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Abstract. Variations in the chemical composition of atmo- simulations could simplify similar research in other cloud
spheric aerosols alter their hygroscopicity and can lead taegimes by defining the need, or lack of need, for detailed
changes in the cloud-active fraction of the aerosols, or cloucknowledge of aerosol composition.
condensation nuclei (CCN) number concentration. To in-
vestigate the importance of this effect under different atmo-
spheric conditions, cloud droplet formation was simulated
with a Lagrangian parcel model. Initial values of updraft 1 Introduction
speed and temperature were systematically varied along with
aerosol number concentration, size and hygroscopicity (repKohler theory predicts that the chemical composition of an
resented by the hygroscopicity parameter, A previous atmospheric particle partly determines its ability to activate
study classifies the sensitivity of CCN activity to composi- as a cloud droplet. Changes in the composition of a droplet
tional changes based on the supersaturation reached in tiicleus can alter the supersaturation required for activa-
parcel model. We found that these classifications could notion, or critical supersaturatiors{), of the solution droplet
be generalized to a range of aerosol size distribution methrough the solute effect and surface tension effects (Prup-
dian radii. Instead, variations in sensitivity with size de- pacher and Klett, 1997). In these ways, aerosol composition
pend on the location of the dry critical radius for droplet ac- can influence cloud condensation nuclei (CCN) number con-
tivation relative to the size distribution median radius. The centrations. In fact, unknown or variable aerosol composi-
parcel model output was used to construct droplet activatiorfion is often cited as the main source of error in CCN closure
lookup tables based onthat were implemented in the Re- studies that attempt to model observed CCN activity using
gional Atmospheric Modeling System (RAMS) microphys- Observed aerosol characteristics (e.g., Cantrell et al., 2001;
ical scheme. As a first application of this system, aerosolRissman et al., 2006; Bougiatioti et al., 2009).
hygroscopicity and size were varied in a series of RAMS While laboratory and field studies have clearly shown that
mesoscale simulations designed to investigate the sensitiveCN activity depends on aerosol composition, the degree of
ity of a mixed-phase orographic cloud case to the paramthe dependence for atmospheric aerosol has been the sub-
eter variations. Observations from a recent field campaigrject of recent debate. Several single-site observational stud-
in northwestern Colorado provided the basis for the aerosoles have found that CCN number concentrations active at a
field initializations. Model results show moderate sensitiv- specified supersaturation can be predicted accurately with-
ity in the distribution of total case precipitation to extreme out detailed knowledge of the aerosol chemical composition
changes i, and minimal sensitivity to observed changes in (Dusek et al., 2006; Ervens et al., 2007; Medina et al., 2007).
estimatedc. The impact of varying aerosol hygroscopicity In contrast, the measurements of Hudson (2007) and Quinn
diminished with increasing median radius, as expected fronet al. (2008) show substantial variability in the CCN activity
the parcel model results. The conclusions drawn from thes®f aerosol sampled in different air masses of both continental
and marine origin.

Since simplifications of the complex composition of ambi-
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has important implications for studies of aerosol direct andorography and increased accumulated precipitation on the
indirect effects on regional and global scales (Dusek et al.Jeeward slope as unrimed, slowly falling snow crystals are
2006). Recently, Reutter et al. (2009) reported the resultaadvected further downstream (Saleeby et al., 2009). This
from a parcel model study of aerosol composition effects on“spillover” effect has also been shown in two-dimensional
CCN activity in pyrocumulus cloud conditions that simpli- simulations of liquid-phase orographic clouds, although in
fied the treatment of compositional dependence by defininghese cases the precipitation redistribution is attributed to a
environmental regimes. These regimes were based on th&lowing of the rate of cloud droplet collection or autocon-
ratio of updraft speedv to particle number concentration version (Muhlbauer and Lohmann, 2008; Lynn et al., 2007).
N¢,. Conditions with low values of this ratio were classified The modeling work of Saleeby et al. (2009) on this topic
as updraft-limited ©/N,, <~10~*ms1/(cm~3)) and high  has shown the impacts of varying the initial mod&l, on
values as aerosol-limitedw(N,,>~10"3ms 1/(cm3)) mixed-phase orographic cloud microphysics. With the sim-
with a transition regime between these two extremesulations in our study we aim to determine the importance
(10 *ms Y(em3)<~w/N.,<~103ms/(cm3)). The of the model aerosol size and hygroscopicity on these same
median radius of the input lognormal aerosol size distributioncloud systems by applying the expanded droplet activation
was held fixed. They found that changes in composition hadscheme to a case observed during the Inhibition of Snow-
an insignificant effect on droplet activation in the aerosol- fall by Pollution Aerosols (ISPA) Il field campaign in Febru-
limited regime and a moderate impact on droplet nhumberary 2007. Aerosol size and droplet activation data collected
concentrations for updraft-limited conditions. during this study provided representative values for the ini-
In Reutter et al. (2009), as in previous studies (e.g, Fein4ialization of RAMS in these simulations. The parcel model
gold, 2003; Rissman et al., 2004; McFiggans et al., 2006)results and sensitivity studies are used to make recommen-
a sensitivity parameter was defined to describe the effectslations for estimating the potential impact of variations in
of perturbations in aerosol or environmental characteristicsaerosol composition on cloud droplet number concentration
on droplet number concentrations or droplet effective radii.in observed cloud regimes.
We adopt the same convention as Reutter et al. (2009), who
defined the sensitivity parameter as the logarithmic change
in droplet number concentratioW,, with the logarithmic 2 Parcel model simulations
change in a specified chemical or physical paramgter
2.1 Model setup

S(X;) = : 1)
To simulate the activation of cloud droplets we make use
In this paper, we consider the Reutter et al. (2009) environ-of a Lagrangian parcel model. The parcel model used for
mental regimes, but vary the lognormal median aerosol rathis study was introduced by Heymsfield and Sabin (1989)
dius used to initialize the parcel model, to examine the roleand has been described thoroughly by Saleeby and Cotton
of particle size on CCN activity with changing composition. (2004). The parcel model follows a simulated air parcel as
The results of the simulations were also used to construcit is lifted with an initial updraft velocity and becomes su-
droplet activation lookup tables with aerosol hygroscopicity persaturated with respect to water. Initially (tinne<0), the
as an independent variable, expanding on the original desigparcel contains a prescribed distribution of dry aerosol that is
of Saleeby and Cotton (2004) which has been applied in sevdivided into 100 size bins centered on an assigned median ra-
eral cloud-scale modeling studies (e.g., van den Heever andius. The distribution is assumed to be lognormal with shape
Cotton, 2007; Cheng et al., 2009). These lookup tables wer@arametes , = 1.8. This value for , was chosen to maintain
implemented in the Colorado State University version of theconsistency with the existing RAMS lookup tables (Saleeby
Regional Atmospheric Modeling System (RAMS; Cotton et and Cotton, 2004). The assigneq = 1.8 falls within the
al., 2003). Here we use the new droplet activation schemeange tested by Antilla and Kerminen (2007) that was based
to investigate the susceptibility of a simulated mixed-phaseon observed aerosol size distributions. While being lifted,
orographic cloud to variations in aerosol characteristics.  activation of haze particles and the growth of droplets in
The distribution of precipitation from orographic clouds in each size bin along with expressions for the change in tem-
which liquid and ice particles coexist is determined largely perature, pressure, air density and liquid water content with
by the amount of riming that occurs in the cloud (Saleebytime are solved iteratively with the Variable-coefficient Or-
et al.,, 2007). Theoretically, the riming efficiency is com- dinary Differential Equation (VODE) solver (Brown et al.,
puted from the size of the collector ice crystal and the size1989). The time resolution of these computations is deter-
of the cloud droplets being collected, and decreases rapidlynined within the VODE solver but the output from all simu-
for droplets with diameters below 10 um (Pruppacher andations is standardized with a longer, external time step. This
Klett, 1997). Therefore, an increase in CCN, if resulting time step was set to 250 anT* and is therefore dependent
in smaller droplet sizes, can decrease riming, leading toon the model vertical velocity. After reaching its maximum
suppressed precipitation totals on the windward side of thesupersaturationSghay), the parcel is lifted a further 50 m to
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Table 1. Initial values for the parcel model simulations.

T (°C) -30 -20 -10 O 10 20 30

Nen (cm=3) 10 31.6 100 316 1000 3600 1e5

w (m/s) 0.01 0.032 0.1 0.316 1.0 3.16 10 31.6 100

rg (Um) 0.01 0.015 002 0.03 004 006 0.08 0.12 0.16
024 036 048 064 096 1.28

K le-5 1le-4 0.001 001 003 006 01 02 025

03 035 04 045 05 055 06 065 0.7
0.75 0.8 0.85 0.9 1.0 11 1.28

provide ample time for activated droplets to grow. This sim- that the mixing state of most ambient aerosol can be consid-
ple parcel representation of the initial stage of cloud devel-ered at least quasi-internal.

opment only includes liquid-phase hydrometeor formation. with the Eidhammer et al. (2009) changes in place, the
The production of hydrometeors other than cloud droplets iSparcel model was run for all combinations of initi&l w,

not considered, nor are sedimentation processes that wouly,, . andr, used in Saleeby and Cotton (2004), given in Ta-

remove water mass from the parcel. ble 1, and for 25 values of between 0.00001-1.28. These

The percentage of the initi¥,,, that activates into cloud Values ofk were selected to span observed magnitudes of
droplets in the parcel model depends on a number of inerosol hygroscopicity in both urban and remote locations.
put variables that describe the initial aerosol and environ-Andreae and Rosenfeld (2008) reported typical continental
mental conditions. To limit the number of combinations of values fork of 0.2 to 0.4 with few observations below 0.1,
initial settings, Saleeby and Cotton (2004) restricted the in-and 1.28 is the reported value for NaCl (Petters and Kreiden-
dependent variables to four: temperatdtew, N.,, and  weis, 2007). The ranges chosen for the remaining variables
the aerosol distribution number median radiys and as- include extreme values in order to capture all conditions that
sumed a constant aerosol composition of ammonium sulfatéould potentially be encountered in RAMS simulations. The
or sodium chloride with a constant insoluble fraction. We initial pressure, 600mb, and initial relative humidity, 99%,
have extended this scheme to include aerosol hygroscopicityere kept the same for all model run§max achieved in the
as a fifth independent variable. parcels, and the resultimg,, were recorded.

The incorporation of aerosol hygroscopicity was made N general, the sensitivity of droplet activation to chang-
possible by modifications made to the original Heymsﬁe|ding x has been shown to decrease substantially with increas-
and Sabin (1989) parcel model by Eidhammer et al. (zoog)jng k (Petters and Kreidenweis, 2007). For this reason, sev-
Their model development work included the introduction of €ral of the highe parcel model results can be disregarded
the hygroscopicity parameter) (Petters and Kreidenweis, for construction of look-up tables while maintaining suffi-
2007) into the saturation ratio formula for liquid droplets. cient resolution of the potential impacts on activated fraction.
The hygroscopicity factor is a proxy for chemical composi- Reutter et al. (2009) showed that, in particular, this sensitiv-
tion, and was tabulated by Petters and Kreidenweis (2007¥Y is greatest below =0.1, although samples of such non-
for many aerosol constituents; it can also be computed fonygroscopic aerosol are seldom collected in the atmosphere.
internal mixtures of assumed components or determined em-00Kup tables for the following twelve values ofwere in-
pirically from experiments. The research reported here in-cluded in the RAMS droplet activation scheme: 0.00001,
cludes only one aerosol mode characterized by a single valug-01, 0.03, 0.06, 0.1, 0.2, 0.25, 0.35, 0.45, 0.6, 0.9, 1.28.
of « for each simulation. As in previous studies (e.g., ErvensWhen intermediate values efoccur in the course of a sim-
et al., 2007; McFiggans et al., 2006; Rissman et al., 2004)ylation,Nd is determined by linear interpolation between the
we note the inaccuracy of ignoring quasi-internal or external@ctivated fraction for the adjacent higher and lowéookup
mixing states but also recognize the difficulties in modeling tables.
such aerosol. Cubison et al. (2008) investigated the impor-
tance of the representative mixing state in modeling CCN2.2 Parcel model results
activation in an urban setting. They found that CCN pre-
diction was significantly improved by assuming externally As « is increased in the parcel model, the simulated particles
mixed aerosol and conclude that using an internal mixturebecome more hygroscopic and equivalent particle sizes will
for modeling can lead to both over and under-predictions ofactivate at lower supersaturations. Thus, increasesah
CCN. While it could be expected that freshly-emitted aerosollow for particles with incrementally smaller sizes to reach
would be externally mixed, McFiggans et al. (2006) notesthe critical threshold and a larger portion of the aerosol
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06 06 The updraft and aerosol-limited regimes are clearly dis-
05 05 cerned in Fig. 1a and compare well to the Reutter et al. (2009)
os o regime designations, also based gy=0.06 um, despite

- - some differences between our analysis and that of Reutter et

— 03 ~ 03

@ R al. (2009). They used a broader range ofrom 0.001 to 0.6,
02 02 and focused on high updraft and high particle number con-
04 01 ditions, characteristic of pyrocumulus clouds. In our runs,
00 00 the change inc from 0.2 to 0.5 leads to the highest values
16-05 16-03 71e—017 1e+01 1e-05 1e-03 71e—017 16401 of S(K) for W/Ncn less than 1O4ms_1/(cm_3), defined as
W/Ngp (m s~ '/ecm™) w/Ngy (ms~'/em™)

the updraft-limited regime. When the model is initialized as

_lirmi W — | —3 ;
Fig. 1. The sensitivity of the droplet number kg S(x), computed ae;ozpl !'”.“'Led (lt)/NC”>1O m S_th/_(cm )).' S(x) ISI Sr::f.l"
from parcel model output, as a function of the ratiéN,,, for L iminishes to near zero with increasingV,,. In this

©=0.2 t0 0.5. The sensitivities were averaged over all initial val- '€9ime, as noted by Reutter et al. (2009), the parcel reaches a
ues of 7. Results are shown fqa) input aerosol size distributions ~ Smax great enough to activate nearly 100% of the particles in
with r, =0.06 pm, andb) averaged over all initial values of. The the given distribution at all values efand for all initial val-
Reutter et al. (2009) regimes are indicated. ues ofw. Thus, compositional effects are rendered insignifi-
cant in these highly supersaturated model environments.

To extend this analysis to a range of size distributions we
distribution to activate. Reutter et al. (2009) found that theCQmpare the results of simulations with different initial
relationship between an increasedrand an increase iV, Fifteen values of, between 0.01 um and 0.96 um were used
was not constant, but varied with changes in the ratio of theyg initialize the parcel model. Figure 1b shows the same
initial updraft speed to the initial particle numbes/(Vc,).  quantities as in Fig. 1a, but averaged over the range of ini-
In our study,w/N., will also be used to compare the parcel tial r,. The resulting curve exhibits the same three-regime
model output to these previous results. Th#/., quantityis  structure as in Fig. 1a, but the divisions between the regimes
especially useful for classifying different parcel model envi- gre no |0nger distinct. The sharp decreasé‘(m) between
ronments, as it is an able predictor of the maSigl«. Inour  the updraft-limited and transition regimes has been reduced,
simulations, between values ofiN., =10 ®ms/(cm™3)  and some sensitivity to the changedrextends well into the
andw/N,, =107 ms~/(cm~3), the Smax (averaged over all  aerosol-limited regime.
initial r¢ andT') was highly correlated with/N,, in a posi- A better demonstration of the effect of changing the size
tive sense (linear correlation coefficient r=0.93). distribution is given in Fig. 2, which displays the change in

Figure 1a shows how changes in aerosol composition afi5() with increasing-, while holdingw/N.,, constant. Pre-
fect CCN activity asw/N,, increases in the parcel model, vious studies have evaluatefix) and sensitivity to other
for an initial r, =0.06 um. We compute the dependent vari- measures of composition as a singular value representative of
able,S(x), using the method shown by Feingold (2003) and the entire initial parameter space (e.g., Rissman et al., 2004;
summarized as follows. Parcel model predictiongvgfare Reutter et al., 2009). This figure shows tiS4t) varies sig-
plotted againsk on a log-log plot. A linear relationship is nificantly within that parameter space, in this case with re-
fitted to the plot using regression and the resulting slope ofspect tor,. In the aerosol-limited regime (Fig. 2aj(x) is
the line is understood to b(«) for the specified range in small forr, =0.06 um but increases Bfx) = 0.35 below that
and given initial conditions. Reutter et al. (2009) use this ap-size wheno, =1.8. For these small aerosols, composition
proach but plot values ¥, for each initialc that have been  affects CCN activity even in the aerosol-limited regime. A
averaged over all initial conditions and name the modifiedsimilar trend is apparent for the transition regime shown in
parameteS(x). In our simulations, several combinations of Fig. 2b, although the higli(«) values are shifted to higher
initial w andN,, result in the same value af/N.,, meaning  median radii.
multiple values ofS(x) occur at the same/N,,. Addition- Finally, for the updraft-limited regime illustrated in
ally, several values af(«x) are computed at the sam€N.,  Fig. 2c, the highest sensitivity extends to even larger median
but for different initial 7. These are averaged to give the radii, tapering off above, =0.15um. The non-monotonic
single value ofS(x) at eachw/N., shown in Fig. 1a. The path of the sensitivity curve in Fig. 2c could be the re-
range ink for this portion of the analysis, 0.2 to 0.5, was sult of non-trivial variations in the difference betwe&iax
chosen to incorporate the typical hygroscopicity values forreached for the lowek limit (x =0.2) and for the upper
continental aerosol. It extends the range suggested by Ang |imit (« =0.5). Solution drops formed by more hygro-
dreae and Rosenfeld (2008) for continental airmass mOde"ngcopiC or larger particles remain in equilibrium with their
(0.2 t0 0.4) to include the majority of observations compiled environment at a lower saturation ratio, leading to the varia-
by Hudson (2007) in continental regions, reported a$.33  tions (Saleeby and Cotton, 2004). The differencéiny is
+/—0.15 by Andreae and Rosenfeld (2008). amplified and, therefore, becomes more important,as-

creases. This effect, in combination with already enhanced
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Aerosol-limited Transition Updraft-limited
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Fig. 2. S(«x) computed from parcel model output fer= 0.2 to 0.5 as a function of the choice of initigl. The sensitivities were averaged
over all initial values off'. Each panel displays output from simulations initialized with a single value/ 8%, set to(a) 1e-02,(b) 1e-03,
and(c) 1e-04m s1/ecm3. Results from simulations at all three valuesrgfare plotted as a dashed grey ling, = 1.5), a solid black line
(0¢g=1.8), and a dotted grey linef =2.1).

sensitivity at larger values ef, in the updraft-limited regime
(Fig. 2c¢), could have caused the apparent maximusyis)
nearrg = 0.1 um that occurred for all values of initial size dis-
tribution shape parameters. Of course, unstable behavior ir
the parcel model, which has been reported in such models__
at very low supersaturations (e.g. Reutter et al., 2009), couldg
also be a factor. 5

The parcel model simulations were repeateddfgr- 1.5
ando, = 2.1 to investigate the impact of the size distribution
shape on these results. Antilla and Kerminen (2007) con-
cluded that, for low updraft velocities, the size distribution
shape could be just as important as the median radius for de
termining sensitivity to compositional changes. Here, values 0,005 0010 002 0050 0100 0200 0500 1.000
of S(x) for the different distribution shapes are given by the
dashed and dotted lines in Fig. 2. The narrowest size distri-
bution ', = 1.5) shows the greatest values of sensitivity but _ ) o o
trends the same as the other curves, as given by the dash&l: 3 Repre_sentatlon of the initial lognormal dlstrlb_utlons of
and dotted lines in Fig. 2. The values${) plotted in Fig. 2 aerosol used in the parcel moqel_f0§:0'06 um (solid) agd
also suggest that shape parameter variations are more impdi 0.10um (dashed). Each distribution assumigs= 1000 cr

tant for small t and no more or less important in the differ- ando g =1.8. The shaded region shows the additional number of
b P . _particles that would activate in each distributior Wvere increased

ent regimes. In all Fig. 2 plots, the sensitivity to changes ing.;.16 2 t0 0.5 in an environment Withhax = 0.165%.
« varies significantly within thev/N,, regimes. Altogether,

the results in this figure show that N,, or supersaturation-
based regimes, cannot fully predict the compositional depenThs influence can be shown for lognormal representations

°
=z
o

100 200 300 400 500 600 700
1

0
I

Radius (um)

dence of CCN activity independently of the of aerosol size distributions as well.
_ _ Figure 3 illustrates the impact of the initial size parameter
2.3 Relationship betweemnrg and S(x) r¢ 0N S(x). The two input aerosol distributions are assumed

to havex =0.2, and the effect of changing this #6=0.5 is
The analysis of thev/N, regimes and the sensitivity pa- evaluated. The shifts in critical dry size for thischange,
rameter imply a role of the size distribution in predicting the corresponding to a selectesd (chosen ass.= 0.165%), are
dependence of CCN activity on aerosol composition. In theirindicated. For the distribution with, =0.10 um,S(x)=0.14
review of droplet activation theory, McFiggans et al. (2006) (here,S(«) is computed simply by differencing the logarithm
state that CCN activity is determined by the number of par-of N; at each« and dividing by the logarithm of the fixed
ticles and the gradient of the size distribution, at the criticalfractional change ir, see Eq. 1), but the value of this param-
radius ¢.) or range irv. under investigation. They note that eter increases to 0.59 fogy =0.06 um due to the shift of the
this idea can be attributed to Twomey (1959) whose power-distribution median relative to the of the given supersat-
law representation of CCN clearly demonstrates the influ-urated environment. Of course, in the parcel model, critical
ence of size distribution parameters over activated fractionsupersaturation would not be identical wheiis modified,
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even for the same updraft velocity, tending to somewhatuni-modal size distribution function, conditions that do not
dampen out these differences (Rissman et al., 2006). apply universally.
As suggested in Fig. 3, the variability of the
compositional-dependence af; is explained, in large
part, by the location of the,. on the size distribution 3 Sensitivity experiment
function of an aerosol population. For the lognormal size
distribution function, the relative location ef can be repre-  As an initial application of ther-based lookup tables, and
sented by the percentage of particles in the size distributiorio test the role of the particle size distribution and aerosol
smaller than the stated. This percentage can be expressedhygroscopicity, sensitivity simulations were carried out cen-
by evaluating the normalized cumulative size distribution tered around a mixed-phase orographic cloud case study for
function at radiug =r: which aerosol size and droplet activation data were known.
The sensitivity study was run with RAMS, which is well
In(re/rg) suited for simulating mixed-phase cloud systems owing to
ﬁlnag a sophisticated bin-emulating, bulk microphysics package
(Saleeby and Cotton, 2008). Recently this was enhanced by
where erf is the error function amdl(r.) is the fraction of  the inclusion of a binned method for representing the riming
particles smaller than. for the given size distribution pa- process that was shown to improve the prediction of riming
rameters, ando . efficiencies (Saleeby and Cotton, 2008). RAMS predicts the
To determineV (r.) a cumulative distribution function was cloud droplet distribution mixing ratio and number concen-
created for each initial value of, used in the parcel model tration (Saleeby and Cotton, 2004) and also predicts two mo-
and each value af (0, =1.5, 1.8, 2.1). Then, was com-  ments of the distributions for rain, hail, pristine ice, snow,
puted using Eg. (10) from Petters and Kreidenweis (2007)aggregates and graupel (Cotton et al., 2003). The formation
for every combination of initiaN,,, w, T, andr,, butforthe  of ice crystals by homogeneous and heterogeneous freezing,
fixed range irk, 0.2 to 0.5. TheSmax reached in each sim- as well as secondary ice production are treated as described
ulation was used as th& required for calculating.. The by Saleeby et al. (2009) with a vertically-decreasing profile
final r. was taken as the average betweenthéor initial of ice nuclei (IN) number concentration.
kx =0.5 and the-. for initial « =0.2, for each combination of
the other initial conditions. The span of particle size between3.1 Experimental design
r. computed fork =0.5 andk =0.2 (in Fig. 3, the width of
the shaded region along the x-axis) is not constant but varieé\n orographic snowstorm that occurred over the Park Range
with the environmental supersaturation and withself. As in northwestern Colorado during 11-12 February 2007 was
shown by Petters and Kreidenweis (2007), the change in chosen as the case for this sensitivity study. Orographic
for a fixed range irx increases with decreasing supersatura-clouds in this region form with westerly or northwesterly
tion. flow which induces the greatest uplift over the north-south
The r., computed as explained above for every combi- running topography. In the absence of a frontal system, this
nation of N.,, w, T, andr,, was used to solve the cu- flow is often forced by the presence of a mid-level ridge to
mulative size distribution function with the corresponding the west and a developing lee trough to the east, together
rq. The resultingV (r.) values are positively correlated with setting up a strong cross-barrier pressure gradient over the
S(x), which is consistent with an increaserinrelative tor, Park Range (Rauber et al., 1986). The 11-12 February 2007
leading to an increase in the sensitivity of CCN activity to storm formed under these conditions. It was characterized
changes ir. The computed Pearson linear correlation coef-by a sustained period of high liquid water content (LWC),
ficients, r=0.80, 0.82, 0.85 for, = 1.5, 1.8, 2.1 respectively, especially after 00:00 GMT on 12 February, and persistent
suggest that the predictive ability of(r.) is strong for the  precipitation of heavily rimed snow crystals (Saleeby et al.,
entire range of varied initial conditions, including median ra- 2009). It has been hypothesized by Borys et al. (2000) that
dius. Therefore, for a fixed,, S(x) can be predicted from higher LWC mixed-phase orographic clouds are more sensi-
re or, for a knownk range, fromS, as shown by Reutter et tive to changes in CCN number concentration. Also, Saleeby
al. (2009). However, the inverse is also true. For a fifed et al. (2009) found that mixed-phase orographic storms that
and a knowrn range, the sensitivity to changesdrlepends  contain large supercooled droplet sizes, therefore riming ef-
onthe initialr,. This resultis, perhaps, intuitive, butitis also ficiently, are more susceptible to the impacts of increasing
instructive. It suggests that for cloud regimes with character-CCN number concentration. For these reasons, the 11-12
istic supersaturations the importance of aerosol compositiodrebruary 2007 storm provides an excellent test case for ex-
for droplet activation can be anticipated if basic aerosol sizeamining the effects of a variable aerosol population.
and source data are known. Of course, it is important to re- To represent realistic variations in aerosol in these sim-
member that these conclusions are derived from simulationsilations, observations from the ISPA field campaign were
that assumed a perfect internal mixture of aerosol and knowmused as the basis for the model initializations. Aerosol

N(rc)=%+%erf{ (2
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0.04 @) series of the resulting, is shown in Fig. 4a plotted with
N, (Fig. 4b) at five-minute intervals. For the entire ISPA
= 0.03 field study, the estimated average=0.018 um and varied
2 little with 10th and 90th quantile values @f =0.010 pm
= 0.0 andr, =0.028 um. Total aerosol number, as measured by
0.01 the SMPS and APS, showed more variation with a range of
N,., =461 to 10762cm3. The N,, dataset for the entire
1/14/07 1/28/07 2/11/07 2/25/07 study period had a mean of,,, =1681 cnt3 but a median
Date of N, =1290cnT3. Some of the samples exhibit an appar-
ent second mode with a peak near 0.05um containing a
10000 (b) relati\_/el_y small proportion_ of the at_arosol number, al_so char-
5000 | acteristic of the rural continental airmass. In these instances
- the fitted distribution will underestimate the number of larger
§ 60001 particles that, due to their size, are more likely to activate
_§ 4000 1 droplets. However, because this second mode contains so
2000 few particles, it does not appear in the sampled size distribu-
01 tion when this is averaged over the entire study period. For
1/14/07 1/28/07 2/11/07 2125/07 the purpose of producing an estimatgdfor model initial-
Date ization, the single mode, will be used.

With the combination of size-differentiated aerosol and

Fig. 4. Time series ofa) r; and(b) N, estimated from observa-  droplet activation data, it is possible to estimate thealue
tions collected during the ISPA campaign at SPL in 2007. Note thatof each ambient aerosol sample if an internal mixture is as-
rg is estimated by fitting a single lognormal mode to the aerosolsumed. At a fixed supersaturation, knowledge of the critical
size distribution dataN,, was derived from the sum of all aerosol radius, that separates the particles that activate from those
observed by the SMPS and APS. that remain unactivated, implies a single valuecdr in-

ternally mixed aerosol. With the CCN number concentra-

tion known, the critical radius (and subsequentlycan be
number concentration and size distribution data were colestimated from the aerosol size distribution samples. This
lected from 6 January 2007 to 28 February 2007 using amethod is similar to that used in CCN closure experiments
scanning mobility particle sizer (SMPS) and an aerodynamicn which, typically, an aerosol hygroscopicity is assumed
particle size spectrometer (APS) located at the Desert Reand used to predict the CCN number concentration. Pre-
search Institute (DRI) Storm Peak Laboratory (SPL). SPLvious studies of this kind have suggested that variations in
is located at an elevation of 3210m above mean sea levederosol composition are the greatest source of error in achiev-
atop the southern extent of the Park Range and is oftefilng CCN closure (Bougiatioti et al., 2009). Here, we assume
above cloud base during winter orographic storms (BorysCCN closure exists and use this assumption to predict aerosol
and Wetzel, 1997). The SMPS measured particle radii behygroscopicity. The CCN data sampled during ISPA at 0.3%
tween 0.0044 and 0.17 um and the APS measured larger pagupersaturation were used in this analysis. The DMT-CCN
ticles with radii between 0.25 and 10.3um. Todl, was  counter uses a temperature differential to create the necessary
estimated as the sum of particles observed by the SMPSypersaturated environment. Measurements taken when the
and APS. In addition to the aerosol size distribution, CCN temperature differential was not stabilized were neglected.
number concentration was measured at supersaturations ghe remaining data were averaged over 5-minute periods and
0.1%, 0.2%, 0.3%, 0.4% and 0.6%, as reported by Saleeb¥ompared to a single corresponding SMPS and APS observa-
et al. (2009), using the Droplet Measurement Technologiesion. The results of this analysis show very little variation in
(DMT) CCN-100 (Roberts and Nenes, 2005). Observations, estimated from the SPL measurements. For the entire field
from the SMPS and APS consistently showed particle countgampaign, the average estimatedvas 0.14 with 10th and
betweenN, =500 andN,, =3000 cn? (for aerosol larger  90th quantile values af = 0.08 andc = 0.18. Past research in
than the SMPS detection limit @f= 0.00435 pm) most often  the Park Range area has found that sulfate aerosol plays a ma-
distributed uni-modally with distribution peaks smaller than jor role in local Orographic cloud microphysics (eg Borys
r =0.05pm. The dominant Aitken-size mode (with respect toet al., 2000; Borys et al., 2003), but the ISPA measurements
number) is most characteristic of a rural continental airmassshow a low hygroscopicity aerosol population, perhaps in-
as defined by Seinfeld and Pandis (2006). dicative of a dominant organic component.

For the purpose of obtaining realistic initial values for

to initialize the aerosol field in RAMS, a single lognormal
mode was fit to the aerosol size distribution samples from
ISPA using the method of maximum likelihood. A time
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Table 2. Settings used for all RAMS sensitivity simulations.

Setting All grids Grid 1 Grid 2 Grid 3 Grid 4
Microphysics Two-moment bulk (Mey-

ersetal.,, 1997)
Turbulence closure Horizontal: based on

Smagorinsky (1963)
Vertical:  Mellor and

Yamada (1982)
Radiation Two-stream (Harrington,

1997)
Surface boundary LEAF-2 (Walko et al.,

2000)
Cumulus Parameterization Kain and Fritsch (1993) None None None
Grid points (Xx Y) 62 x 50 54x50 97x82 114x 114
Horizontal spacing 60 km 15km 3km 0.75km
Center latitudeqN) 40.0 40.3 40.2 40.46
Center longitudeq(W) 106.0 106.5 106.4 106.75

3.2 RAMS setup run for a duration of 42 h beginning at 00:00 GMT 11 Febru-

ary 2007 and ending at 18:00 GMT 12 February 2007. This
RAMS was set up, as in Saleeby et al. (2009), on fourtime period captured the length of the storm system that be-
horizontal grids with two-way nesting. The grid arrange- gan at around 06:00 GMT on 11 February and began to dis-
ment and other important model parameters are given in Tasipate by 18:00 GMT on 12 February.
ble 2. RAMS uses a sigma-z terrain-following vertical co- o .
ordinate system set up, in this case, with 40 vertical lev-3-3 Sensitivity simulations results

els. To increase the vertical resolution in the boundary . . - .
It is expected that the riming efficiency, and resulting pre-

layer, the lowest model level has a vertical grid spacing of . > =" N I .
75m. This is stretched by a ratio of 1.12 for subsequentc'p'tat'on distribution, would be modulated by variations in

levels until reaching a maximum spacing of 750 m Thethe CCN number concentration flowing into the orographic
North American Regional Reanalysis dataset was used t8IOUd (ISﬁIeeby et ff"l_'t' 20r(]) 9). Ht%W thi.n dto da(éjztés;lmentsbm
initialize the meteorological fields as well as nudge the |at-2€70S0! Nygroscopicily change the activate number
eral and model top boundary meteorology at 5-min inter_concentratlon for the particular orographic cloud conditions?
vals. Model aerosol number concentration was initializedA first check is shown with vertical profiles of initial model
. . . or i

in a horizontally-homogeneous, vertically-decreasing profiIeC_CN number concentration at a supersaturation of 0.6% in
with a surface concentration of,, = 1500 cnm3. This value Fig. 5. CCN number concentration is predicted at prescribed

N : : : values of supersaturation by the inclusion of the separate up-
s slightly higher than the median concentration observed . .
'S SWgntly g ! ! v draft look-up table in the RAMS droplet activation scheme.

at SPL during ISPA. It was prescribed assuming that, SlnceI'he look-up table is comprised of the updraft speeds required

the r, observed during ISPA was near the lower detectiont h th ibed turation in th | model
limit of the SMPS instrument, the Aitken mode contained 0 reach the prescribed supersaturation in the parcel mode
given the simulated’, N., andr,. In this caseT is set to a

a portion of particles that were not large enough to be ob-

served. Above the model level 150 m above ground, the ini_constant 23C for diagnosis of model CCN to approximate

tial aerosol number concentration decreases linearly to théhe _tem_pera_ture in the SP.L CCN instrument. T_he vgrtlcal
model level 4000m above ground. Above 4000m a low, profiles in this case were diagnosed at a model grid point up-

free-tropospheric number concentratidh, =100cnt3 is wind of SPL for the B-simulations in which, =0.020 um, .
assumed. about the observed average value for the ISPA campaign.

. . . N The majority of particles in simulation B10 would activate
Twenty-one simulations were run with varied initigland

The initial val i and ined tant th h droplets at the prescribed supersaturation of 0.6% but this
«. The Iniial values oF, andk remained constant through- ., e gecreases with decreasing For simulations A1,

out the entire respective simulation. The values of these Paz1 and C1 (not plotted) fewer than 5 chparticles would

rameters are shown in Table 3 for. all smulaﬂpns. Note thatactivate droplets in RAMS at this supersaturation, even near
here we employ the entire rangesrthat is available in the

L : the surface boundary.
droplet activation look-up tables and no longer restrict the y
analysis to typical continental values. All simulations were
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Table 3. RAMS sensitivity simulation names and initial values fgrandx.

Initial « 000001 0.001 001 003 006 01 02 04 06 1.28

rg (Hm)

0.010 Al A2 A3 A4 A5 A6 A7 A8 A9 Al0
0.020 Bl B2 B3 B4 B5 B6 B7 B8 B9 BI10
0.040 C1l B2 C3 C4 C5 cée C7 C8 (C9 cC10

5400 intensity of the storm. The differences between Mgin
simulations B1 and B10 are significant. The higlsimula-
1 tion, B10 (Fig. 6¢c), generates between one and two hundred
48004 more droplets per unit volume at its maximum and a larger
area withN, values greater than 700 crhthan that shown
- in Fig. 6a for the lowx case. Also important to note are the
smaller mean droplet diameters produced in simulations B7
4200+ (Fig. 6b) and B10 when compared to B1. Only mean droplet
_ diameters larger than 10 um are plotted in Fig. 6 to highlight
the areas where riming will take place, according to experi-
3600 mentally determined collection efficiencies (Pruppacher and
Klett, 1997). Droplets located outside the 10 um threshold
B10 contour will not be collected by ice crystals to an apprecia-
B6 ble degree.
B5 The differences in mean droplet diameter for the range in
are greater for the simulations in group A shown in Fig. 6d-f.
2400+ Large regions of mean droplet diameters near or below 10 um
0 ' 6(|)0 ' 12‘00 are predicted in simulation A10 (Fig. 6f) whereas Fig. 6d
CCN number concentration (cm-) shows, in general, mean droplet diameters in excess of 10 um
and areas of much larger droplets for A1. For A7, shown in
Fig. 5. Vertical profiles of CCN diagnosed from RAMS simula- F_'g', 6e, theN, and mean drqplet diameter fields gre more
tions B5, B6, and B10 for conditions of 0.6% supersaturation angSiMilar to those of highe conditions than low conditions.
T =25°C. The profiles were taken from 40.8 and 107.0W at  This is evidence that the greatest sensitivity fa these sim-
30 simulation minutes after the model initialization. ulations occurs below =0.2.
Increasing the value of from near zero to 1.28 led to
changes in the distribution of precipitation across the topo-
The simulated orographic flow strengthened as the modegraphical barrier for all simulation groups. As shown in
progressed into 12 February and reached peak intensity bprevious work, an increase in th¢, leads to a decrease in
12:00 GMT on that day with updraft speeds generally greatemwindward precipitation and an increase in leeward precipita-
than 1 m/s along the windward side of the Park Range andion, known as the spillover effect (Muhlbauer and Lohmann,
exceeding 2 m/s in many locations. These conditions, along008; Saleeby et al., 2009). The ratio of leeward precipita-
with the prescribedv,, =1500cnT2 put this case into the tion to total orographic precipitation was proposed by Jiang
aerosol-limited regime as defined by Reutter et al. (2009)and Smith (2003) as a single-value measure of the spillover
although areas with weaker updrafts would be classified inteeffect. The spillover ratio was also used by Muhlbauer and
the transitional regime. Apart from predictions of sensitivity Lohmann (2008).
tox in these regimes, the aerosol-limited regime is character- To illustrate the spillover effect, the difference between to-
ized by high supersaturation. As a result, in some locationgal precipitation in simulations A1 and A10 is shown in Fig. 7
more droplets are activated in the model orographic cloudalong with similar plots for B1 and B10, and C1 and C10.
than were predicted for a supersaturation of 0.6% in Fig. 5.The location of the continental divide is plotted to show the
As air parcels enter the high updrafts forced by the topog-approximate location of the ridge of the topography. The
raphy, even the non-hygroscopic aerosol case@.00001) west to east direction of the strong cross-barrier flow that is
producedN, values in excess of 700 cm (Fig. 6a). The necessary for sustaining the orographic cloud is indicated in
vertical cross-sections in Fig. 6 are shown at a latitude ofFig. 7 by an arrow. In Fig. 7a, a strong spillover effect is ap-
40.45% and at 12:00 GMT on 12 February during the peak parent. Precipitation is increased on the windward (western)

Altitude (m above msl)

3000

www.atmos-chem-phys.net/10/5435/2010/ Atmos. Chem. Phys., 10, 548%-2010



5444 D. S. Ward et al.: The role of the particle size distribution

w
'y (@) o (b) g6
Y
2 2
40
0 / 0
-2 -2
7/
, |-4 |-4
E ‘ - N 6
Q
§ Approximate mean low-level flow
c _— >
o
£ / (c) 46
2 4
E 4
© 2
E 0
S 2
2 4
2 /|
’ -6

Fig. 7. The simulated difference in total storm-period precipitation
(mm) betweerfa) A1-A10, (b) B1-B10,(c) C1-C10 is shown. Pos-
itive values (indicating, for example, areas that received more total
precipitation in Al than in A10) are shaded in blue. The continental
T TR TR oGon  doosn 106 106oH divide is marked by the solid black line and the approximate direc-
tion of the mean low-level flow is indicated.

Fig. 6. Vertical cross-sections aW, (shaded;cm3) and mean
droplet diameter (contoured; um) for RAMS simulatigaB1, (b)
B7, (c) B10, (d) A1, (e) A7, (f) A10. Only mean droplet diam- minishing sensitivity can be explained by the relationship be-
eters above 10 pm are contoured. The cross-section was taken aweenk-dependence and the relative positions.oéndr,,
40.455 N and terrain is blacked out. as shown in Sect. 2.3. As the aerosol size distribution moves

to larger sizes;, will necessarily increase with respectito

In the model, this leads to weaker CCN sensitivity to changes
side of the ridge for the low extreme inwhen compared to  in « and therefore, less impact on the simulated orographic
the high extreme and decreased on the leeward (eastern) sidgloud. It is important to note that because of the theoreti-
The magnitude of the difference, between 4 to 5mm alongcally sharp threshold in droplet size that determines riming
the Park Range, accounts for about 10% of the total storntate, the spillover will be greatest when change#/inlead
precipitation in this region, similar to that shown by Saleeby to droplet size changes above this threshold size. Cases for
et al. (2009) for a change in initiaV., from 300cnTto  which N, is large will appear insensitive to variationsify
1100 cnT3. Of course, this is only theoretical since a range even for large changes in activated fraction.
in « such as that used to initialize A1 and A10 is notlikely to  As a more quantitative measure of the precipitation redis-
be observed at SPL. When the precipitation fields are comtribution, the spillover ratio is applied. The leeward precip-
pared for the simulations based on the 10th and 90th quanitation in this case was computed as the sum of all precip-
tiles in« estimated from the ISPA project (considered to bejtation that fell during the storm period to the east of the
A5, B5, C5, and A7, B7, C7), the differences are trivial. continental divide, west of 10623V, and between 4094\

Whenr, is increased in the model, as in the B and C sim-and 40.8 N, per unit area. Total orographic precipitation

ulations, the scale of the precipitation differences is dimin-was defined as precipitation, per unit area, that fell between
ished. Forr, increased to, =0.02um (Fig. 7b), the dif- those same latitudes and between 19@/3and 107.0W.
ferences between the highand low« simulations are only  The spillover ratios for all simulations are shown in Table 4.
about half of those shown for the smallgr In Fig. 7c, the  As expected from the analysis in Fig. 7, the spillover ratio
sensitivity to the change in is even smaller and almost no changed the most for the A group of simulations. In all
enhancement of windward precipitation is shown. The di-simulation groups, the spillover ratio was apparently most
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Table 4. Spillover ratio values for all RAMS sensitivity simulations.

Simulation  Number 1 2 3 4 5 6 7 8 9 10
Group

A 0.366 0.362 0.389 0.396 0.398 0.398 0.398 0.400 0.400 0.401
B 0.391 0.390 0.400 0.400 0.400 0.399 0.399 0.399 0.400 0.402
C 0.398 0.402 0.402 0.402 0.404 0.401 0.402 0.403 0.402 0.404

sensitive to variations in the lowest valueskqfbelow the  assumed. As a consequence, none of the complexities asso-
range ofc values estimated from the ISPA-II data. ciated with external mixtures were examined in this study.

In this study the role of variations in ice crystals was given ~Uni-modal, Aitken mode-size aerosol size distributions
little attention, yet these variations have the potential to de-were consistently sampled at SPL during the ISPA cam-
termine the precipitation distribution in modeling studies of paign. Therefore, despite the high supersaturations pre-
mixed-phase clouds. Muhlbauer and Lohmann (2009) in-dicted by RAMS, a simulated orographic snowstorm case
troduced IN into idealized simulations of mixed-phase oro-from the study period showed some sensitivity, evident as
graphic clouds and found that increased number concentrancreased spillover precipitation, to extreme changes in the
tions of IN can lead to an increase in total storm precipita-model aerosol hygroscopicity as represented by tharam-
tion. When internally mixed aerosol are considered, parti-eter. The differences in precipitation amount and distribution
cles are more likely to act as CCN than IN and the reducedvere similar to those seen in simulations of the same case by
riming described in the current study is reproducible. Still, Saleeby et al. (2009) in whicN,,, was varied. However, the
the interactions between ice crystals and cloud droplets idack of variability ofx andr,, as estimated from SPL ob-
these mixed-phase clouds are complex and still under invesservations, suggest only a small role for these quantities in
tigation. These interactions may lead to variations in stormthis environment. This leads to the supposition that for these
precipitation that are not predicted by the liquid-phase resultdigh supersaturation clouds and for rural continental aerosol
put forth in this study. populations, consideration of the variability of aerosol com-

position might safely be neglected for purposes of modeling
the liquid-phase cloud physics.
Similar sensitivity approximations could be applied to
other cloud regimes for the purpose of increasing the effi-
a- ciency of model representations. In areas where sufficient

tion in mesoscale and larger-scale models are needed. |dé>_bservations are not available, it is instead useful to know
ally, simplifications could be made that permit classifi- what information needs to be gathered to make an educated

cation of aerosol populations into composition-dependen@SSumption about the sensitivity of such clouds to changes in
and non-composition-dependent as a function of observabl@€r0s0l hygroscopicity. In light of the parcel model results

environmental parameters. Previous studies have showHeScribed inthis paper, any such arrangement should include
an apparent tendency for composition-dependence in lowConsideration of the size distribution, as characterized by the

supersaturation conditions (Ervens et al., 2007; Gunthe ef"edian radius.

al., 2.009) ) Rhe urt]t'erhet alh (2.0098) dgfln(ald .reglr;?es that ar(?AcknowledgementsThis research was supported by the National
consistent with this hypothesis. By simulating the ascent o Science Foundation grant ATM-0835421. The authors would like

aerosol-laden air parcels we have also found that these envis thank Gannet Haller and lan McCubbin of the Desert Research
ronments will exhibit more sensitivity to changes in aerosol |pstitute, as well as the Steamboat Ski and Resort Corporation
hygroscopicity because lower supersaturation typically leadsor support during the ISPA field campaign. We also thank two
to a higherr.. However, this is not the complete picture. anonymous reviewers for their constructive comments that helped
The parcel model results show that, because of the nature afnprove this paper.

the lognormal distribution assumed in the model, low super-

saturation environments could potentially exhibit only small Edited by: P. Spichtinger

composition-dependence for size distributions with the larger

initial mode diameters. And at high supersaturations the

composition-dependence could be important if the size distri-

bution median radius is more characteristic of a small Aitken

mode. In reaching this conclusion, internally mixed aerosols

with constant hygroscopicity over variable particle size were

4 Conclusions

Approaches for simplifying CCN predictions for applic
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