
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2 New 2-D spectral microphysics scheme

The method developed here predicts the number of particles in a two-dimensional
space, one dimension for the droplet size (mass or radius) and one for the solute size
(mass or radius). One continuous 2-D size spectrum encompasses both aerosol par-
ticles and activated droplets and maintains the solute mass within activated droplets5

over the entire size spectrum. Even the most detailed bin microphysics schemes (e.g.
Tzivion et al., 1987, 1989; Reisin et al., 1996; Stevens et al., 1996; Geresdi, 1998;
Geresdi and Rasmussen, 2005; Rasmussen et al., 1987; Khain et al., 2004; Khain
and Lynn, 2009; Xue et al., 2010) predict cloud particle sizes in just one dimension.
Even with a detailed activation scheme that predicts droplet formation from a binned10

aerosol distribution (e.g. Xue et al., 2010), information regarding the size (and com-
position) of the aerosol particle after activation (i.e. from the dry aerosol distribution to
the cloud droplet distribution) is not preserved. And, since the solute quantity in each
droplet size bin is not computed and tracked, the regeneration of aerosol particles
upon droplet evaporation must be parameterized. Although for each drop that evapo-15

rates, one aerosol particle is regenerated, aerosol scavenging by cloud/rain droplets,
collision-coalescence, and aqueous-phase chemistry alter the solute mass in each
droplet, and thus affect the size distribution of regenerated aerosol. In this study we
exclude aqueous-phase chemistry in order to focus on the overall effect of collision-
coalescence on the solute mass distribution and consequently the regenerated aerosol20

distribution; however, aqueous-phase chemistry can, in principle, be included in the
model. The 2-D method presented here requires no special assumptions and includes
all important aerosol/cloud microphysical processes.

We assume mass doubling between droplet bins and aerosol bins, i.e.

xi = 2 xi+1 (1)25

xk = 2 xk+1, (2)
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respectively, where the subscripts i and k refer to the i -th bin of the droplet size dimen-
sion and the k-th bin of the aerosol size dimension. In other words, each particle lies in
a bin i , k. For illustration, we assume that the smallest aerosol diameter is 0.05 µm and
the smallest droplet diameter is 0.05 µm (sensitivity simulations show that the results
are qualitatively similar for changes in the size of the smallest bins). We include 15 bins5

in the aerosol dimension and 36 bins in the droplet dimension such that the upper edge
of the largest droplet size bin is 204.8 µm.

2.1 Condensation/evaporation

Condensation and evaporation are simulated by solving the set of ordinary differential
equations that describe vapor deposition onto the particles, water mass conservation,10

energy conservation, and ambient supersaturation. The vapor deposition equation is
defined as (Pruppacher and Klett, 1997):

dri ,k
dt

=
Gs
ri ,k

[
1 − A

ri ,k
+

Bk

r3
i ,k

]
(3)

where,

G =

[
Rv T

D∗
v es

+
∆Hv

K ∗
T T

(
∆Hv

Rv T
− 1
)]−1

(4)15

A =
2 σw

ρl Rv T
(5)

Bk =
3 i msk

4 π ρl

Mw

Ms
. (6)

Here, Rv is the gas constant for water vapor, D∗
v is the diffusion coefficient of water

vapor as a function of T and P including kinetic effects, es is the equilibrium vapor
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pressure over liquid water, ∆Hv is the enthalpy of vaporization for water, K ∗
T is the

thermal conductivity of air as a function of T including kinetic effects, σw is the surface
tension of liquid water, ρl is the density of liquid water, i is the ionic dissociation factor,
msk

is the solute mass in aerosol bin k, Mw is the molar mass of water, and Ms is the
molar mass of the solute. Following Pruppacher and Klett (1997), we express D∗

v and5

K ∗
T as

D∗
v =

Dv[
ri ,k

ri ,k + λv
+ Dv

ri ,k αc

√
2 π Mw

RT

] (7)

and

K ∗
T =

KT[
ri ,k

ri ,k + λT
+ KT

ri ,k αT ρa cp

√
2 π Ma

RT

] (8)

where Dv is the unmodified diffusivity, λv is the vapor jump length (assumed to be10

equal to the mean free path of air molecules), αc is the condensation accommodation
coefficient, KT is the unmodified thermal conductivity of air, λT is the thermal jump
distance, αT is the thermal accommodation coefficient, cp is the heat capacity of air at
constant pressure, and Ma is the molar mass of air. In the absence of ice, the mass
conservation equation can be written simply as15

dqv

dt
= −

dql

dt
(9)

where

dql

dt
=

4 π
3 ρa

N∑
i=1

M∑
k=1

r2
i ,k

dri ,k
dt

Ni ,k (10)
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in which ρa is the ambient air density, N and M are the total number of bins in the
droplet and aerosol dimensions, respectively, and Ni ,k is the number concentration of
particles in bin i , k in units of kg−1. Energy conservation is represented by

dT
dt

=
∆Hv

cp (1 + qv)

dql

dt
(11)

where ∆Hv is the enthalpy of vaporization and T is the ambient air temperature. Here,5

the ambient temperature is modified due to latent heating induced by phase changes.
Lastly, the supersaturation (s) equation is represented by (Korolev and Isaac, 2003):

ds
dt

= (s + 1)

[
−
(

1
qv

+
∆H2

v

cp Rv T 2

)
dql

dt

]
. (12)

Equations (3), (9), (11), and (12) comprise a set of N ×M +3 ordinary differential
equations. The solution to the set of equations is found by employing the Variable Order10

Differential Equation (VODE) solver of Brown et al. (1989). The solver is initialized with
the ambient qv, T , s, and Ni ,k on each time step. The solver predicts the values of the
given variables at the end of the time step and qv T , and s are updated accordingly.
The droplets are rebinned into the Eulerian bins defined during the model initialization.
This is done by assuming that the droplet distribution in each aerosol row of the 2-D15

mesh is piecewise linear. The new number concentration in each Eulerian bin is found
by numerically integrating the piecewise linear distribution. It is important to note that
during a time step, the condensation/evaporation algorithm conserves both water mass
(i.e. the sum of the water vapor and droplet mixing ratios is fixed) and aerosol mass.
The aerosol mass is conserved, since, as shown in Fig. 1, condensation/evaporation20

moves droplets left and right in the 2-D space (up and down movements, or shifts in the
aerosol size bin, is not permitted). This is justified since, physically, in the absence of
aqueous phase chemistry, the soluble aerosol mass in a droplet will not change during
condensation/evaporation.
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2.2 Sedimentation

Sedimentation is computed from the flux of particles into a grid box through its upper
boundary and the flux of particles out of the box through the lower boundary. The
terminal fall speeds required to compute such fluxes are calculated following Beard
(1976).5

2.3 Collision-coalescence and aerosol scavenging

The proposed 2-D microphysics scheme does not distinguish between collisions of
cloud droplets and collisions of aerosol particles with cloud droplets since the en-
tire particle spectrum is continuous (i.e. aerosols are not separated from the cloud
droplets). Moreover, due to the large difference in timescales between the collection10

process and vapor deposition, we separate the collection calculations from the vapor
deposition. The former occurs over 10s of minutes (e.g. Tzivion et al., 1987; Bott, 1998)
while the latter occurs over the course of a few seconds (e.g. Chuang et al., 1997; Prup-
pacher and Klett, 1997) Another reason for doing so is that the collection process does
not affect the ambient water vapor mixing ratio (note that the equilibrium vapor pres-15

sure will change slightly since larger drops require less water vapor in the gas phase
to maintain equilibrium), temperature, or supersaturation directly. The calculations are
performed as follows.

For numerical implementation, we employ the flux method of Bott (1998). (Bott,
2000 proposed a method by which the 2-D collection problem can be reduced to a20

1-D problem and then extrapolated back to 2-D. We find that it is best to apply the 1-D
method of Bott, 1998 in two-dimensions to minimize the loss of information when the
problem is simplified to a 1-D collection problem.) Collisions between every pair of bins
are explicitly calculated. We follow the parabolic flux method proposed in Bott (1998)
to limit upstream numerical diffusion.25
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We can express the loss of particles in bin i ,k due to collisions with particles in bin
j , l (∆N(i ,k)−(j,l )) as

∆N(i ,k)−(j,l )

∣∣
loss = Ni ,k Nj,l Ki ,j ∆t (13)

where Ni ,k and Nj,l are the number of particles in bins i , k and j , l , respectively, Ki ,j
is the collection kernel for the collisions between the i -th and j -th droplet bins (the5

solute is assumed to have a negligible impact on the kernels), and ∆t is the time step.
Assuming the collection kernel is symmetric,

∆N(i ,k)−(j,l ) |loss = ∆N(j,l )−(i ,k) |loss = ∆N (n,m)
(i ,k)−(j,l )

∣∣
gain (14)

in which ∆N (n,m)
(i ,k)−(j,l )|gain represents the gain of particles in bin n, m due to collisions

between droplets in bins i , k and j , l . Note that the well known problem occurs in10

which the newly formed droplets do no necessarily coincide with a 2-D bin size. Thus,
following Bott (1998) the new particles are added to bin n, m such that

N ′
n,m = Nn,m + ∆N (n,m)

(i ,k)−(j,l )

∣∣
gain (15)

where the ′ denotes an intermediary number concentration used to compute the flux to
surrounding bins. Unlike the pure 1-D collection scenario, wherein a single flux through15

the upper boundary of the bin must be computed, the 2-D case requires 3 fluxes.
Here, we can write the updated number concentrations in the bins affected by collisions
between bins i , k and j , l as

Nn,m = N ′
n,m − fn+1/2,m − fn,m+1/2 (16)

Nn+1,m = Nn+1,m + fn+1/2,m − fn+1,m+1/2 (17)20

Nn,m+1 = Nn,m+1 + fn,m+1/2 (18)

Nn+1,m+1 = Nn+1,m+1 + fn+1,m+1/2 (19)
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where f denotes the flux through the boundary given by the subscript. For example,
fn+1/2,m is the flux from bin n, m to n+1, m. First, fn+1/2,m is computed and used to
calculate the following

N ′′
n,m = N ′

n,m − fn+1/2,m (20)

N ′
n+1,m = Nn+1,m + fn+1/2,m (21)5

where the added ′’s denote an intermediary number concentration. These values are
then used to compute the flux through the m+1/2 boundary, i.e. fn,m+1/2 and fn+1,m+1/2.
For the 2-D case, similar to Bott (1998) we can express fn+1/2,m as a polynomial ex-
pression of order 2

fn+1/2,m = w (1)
(i ,k)−(j,l )

2∑
s=0

an,m,s

(s + 1) 2s+1

[
1 −

(
1 − 2 cn,m

)s+1
]

(22)10

in which

w (1)
(i ,k)−(j,l ) =

N ′

N ′
n,m

(23)

an,m,0 = − 1
24

[
Nn+1,m − 26 N ′

n,m + Nn−1,m
]

(24)

an,m,1 =
1
2

(
Nn+1,m − Nn−1,m

)
(25)

an,m,2 =
1
2

[
Nn+1,m − 2 N ′

n,m, + Nn−1,m
]

(26)15

cn,m =
x′ − xn,m

xn+1,m − xn,m
(27)
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where N ′ =∆N (n,m)
(i ,k)−(j,l )|gain, x′ is the size of a droplet formed by collisions between bins

i , k and j , l , w (1)
(i ,k)−(j,l ) is a weighting function, and cn,m can be thought of as a Courant

number. The coefficients an,m,s are computed by fitting the mass distribution curve to a
polynomial of order 2 following Bott (1998). Similar expressions can be derived for the
remaining two fluxes to get:5

fn,m+1/2 = w (2)
(i ,k)−(j,l )

2∑
s=0

a′n,m,s

(s + 1) 2s+1

[
1 −

(
1 − 2 cn,m

)s+1
]

(28)

in which

w (2)
(i ,k)−(j,l ) =

N ′ − fn+1/2,m

N ′′
n,m

(29)

a′n,m,0 = − 1
24

[
Nn,m+1 − 26 N ′

n,m + Nn,m−1
]

(30)

a′n,m,1 =
1
2

(
Nn,m+1 − Nn,m−1

)
(31)10

a′n,m,2 =
1
2

[
Nn,m+1 − 2 N ′

n,m, + Nn,m−1
]

(32)

cn,m =
y ′ − yn,m

yn,m+1 − yn,m
(33)

and

fn+1,m+1/2 = w (3)
(i ,k)−(j,l )

2∑
s=0

an+1,m,s

(s + 1) 2s+1

[
1 −

(
1 − 2 cn+1,m

)s+1
]

(34)
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where

w (3)
(i ,k)−(j,l ) =

fn+1/2,m

N ′
n+1,m

(35)

an+1,m,0 = − 1
24

[
Nn+1,m+1 − 26 N ′

n+1,m + Nn+1,m−1

]
(36)

an+1,m,1 =
1
2

(
Nn+1,m+1 − Nn+1,m−1

)
(37)

an+1,m,2 =
1
2

[
Nn+1,m+1 − 2 N ′

n+1,m + Nn+1,m−1

]
(38)5

cn+1,m =
y ′ − yn+1,m

yn+1,m+1 − yn+1,m
. (39)

Here, the weighting functions (w (2)
(i ,k)−(j,l ) and w (3)

(i ,k)−(j,l ) for the fluxes through the n,
m+1/2 and n+1, m+1/2 boundaries, respectively) represent the updated change in
droplet number concentration in bin n, m and n+1, m according to the flux fn+1/2,m.
Furthermore, y refers to the aerosol masses (y ′ is the aerosol mass created by col-10

lisions between droplets in bins i , k and j , l . A diagram showing these calculations,
demonstrating the directions in which mass “flows” due to collection for the various
fluxes shown above, is presented in Fig. 2.

2.4 1-D bin microphysics model

For comparative purposes, we will present results using the traditional 1-D bin micro-15

physics approach. The particular form of the 1-D bin model is that described in Lebo
and Seinfeld (2011), and the ice phase is excluded in the numerical calculations per-
formed here. The 1-D bin model is configured for simulations in which aerosol particles
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are regenerated upon droplet evaporation as described in the Introduction (i.e. the re-
generated aerosol size distribution is prescribed with the same shape parameters as
the initial distribution).

2.5 Bulk microphysics model

A two-moment bulk microphysics model (Morrison et al., 2005; Morrison and Pinto,5

2005) is employed in order to compare with the detailed 2-D microphysics scheme pre-
sented above. The bulk model is altered to include a detailed spectral representation
of the aerosol size distribution following Lebo and Seinfeld (2011). As is the case of
the 1-D bin scheme, simulations are performed in both the presence and absence of
aerosol regeneration. In both the bulk model and the 1-D bin model, the regenerated10

aerosol size distribution is assumed to be lognormal with the same geometric mean
diameter and standard deviation as the initial size distribution.

In addition to the modified version of the bulk microphysics scheme, we include
for comparative purposes, a set of simulations performed with the bulk microphysics
scheme without any modifications, i.e. no aerosol coupling (fixed droplet number con-15

centration, Nd). This microphysical option, obviously the fastest, lacks any link between
aerosol particles and cloud droplets.

3 Simulation of marine stratocumulus dynamics

In order to compare the various microphysics models, we present simulations of a
marine stratocumulus deck using an LES model. The stratified and closed nature of20

marine stratocumulus presents a good testbed for the 2-D continuous spectral warm-
phase microphysics model. Also, marine stratocumulus are a well-studied cloud type
via both in-situ measurements and modeling studies (e.g. Stevens et al., 1998, 2003,
2005; Rotstayn and Liu, 2009; Lu and Seinfeld, 2005, 2006; Bretherton et al., 2007;
Sandu et al., 2008, 2009; Hill et al., 2008, 2009; Ackerman et al., 2009; Shao and Liu,25
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2009; Wang et al., 2009; Wang and Feingold, 2009b; Wang et al., 2010, 2011; Xue
et al., 2010).

We employ the Weather Research and Forecasting (WRF) model, version 3.1.1
(Skamarock et al., 2008) for the dynamical core for the LES. All three microphysics
schemes described in Sect. 2 are coupled to WRF. The model is initialized with the5

liquid water potential temperature (θl) and total water mixing ratio (qt) shown in Fig. 3
based on the First International Satellite CLoud Climatology Project Regional Experi-
ment (FIRE I) from Duynkerke et al. (2004) and as incorporated in Chen et al. (2011).
Soundings from FIRE I have been used in numerous modeling studies of marine stra-
tocumulus (e.g. Hill et al., 2008, 2009; Chen et al., 2011). The sounding depicts a10

600 m deep shallow boundary layer that is capped with a 12 K and 3 g kg−1 inversion
in θl and qt, respectively. The zonal (u) and meridional (v) wind speeds are prescribed
to be -1 and 6 m s−1, respectively, throughout the model domain. The LES model is
initialized with a random ±0.1 K temperature perturbation to initiate the eddies. For
illustrative purposes, only nocturnal conditions are considered. The Rapid Radiative15

Transfer Model (RRTM) option in WRF is used for the longwave radiative transfer cal-
culations. The monotonic advection scheme is used for the advection of all scalars.

Simulations are performed on a 1 km×1 km×1.6 km domain with a horizontal and
vertical grid-spacing of 66.7 and 40 m, respectively. The vertical resolution chosen
for the current study is a bit lower than some of the recent detailed LES studies of20

marine stratocumulus (e.g. Hill et al., 2009; Chen et al., 2011), however, due to the
increased complexity of the microphysics calculations required to explicitly represent
the continuous 2-D aerosol-droplet spectrum, we relax the resolution somewhat in favor
of a more detailed microphysics scheme. Since the purpose of this work is to illustrate
the model’s implementation in a 3-D LES model, the resolution should be appropriate25

to determine changes in the aerosol size distribution due to cloud processing. The
model time step is 0.5 s. Periodic boundary conditions are employed on both the zonal
and meridional domain boundaries. The first 30 min are excluded from the analysis
below due to model spin-up. Results are shown for the subsequent 2 h.
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To compare the different microphysics schemes defined in Sect. 2 with the 2-D con-
tinuous scheme, we perform simulations both with and without aerosol regeneration
using the 1-D bin microphysics schemes, as well as a set of simulations with and
without aerosol regeneration using the bulk scheme. Lastly, we perform simulations
using the bulk microphysics model without aerosol coupling, i.e. fixed Nd. For the pur-5

pose of the these simulations, we fix Nd at 100 and 400 cm−3 to represent the “Clean”
and “Polluted” cases. These values are chosen so as to represent the number of
droplets expected to activate in an environment with an aerosol number concentration
of 100 and 500 cm−3, respectively. The suite of simulations is defined in Table 1, in-
cluding details on the assumptions regarding activation and regeneration of aerosol10

particles. In those simulations with explicit aerosol activation, the model is initialized
with a lognormal aerosol distribution:

nd (Dp
)
≡ dN

d ln Dp
=

Na√
2 π ln σ

exp

− ln2
(Dp

Dg

)
2 ln2 σ

 (40)

where, Na is the total aerosol number concentration, σ and Dg are the standard devia-
tion and geometric mean diameter, respectively, and Dp is the aerosol particle diameter.15

For the purposes of illustration, we let Dg =0.1 µm and σ =1.8.
In the 2-D continuous bin scheme, the initial aerosol distribution is binned in the 2-D

space according to dry aerosol size and equilibrium wet size. The equilibrium size is
computed by solving the equation for the equilibrium saturation ratio over a sphere of
an aqueous solution (Pruppacher and Klett, 1997) using the bisection method. For grid20

points in which the saturation ratio (S) is greater that 1, we assume that the relative
humidity (RH) is 95 % for the purpose of initializing the model.
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4 Results

4.1 Comparison of microphysics schemes

For comparison, we show the domain-averaged liquid water path (LWP) and droplet
number concentration (Nd) in Fig. 4. Table 2 shows the LWPs at the end of the sim-
ulations and the changes relative to the LES 2D for the same CCN number concen-5

tration. For the most part, the models suggest a LWP of 46 to 62 g m−2 after 2.5 h.
The LES Bulk NoReg case with Nd =100 cm−3 is an outlier (orange, solid), predicting
a LWP less than 30 g m−2 for most of the simulation. The reason for this disparity lies in
the fact that if aerosols are not regenerated when a droplet evaporates (whether it be at
cloud top due to entrainment or at cloud base due to sedimentation into subsaturated10

air), the evaporation serves as a sink for aerosol particles. Thus, instead of generating
more aerosol particles that can activate and keep the droplet number concentration re-
plenished, lack of regeneration leads to a gross underprediction of Nd. In this case, the
droplets will tend to be larger and thus the collision-coalescence process is artificially
enhanced. The autoconversion parameterization (Khairoutdinov and Kogan, 2000) is15

solely a function of the bulk Nd and cloud liquid water content (LWC, qc). The auto-
conversion rate is proportional to N−1.79

d . Thus, a decrease in Nd results in a strong
increase in the autoconversion rate, and enhanced drizzle formation. The drizzle drop
formation occurs near cloud top, as expected since this region of the cloud contains
the highest LWC. Ultimately, this leads to a decrease in the cloud top height (Fig. 5c)20

and a decrease in the LWC (due to smaller cloud depth and drizzle loss of condensed
water). Interestingly, the LES Bulk NoAer performs much better since the assumption
that Nd is fixed circumvents the aerosol problem in its entirety and acts to force Nd to
stay relatively high (almost as if aerosols were being regenerated and activated again).
However, the LWP is overpredicted in this case (Fig. 4 and Table 2).25

Moreover, from Fig. 4f, we see the effect of the assumption of constant droplet
number concentration. Comparison amongst the bin schemes suggests that this
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assumption overpredicts Nd by a factor of 2 in the “Clean” case and factor of 2 to 8
in the “Polluted” case. The addition of an explicit aerosol activation scheme produces
LWPs that are in better agreement with the bin models. However, the bulk model is still
not able to capture the change in Nd during the simulation (Fig. 4). These effects com-
bine to produce an unrealistic profile of the domain-averaged total condensed water5

(qt) profile (Fig. 6c). Here, we see evidence of the overpredicted autoconversion rate,
suppressing the cloud top LWC and drizzle leading to a reduction in the mean LWC.
Again, the simulations performed with an explicit binned-aerosol activation scheme
better capture the vertical profile of qt, regardless of the regeneration assumption.

With the two bin microphysics schemes, we find that there is little agreement on the10

direction of the aerosol effect on the LWP. From Fig. 4a, the 2-D continuous bin model
predicts that the LWP increases with increasing aerosol concentration (by 6 g m−2 at
the end of the simulations). This is in agreement with previous modeling studies (e.g.
Albrecht, 1989; Ackerman et al., 2003; Sandu et al., 2008; Wood et al., 2009; Chen
et al., 2011) and in-situ observations (Radke et al., 1989; Ferek et al., 2000). The in-15

crease in LWP results from changes near cloud top to an increase in aerosol loading.
An increase in CCN number concentration lead to a monotonic increase in Nd and thus
a less efficient collision-coalescence process. As a result, the droplets that reside near
cloud top are smaller under polluted conditions and thus have a smaller terminal fall
speed than analogous droplets in the “Clean” scenario. Consequently, the cloud top20

region moistens and stays elevated (Figs. 5a and 6a). A similar effect is seen in the sim-
ulations performed with the 1-D bin microphysics scheme without aerosol regeneration
(Fig. 5b, blue). On the other hand, the simulations performed with the 1-D bin scheme
including aerosol regeneration suggest that the LWP decreases with increased aerosol
loading (Fig. 4, red and Fig. 5b). The reason for the switch in the sign of the effect on25

the LWP is due to an increase in entrainment at the cloud top-free troposphere inter-
face. Figure 7 shows the horizontal- and temporal-averaged vertical velocity variance
(w ′w ′), a proxy for the strength of turbulent mixing. For the LES 1D Reg case (red,
dashed), there is an increase in w ′w ′ at the inversion level (z=600 m) relative to the
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“Clean” case (red, solid). This increase in mixing is caused by increased evaporation
in the entrainment regions (regeneration produces more numerous, smaller aerosol
particles that are more likely to evaporate), leading to an increase in entrainment and
a positive feedback loop occurs with a further increase in evaporation near cloud top.
Ultimately, this leads to a decrease in the LWP (the differences in modeled LWP are5

discussed in more detail below). This is corroborated by the decrease in qt in Fig. 6b
and the decrease in LWP in Fig. 4. This effect is commonly referred to as the en-
trainment – evaporation effect for non-drizzling clouds (i.e. Wang et al., 2003; Xue and
Feingold, 2006; Hill et al., 2008). On the other hand, the increase in LWP demonstrated
by the 2-D continuous bin scheme for an increase in aerosol loading is suggestive of10

the cloud-lifetime effect (Albrecht, 1989), in which an increase in aerosol loading leads
to more numerous, smaller droplets that mitigate the collision-coalescence process.
Consequently, drizzle is suppressed and the LWP increases (Fig. 4a).

Owing to the inherent nature of the assumptions regarding aerosol regeneration and
activation in the current 1-D bin schemes, the cloud droplet number concentration and15

LWP predicted could be biased (either positively or negatively) as discussed in the In-
troduction. In fact, the aerosol size distribution is constantly being modified by cloud
processes (both microphysical and chemical, although the latter is not considered in
the current study), thus the regenerated aerosol will not necessarily conform to the size
distribution of the originally activated aerosol. In fact, one can imagine that the regen-20

eration assumptions may produce an erroneously large amount of small aerosol parti-
cles under certain conditions, and erroneously large particles in other conditions. The
2-D continuous bin microphysics scheme suggests that there is a negligible change
in turbulent mixing at cloud top with an increase in aerosol loading (Fig. 7a) and thus
increases in LWP (Fig. 4a), qt near cloud top (Fig. 6a) and cloud top height (Fig. 5a)25

are observed.
Changes in aerosol loading near cloud base initiate a number of effects on ma-

rine stratocumulus dynamics. An increase in the CCN number concentration leads
to smaller, more numerous droplets, slowing the collection process and suppressing
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drizzle. This leads to a decrease in both below-cloud evaporative cooling and latent
heating within the cloud and consequently an increase in turbulent mixing near cloud
base. More mixing implies more entrainment and an increase in evaporation that acts
to decrease the LWP. This so-called drizzle-entrainment effect, counteracts the cloud
lifetime effect mentioned above. Figure 7 demonstrates the increase in w ′w ′ both within5

the cloud and at cloud base. Accordingly, as suggested by Lu and Seinfeld (2005) and
Wood (2007), this leads to a decrease in qt due to increased evaporation near cloud
base. However, the decrease in qt near cloud base due to increased aerosol loading
is smaller than the opposing increase in qt at cloud top. Thus, the overall effect is to
increase the LWP of the cloud. Moreover, changes in cloud top may be mitigated by10

changes at cloud base (or even at cloud edges), thus a detailed model is necessary
to simulate aerosol effects on cloud properties. The compensating effects of increased
aerosol loading on cloud top and cloud base need not always favor increased LWC
near cloud top (and thus an increase in LWP). The case presented here is represen-
tative of marine stratocumulus, but other factors can play a role in cloud dynamics15

near the boundaries, for example, sensitivity of marine stratocumulus to free tropo-
spheric humidity (e.g. Ackerman et al., 2004), sea surface temperature (SST) (e.g. Lu
and Seinfeld, 2005), diurnal heating (e.g. Hill et al., 2008; Sandu et al., 2009), entrain-
ment rates (e.g. Wang et al., 2003; Xue and Feingold, 2006; Bretherton et al., 2007;
Hill et al., 2009), and point sources, e.g. ships (e.g. Wang et al., 2011) under various20

aerosol loadings have been explored.
The reasons for the disparity in the sign of the effect on the LWP of increased aerosol

loading between the 2-D continuous bin microphysics scheme and the 1-D bin scheme
are three-fold. (1) The underlying assumptions involving regeneration of aerosol par-
ticles in the 1-D bin scheme erroneously produce particles that are either smaller or25

larger than their actual size after cloud microphysical processing. (2) The terminal fall
speed (vt) calculations are quite different. The 1-D bin model uses a simple (and ef-
ficient) size relation for vt (i.e. vt =ADB

d , where A and B are empirical constants and
Dd is the droplet size in a given bin in the 1-D model). Conversely, we have included
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the detailed calculation of vt following Beard (1976) to more accurately represent the
nonlinear nature of vt as a function of droplet size. For intra-model consistency, the
detailed calculations of vt are also used to compute the collection kernels. And (3), the
1-D bin microphysics model does not include the effect of solute mass on condensa-
tion/evaporation. From Köhler Theory, we expect that a droplet containing a relatively5

large amount of solute will be less likely to evaporate since its critical supersaturation
(sc) is small (i.e. less than the ambient supersaturation within the cloud). Moreover,
droplets formed on large CCN can be large enough to be considered a droplet (i.e. its
diameter is more than 3 µm) even in a subsaturated environment. In the absence of
collision-coalescence, the slowed evaporation near cloud top due to increased solute10

mass ought to be rather insignificant since there are very few large aerosol particles
present in the initial aerosol size distribution. However, as we show below, the collision-
coalescence process is very efficient, especially in relatively clean environments, and
consequently there is a significant increase in both the mean droplet size and solute
mass. Since the highest LWC is found near cloud top, collection of cloud droplets is15

often most efficient in this region and thus one would expect to find that the increase in
larger aerosol particles to be most substantial here. Hence, in the “Clean” scenario, the
1-D bin microphysics model does not agree with the the 2-D continuous bin scheme.

4.2 Cloud microphysics effects on the aerosol size spectrum

The 2-D continuous model allows for the analysis of microphysical effects on the20

aerosol size distribution. Larger aerosol particles are more readily activated, espe-
cially in regions of relatively high CCN number concentration, i.e. regimes in which the
activation process (or formation of cloud droplets from haze particles) is vapor-limited
and not CCN-limited. In relatively clean environments, most, if not all, CCN activate
to form cloud droplets. However, as the number concentration of CCN increases, the25

fraction of particles that ultimately activate decreases. In the transition region, from
vapor-limited activation to CCN-limited activation, the size distribution of the ambi-
ent aerosol becomes important. Moreover, the collision-coalescence process is still
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relatively efficient and consequently cloud microphysical processing ought to lead to
the formation of larger aerosol particles, i.e. particles that are more readily activated
after regeneration. The 2-D continuous microphysics scheme is designed to explicitly
and physically represent the change in the aerosol size spectrum due to cloud micro-
physical processing.5

As sketched in Fig. 1, cloud microphysical processing results in a shift in the aerosol
size spectrum towards larger sizes; there is no cloud microphysics process by which
aerosols become smaller. The increase in the mean size of the aerosol spectrum
depends on the effectiveness of the collision-coalescence. The cloud radar reflectivity
(Z) defined as (Rogers and Yau, 1989)10

Z = 10 log

[∑
i

∑
k

∫ ∞
0

Ni ,kD
6
k dDk

]
(41)

where Dk is the droplet diameter in the k-th droplet bin shows the effect of the mi-
crophysical processes (Fig. 8). Higher values of Z (i.e. less negative) correspond to
the production of larger cloud droplets and drizzle droplets. In the “Clean” case, Z
increases from its minimum of −38 dBZ at 35 min to −19 dBZ at the end of the simula-15

tion (an increase of 19 dBZ) while in the “Polluted” case, Z increases from −44 dBZ at
60 min to −32 dBZ at the end of the simulation (an increase of 12 dBZ). Linear regres-
sion lines are shown in Fig. 8 for the final 50 min of simulation time and the correspond-
ing slopes (m) are displayed to demonstrate the differences in collection efficiency be-
tween the “Clean” and “Polluted” cases; while Z is increases at 10.6 dBZ h−1 during20

the final 50 min in the “Clean” case, while at only 1.9 dBZ h−1 in the “Polluted” case.
Moreover, the increase in Z from its minimum to its maximum in the “Clean” scenario
is 58 % larger than that of the “Polluted” scenario, clearly demonstrating the increase
in efficiency of the collision-coalescence process in relatively clean conditions. Given
the substantial increase in Z , even within a short period of time, it is expected that the25

change in the aerosol spectrum ought to be significant.
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In Fig. 9 we show the relative CCN number concentration at various times in the
simulations (RCCN). These calculations are done relative to the mean size distribution
after the 30 min of spinup (this ensures that the results presented in Fig. 9 are not
significantly affected by the initial thermal perturbation). Thus, RCCN is defined as:

RCCN(t) =
NCCN(t)

NCCN (t = 30 min)
(42)5

where NCCN(t) is the CCN (aerosol) number concentration at time t and NCCN
(t=30 min) is the CCN number concentration at t=30 min. If we first focus our at-
tention on the “Clean” case in Fig. 9 (solid) and move from 45 min (black) to 150 min
(yellow), we find that even after 2 h, the collection process still significantly affects the
aerosol size spectrum (as suggest by the monotonic increase in Z from Fig. 8). In fact,10

after 150 min of simulation time (or, 2 h after the point at which the relative concentra-
tions are defined), there is a substantial increase in particles in bins 10–14, reaching a
maximum in bin 14 with RCCN (t=150 min)=9.2. Thus, there is an increase, by nearly
an order of magnitude, in the number of particles in this bin, solely as a result of the
collision-coalescence process. The collection of cloud droplets (either via collision-15

coalescence or aerosol scavenging) is the sole mechanism for this increase (i.e. we
can rule out sedimentation and advection), since the calculations are horizontal aver-
ages within the boundary layer and Fig. 7a suggest that there is little mixing across the
cloud top inversion (the source of fresh aerosol from above is negligible), and the cloud
does not produce precipitation at the surface. This increase arises at the expense of20

smaller aerosol particles. At the end of the simulation, only about 40 % of the particles
in bins 1 through 6 remain relative to the number concentrations at t =30 min. (In tra-
ditional 1-D bin and bulk microphysics models with aerosol regeneration included, it is
assumed that there is no change in the size distribution parameters of the regenerated
aerosol.) Under relatively clean conditions, the arithmetic mean aerosol size increases25

from 0.119 µm at 30 min to 0.138 µm 2 h later. In other words, the mean size increases
by 16 % in 2 h for the “Clean” scenario.
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The increase in the CCN number concentration from the “Clean” to the “Polluted”
case limits the production of larger cloud droplets and drizzle drops (Fig. 8) and conse-
quently limits the conversion of aerosol particles to larger CCN. From Fig. 9a (dashed),
we find that there is a rather small change in the number concentrations in the larger
bins until about 90 min into the simulations (60 min after the chosen time to compute5

RCCN) since the collision-coalescence process is far less efficient in a polluted environ-
ment. However, at the end of the simulation, we find that the number concentration in
bin 14 increases by a factor of 4 (albeit, less than half that shown for the “Clean” case
above). Moreover, the number concentration of aerosol particles in bins 1 through 5
is about half that of the number present at 30 min into the simulation due to collection10

(collision-coalescence and/or aerosol scavenging). In other words, after 2 h of cloud
microphysical processing the number of small aerosol particles is reduced by one-half.
In this case, the mean aerosol size increases from 0.1175 µm at 30 min to 0.133 µm
2 h later, an increase of about 10 % (roughly two-thirds of the increase in the mean
aerosol size shown for the “Clean” case above). These changes in the aerosol size15

distribution are significant and suggest that the assumptions used regarding aerosol
regeneration in traditional 1-D bin microphysics models (and even detailed bulk micro-
physics scheme) can lead to inaccuracies in the predicted LWP, distribution of LWC
within the cloud, and an underestimation of Nd.

The changes in the CCN number concentration presented here are obviously a fac-20

tor of the meteorological conditions imposed. However, the collision-coalescence rate
is controlled dominantly by Nd and qt and consequently the change in aerosol distri-
bution is also mostly affected by changes in Nd and qt. For clouds within the marine
boundary layer, qt is not significantly altered for an increase in the aerosol loading from
100 to 500 cm−3. However, the droplet number concentration is significantly larger.25

Thus, the droplet number concentration, which is inherently linked to the ambient CCN
number concentration, should be the most significant factor in determining the collision-
coalescence rate and consequently the change in the aerosol distribution due to cloud
processing. Moreover, one can expect that for a thinner cloud (i.e. less than 250 m
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deep), qt will be reduced, leading to a decrease in the size of the cloud droplets and
less collision-coalescence. This will result in a smaller effect on the aerosol size distri-
bution shift toward larger sizes. On the other hand, in a thicker cloud, (i.e. more than
300 m deep), qt will be elevated, increasing the size of the cloud droplets, increas-
ing the collision-coalescence rate, and potentially further enhancing the production of5

larger aerosol particles.

5 Conclusions

A 2-D continuous spectral aerosol-droplet microphysics model is presented and com-
pared to the traditional microphysics approaches (i.e. 1-D bin models and bulk models).
Unlike the now standard 1-D bin microphysics schemes, the aerosol size spectrum and10

the droplet size spectrum are joined together to create a 2-D continuous distribution en-
compassing both wet aerosol particles (i.e. haze particles), cloud droplets, and drizzle
droplets. This approach requires no a priori assumptions regarding the activated size
of nucleated droplets and the size of regenerated aerosol particles (i.e. those aerosol
particles that are formed upon the evaporation of cloud droplets). The former is nor-15

mally calculated by computing the nucleated droplet equilibrium size for small aerosol
particles or by multiplying the aerosol size by a factor between 3 and 8 for larger aerosol
particles (Kogan, 1991; Khain et al., 2000; Xue et al., 2010; Lebo and Seinfeld, 2011).
Upon activation, an aerosol particle is lost. The regeneration process presents an
additional complication and shortcoming in the traditional 1-D microphysics approach.20

While it is often assumed that each evaporated droplet forms one aerosol particle, the
size of the newly formed aerosol particle is unknown and must be assumed. Yin et al.
(2005), Wang et al. (2010), and Xue et al. (2010) demonstrate the significance of in-
cluding aerosol regeneration in detailed cloud models, however the actual size of the
regenerated particles is not known. The 2-D continuous bin microphysics scheme can25

be extended to include aqueous-phase chemistry and generate parameterizations for
regenerated aerosol sizes.
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We show that the collection process is a significant source of large aerosol particles,
especially in relatively clean environments where the collision-coalescence process
is rather efficient (an increase in large aerosols by nearly a factor of 10 after 2 h of
cloud processing is shown). In the absence of aqueous-phase chemistry and collision-
coalescence, the aerosol size spectrum is stagnant (assuming that the cloud is not pre-5

cipitating to the surface). However, the collision-coalescence process is a sink for cloud
droplets and a source for larger cloud droplets and drizzle drops (and consequently is a
sink of small aerosol particles and a source of larger aerosol particles). Without track-
ing the solute mass in a continuous aerosol-droplet spectrum, the regenerated aerosol
distribution will have a bias and the evaporating of cloud droplets and subsequent ac-10

tivation of the regenerated aerosol will be erroneous. We demonstrate that the sign of
the change in LWP due to an increase in aerosol loading is positive using the 2-D con-
tinuous bin model while it is negative using the 1-D bin model with regeneration. The
1-D model is not capable of accurately predicting the retarded evaporation of droplets
containing larger solute mass (that resulted from collection within the cloud) and thus15

overpredicts the evaporation-entrainment effect near cloud top (e.g. Wang et al., 2003;
Xue and Feingold, 2006; Hill et al., 2008).

The 2-D continuous spectral aerosol-droplet microphysics model is designed to si-
multaneously account for the depletion (production) of water vapor and heating (cool-
ing) during condensation (evaporation). Traditionally (e.g. Tzivion et al., 1989; Reisin20

et al., 1996; Harrington et al., 2000; Khain and Lynn, 2009; Xue et al., 2010), the
supersaturation change over the course of a time step is approximated and used to
compute the condensation or evaporation of cloud droplets. The total change in mass
is then used to compute the amount of latent heat release, and subsequently the am-
bient temperature is updated. However, in reality, the process is not step-wise but25

instead continuous, and coupled. To avoid inconsistencies the simulated condensa-
tion/evaporation, the Variable Order Differential Equation (VODE) solver is employed
embedded within the scheme in order to solve the coupled set of differential equa-
tions account for condensation/evaporation in each bin, mass conservation, energy
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conservation, and supersaturation. The setup is computationally expensive, but en-
sures the accurate prediction of condensation/evaporation including both the curvature
effect and solute effect (i.e. Köhler Theory is explicitly included).

In determining the practical applications of the 2-D continuous spectral aerosol-
droplet microphysics scheme, it is important to consider two key questions: (1) is5

collision-coalescence a significant process for modulating Nd? and (2) is regenera-
tion important? The former is often answered by considering the ambient CCN number
concentration and cloud depth (a measure of the adiabatic LWC). Thus, for relatively
low CCN number concentrations in moist environments, collision-coalescence is an ef-
ficient mechanism for drizzle formation and it was shown that the bulk model performs10

worst in comparison to the 2-D bin model. The 1-D model is better able to capture the
collection process, but, the model is negatively biased in terms of the predicted LWP,
without regeneration, while positively biased when regeneration is accounted for. We
show that regardless of the activation assumption, the 1-D bin model underpredicts
Nd since, without regeneration, droplet evaporation results in a loss of aerosol and,15

with regeneration, the aerosols are preferentially relocated to the smaller bins that are
less likely to activate on subsequent time steps. On the other hand, for relatively high
CCN number concentrations, (i.e. where collision-coalescence is less efficient), the
bulk model performs rather well in comparison to the explicit 2-D bin model. The 1-D
model with regeneration is not able to represent the increase in LWP with increased20

aerosol loading that is suggested by the 2-D bin model. Again, the 1-D model under-
predicts Nd and the coinciding dynamical feedback at cloud top causes a decrease in
cloud top height and a decrease in LWP. To answer the second question, once can
speculate that within a thicker cloud (i.e. the volume to surface area ratio of the cloud
as a whole is larger), the relative importance of regeneration decreases since it is less25

likely that a parcel of air will interact with drier, entrained air. Conversely, in a thinner
cloud, regeneration will likely be even more important than shown for the illustrated
scenario.
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It is shown that the 2-D bin model, with the explicit treatment of aerosol regenera-
tion and scavenging, predicts an increase in LWP with increased aerosol loading while
the 1-D bin model with regeneration predicts the opposite effect, demonstrating the
significance of including a physically-based representation of regeneration (in addition
to include solute effects on condensation/evaporation). The suite of simulations per-5

formed here suggests that using traditional microphysical models in the absence of
aerosol regeneration on short timescales (i.e. <3 h) at night may provide results similar
to the more detailed, 2-D bin method (i.e. predicted LWPs within 10 % of the 2-D bin
method prediction). Attempting to account for regeneration, especially when collision-
coalescence is significant (and thus greatly affects the solute mass distribution), in-10

troduces a negative bias on the droplet number concentration as well as additional,
erroneous feedbacks (i.e. increased entrainment at cloud top, decreased LWP, etc.).

In situations where the efficiency of collision-coalescence and regeneration is chal-
lenging to determine a priori, the 2-D continuous spectral aerosol-cloud microphysics
model, in conjunction with an explicit 1-D bin microphysics model, can serve as a use-15

ful tool in determining the significant of regeneration on the chosen case and model
setup.

The model, in its current state, lacks the ability to simulate mixed-phase microphysics
and thus cannot be combine to studies related to, for example, mixed-phase stratiform
clouds in the Arctic or deep convection. Including mixed-phase microphysics within a20

2-D spectral microphysics model is computationally too expensive at present. However,
one can speculate that in deep convective clouds where entrainment and detrainment
of air into and out of the convective core is prevalent, regeneration could potentially
play a significant role in subsequent microphysical processes (both regeneration from
evaporated cloud drops and sublimated ice crystals, snow, and/or graupel). Increased25

instability and turbulent motions within these systems creates an environment con-
ducive to efficient collision-coalescence, and consequently large shifts in the aerosol
mass distribution. More work is needed in this regard to determine the precise impor-
tance of regeneration in mixed-phase clouds.
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Table 1. Model Configurations and Microphysics Descriptions.

Designation Type Microphysics Aerosol Activation Aerosol Regeneration Reference

LES 2D LES 2-D Bin Explicit Explicit Current Study
LES 1D Reg LES 1-D Bin Parameterized Parameterized Lebo and Seinfeld (2011)
LES 1D NoReg LES 1-D Bin Parameterized No Lebo and Seinfeld (2011)
LES Bulk Reg LES 2-Moment Bulk Parameterized Parameterized Morrison et al. (2005)

Morrison and Pinto (2005)
Lebo and Seinfeld (2011)

LES Bulk NoReg LES 2-Moment Bulk Parameterized No Morrison et al. (2005)
Morrison and Pinto (2005)
Lebo and Seinfeld (2011)

LES Bulk NoAer∗ LES 2-Moment Bulk No No Morrison et al. (2005)
Morrison and Pinto (2005)

∗ In this scenario, the bulk microphysics scheme of Morrison et al. (2005) and Morrison and Pinto (2005) is run without
any modifications, i.e. no aerosol coupling (fixed droplet number concentration).
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Table 2. LWP and relative change in comparison to the corresponding simulation performed
with the 2-D bin microphysics scheme.

LWP [g m−2]∗

NCCN [cm−3] LES 2D LES 1D Reg LES 1D NoReg LES Bulk Reg LES Bulk NoReg LES Bulk NoAer

100 49.6 54.8 (10.5 %) 52.3 (5.4 %) 57.0 (14.9 %) 29.7 (−40.1 %) 55.5 (11.9 %)
500 54.5 48.3 (−11.4 %) 53.0 (−2.8 %) 59.9 (9.9 %) 50.0 (−8.3 %) 56.0 (2.8 %)

∗ The LWP is domain- and temporal-averaged for the final 30 min of the simulations. Relative changes are shown in
parenthesis and are computed relative to the LES 2D simulations with the same NCCN.
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Fig. 1. Schematic of the microphysical process represented in the continuous 2-D spectral
aerosol-droplet microphysics scheme.
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(n,m)

(n,m+1) (n+1,m+1)

(n+1,m)

4
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(j,l)

(i,k)

xi,k+xj,l
1

2

4

xdxn

xm
3

Fig. 2. Schematic of the 2-D collection problem for a mesh of particles with droplet mass xd
and solute mass xs. The calculations are performed in the following order: (1) droplets in bins i ,
k and j , l collide to form a droplet of mass xi ,k +xj,l in bin n, m. (2) The newly formed particles
are added to n, m to get N ′

n,m. 3) The flux through the n+1/2, m boundary is computed and
the particles are moved from bin n, m to n+1, m according to fn+1/2,m, fn,m+1/2 and fn+1,m+1/2,
and the number concentrations in the 4 bins are updated accordingly.
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Fig. 3. Liquid potential temperature (black) and total water mixing ratio (red) used to initialize
the model in the marine stratocumulus example.
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(a) (b) (c)

(d) (e) (f)

Fig. 4. Liquid water path (LWP) and droplet number concentration (Nd) for the set of simulations
defined in Table 1: LES 2D – (a) and (d), black, LES 1D Reg – (b) and (e), red, LES 1D NoRe
– (b) and (e), blue, LES Bulk Reg – (c) and (f), green, LES Bulk NoReg – (c) and (f), orange,
and LES Bulk NoAer – (c) and (f), cyan. Both the “Clean” (solid) and “Polluted” (dashed) cases
are shown for all scenarios.
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(a) (b)

(c)

Fig. 5. Cloud top (top curves) and cloud base (bottom curves) for the suite of simulations de-
scribed in Table 1, i.e. LES 2D – (a), black, LES 1D Reg – (b), red, LES 1D NoReg – (b), blue,
LES Bulk Reg – (c), green, LES Bulk NoReg – (c), orange, and LES Bulk NoAer – (c), cyan.
Both the “Clean” (solid) and “Polluted” (dashed) cases are shown for all scenarios.
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(a) (b)

(c)

Fig. 6. Total condensed water (qt). Colors are as in Fig. 5. Note that these are horizontally-
averaged profiles of qt at 2 h into the simulations.
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(a) (b)

(c)

Fig. 7. Vertical velocity variance (w ′w ′). The vertical profiles are averaged over the last 2 h of
the simulations. Colors are as in Fig. 5.
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Fig. 8. Cloud radar reflectivity in dBZ for the simulations performed with the 2-D continuous bin
microphysics scheme under “Clean” (solid) and “Polluted” (dashed) conditions. Reflectivities
are averaged horizontally throughout the domain and vertically within the boundary layer.
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Fig. 9. Relative change in the CCN number concentration (NCCN) after 45 min (black), 90 min
(blue), 150 min (red). Both the “Clean” (solid) and “Polluted” (dashed) cases are shown. Note
that the y-axis is a log-scale and that the area under the curves relative to the line RCCN =1
need not be 0. In fact it should not be 0 since we use mass doubling between bins such that,
for example, the diameter of particles in bin 8 are half that of particles in bin 11. Shown are the
horizontally-averaged values within the boundary layer.
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