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Abstract. A two-dimensional (2-D) continuous spectral served and predicted by models are on the macro-scale. In
aerosol-droplet microphysics model is presented and implefarge-scale numerical models, e.g., regional climate models
mented into the Weather Research and Forecasting (WRFnd general circulation models (GCM), cloud processes are
model for large-eddy simulations (LES) of warm clouds. Ac- prognostic but require significant assumptions about the de-
tivation and regeneration of aerosols are treated explicitly intails of the sub-gridscale processes (eSundqvist 1988

the calculation of condensation/evaporation. The model in-Beheng 1994 Del Genio et al. 1996 Rotstayn 1997,
cludes a 2-D spectrum that encompasses wet aerosol partRoeckner et al2003 Rotstayn and Liy2003a Zhang et al.

cles (i.e., haze droplets), cloud droplets, and drizzle droplet2003 Morrison and Gettelmar2008. As one moves to-

in a continuous and consistent manner and allows for the exward models with smaller domains, e.g., numerical weather
plicit tracking of aerosol size within cloud droplets due to prediction models or cloud resolving models (CRM), rel-
collision-coalescence. The system of differential equationsevant dynamical processes are better resolved and this re-
describing condensation/evaporation (i.e., mass conservatioguires more precise numerical cloud models. Frequently,
and energy conservation) is solved simultaneously withinsingle-moment or two-moment bulk microphysics schemes
each grid cell. The model is demonstrated by simulating aare employed in these models (e.bin et al, 1983 Rut-
marine stratocumulus deck for two different aerosol loadingsledge and Hobhs1983 1984 Ferrier, 1994 Walko et al,

(100 and 500 cm?), and comparison with the more tradi- 1995 Feingold et al. 1998 Rasch and Kristjanssp998
tional microphysics modeling approaches (both 1-D bin andSimpson et a).2003 Hong et al, 2004 Thompson et al.
bulk schemes) is evaluated. The simulations suggest that i2004 Morrison et al, 2005 Morrison and Pintp2005 Hong

a 1-D bin microphysics scheme, without regeneration, tooand Lim 2006 Li et al., 2008 Thompson et al2008 Wang

few particles are produced and hence the mode of the dropleind Feingold2009ab; Lim and Hong 2010. These models
size spectrum occurs at a larger size relative to the 2-D birpredict either the first moment of a cloud particle size distri-
model results. Moreover, with regeneration, the 1-D schemeébution (i.e., number concentration) or both the first and third
produces too many small droplets and thus shifts the modenoments (i.e., number concentration and mass mixing ratio),
toward smaller sizes. These large shifts in the droplet sizeespectively. In general, the prognostic equations for changes
distribution can potentially have significant effects on the ef-both in number concentration and mass mixing ratio rely on
ficiency of the collision-coalescence process, fall speeds, andn assumption regarding the shape of the size distribution of
ultimately precipitation. cloud particles. Here, “particles” refers to any of the fol-
lowing: cloud droplets, rain drops, pristine ice, snow (aggre-
gates), graupel, and/or hail. By assuming a functional shape,
e.g., a gamma distribution, changes in bulk cloud quanti-
ties can be analytically computed. However, such schemes

. . . lack the ability to accurately represent the various nonlinear
Numerical modeling of clouds presents a particularly chal- y yrep

. } . . rocesses within a cloud, i.e., collision-coalescence, aggre-
lenging problem in that the underlying physical processesp 99

. . o gation, accretion, riming, etc., since the analytical solutions
occur on the micro-scale, while the bulk quantities often ob- : . : X L
require gross assumptions regarding not only the size distri-

bution shape, but also, fall speed, collection efficiency, etc.
Correspondence taZ. J. Lebo In recent years, advances in computing efficiency and
m (zachlebo@caltech.edu) parallel processing have enabled the use of more detailed
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cloud microphysics models, i.e., bin (or spectral) micro- assumption introduces a bias in the modeled droplet num-

physics.
tions in both warm and mixed-phase clouds (eIgivion
et al, 1987 1989 Feingold et al.1988 Reisin et al. 1996
Stevens et 311996 Geresdi1998 Geresdi and Rasmussen
2005 Rasmussen et all987% Khain et al, 2004 Khain and
Pokrovsky 2004 Khain and Lynn 2009 Fan et al. 2009
Xue et al, 201Q Lebo and Seinfeld201]). Instead of track-

These models have been developed for applicaser concentration that can be either positive or negative (i.e.,

leads to too many or too few cloud droplets), as will be ex-
plained shortly. In Figl a schematic of the relevant cloud
microphysical process that control both the droplet size and
solute mass are shown. Aerosol particles located in subsat-
urated regions will exist as haze particles. Upon activation,
condensational growth increases the droplet mass while the

ing a single number concentration and mass for each typsolute mass remains constant. If the droplets are sufficiently
of cloud particle, the bin microphysics schemes discretizelarge, collision-coalescence can become an important mech-
the distributions into size bins that span the smallest cloudanism for not only cloud droplet growth, but also solute mass
droplets to large rain/graupel/snow/hail particles. The in-growth. Also, the solute mass in a droplet may have changed
herent nature of this approach allows for the explicit calcu-during the time in cloud due to collection, scavenging of
lation of the collection processes within clouds based uporaerosols, or in-situ chemical reaction. Thus, a shift in the
pair-wise collisions of cloud particles. Additionally, through size distribution toward larger sizes is expected, especially,
size resolution, other processes, e.g., sedimentation, cornn relatively clean environments where collision-coalescence
densation/evaporation, deposition/sublimation, can be betteis significant and efficient. Modeling the evolution of so-
simulated. lute mass along with cloud droplet number concentration and
These approaches to simulating clouds, even in the mostnass is desirable.
detailed case of the traditional bin microphysics scheme, The activation/regeneration problem can be summarized
still rely on assumptions, specifically regarding aerosol ac-as follows (Fig.1). An initial aerosol size D) distribution
tivation (i.e., the process by which a haze droplet or wet(Ns) undergoes activation (left to right, red, solid); larger
aerosol grows beyond its corresponding critical radigs, cloud condensation nuclei (CCN) are more easily activated
thus becoming a cloud droplet) and aerosol regeneration (thisince a lower ambient supersaturation is required. These par-
term refers to the mechanism by which an aerosol particleicles are then removed from the aerosol size distribution,
is formed as a cloud droplet evaporates). In reality, wetleaving the non-activated particles. From this point, the man-
aerosols, cloud droplets, and drizzle droplets comprise a comer in which the regeneration step is represented can affect

tinuous spectrum defined by both the total size and the conthe droplet (and aerosol) size distribution in two ways:

tained solute (aerosol) mass. RecenHye et al.(2010
demonstrated the significance of aerosol regeneration using
a spectral bin microphysics model. Followilgjtra 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 the activated aerosol particle grows
within the cloud droplet spectrum, information regarding the
size of the activated aerosol is lost. Furthermore, the evap-
oration 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 rebin-
ning the new cloud droplets into the Eulerian bifgigion

et al, 1989 Reisin et al. 1996 Khain et al, 2004 Lebo

and Seinfeld2011). Thus, information regarding the size
of the droplet before evaporation is lost after a single time
step, making it difficult to 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, 201Q Lebo and
Seinfeld 2011, the size distribution of the regenerated
aerosols is prescribed to be lognormal (either with a single
mode or bimodal). And since the actual size of the regen-
erated 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

Atmos. Chem. Phys., 11, 1229172316 2011

Negative Bias- In regions of entrainment, if all of
the droplets within a grid box evaporate, the number
concentration of regenerated aerosol partichgdj is
identical to the original cloud droplet humber concen-
tration (Vg). A traditional approach is that these parti-
cles are described by the parameters used for the initial
aerosol size distribution and are added to the existing
distribution (black, dashed). However, during the acti-
vation process, the smaller aerosols do not activate and
thus shouldnot be regenerated. Here, we see that the
aforementioned assumptions regarding aerosol regen-
eration 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 acti-
vate). With subsequent evaporation/regeneration events
this bias grows, and continuous activation and regen-
eration will lead to a significant, 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 reduc-
ing the supersaturation below that which would allow
the smaller aerosol particles to activate). Consequently,
fewer droplets are formed during activation aNd is
ultimately underpredicted, i.e., there is a negative bias
in Ng.

www.atmos-chem-phys.net/11/12297/2011/
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Fig. 1. Schematic of the microphysical process represented in the continuous 2-D spectral aerosol-droplet microphysics scheme.

2. Positive or Negative Bias In the event that all of the size bin in the aerosol distribution until it attains its pre-
droplets in a grid cell are not evaporated, large dropletsactivated value (i.e., the number concentration that was set
will remain, while smaller droplets will completely during the model initialization), then the second smallest bin
evaporate Pruppacher and Klettt997. The smaller, is filled, and so on. This method, albeit more precise in
now evaporated droplets, were most likely formed on that it will not artificially produce excess small particles, still
aerosol particles near to the cutoff size for activation lacks the ability to reproduce the ambient aerosol field af-
(i.e., the critical supersaturation of these aerosols is juster droplet evaporation, especially in conditions where the
below the ambient supersaturation when activation oc-collision-coalescence process is a significant sink of small
cured) and should consequently return to the bins con-aerosols and a source of larger aerosols (as shown below).

taining the smallest activated aerosols. Instead, thege Another method for simulating aerosol effects on clouds
droplets are evaporated and the regenerated aerosol {§ {5 assume that the aerosol number concentration is fixed
spread oveall sizes. This treatment produces EXCESS (e.g.,Lu and Seinfeld2005 2006 Sandu et a).2008 Chen
small a_erosols (similar to that shown above for the Neg-g; al, 2011). Although this assumption circumvents the
ative Bias) but also produces excess larger aerosols. Thgeroso| regeneration problem, fixing the aerosol number con-
larger aerosols are more likely to activate in a subse-cenration may result in excess droplet formation. After ac-
quent time step than their smaller counterparts (since thgjyation, only those particles that are less likely to activate
critical supersaturation for these particles is smaller). .amain. On the next time step, if a supersaturation exists, as
By spreading the distribution out over all sizes, particles|ong as it is less than that of the previous time step, no new
will activate to form new cloud droplets in the presence gerosols should activate (unless particles in the larger size
of small supersaturations (even though, if the aerosols;a¢eqories are replenished by advection). But, in the case of
were placed in the correct location, the critical supersat-tyed aerosol number concentration, the possibility exists for
uration ought to be too large for subsequent activation,ergsol particles to activate and increaigeleading to a pos-
to occur). Here, a competition exists between the negastive pias inNg. Such a bias can lead to an artificial suppres-
tive skewness caused by overproducing smaller aerosolsjon of drizzle formation, increasing the LWP, or more vigor-
and positive skewness caused generating excess larggy,s evaporation in regions of entrainment since the droplets
aerosols. The former will suppresg while the latter  \yi|| he smaller (assuming the LWC is unchanged) acting to
will enhanceny. decrease the LWP. Obviously, these effeasoffset one an-

An approach to reproducing or recycling aerosol particles‘?theri but in the case that they do not, the predicted LWP will

was presented bigogan et al(1999 to attempt to account Kely not be correct.

for the fact that smaller droplets (likely formed from smaller  To more accurately simulate the evolution of the con-

aerosol particles) will evaporate first and more readily. Here tinuous field that encompasses the spectrum from wet

the regenerated aerosols are assumed to go to the smallestrosols to drizzle droplets and address in detail the

www.atmos-chem-phys.net/11/12297/2011/ Atmos. Chem. Phys., 11, 1P2316-2011



12300 Z.J.Lebo and J. H. Seinfeld: Continuous spectral aerosol-droplet microphysics model

activation/regeneration problem in cloud models, we presenthe solute mass within activated droplets over the entire size
here the implementation of a 2-D continuous spectralspectrum. Even the most detailed bin microphysics schemes
aerosol-droplet microphysics scheme coupled to a 3-D dy{e.g.,Tzivion et al, 1987, 1989 Reisin et al. 1996 Stevens
namical core for studying warm cloud microphysics. Re- et al, 1996 Geresdi 1998 Geresdi and Rasmusse2005
cently, Ovchinnikov and Easte2010 described a detailed Rasmussen et all987 Khain et al, 2004 Khain and Lynn
2-D fixed-bin (i.e., Eulerian) cloud microphysics scheme in- 2009 Xue et al, 2010 predict cloud particle sizes in just
cluding chemistry, in which activated aerosols and interstitialone dimension. Even with a detailed activation scheme
wet aerosol particles are tracked within each grid point. Thethat predicts droplet formation from a binned aerosol dis-
method does not include collision-coalescence and incorpotribution (e.g.,Xue et al, 2010, information regarding the
rates a linearized approximation to the droplet vapor growthsize (and composition) of the aerosol particle after activation
equation. Collision-coalescence is an essential process fdi.e., from the dry aerosol distribution to the cloud droplet
drizzle formation, and will alter the regenerated aerosol dis-distribution) is not preserved. And, since the solute quan-
tribution, by shifting the solute mass to larger sizes. tity in each droplet size bin is not computed and tracked,
The new method, as described in detail below, requireghe regeneration of aerosol particles upon droplet evaporation
no a priori assumptions regarding aerosol activation and remust be parameterized. Although for each drop that evapo-
generation, since the treatment is explicitly accounted forrates, one aerosol particle is regenerated, aerosol scavenging
via the representation of condensation/evaporation. Moreby cloud/rain droplets, collision-coalescence, and agueous-
over, the solutions to the supersaturation (mass) and energghase chemistry alter the solute mass in each droplet, and
(temperature) equations are performed in a consistent, corthus affect the size distribution of regenerated aerosol. In this
tinuous, and simultaneous (i.e., latent heating and changestudy we exclude aqueous-phase chemistry in order to focus
in the vapor surplus/deficit are computed with condensa-on the overall effect of collision-coalescence on the solute
tion/evaporation) manner including the effects of droplet cur-mass distribution and consequently the regenerated aerosol
vature and solute mass on the condensation/evaporation ratistribution; however, aqueous-phase chemistry can, in prin-
of wet aerosol particles and cloud droplets. A detailed calcu<iple, be included in the model. The 2-D method presented
lation of the collision-coalescence process is included to achere requires no special assumptions and includes all impor-
curately represent both the evolution of the droplet spectruntant aerosol/cloud microphysical processes.
due to pair-wise collisions, as well as the shift in the aerosol We assume mass doubling between droplet bins and
size distribution resulting from collision (either pair-wise aerosol bins, i.e.,
collisions of cloud droplets or aerosol and cloud droplets, i.e.,
scavenging). Thus, the model includes the relevant physicéci*lzzxi (1)
in a manner that requires few assumptions unlike the more, ;=2 xy, 2
traditional 1-D bin microphysics schemes and bulk schemes.
The continuous nature of the microphysics scheme allowsespectively, where the subscriptandk refer to the/-th bin
one to address regeneration as well as determine the effect off the droplet size dimension and theh bin of the aerosol
cloud microphysics on the aerosol size distribution, an im-size dimension. In other words, each particle lies in aibin
portant component in determining the resulting aerosol speck. For illustration, we assume that the smallest aerosol diam-
trum after a cloud dissipates and accurately predicting evapeter is 0.05 um and the smallest droplet diameter is 0.05 pm
oration rates in regions of entrainment. (sensitivity simulations show that the results are qualitatively
The remainder of the work is organized as follows: S2ct. similar for changes in the size of the smallest bins). We in-
describes the 2-D continuous spectral aerosol-cloud microclude 15 bins in the aerosol dimension and 36 bins in the
physics model in detail as well as the alternative models usedroplet dimension such that the upper edge of the largest
for comparative purposes. SectiBudiscusses the dynamical droplet size bin is 204.8 um. Note that the smallest droplet
model that is used as well as the model initialization. Numer-size category corresponds to that of the smallest aerosol size
ical results are presented in Seét.while Sect.5 includes  bin. In the case that the ambient air is relatively dry, i.e., be-
a discussion of the most important conclusions and futurdow the deliquescence point for the aerosol type, the particle
work. will contain no water and thus its total size corresponds to
just the aerosol size.
In any Eulerian bin microphysics scheme, the number of
2 New 2-D spectral microphysics scheme bins is always determined by the user. However, for specific
cases, the number of bins should be extended toward larger
The method developed here predicts the number of particlesizes or can be reduced to only include smaller sizes. For
in a two-dimensional space, one dimension for the dropletexample, to simulate Arctic stratudarrington et al(2000
size (mass or radius) and one for the solute size (mass ae@mployed 25 bins while for simulations of deep convective
radius). One continuous 2-D size spectrum encompassesdouds,Khain and Lynn(2009 andLebo and Seinfel011)
both aerosol particles and activated droplets and maintainssed 33 and 36 bins, respectively, to capture large droplets

Atmos. Chem. Phys., 11, 1229172316 2011 www.atmos-chem-phys.net/11/12297/2011/
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and graupel. In determining the number of bins necessary fopressure over liquid water Hy is the enthalpy of vapor-

the study at hand, one must consider the differences in suclzation for water,Ky is the thermal conductivity of air as a
things as terminal fall speed, activation, collection efficiency, function of T including kinetic effectsgy, is the surface ten-
etc., of the added or removed bins. In the case of the numsion of liquid water,o is the density of liquid watet, is the

ber of aerosol bins, we restricted the calculations to 15 binsionic dissociation factors, is the solute mass in aerosol bin
Simulations (not shown) with 20 bins were performed. Therek, My, is the molar mass of water, amds is the molar mass
was no qualitative difference between the simulations usingof the solute (assumed to be ammonium sulfate for the cases
15 and 20 bins. In fact this should be expected since the acpresented herein). Followingruppacher and Kle{t1997),

tual size of the aerosol upon regeneration and subsequent reve expresD;; andKy as

activation ought to only be important when the critical super-

. L . D
saturation of the newly formed particle is approximately that D = v ©)
of the ambient supersaturation attained in the cloud during [r, :lfkv + r,’k)—"ac 2_%@]

the simulation. Since the critical supersaturation of aerosol

particles is not a linear function of size, adding bins with and

smaller sizes will act to increase the computational expensek* Kt
with little to no change in the cloud properties since these™ T — [ rik_ L __ K \/TM&I]
particles are likely to not activate during the simulation. On riktAT T rik oT pacp RT

the other hand, adding bins with larger sizes will also havewhereDv is the unmodified diffusivityy is the vapor jump
little to no effect on the cloud properties since these particleqength (assumed to be equal to the mean free path of air

have a very low critical supersaturation and_ thus will likely molecules),ac is the condensation accommodation coeffi-
re-activate in the presence ay supersaturation. Thus, the jent, k7 is the unmodified thermal conductivity of ae is
chosen aerosol binning is dependent upon the ambient SUpiie thermal jump distancey is the thermal accommodation
saturation within the cloud. For future studies of other cloud .yefficient cp is the heat capacity of air at constant pressure
types, e.g., shallow convection, deep convection, efc., the is the universal gas constant ait is the molar mass of
aerosol size distribution will have to be extended to encom-y;r | the absence of ice, the mass conservation equation can
pass particles with higher critical supersaturations since thg)q \yritten simply as balance between the decrease (increase)

ambient supersaturation in these cloud types is often highegs ihe vapor mixing ratiod,) due to condensation (evapora-
than in the marine stratocumulus case chosen to demonstrafpon) changing the liquid water mixing ratigj:

the model’s implementation.

8

T ©
2.1 Condensation/evaporation d dr
. : . . where
Condensation and evaporation are simulated by solving the
set of ordinary differential equations that describe vapor de-dg; 4 wpw N o drik
position onto the particles, water mass conservation, energygs 0a Z Z Tik =g ik (10)
conservation, and ambient supersaturation. The vapor depo- =1 k=1
sition equation is defined aBiuppacher and Klet£.997): in which pa is the ambient air densityy andM are the total
number of bins in the droplet and aerosol dimensions, respec-
drix Gs A B tively, andN; ;. is the number concentration of particles in bin
o Yot (), kin units of kg™. Ener tion i ted b
dt rik rikoord i g-. gy conservation is represented by
where, dr ARy da (11)

d cp (I+4qv) dr
-1
G= [ R T + AHy (AHV _ 1)} (4) Here, the ambient temperature is modified due to latent heat-

Djes KiT \RyT ing induced by phase changes. Lastly, the supersaturadion (
2 equation is represented biydrolev and Isaac2003:
Ow
A= (5) 2
o Ry T ds 1 AH dg|
R D=+ =V | =] 12
_ 3ims, My ©)
K= A ol ﬁs Equations 8), (9), (11), and (L2) comprise a set of
Here, r; x is the radius of a droplet in bink, Ry is the Nequ= %(M+l)+M(N—M)+3 (13)

gas constant for water vapad,; is the diffusion coefficient
of water vapor as a function of temperatu®) (and pres-  ordinary differential equations (wheré.qyis the number of
sure (P) including kinetic effectsgs is the equilibrium vapor  equations). The solution to the set of equations is found by

www.atmos-chem-phys.net/11/12297/2011/ Atmos. Chem. Phys., 11, 1P2316-2011
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employing the Variable Order Differential Equation (VODE) (note that the equilibrium vapor pressure will change slightly
solver ofBrown et al.(1989. The solver is initialized with  since larger drops require less water vapor in the gas phase
the ambienyy, T, s, andN; ; on each time step. The solver to maintain equilibrium), temperature, or supersaturation di-
predicts the values of the given variables at the end of theectly. The calculations are performed as follows.

time step andyy, T, ands are updated accordingly. The For numerical implementation, we employ the flux method
droplets are rebinned into the Eulerian bins defined duringof Bott (1998. (Bott, 200Q proposed a method by which the
the model initialization. This is done by assuming that the 2-D collection problem can be reduced to a 1-D problem and
droplet distribution in each aerosol row of the 2-D mesh isthen extrapolated back to 2-D. We find that it is best to apply
piecewise linear. The new number concentration in eactthe 1-D method oBott, 1998 in two-dimensions to mini-
Eulerian bin is found by numerically integrating the piece- mize the loss of information when the problem is simplified
wise linear distribution. It is important to note that dur- to a 1-D collection problem.) Collisions between every pair
ing a time step, the condensation/evaporation algorithm conef bins are explicitly calculated. We follow the parabolic flux
serves both water mass (i.e., the sum of the water vapomethod proposed iBott (1998 to limit upstream numerical
and droplet mixing ratios is fixednd aerosol mass. The diffusion.

aerosol mass is conserved, since, as shown inIigon- We can express the loss of particles in hihdue to colli-
densation/evaporation moves droplets left and right in the 2sions with particles in biry, I (AN xy—¢j,») as

D space (up and down movements, or shifts in the aerosol
size bin, is not permitted). This is justified since, physi- ANG 1~ loss= Nik Nji Ki j At (14)
cally, in the absence of aqueous phase chemistry, the solublghere v; ; and N;, are the number of particles in biris
aerosol mass in a droplet will not change during condensay anq j, /, respectively; ; is the collection kernel for the

tion/evaporation. collisions between the-th and j-th droplet bins (the solute
. . is assumed to have a negligible impact on the kernels), and
2.2 Sedimentation At is the time step. Assuming the collection kernel is sym-
metric,

The terminal fall speeds required to compute sedimentation

are calculated followingBeard (1976 in which the parti- AN k)—(j.0) lloss = AN.1)— (i k) lloss = AN((:}:?E(J-J)}gain(]-S)
cles are categorized into different regimes based upon their

Reynolds number. The change in mass and number within & which AN((,(l,;'Q(j,l)lgain represents the gain of particles in
grid box due to sedimentation is computed then by predict-bin 7, m due to collisions between droplets in binsc and
ing the mass and number that fall into the box from above/, [. The subscripta andm correspond to the droplet and
and subtracting the mass and number that fall out of theaerosol bins, respectively, that contain the particles formed
box and into the box below. At the lowest level, the loss by collisions between particles in binsk and,/, /. Note that

of mass through the bottom boundary is considered precipthe well known problem occurs in which the newly formed
itation. This algorithm is analogous to that which is used droplets do not necessarily coincide with a 2-D bin size.
in the 1-D bin and bulk models. Therefore, the only differ- Thus, followingBott (1998 the new particles are added to
ence between the representation of sedimentation among8in 7, m such that

the models is in the calculation of the terminal fall speeds,_, — N, AN . (16)
(the bulk model has the least complex and fastest calculation " — """ (k). 19an

while the new continuous spectral scheme is more accurathere the’ denotes an intermediary number concentration

and computationally expensive). used to compute the flux to surrounding bins. Unlike the pure
o ) 1-D collection scenario, wherein a single flux through the
2.3 Collision-coalescence and aerosol scavenging upper boundary of the bin must be computed, the 2-D case

requires 3 fluxes. Here, we can write the updated number

The proposed 2-D microphysics scheme does not distinguis@oncentrations in the bins affected by collisions between bins
between collisions of cloud droplets and collisions of aerosol; x andj, / as

particles with cloud droplets since the entire particle spec-
trum is continuous (i.e., the aerosolfngludedin the droplet ~ Num = N,Q,m — Jnt1/2.m — fn.m+1/2 (7)
size). Moreover, due to the large difference in timescales be-

tween the collection process and vapor deposition, we sep]—v"+1’m = Nutrm + fatr/2m = fnt1m+1/2 (18)
arate the collection calculations from the vapor deposition.

. L N, =N, 19
The former occurs over 10s of minutes (eXgjvion et al, nnt L= Nomr 14 fome1/2 (19)
1987 Bott, 1998 while the latter occurs over the course ofa ;1 =N, 1 i1+ fort 12 (20)

few seconds (e.gChuang et a).1997 Pruppacher and Klett
1997 Another reason for doing so is that the collection pro- where f denotes the flux through the boundary given by the
cess does not affect the ambient water vapor mixing ratiosubscript. For examplef;,;1/2,» is the flux from binz, m to

Atmos. Chem. Phys., 11, 1229172316 2011 www.atmos-chem-phys.net/11/12297/2011/
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/
n+1,m. First, f,11/2.m is computed and used to calculate , ~_ _ Y ZYnm (34)
the following Ynm+1= Yn,m
Ny w=Nym = fat1j2.m (21)  and
Nr/H-l,m =Np+1im+ fn+1/2,m (22) An+1m,s

3)
Jntlm+1/2 = Wi i Z (s+1) 2s+1
where the addeds denote an intermediary number con- s et >

centration. These values are then used to compute the flux [1 (1 2, )s+1] (35)
through then + 1/2 boundary, i.€.f,.m+1/2 and fy1.m+1/2- ntlm
For the 2-D case, similar tBott (1998 we can express
; . where
fn+1/2,m @s a polynomial expression of order 2
2 w® _ Ja¥r2m (36)
_...D n,m,s (1 s+1 (l =) /
fn+l/2,m—w(i’k),(j’l) ;) (S+1)2S+1 [1 (1 ch,m) :I Nn+l,m
(23) 1
ap+1,m,0= _ﬂ [Nn+1,m+l 26N, n+lm +Npg1m— 1] (37)
in which
1 N’ 1
El )k) G.n = N/ (24) Ap+1m,1= E (Nn+1,m+1 - Nn+1,m—l) (38)
n,m
1 , 1
ap,m,0= _ﬂ [Nn+1,m —26 Nn,m "l‘Nn—l,m] (25) ap+1m,2 = E [Nn+1,m+1 2N/ n+lm +Nn+l m— 1] (39)
“Iw N, 26 -
An,m,1= E ( n+lm — nfl,m) ( ) Coglm = y Yn+1,m ) (40)
Yn+1,m+1— Yn+1m
1
a == [N —2N, ,, +Nu 27
mm2= 5 [Nos2.m o, + Nt 1) Here, the weighting function N andw(l -G for
¥ —x the fluxes through the, m +1/2 ané;a +1,m+1/2 %ound-
cpm = —— (28) aries, respectively) represent the updated change in droplet
XntLm = Xn.m number concentration in bin, m andn +1, m according

to the flux f,41/2,». Furthermore,y refers to the aerosol
massesy(’ is the aerosol mass created by collisions between
formed by collisions between birisk and,j, 1, w(},_;,,is  droplets in bins, k and;, I. A diagram showing these calcu-

a weighting function, and, ,, can be thought of as a Courant lations, demonstrating the directions in which mass “flows”
number. The coefficients, ,, s are computed by fitting the  due to collection for the various fluxes shown above, is pre-
mass distribution curve to a polynomial of order 2 follow- sented in Fig2.

ing Bott (1998. Similar expressions can be derived for the | astly, we note that collisions between droplets (or even

where N’ = AN((l”k’)" (. lgain x' is the mass of a droplet

remaining two fluxes to get: large CCN) and small aerosol particles (i.e., radit&pm)
o are very rare due to gravitational settling alone. For parti-
@ Gn.m.s s+1 les in this size range, the collection is more likely to be a
Jn ,m—+1/2=W i T Aac] [1_ (1_2C'n,m) ] clesin ge, y
-O=0D Z (s+D2s+t result of Brownian diffusion to the droplets and large CCN

(29) and/or temperature and density gradients, i.e., themophore-
sis and diffusiophoresis, respectively. However, the tempera-

in which ture and density gradients within the cloud are not significant
e N' = fut1/2.m (30) _enough for thgrmophoresis or diffusiophoresis to be a signif-
Wi k- = —Né’m |c_ant m_echanlsm for the_loss of small gero_sols_. MoreO\_/er,

' simulations performed with Brownian diffusion included in
, 1 , the 2-D continuous bin scheme (not shown) resulted in a neg-
4m0= "2 [N,,,m+1—26 Nom +N”!m—1] (31) ligible effect on the various cloud properties presented below.

Itis important to note that Brownian diffusion, thermophore-

a 1= 1 (N1 — Nam—1) (32) Sis,and diffusiopho'resis are not includgd in most 1-D bin or
2 bulk models. Including such processes in the spectral scheme
) 1 ) would warrant their inclusion in the other schemes as well
Inm2=7% [Num+1—=2 Ny +Nom—1] (33)  and require numerous parameterizations.
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Fig. 2. Schematic of the 2-D collection problem for a mesh of par- 1
ticles with droplet massg and solute masss. The calculations are 200 i L
performed in the following order: (1) droplets in bihsk and j, 1
[ collide to form a droplet of mass; x +x;; in binn, m. (2) The ]
newly formed particles are addedrtom to getn,, ,,. (3) The flux 0 T
through then + 1/2, m boundary is computed and the particles are 284 288 292 296 300 304 308
moved from binz, m to n+1, m according tof, y1/2,m- (4) The
fluxes through the, m + 1/2 andn +1,m +1/2, i.e., f ;u4+1/2 and 0, [K]

fn+1,m+1/2, respectively, are then computed and the number con-

centrations in the surrounding 4 bins are updated accordingly. Fig. 3. Liquid potential temperature (black) and total water mixing
ratio (red) used to initialize the model in the marine stratocumulus
example.

2.4 1-D bin microphysics model

For comparative purposes, we will present results using thé&lroplet number concentratiog). This microphysical op-
traditional 1-D bin microphysics approach. The particular tion, obviously the fastest, lacks any link between aerosol
form of the 1-D bin model is that described irebo and ~ particles and cloud droplets.

Seinfeld (2011), and the ice phase is excluded in the nu-

merical calculations performed here. The 1-D bin model

is configured for simulations in which aerosol particles are3 Simulation of marine stratocumulus dynamics
regenerated upon droplet evaporation as described in the

Introduction (i.e., the regenerated aerosol size distributionin order to compare the various microphysics models, we
is prescribed with the same shape parameters as the initigiresent simulations of a marine stratocumulus deck using

distribution). an LES model. The stratified and closed nature of marine
stratocumulus presents a good testbed for the 2-D contin-
2.5 Bulk microphysics model uous spectral warm-phase microphysics model. Also, ma-

rine stratocumulus is a well-studied cloud type via both in-

A two-moment bulk microphysics modeMprrison et al, situ measurements and modeling studies (8igvens et al.
2005 Morrison and Pintp2009 is employed in order to 1998 2003 2005 Rotstayn and Lip2003h Lu and Seinfeld
compare with the detailed 2-D microphysics scheme pre-2005 2006 Bretherton et a].2007 Sandu et a).2008 2009
sented above. The bulk model is altered to include a detailedill et al., 2008 2009 Ackerman et a.2009 Shao and Liu
spectral representation of the aerosol size distribution follow-2009 Wang et al. 2009 Wang and Feingold2009h Wang
ing Lebo and Seinfeld2011). As is the case of the 1-D bin et al, 2010 2011J).
scheme, simulations are performed in both the presence and We employ the Weather Research and Forecasting (WRF)
absence of aerosol regeneration. In both the bulk model an¢hodel, version 3.1.1Skamarock et al.2008 for the dy-
the 1-D bin model, the regenerated aerosol size distribution imamical core for the LES. All three microphysics schemes
assumed to be lognormal with the same geometric mean didescribed in Sec® are coupled to WRF. The model is ini-
ameter and standard deviation as the initial size distribution tialized with the liquid water potential temperatugg) @nd

In addition to the modified version of the bulk micro- total water mixing ratio 4iot) sShown in Fig.3 based on the
physics scheme, we include for comparative purposes, a sdirst International Satellite CLoud Climatology Project Re-
of simulations performed with the bulk microphysics schemegional Experiment (FIRE 1) fronDuynkerke et al(2004
without any madifications, i.e., no aerosol coupling (fixed and as incorporated iGhen et al(2011). Soundings from
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Table 1. Model configurations and microphysics descriptions.

Designation Type Microphysics Aerosol Activation  Aerosol Regeneration  Reference

LES 2D LES 2-DBin Explicit Explicit Current study

LES 1D_Reg LES 1-DBin Parameterized Parameterized Lebo and Seinfeld2011)
LES_1D_NoReg LES 1-DBin Parameterized No Lebo and Seinfeld2011)
LES Bulk_Reg LES 2-MomentBulk Parameterized Parameterized Morrison et al.(2005

Morrison and Pintg2009
Lebo and Seinfeld2011)
LES Bulk_ZNoReg LES 2-MomentBulk Parameterized No Morrison et al.(2005
Morrison and Pint¢2005
Lebo and Seinfeld2011)
LES Bulk_NoAer* LES 2-MomentBulk No No Morrison et al.(2005
Morrison and Pint¢2005

* In this scenario, the bulk microphysics schemévigfrrison et al.(2005 andMorrison and Pintq2009 is run without any modifications, i.e., no aerosol coupling (fixed droplet
number concentration).

Table 2. LWP and relative change in comparison to the corresponding simulation performed with the 2-D bin microphysics scheme.

LWP [gm—2]*
Ncen [cm~3] LES2D LES1D_Reg LES1D_NoReg LESBulk_.Reg LESBulk_-NoReg LESBulk_NoAer
100 49.6 54.8 (10.5 %) 52.3 (5.4 %) 57.0 (14.9%) 29:4Q0.1 %) 55.5 (11.9 %)
500 54.5 48.3€11.4%) 53.0(2.8%) 59.9 (9.9 %) 50.08.3 %) 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 relati2®tsithelai$s
with the sameVcen.

FIRE | have been used in numerous modeling studies of mashould be appropriate to determine changes in the aerosol
rine stratocumulus (e.gHill et al., 2008 2009 Chen et al.  size distribution due to cloud processing. The model time
2011). The sounding depicts a 600 m deep shallow boundarystep is 0.5s. Periodic boundary conditions are employed on
layer that is capped with a 12 K and 3 gginversion ing both the zonal and meridional domain boundaries. The first
andgiot, respectively. The zonakj and meridional+«) wind 30 min are excluded from the analysis below due to model
speeds are prescribed to bel and 6 ms?, respectively, spin-up. Results are shown for the subsequent 2 h.
throughout the model domain. The LES model is initialized  To compare the different microphysics schemes defined in
with a random+0.1 K temperature perturbation to initiate Sect.2 with the 2-D continuous scheme, we perform simu-
the eddies. For illustrative purposes, only nocturnal condi-lations both with and without aerosol regeneration using the
tions are considered. The Rapid Radiative Transfer ModelL-D bin microphysics schemes, as well as a set of simulations
(RRTM) option in WRF is used for the longwave radiative with and without aerosol regeneration using the bulk scheme.
transfer calculations. The monotonic advection scheme is astly, we perform simulations using the bulk microphysics
used for the advection of all scalars. Surface latent heatmodel without aerosol coupling, i.e., fixedy. For the pur-
ing and fluxes are computed following the Monin-Obukhov pose of the these simulations, we iy at 100 and 400 cr?
scheme. to represent the “Clean” and “Polluted” cases. These values
Simulations are performedona 1kl kmx 1.6 km do-  are chosen so as to represent the number of droplets expected
main with a horizontal and vertical grid-spacing of 66.7 and to activate in an environment with an aerosol number concen-
40 m, respectively. The vertical resolution chosen for the cur-tration of 100 and 500 c?, respectively. The suite of simu-
rent study is a bit lower than some of the recent detailed LESations is defined in Tabl&, including details on the assump-
studies of marine stratocumulus (eldill et al., 2009 Chen tions regarding activation and regeneration of aerosol parti-
et al, 2011), however, due to the increased complexity of the cles. In those simulations with explicit aerosol activation, the
microphysics calculations required to explicitly represent themodel is initialized with a lognormal aerosol distribution:
continuous 2-D aerosol-droplet spectrum, we relax the res-

olution somewhat in favor of a more detailed microphysics dN N In2 (ﬂ)
scheme. Since the purpose of this work is to illustrate they,d (Dp = = a p _—ZDQ (41)
model’s implementation in a 3-D LES model, the resolution dinDp V27 lno 2In“o
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Fig. 4. Liquid water path (LWP) and droplet number concentratidfi)(for the set of simulations defined in Tallle LES 2D — (a) and

(d) (black), LES1D_Reg —(b) and(e) (red), LES1D_NoReg —(b) and(e) (blue), LESBulk_Reg —(c) and(f) (green), LESBulk_ZNoReg

— (c) and(f) (orange), and LEBulk_NoAer —(c) and(f) (cyan). Both the “Clean” (solid) and “Polluted” (dashed) cases are shown for all
scenarios.

where, N is the total aerosol number concentratienand for the same CCN number concentration. For the most part,
Dg are the standard deviation and geometric mean diametethe models suggest a LWP of 46 to 62 gfafter 2.5h. The
respectively, andp, is the aerosol particle diameter. For the LES Bulk_ZNoReg case witfvg = 100 cnt 3 is an outlier (or-
purposes of illustration, we lédg=0.1 um andr = 1.8. ange, solid), predicting a LWP less than 30 g?ior most
In the 2-D continuous bin scheme, the initial aerosol dis-of the simulation. The reason for this disparity lies in the
tribution is binned in the 2-D space according to dry aerosolfact that if aerosols are not regenerated when a droplet evap-
size and equilibrium wet size. The equilibrium size is com- orates (whether it be at cloud top due to entrainment or at
puted by solving the equation for the equilibrium saturation cloud base due to sedimentation into subsaturated air), the
ratio over a sphere of an aqueous solutiBnuppacher and evaporation serves as a sink for aerosol particles. Thus, in-
Klett, 1997 using the bisection method. For grid points in stead of generating more aerosol particles that can activate
which the saturation ratiaS( is greater that 0.95, we assume and keep the droplet number concentration replenished, lack
that the relative humidity (RH) is 95 % for the purpose of of regeneration leads to a gross underpredictioNpfHere-
initializing the model. inafter, it should be noted that all comparative statements re-
fer to results relative to those from the 2-D continuous bin
scheme, unless otherwise noted). In this case, the droplets

4 Results will tend to be larger and thus the collision-coalescence pro-
cess is artificially enhanced. The autoconversion parameteri-
4.1 Comparison of microphysics schemes zation Khairoutdinov and Kogar2000 is solely a function

of the bulk Ng and cloud liquid water content (LWG;).
For comparison, we show the domain-averaged liquid waterrhe autoconversion rate is proportionaldg >*®. Thus, a
path (LWP) and conditionally-averaged droplet number con-decrease iVg results in a strong increase in the autoconver-
centration {Vg) in Fig. 4. Table2 shows the LWPs atthe end sjon rate, and enhanced drizzle formation. The drizzle drop
of the simulations and the changes relative to the 12E6
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Fig. 5. Cloud top (top curves) and cloud base (bottom curves) for the suite of simulations described i, T&blé ES2D —(a) (black),
LES_1D_Reg —(b) (red), LES1D_NoReg —(b) (blue), LESBulk_Reg —(c) (green), LESBulk_NoReg —{(c) (orange), and LEBulk_NoAer
—(c) (cyan). Both the “Clean” (solid) and “Polluted” (dashed) cases are shown for all scenarios.
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Fig. 6. Total condensed wateg). Colors are as in Fig. 5. Note that these are horizontally-averaged profijeatd? h into the simulations.

formation occurs near cloud top, as expected since this regiofy) profile for the LESBulk_NoReg cases (Fidgc). Here,
of the cloud contains the highest LWC. Ultimately, this leadswe see evidence of the overpredicted autoconversion rate,
to a decrease in the cloud top height (F5g) and a decrease suppressing the cloud top LWC and drizzle leading to a re-
in the LWC (due to smaller cloud depth and drizzle loss of duction in the mean LWC. Again, the simulations performed
condensed water). Interestingly, the LB8Ik_NoAer per-  with an explicit binned-aerosol activation scheme better cap-
forms much better since the assumption tNatis fixed cir- ture the vertical profile ofy, regardless of the regeneration
cumvents the aerosol problem in its entirety and acts to forceassumption.
Ng to stay relatively high (almost as if aerosols were being  Figure 4d, e, and f shows that in all but the
regenerated and activated again). However, the LWP is overt ES Bulk_NoAer case, there is a rapid decreaseVin The
predicted in this case (Fig.and Table2). decrease is largest in the simulations performed with bulk
Moreover, from Fig4f, we see the effect of the assump- microphysics owing to its simplistic representation of the
tion of constant droplet number concentration. Comparisorcollision-coalescence process. One would expect that the
amongst the bin schemes suggests that this assumption ovetecrease inVyg ought to be largest for the “Clean” cases
predictsNg by a factor of 2 in the “Clean” case and factor since the particles ought to grow large enough such that the
of 2 to 8 in the “Polluted” case. The addition of an explicit collision-coalescence process becomes quite efficient. How-
aerosol activation scheme produces LWPs that are in bettesver, Fig.4d, e, and f suggests otherwise. Here however, it
agreement with the bin models. However, the bulk model isis difficult to distinguish between the loss of cloud droplets
still not able to capture the change Ny during the simu-  due to collection and the loss due to evaporation. In the
lation (Fig.4). These effects combine to produce an unre-“Clean” case, the in-cloud mean supersaturation ought to be
alistic profile of the domain-averaged total condensed watehigher and thus increasing the capability for smaller aerosols
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Fig. 7. Vertical velocity variancey’w’). The vertical profiles are averaged over the last 2 h of the simulations. Colors are asin Fig.

to remain activated. However, in the “Polluted” case, all crease inv’w’ at the inversion levek(= 600 m) relative to the
aerosol particles initially activate within the cloud, but, as “Clean” case (red, solid). This increase in mixing is caused
the larger, now more numerous, particles grow, the depletiorby increased evaporation in the entrainment regions (regen-
in the water vapor mixing ratio causes the smaller droplets tceration produces more numerous, smaller aerosol particles
evaporate. HenceéVy decreases rapidly due to a combination that are more likely to evaporate), leading to an increase in
of evaporation and collection. Moreover, the decreas€gn entrainment and a positive feedback loop occurs with a fur-
is also partially related to the fact that as the cloud dropletsther increase in evaporation near cloud top. Ultimately, this
are converted to rain droplets, the below-cloud layer becomegeads to a decrease in the LWP (the differences in modeled
populated with small concentrations of sedimentating dropd WP are discussed in more detail below). This is corrob-
that ultimately reduce the average number concentration. orated by the decrease én in Fig. 6b and the decrease in
LWP in Fig.4. This effect is commonly referred to as the en-
With the two bin microphysics schemes, we find that theretrainment — evaporation effect for non-drizzling clouds (i.e.,
is little agreement on the direction of the aerosol effect on theWang et al.2003 Xue and Feingold20086 Hill et al., 2008.
LWP. From Fig.4a, the 2-D continuous bin model predicts On the other hand, thacreasein LWP demonstrated by the
that the LWP increases with increasing aerosol concentratio2-D continuous bin scheme for an increase in aerosol loading
(by 6 gnT? at the end of the simulations). This is in agree- is suggestive of the cloud-lifetime effeclprecht 1989, in
ment with previous modeling studies (e.glbrecht 1989 which an increase in aerosol loading leads to more numer-
Ackerman et a].2003 Wood et al, 2009 and in-situ obser-  ous, smaller droplets that mitigate the collision-coalescence
vations Radke et a].1989 Ferek et al.2000. The increase  process. Consequently, drizzle is suppressed and the LWP
in LWP results from changes near cloud top to an increase inncreases (Figda).
aerosol loading. An increase in CCN number concentration
lead to a monotonic increase iVy and thus a less efficient
collision-coalescence process. As a result, the droplets th
reside near cloud top ammallerunder polluted conditions
and thus have a smaller terminal fall speed than analogoug
droplets in the “Clean” scenario. Consequently, the cloud

Owing to the inherent nature of the assumptions regard-
épg aerosol regeneration and activation in the current 1-D bin
schemes, the cloud droplet number concentration and LWP
redicted could be biased (either positively or negatively) as
iscussed in the Introduction. In fact, the aerosol size distri-
. i . bution is constantly being modified by cloud processes (both
top region moistens and stays elevated (Figs. SatapdA microphysical and chemical, although the latter is not consid-

similar effect is seen in the simulations performed with the ; .
L . . . _ered in the current study), thus the regenerated aerosol will
1-D bin microphysics scheme without aerosol regeneration : ) A .
: . . not necessarily conform to the size distribution of the orig-
(Fig. 5b, blue). On the other hand, the simulations performed. . i
. i . . . inally activated aerosol (see Sect. 1). The 2-D continuous
with the 1-D bin scheme including aerosol regeneration sug-

gest that the LWP decreases with increased aerosol Ioadinbln m|cr9phy5|cs SChe.”?e suggests that there IS a negllg|ple
. . o ange in turbulent mixing at cloud top with an increase in
(Fig. 4, red and Fig5b). The reason for the switch in the : : : : .
: ; . . . _aerosol loading (Figfa) and thus increases in LWP (Fitg),
sign of the effect on the LWP is due to an increase in entrain- ! : }
: . gt near cloud top (Fig6a) and cloud top height (Figa) are
ment at the cloud top-free troposphere interface. Figure
: . observed.
shows the horizontal- and temporal-averaged vertical veloc-
ity variance (v'w’), a proxy for the strength of turbulent mix- Changes in aerosol loading near cloud base initiate a

ing. For the LES1D_Reg case (red, dashed), there is an in-number of effects on marine stratocumulus dynamics. An
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increase in the CCN number concentration leads to smalledn the absence of collision-coalescence, the slowed evapo-
more numerous droplets, slowing the collection process andation near cloud top due to increased solute mass ought to
suppressing drizzle. This leads to a decrease in both belowbe rather insignificant since there are very few large aerosol
cloud evaporative cooling and latent heating within the cloudparticles present in the initial aerosol size distribution. How-
and consequently an increase in turbulent mixing near clougtver, as we show below, the collision-coalescence process
base. More mixing implies more entrainment and an increasés very efficient, especially in relatively clean environments,
in evaporation that acts to decrease the LWP. This so-callednd consequently there is a significant increase in both the
drizzle-entrainment effect, counteracts the cloud lifetime ef-mean droplet sizand solute mass. Since the highest LWC
fect mentioned above. Figuedemonstrates the increase in is found near cloud top, collection of cloud droplets is of-
w’w’ both within the cloud and at cloud base. Accordingly, ten most efficient in this region and thus one would expect
as suggested blyu and Seinfeld2005 and Wood (2007), to find that the increase in larger aerosol particles to be most
this leads to a decrease i due to increased evaporation substantial here. Hence, in the “Clean” scenario, the 1-D bin
near cloud base. However, the decreasg imear cloud base microphysics model does not agree with the the 2-D contin-
due to increased aerosol loadingiallerthan the opposing  uous bin scheme.

increase iny; at cloud top. Thus, the overall effect is to in-

crease the LWP of the cloud. Moreover, changes in cloud tog*-2  Cloud microphysics effects on the aerosol size

may be mitigated by changes at cloud base (or even at cloud ~ SPectrum

edges), thus a detailed model is necessary to simulate aerosg|

effects on cloud properties. The compensating effects of in-/ '€ 2-D continuous model allows for the analysis of mi-

creased aerosol loading on cloud top and cloud base nee%rophysical e_ffects on the aerosol .size di.stribution. Lar_ger
not always favor increased LWC near cloud top (and thus ar‘_i"‘ems‘_)I particles are more readily activated, espeqally
increase in LWP). The case presented here is representatiy@ r€9ions of relatively high CCN number concentration,
of marine stratocumulus, but other factors can play a role!-€- '€9imes in which the activation process (or formation
in cloud dynamics near the boundaries, for example, sensi?f cloud d_roplets from hgze particles) IS vapor-limited aqd
tivity of marine stratocumulus to free tropospheric humidity not CCN-I|m|ted._ In relatively clean environments, most, if
(e.g.,Ackerman et al.2004, sea surface temperature (SST) not all, CCN activate t(_) form clouq droplets. Howevelr, as
(e.g.,Lu and Seinfeld2005, diurnal heating (e.gHil et al., the _number conpentratlon (_)f CCN increases, the fractlo_n_ of
2008 Sandu et 2009, entrainment rates (e.g\ang et al, par_t|cles that uIt|mat_eI3_/ activate d_ecreases. In_th_e transition
2003 Xue and Feingold200§ Bretherton et al.2007 Hil region, from. vapqr-l!mlt_ezd activation tg CCN-limited acti-
et al, 2009, and point sources, e.g., ships (eWang et al, vation, the size distribution of the ambient aerosol becomes

2011) under various aerosol loadings have been explored. ir’qportaqt. Morgqver, the collision-coalescence.process_ is
The reasons for the disparity in the sign of the effect Onst|II relatively efficient and consequently cloud microphysi-

the LWP of increased aerosol loading between the 2-D con9a| processing ought to lead to the formation of larger aerosol
articles, i.e., particles that are more readily activated after

tinuous bin microphysics scheme and the 1-D bin scheme arB , ; . . i
three-fold. (1) The underlying assumptions involving regen_reggneratlon. The_ 2-D contlngous microphysics scheme s
eration of aerosol particles in the 1-D bin scheme erroneousl;?ies'gned to explicitly and physically represent the change in

produce particles that are either smaller or larger than theiFhe e}erosol size spectrum due to cloud microphysical pro-
actual size after cloud microphysical processing. (2) The ter*¢5SNg: o _ _ _
As sketched in Figl, cloud microphysical processing re-

minal fall speed+) calculations are quite different. The 1-D ; - )
bin model uses a simple (and efficient) size relationfor sults in a shift in the aerosol size spectrum towards larger
(e. vt:ADg, whereA and B are empirical constants and sizes; there is no cloud microphysics process by which

Dq is the droplet size in a given bin in the 1-D model). Con- aerosols become smaller. The increase in the mean size
versely, we have included the detailed calculationydfol- of the aerosol spectrum depends on the effectiveness of the

lowing Beard(1976 to more accurately represent the nonlin- collision-coalescence. The cloud radar reflectivis) de-
ear nature of; as a function of droplet size. For intra-model fined as Rogers and Yaul989

consistency, the detailed calculationswpfare also used to S

compute the collection kernels. And (3), the 1-D bin micro- Z =10 log [Z > / N;xDf de} (42)
physics model does not include the effect of solute mass on ik 70

condensation/evaporation. Frondller Theory, we expect where D, is the droplet diameter in thg-th droplet bin
that a droplet containing a relatively large amount of soluteshows the effect of the microphysical processes (Bjg.
will be less likely to evaporate since its critical supersatura-Higher values o (i.e., less negative) correspond to the pro-
tion (sc) is small (i.e., less than the ambient supersaturationduction of larger cloud droplets and drizzle droplets. In the
within the cloud). Moreover, droplets formed on large CCN “Clean” caseZ increases from its minimum cf38 dBZ at
can be large enough to be considered a droplet (i.e., its diani85 min to—19 dBZ at the end of the simulation (an increase
eter is more than 3 um) even in a subsaturated environmenaf 19 dBZ) while in the “Polluted” caseZ increases from
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-15 I I L in a large suppression in the formation of drizzle drops rela-
tive to the 2-D continuous scheme. Moreover, in the absence
of a regeneration parameterization in the 1-D bin model, the
mode of the droplet size spectrum is higher in comparison to
the 2-D continuous bin scheme. This is a direct result of the
fact that without a regeneration scheme, the droplet number
concentration is likely to be underpredicted, hence producing
larger droplets (assuming the liquid water content does not
change much). Figur@ alone demonstrates the large differ-
ences between the bin microphysical modeling approaches.
These differences in the droplet size spectrum can potentially
have a significant impact on the efficiency of the collision
coalescence process as well as the terminal fall speeds (and
ultimately precipitation).

In Fig. 10 we show the relative CCN number concentra-

n
)

)
o

Cloud Radar Reflectivity [dBZ]
8
e b e e b b by

I’ tion at various times in the simulation®{cn). These cal-
-45 l l I culations are done relative to the mean size distribution after
30 60 90 120 150 the 30 min of spinup (this ensures that the results presented
t [min] in Fig. 10 are not significantly affected by the initial thermal

perturbation). ThusRccn is defined as:
Fig. 8. Cloud radar reflectivity in dBZ for the simulations per-

formed with the 2-D continuous bin microphysics scheme underR _ Ncen(@) 43
“Clean” (solid) and “Polluted” (dashed) conditions. Reflectivi- con(t) = Ncen (¢ =30 min) (43)
ties are averaged horizontally throughout the domain and vertically

within the boundary layer. where Ncen(?) is the CCN (aerosol) number concentration

at timet and Nccn (¢ =30 min) is the CCN number concen-

tration atz =30 min. If we first focus our attention on the
—44 dBZ at 60 min to-32 dBZ at the end of the simulation “Clean” case in Fig10(solid) and move from 45 min (black)
(anincrease of 12 dBZ). Linear regression lines are shown ino 150 min (red), we find that even after 2 h, the collection
Fig. 8 for the final 50 min of simulation time and the corre- process still significantly affects the aerosol size spectrum
sponding slopesr) are displayed to demonstrate the differ- (as suggest by the monotonic increas&ifrom Fig. 8). In
ences in collection efficiency between the “Clean” and “Pol- fact, after 150 min of simulation time (or, 2 h after the point at
luted” cases;Z increases at 10.6 dBZH during the final  which the relative concentrations are defined), there is a sub-
50 min in the “Clean” case, while at only 1.9dBZhinthe  stantial increase in particles in bins 10—14, reaching a max-
“Polluted” case. Moreover, the increaseZnfrom its mini-  imum in bin 14 with Rcen (f = 150 min)=9.2. Thus, there
mum to its maximum in the “Clean” scenario is 58 % larger is an increase, by nearly an order of magnitude, in the num-
than that of the “Polluted” scenario, clearly demonstratingber of particles in this bin, solely as a result of the collision-
the increase in efficiency of the collision-coalescence procesgoalescence process. The collection of cloud droplets (ei-
in relatively clean conditions. Given the substantial increasether via collision-coalescence or aerosol scavenging) is the
in Z, even within a short period of time, it is expected that sole mechanism for this increase (i.e., we can rule out sed-
the change in the aerosol spectrum ought to be significant. imentation and advection), since the calculations are hori-

The enhancement in radar reflectivity is corroborated inzontal averages within the boundary layer and Faysug-

Fig. 9 in which we show droplet distributions for the 2-D gest that there is little mixing across the cloud top inversion
continuous bin model and the 1-D microphysics scheme with(the source of fresh aerosol from above is negligible), and
and without regeneration. Figugeclearly shows the reduc- the cloud does not produce precipitation at the surface. This
tion in the number concentration due to suppressed colliincrease arises at the expense of smaller aerosol particles.
sion coalescence in the “Polluted” case compared with theAt the end of the simulation, only about 40 % of the parti-
“Clean” scenario. Furthermore, we see from the 1-D bin mi-cles in bins 1 through 6 remain relative to the number con-
crophysics results, the effect of the regeneration assumptionentrations at =30 min. (In traditional 1-D bin and bulk
on the droplet size distribution. Specifically, at 150 min, in microphysics models with aerosol regeneration included, it
the “Polluted” (dashed) scenario, Fig.shows that the 1- is assumed that there is no change in the size distribution pa-
D bin model with regeneration produces many more smallerameters of the regenerated aerosol.) Under relatively clean
particles compared to the 2-D continuous bin scheme. Theonditions, the arithmetic mean aerosol size increases from
potential for the model to overpredict the number concen-0.119 pm at 30 min to 0.138 um 2 h later. In other words, the
tration was alluded to above and, demonstrated here, resultsean size increases by 16 % in 2 h for the “Clean” scenario.
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Fig. 9. Droplet size distributions at 4@), 90 (b), and 150(c) min of simulation time. Spectra for simulations performed with the 2-D

continuous bin scheme (black) as well as the 1-D bin microphysics model with regeneration (blue) and without regeneration (red) are shown

for the “Clean” (solid) and “Polluted” (dashed) scenarios.

about 90 min into the simulations (60 min after the chosen

9.6 ' ' '
. - time to computeRccn) since the collision-coalescence pro-
. - cess is far less efficient in a polluted environment. However,
48 | at the end of the simulation, we find that the number con-
, L centration in bin 14 increases by a factor of 4 (albeit, less
] L than half that shown for the “Clean” case above). More-
o4 - ) B over, the number concentration of aerosol particles in bins 1

Rcen [unitless]

03 +—— 71—
i 3 &5 7

T
9

11

13

15

through 5 is about half that of the number present at 30 min
into the simulation due to collection (collision-coalescence
and/or aerosol scavenging). In other words, after 2 h of cloud
microphysical processing the number of small aerosol par-
ticles is reduced by one-half. In this case, the mean aerosol
size increases from 0.1175 pm at 30 minto 0.133 um 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 size distribution are significant
and suggest that the assumptions used regarding aerosol re-
generation in traditional 1-D bin microphysics models (and

even detailed bulk microphysics scheme) can lead to inaccu-
racies in the predicted LWP, distribution of LWC within the
cloud, and an underestimation &f.

Aerosol Bin Index [unitless]

Fig. 10. Relative change in the CCN number concentratigggn)
after 45 min (black), 90 min (blue), 150 min (red). Both the “Clean”  The changes in the CCN number concentration presented
(solid) and “Polluted” (dashed) cases are shown. Note that the yhere are obviously a factor of the meteorological conditions
axis is a log-scale and that the area under the curves _relatlve to thﬁnposed. However, the collision-coalescence rate is con-
line RCCN=_1 need not be_O. In fact it should not be 0 since we usetfrolled dominantly byNg andg; and consequently the change
mass doubling between bins such that, for example, the diameter a R ;
particles in bin 8 are half that of particles in bin 11. Shown are the'" aerosol distribution is a.'S‘.’ mostly affected by changes in
horizontally-averaged values within the boundary layer. Nd_ and qt- FP_r clouds within the m_arme bo?”dafy layer,
qt is not significantly altered for an increase in the aerosol
loading from 100 to 500 crr?. However, the droplet num-
ber concentrations significantly larger. Thus, the droplet
The increase in the CCN number concentration from thenumber concentration, which is inherently linked to the am-
“Clean” to the “Polluted” case limits the production of larger bient CCN number concentration, should be the most sig-
cloud droplets and drizzle drops (Fig) and consequently nificant factor in determining the collision-coalescence rate
limits the conversion of aerosol particles to larger CCN. and consequently the change in the aerosol distribution due
From Fig.10a (dashed), we find that there is a rather smallto cloud processing. Moreover, one can expect that for a
change in the number concentrations in the larger bins untithinner cloud (i.e., less than 250 m deep)will be reduced,
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leading to a decrease in the size of the cloud droplets and lesa LWP due to an increase in aerosol loading is positive us-
collision-coalescence. This will result in a smaller effect on ing the 2-D continuous bin model while it is negative us-
the aerosol size distribution shift toward larger sizes. On theing the 1-D bin model with regeneration. The 1-D model
other hand, in a thicker cloud, (i.e., more than 300 m deep)js not capable of accurately predicting the retarded evapora-
gt Will be elevated, increasing the size of the cloud droplets,tion of droplets containing larger solute mass (that resulted
increasing the collision-coalescence rate, and potentially furfrom collection within the cloud) and thus overpredicts the
ther enhancing the production of larger aerosol particles.  evaporation-entrainment effect near cloud top (edang
et al, 2003 Xue and Feingold2008 Hill et al., 2008.
The 2-D continuous spectral aerosol-droplet microphysics
5 Conclusions model is designed to simultaneously account for the deple-
tion (production) of water vapor and heating (cooling) dur-
A 2-D continuous spectral aerosol-droplet microphysicsing condensation (evaporation). Traditionally (e §ziv-
model is presented and compared to the traditional microion et al, 1989 Reisin et al. 1996 Harrington et al.200Q
physics approaches (i.e., 1-D bin models and bulk models)Khain and Lynn2009 Xue et al, 2010, the supersaturation
Unlike the now standard 1-D bin microphysics schemes,change over the course of a time step is approximated and
the aerosol size spectrum and the droplet size spectrum amgsed to compute the condensation or evaporation of cloud
joined together to create a 2-D continuous distribution en-droplets. The total change in mass is then used to compute
compassing both wet aerosol particles (i.e., haze particlesthe amount of latent heat release, and subsequently the ambi-
cloud droplets, and drizzle droplets. This approach requiregnt temperature is updated. However, in reality, the process is
no a priori assumptions regarding the activated size of nunot step-wise but instead continuous, and coupled. To avoid
cleated droplets and the size of regenerated aerosol particlésconsistencies the simulated condensation/evaporation, the
(i.e., those aerosol particles that are formed upon the evapvariable Order Differential Equation (VODE) solver is em-
oration of cloud droplets). The former is normally calcu- ployed embedded within the scheme in order to solve the
lated by computing the nucleated droplet equilibrium size forcoupled set of differential equations account for conden-
small aerosol particles or by multiplying the aerosol size bysation/evaporation in each bin, mass conservation, energy
a factor between 3 and 8 for larger aerosol partickexgén conservation, and supersaturation. The setup is computation-
1991 Khain et al, 2000 Xue et al, 201Q Lebo and Seinfeld  ally expensive, but ensures the accurate prediction of conden-
2011). Upon activation, an aerosol particle is lost. The re- sation/evaporation including both the curvature effect and so-
generation process presents an additional complication anfiite effect (i.e., Kohler Theory is explicitly included).
shortcoming in the traditional 1-D microphysics approach. In determining the practical applications of the 2-D con-
While it is often assumed that each evaporated droplet formsinuous spectral aerosol-droplet microphysics scheme, it is
one aerosol particle, the size of the newly formed aerosoimportant to consider two key questions: (1) is collision-
particle is unknown and must be assum¥uh et al. (2009, coalescence a significant process for modulaii@ and
Wang et al(2010, andXue et al.(2010 demonstrate the sig- (2) is regeneration important? The former is often answered
nificance of including aerosol regeneration in detailed cloudby considering the ambient CCN number concentration and
models, however the actual size of the regenerated partieloud depth (a measure of the adiabatic LWC). Thus, for
cles is not known. The 2-D continuous bin microphysics relatively low CCN number concentrations in moist envi-
scheme can be extended to include aqueous-phase chemistynments, collision-coalescence is an efficient mechanism
and generate parameterizations for regenerated aerosol sizdsr drizzle formation and it was shown that the bulk model
We show that the collection process is a significant sourceperforms worst in comparison to the 2-D bin model. The
of large aerosol particles, especially in relatively clean envi-1-D model is better able to capture the collection process,
ronments where the collision-coalescence process is rathdwut, the model is negatively biased in terms of the pre-
efficient (an increase in large aerosols by nearly a factordicted LWP, without regeneration, while positively biased
of 10 after 2 h of cloud processing is shown). In the absencavhen regeneration is accounted for. We show that regard-
of aqueous-phase chemistry and collision-coalescence, thiess of the activation assumption, the 1-D bin model un-
aerosol size spectrum is stagnant (assuming that the clouderpredictsNg since, without regeneration, droplet evapo-
is not precipitating to the surface). However, the collision- ration results in a loss of aerosol and, with regeneration, the
coalescence process is a sink for cloud droplets and a sourceerosols are preferentially relocated to the smaller bins that
for larger cloud droplets and drizzle drops (and consequenthare less likely to activate on subsequent time steps. On the
is a sink of small aerosol particles and a source of largerother hand, for relatively high CCN number concentrations,
aerosol particles). Without tracking the solute mass in a(i.e., where collision-coalescence is less efficient), the bulk
continuous aerosol-droplet spectrum, the regenerated aeroswiodel performs rather well in comparison to the explicit 2-D
distribution will have a bias and the evaporating of cloud bin model. The 1-D model with regeneration is not able to
droplets and subsequent activation of the regenerated aeros@present the increase in LWP with increased aerosol load-
will be erroneous. We demonstrate that the sign of the changéng that is suggested by the 2-D bin model. Again, the 1-D
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model underpredictd/y and the coinciding dynamical feed- where entrainment and detrainment of air into and out of
back at cloud top causes a decrease in cloud top height anithe convective core is prevalent, regeneration could poten-
a decrease in LWP. To answer the second question, one cdially play a significant role in subsequent microphysical pro-
speculate that within a thicker stratiform cloud (i.e., the vol- cesses (both regeneration from evaporated cloud drops and
ume to surface area ratio of the cloud as a whole is larger)sublimated ice crystals, snow, and/or graupel). Increased in-
the relative importance of regeneration decreases since it istability and turbulent motions within these systems creates
less likely that a parcel of air will interact with drier, en- an environment conducive to efficient collision-coalescence,
trained air. Conversely, in a thinner stratiform cloud, re- and consequently large shifts in the aerosol mass distribution.
generation will likely be even more important than shown More work is needed in this regard to determine the precise
for the illustrated scenario. However, in the cases of cumu-importance of regeneration in mixed-phase clouds.

lus and deep convective clouds, the turbulent nature of these

clouds presents an environment conducive to entertainmercknowledgementsThis work was supported by the Office of
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