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Abstract

Three configurations of a bulk microphysics scheme in conjunction with a detailed bin
scheme are implemented in the Weather Research and Forecasting (WRF) model to
specifically address the role of the saturation adjustment assumption (i.e., condens-
ing/evaporating the surplus/deficit water vapor relative to saturation in one time step)5

on aerosol-induced invigoration of deep convective clouds. The bulk model configura-
tions are designed to treat cloud droplet condensation/evaporation using either satu-
ration adjustment, as employed in most bulk models, or an explicit representation of
supersaturation over a time step, as used in bin models. Results demonstrate that the
use of saturation adjustment artificially enhances condensation and latent heating at10

low levels and limits the potential for an increase in aerosol concentration to increase
buoyancy at mid to upper levels. This leads to a small weakening of the time- and
domain-averaged convective mass flux (∼ −3 %) in polluted compared to clean condi-
tions. In contrast, the bin model and bulk scheme with explicit prediction of supersatu-
ration simulate an increase in latent heating aloft and the convective updraft mass flux15

is weakly invigorated (∼5 %). The bin model also produces a large increase in domain-
mean cumulative surface precipitation in polluted conditions (∼18 %), while all of the
bulk model configurations simulate little change in precipitation. Finally, it is shown that
the cold pool weakens substantially with increased aerosol loading when saturation
adjustment is applied, which acts to reduce the low-level convergence and weaken the20

convective dynamics. With an explicit treatment of supersaturation in the bulk and bin
models there is little change in cold pool strength, so that the convective response to
polluted conditions is influenced more by changes in latent heating aloft. It is concluded
that the use of saturation adjustment can explain differences in the response of cold
pool evolution and convective dynamics with aerosol loading simulated by the bulk and25

bin models, but cannot explain large differences in the response of surface precipitation
between these models.
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1 Introduction

Recent studies have investigated the effects of increased aerosol loading on the be-
havior and response of deep convective clouds (e.g., Khain et al., 2004; Khain and
Pokrovsky, 2004; Khain et al., 2005; Wang, 2005; Koren et al., 2005; Grabowski, 2006;
Seifert and Beheng, 2006; Teller and Levin, 2006; Van den Heever et al., 2006; Fan5

et al., 2007; Tao et al., 2007; Van den Heever and Cotton, 2007; Khain et al., 2008; Lee
et al., 2008a,b; Rosenfeld et al., 2008; Fan et al., 2009; Khain and Lynn, 2009; Koren
et al., 2010; Noppel et al., 2010; Ekman et al., 2011; Lee, 2011; Lebo and Seinfeld,
2011; Grabowski and Morrison, 2011; Seifert et al., 2012; Morrison, 2012). Changes in
cloud properties resulting from aerosol loading can have potentially significant effects10

on the radiative forcing, precipitation patterns and amounts, and storm severity. The in-
herent complexity of untangling aerosol effects in a system with numerous, interacting
dynamical and microphysical feedbacks is highly challenging. This is especially true
in a mixed-phase convecting environment. Although the initial effect of an increase in
aerosol loading may be to suppress the collision-coalescence process and thus miti-15

gate the formation of precipitation within a warm cloud or the warm region of a mixed-
phase cloud (i.e., Gunn and Phillips, 1956; Squires, 1958; Albrecht, 1989), feedbacks
with the environment or changes in the microphysical process rates in other regions
of the cloud may result in a negligible change in precipitation, or even potentially an
increase.20

Specific effects of aerosol perturbations on the strength of convection and cumulative
precipitation through their impact on cloud microphysics (i.e., indirect aerosol effects)
have been suggested recently from both satellite observational analyses and numeri-
cal modeling studies. Conceptually, we categorize the conclusions of these works as
follows:25

1. Increased Buoyancy – Rosenfeld et al. (2008) provided a conceptual model de-
scribing how an increase in aerosol number concentration can lead to a decrease
in collision-coalescence and thus an increase in the mass of liquid hydrometeors
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that are lofted above the freezing level. There, the particles freeze and the re-
sulting latent heating provides a positive buoyancy contribution (and hence an in-
crease in vertical velocity). Note that an increase in condensate loading aloft has
offsetting effects on buoyancy, but under some conditions there is an invigoration,
all else being equal (Rosenfeld et al., 2008). There may be either an increase or5

decrease in surface precipitation depending in part on factors such as environ-
mental relative humidity (e.g., Rosenfeld et al., 2008; Khain and Lynn, 2009; Lebo
and Seinfeld, 2011).

2. Cold Pool Strengthening – Lee et al. (2008a), and Lee (2011) found that an in-
crease in aerosol loading leads to an increase in low-level convergence, resulting10

from an increase in evaporation and a stronger cold pool. Tao et al. (2007) showed
that in polluted environments, evaporation may increase or decrease, producing
a stronger or weaker cold pool depending upon the environmental conditions. On
the other hand, Van den Heever and Cotton (2007) and Morrison (2012) showed
that a weakening in cold pool strength arises from an increase in aerosol number15

concentration.

3. Cloud Deepening and Detrainment – Stevens and Feingold (2009) postulated that
in polluted conditions, the cloud hydrometeors ought to be more numerous and
smaller and consequently, more likely to evaporate or sublimate when detrained
near cloud top. An increase in evaporation or sublimation at cloud top will moisten20

environmental air, allowing subsequent clouds to deepen by reducing entrainment
of dry air. Changes in evaporative cooling at the lateral cloud edges associated
with smaller droplets in polluted conditions can also impact cloud-scale vorticity
and entrainment (e.g., Xue and Feingold, 2006). These effects have been stud-
ied primarily for shallow cumulus and cumulus congestus; their impact on deep25

convective clouds is potentially important but highly uncertain.

While it is convenient to categorize conceptually the different mechanisms by which
an aerosol perturbation can alter the dynamics of moist deep convection, in reality, a
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combination of these effects is likely to occur and the importance of specific mecha-
nisms is likely to vary from case to case (c.f., Morrison, 2012). Given this complexity, it
is not surprising that simulations of the resulting changes in surface precipitation with
aerosol loading are inconsistent among modeling studies (e.g., see Table 5 in Tao et al.
(2007)). Van den Heever et al. (2006) demonstrated using a three-dimensional (3-D)5

cloud resolving model (CRM) that an increase in cloud condensation nuclei (CCN), gi-
ant CCN (GCCN), and/or ice nuclei (IN) results in a decrease in precipitation. Similar
results have been reported by Fan et al. (2009) using a 2-D CRM with bin microphysics
in high wind shear environments, Lebo and Seinfeld (2011) using a 3-D CRM with bin
microphysics, and Khain and Lynn (2009) using a 3-D CRM with bulk microphysics.10

However, these same studies, when using a different microphysics model, predicted
that increased aerosol loading can lead to an increase in precipitation. For example,
Lebo and Seinfeld (2011) compared the results of both bin and bulk microphysics mod-
els for an increase in aerosol number concentration and found that the bin model pre-
dicted a decrease in precipitation while the bulk model predicted the opposite. On the15

other hand, for increased aerosol loading, Khain and Lynn (2009) predicted an in-
crease in precipitation using a bin microphysics scheme, and a decrease with a bulk
microphysics scheme.

Previous studies have also disagreed on the potential for aerosol loading to invig-
orate convective dynamics. Some studies have predicted negligible changes in the20

strength of convection (e.g., Khain and Lynn, 2009), or a weakening, especially in high
shear environments (e.g., Fan et al., 2009). Other studies have indicated a strengthen-
ing of convective drafts (e.g., Khain et al., 2005; Lebo and Seinfeld, 2011). A difficulty
in comparing these studies is that different metrics were used to define changes in
convective strength with aerosol loading. For example, Khain and Lynn (2009) and Fan25

et al. (2009) used the domain-maximum vertical velocity as a way to quantify changes
in convective strength. Van den Heever et al. (2006) and Lebo and Seinfeld (2011)
presented an alternative metric for invigoration, the mean updraft within the convective
core, in which the convective core was defined as all columns in which the mean vertical
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velocity between two levels, one near cloud base and one near cloud top, exceeded
1 m s−1. Recently, Morrison (2012) used yet another metric by analyzing changes in
the domain-averaged convective mass flux. The convective mass flux was defined in
this study as the mean mass flux for all grid points at a given level in which the updraft
velocities exceeded 2 m s−1, divided by the total area of the domain. Morrison (2012)5

showed that for a supercell storm, differences between pristine and polluted conditions
in the domain-maximum vertical velocity and mean updraft within convective cores (as
defined above) had considerably more temporal variability and sensitivity to perturbed
initial conditions compared to differences in the domain-averaged convective mass flux,
and concluded that the convective mass flux was a more robust metric.10

In terms of modification of cold pool dynamics resulting from an aerosol perturbation,
Tao et al. (2007) and Lee et al. (2008a) found that low-level evaporation increased with
aerosol loading and, consequently, more cooling within the cold pool was simulated. By
generating a colder cold pool, the low-level convergence increased and drove stronger
mesoscale convection. On the other hand, Van den Heever and Cotton (2007) and15

Morrison (2012) found the opposite. In these studies, the net evaporation at low levels
decreased under polluted conditions, thus weakening the cold pool and reducing low-
level convergence. Differences in the sign of the change in cold pool strength among
these studies may be related to complex interactions between melting, raindrop mean
size, sedimentation, evaporation, and environmental wind shear along cold pool bound-20

aries. More generally, the impact of cold pool strength and low-level shear on storm
dynamics is described by “RKW” theory Rotunno et al. (1988); Weisman and Rotunno
(2004). According to this theory, overall storm strength can either increase or decrease
depending upon the relative balance of vorticity between the cold pool circulation and
the low-level environmental shear. This picture is qualitatively consistent with modeling25

studies that have shown changes in convective strength with aerosol loading are de-
pendent upon relative humidity (which affects cold pool strength through rain evapora-
tion) and environmental wind shear Khain et al. (2008); Fan et al. (2009). Nonetheless,
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the relationship between increased aerosol loading and cold pool strength is uncertain
and more work in this area is needed.

It is also important to point out that most numerical modeling studies of aerosol-
induced effects on deep convective clouds have examined the response of individual
convective storms. However, Grabowski (2006), Grabowski and Morrison (2011), and5

Van den Heever et al. (2011) used a Convective-Radiative Quasi-Equilibrium Model
to address aerosol effects on deep convection over larger spatiotemporal scales, in a
system allowing feedback between numerous interacting clouds and their environment.
In these studies, little to no change in domain-mean surface precipitation occurred with
increased aerosols because surface precipitation in equilibrium conditions is strongly10

constrained by the atmospheric radiative cooling, which was relatively unaffected by
aerosols (with fixed surface conditions). Similarly, Seifert et al. (2012) found that while
an increase in aerosol number concentration led to large instantaneous, local changes
in precipitation, the impact was very small when averaged over larger spatiotemporal
scales. They emphasized feedbacks between convection and mesoscale dynamics in15

explaining the much smaller response when averaged over time and space.
In short, the various numerical modeling studies cited above do not agree on the sign

of the effect of an increase in aerosol number concentration on precipitation amount
or convective strength. Different environmental conditions among these studies (e.g.,
shear, relative humidity) likely explain some of these differences (see Fig. 17 in Khain20

et al. (2008)). Other differences can be explained by analysis of the storm-scale re-
sponse versus the larger system-wide response, as described above. Nonetheless,
large differences in simulated aerosol effects have been shown using different micro-
physics schemes even when all other aspects of the model and case study were iden-
tical. In particular, bulk and bin microphysics schemes have produced a different sign25

of the response of convective dynamics and precipitation to aerosols in several studies
(e.g., Li et al., 2009; Khain and Lynn, 2009; Lebo and Seinfeld, 2011; Fan et al., 2012).
Thus, one must carefully examine differences between these schemes. Inherently, the
algorithms and parameterizations of the various microphysical processes between bulk
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and bin microphysics models are different. Khain and Lynn (2009), Lebo and Seinfeld
(2011) and Fan et al. (2012) suggested that a potential cause of these differences
lies in the use of a saturation adjustment scheme to predict droplet condensation in
bulk models, versus explicit supersaturation prediction in bin schemes. However, to our
knowledge no study has systematically investigated this hypothesis. The purpose of5

the current study is therefore to rigorously test the idea that saturation adjustment has
a large impact on the response of deep convection to aerosol loading relative to bin
models that explicitly predict supersaturation.

In a saturation adjustment scheme, condensation/evaporation is predicted by sim-
ply condensing/evaporating all surplus/deficit in the water vapor mixing ratio relative10

to the saturation value, i.e., the saturation ratio is adjusted to unity at the end of the
time step, after all other microphysical and dynamical (e.g., mixing, advection and adi-
abatic warming/cooling) processes are calculated. For many applications, i.e., large
grid spacing and long model time steps (∆t), the model results are not expected to
be sensitive to the use of a saturation adjustment scheme for representing condensa-15

tion/evaporation since for ∆t >≈1 min, the condensational timescale for cloud droplets
is likely shorter than the model time step (e.g., Chuang et al., 1997). In other words,
equilibrium conditions can be assumed. Thus, by the end of the time step the drops are
able to take up most of the available water vapor surplus (or deficit in the case of evap-
oration). Moreover, large grid spacings cannot resolve convective dynamics and hence20

updraft speeds and ambient supersaturations are small. However, as one reduces the
domain grid spacing to cloud-resolving scales, updrafts are better resolved and hence
supersaturations may be relatively large, while the time step is not long enough for
the droplets to take up all of the available water vapor surplus. This may be especially
problematic for cloud-resolving simulations of moist deep convection, with large up-25

draft speeds. Hence, forcing the saturation ratio to unity on short timescales can result
in excess latent heating that may have potentially important effects on the simulated
dynamics. Correspondingly, saturation adjustment in moist downdrafts may produce
excessive evaporation and cooling. Previous studies have indicated the important role

10066

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/10059/2012/acpd-12-10059-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/10059/2012/acpd-12-10059-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 10059–10114, 2012

Dependency of
aerosol-cloud
interactions

Z. J. Lebo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of evaporation timescale (assumed to be instantaneous using saturation adjustment)
on buoyancy reversal and vorticity in shallow convective clouds (e.g., Xue and Fein-
gold, 2006). Impacts of saturation adjustment on downdraft dynamics for moist deep
convection have not yet been explored.

The saturation adjustment method also assumes that the bulk condensa-5

tion/evaporation rates are independent of the droplet microphysical characteristics,
whereas, physically, these rates are roughly proportional to the droplet number concen-
tration times the mean droplet size (Pruppacher and Klett, 1997). Hence, in polluted
conditions with a relative high droplet concentration in updrafts, the condensation rate
for a given total droplet mass mixing ratio will be larger than that in pristine conditions10

with a lower droplet concentration, all else being equal. This implies differences in con-
densation rate and hence latent heating can occur between pristine and polluted con-
ditions, subsequently leading to differences in buoyancy and updraft strength. While
differences in condensation between pristine and polluted conditions may be initially
rather small, the positive feedback between condensation rate, latent heating, and up-15

draft strength can enhance this effect. In other words, an initially small enhancement of
latent heating in polluted relative to pristine conditions can increase buoyancy and up-
draft strength, leading to further increases in latent heating, buoyancy, updraft strength,
and so on. This effect cannot be represented by saturation adjustment schemes.

In light of recent studies showing large differences in aerosol-cloud-precipitation in-20

teractions and invigoration of moist deep convection, specifically for supercell storms,
using either bulk or bin microphysics schemes (e.g., Khain and Lynn, 2009; Lebo and
Seinfeld, 2011), we examine the hypothesis that differences in the sign of aerosol
effects on precipitation and convective strength between bulk and bin schemes are
sensitive to the use of a saturation adjustment scheme versus explicit treatment of25

supersaturation. Supercells present an interesting testbed for determining the effect
of aerosol perturbations on mesoscale convection for a few reasons. First, this repre-
sents a natural continuation of previous studies of aerosol effects on idealized supercell
storms (e.g., Khain and Lynn, 2009; Lebo and Seinfeld, 2011; Morrison, 2012). Second,
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supercells are the most intense type of deep convective system in the atmosphere and
are often responsible for producing large hail and spawning dangerous tornadoes (e.g.,
Houze, 1993). We note that the mesoscale updrafts in supercells are driven by stretch-
ing and tilting of environmental vorticity in addition to buoyancy effects (Klemp, 1987),
and hence may be expected to be relatively less sensitive to aerosols than other types5

of deep convection occurring under weaker environmental shear. Nonetheless, previ-
ous modeling studies have shown large effects of aerosols on these storms (e.g., Khain
and Lynn, 2009; Lebo and Seinfeld, 2011). It is therefore important to understand this
behavior and how it differs among models.

In Sect. 2 we describe the bin and bulk models utilized and the necessary modi-10

fications to the bulk model to address the potential impact of saturation adjustment
on the response of a supercell to aerosol loading. Section 3 discusses the modeling
framework, environmental conditions, and sensitivity configurations of test cases. The
simulated results are presented in Sect. 4. A brief discussion regarding the potential
impact of the results on other cloud types and ambient conditions appears in Sects. 515

and 6 reviews the key results of the study.

2 Methods

In order to analyze potential dependencies of simulated aerosol-induced effects on
deep convective clouds on model formulation we utilize, as a benchmark, a detailed
bin microphysics scheme (Lebo and Seinfeld, 2011) in conjunction with a two-moment20

bulk microphysics model (Morrison et al., 2009) that has been modified specifically for
the study. We present here the essential modifications and details required to rigorously
assess the impact of saturation adjustment on the simulations.
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2.1 Bin microphysics model

We employ the bin microphysics scheme of Lebo and Seinfeld (2011). This scheme
predicts droplet activation following Köhler theory from a predefined aerosol distribu-
tion. Aerosol particles are regenerated in a one-to-one manner (in other words, for each
drop that evaporates during a time step, one aerosol particle is regenerated) and added5

to the aerosol size bins corresponding to preset distribution parameters. For the pur-
pose of this study, we exclude Brownian Diffusion, thermophoresis, and gravitational
collection of aerosol particles, as these are not essential to the good of the work. Thus,
the regenerated aerosol size distribution parameters are equivalent to those used to
initially populate the domain with aerosol particles.10

The new configuration of the bin microphysics scheme includes the treatment of the
Hallet-Mossop rime-splintering mechanism (Hallett and Mossop, 1974). The spectral
treatment of the cloud particle distributions permits the use of the following relation to
predict the rate of production of splinters caused by the riming process (Pc) as (Prup-
pacher and Klett, 1997):15

Pc =
36∑
k=1

36∑
j=4

1
250

πr2
i,kVi,kK (ri,k ,rc,j )Nc,j f (Tp) (1)

where the subscripts i and c correspond to ice (here, we include snow and graupel
to account for all riming) and cloud drops, subscripts k and j correspond to the ice
and cloud droplet bins, respectively (bin 4 of the liquid drop distribution corresponds to
drops with a radius of 12.5 µm and thus only drops of this size or larger are included20

in the splintering calculations), r is the spherical-equivalent radius of an ice particle or
cloud drop, K (ri,k ,rc,j ) is the gravitational collection kernel for collisions between ice
particles and cloud droplets, N is number concentration in a given bin, and f (Tp) is
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defined as a function of particle temperature (Tp) as

f (Tp) =


0 Tp > 270.1 K

(270.16− Tp)/2 , 270.16 ≥ Tp ≥ 268.16 K
(Tp −265.16)/3 , 268.16 > Tp ≥ 265.16 K

0 Tp < 265.16 K

(2)

Equation (1) accounts for the observed fact that 1 splinter is produced per 250 collisions
of ice particles with drops with a radius larger than 12 µm.

The representation of sedimentation within the bin model for frozen hydrometeors5

has been updated using the method of Mitchel (1996), in which power-law relationships
are established between the Reynolds number of a falling hydrometeor and its Best
(or Davies) number. This is used to determine the flow regime and the appropriate
relationship between the maximum dimension of a particle and its projected area. Thus,
the parameters used in computing the fall speed of frozen hydrometeors are also a10

function of particle size. Note that this differs from the sedimentation algorithm utilized
in the bulk scheme described below since here, the parameters used in the power-
law relationships are a function of particle size whereas the parameters are fixed in
the bulk model (as in nearly all bulk schemes). The increased complexity of the bin
microphysics model requires a more physically consistent algorithm for representing15

the sedimentation process.

2.2 Bulk microphysics model

We utilize the Morrison et al. (2009) two-moment bulk microphysics scheme in the
present study with modifications to explicitly analyze the effects of the saturation ad-
justment scheme. In order to include the effect of aerosols on droplet number concen-20

tration during the activation process, a binned aerosol size distribution is included in
the model. The method for calculating the activation of aerosol particles and regen-
erating aerosols upon the evaporation of cloud drops is the same as that in the bin
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scheme (Lebo and Seinfeld, 2011). By representing the aerosol distribution, as well
as the activation/regeneration processes, in a consistent manner between the bin and
bulk schemes, we reduce the number of degrees of freedom when analyzing and com-
paring the results for the models. Here, we discuss the three configurations of the bulk
scheme:5

1. Standard Model (bulk-original) – In this configuration, the bulk microphysics
scheme is employed as in Morrison et al. (2009) and thus includes the calculation
of saturation adjustment for condensation and evaporation of cloud drops with
the addition of the aforementioned activation/regeneration scheme for a binned
aerosol size distribution. This is similar to the approach for activation used for the10

bulk microphysics scheme tested by Lebo and Seinfeld (2011). In this approach,
activation of cloud droplets is predicted using the ambient supersaturation after
advection, adiabatic expansion/cooling, and subgrid-scale mixing, but before sat-
uration adjustment (following the bulk scheme of Seifert and Beheng, 2006). Note
that all of the bulk schemes including bulk-original include an explicit represen-15

tation of ice supersaturation and vapor deposition/sublimation. Hence, for bulk-
original the saturation adjustment is only applied to condensation/evaporation of
liquid cloud droplets.

2. Supersaturation Forced Condensation/Evaporation & Activation (bulk-explicit) –
Here, the bulk model is configured without saturation adjustment for condensa-20

tion/evaporation and the activation of aerosol particles. Instead, following, e.g.,
Clark (1973); Reisin et al. (1996); Stevens et al. (1996); Harrington et al. (2000);
Morrison and Grabowski (2008); Lebo and Seinfeld (2011), we express the rate
of change of the water vapor surplus (η = qv −qv ,s, qv is the water vapor mixing
ratio and qv ,s is the saturation water vapor mixing ratio) as a function of time (t)25

as:

dη(t)
dt

= D−Gη(t) (3)
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where G is a function of temperature (T ), pressure (P ), droplet mass, and number
concentration, i.e., the loss (gain) of water vapor due to condensation (evapora-
tion), and D represents the dynamical forcing,

D = −1
ρ
∇ · (ρη)+

dqs

dT
g
cp

w −qv ,s
ρgw
P −e

(4)

where dqs
dT is the psychrometric term, g is the acceleration due to gravity, cp is the5

specific heat of air, w is vertical velocity, and e is the saturation vapor pressure.
In Eq. (4), the first term on the right hand side represents the advected tendency
in the water vapor surplus, the second term corresponds to changes in the water
vapor surplus due to adiabatic compression/expansion, and the third term repre-
sents the effect of changes in pressure on η. As in the bin microphysics scheme10

(Reisin et al., 1996; Harrington et al., 2000; Lebo and Seinfeld, 2011), Eq. (3) is
integrated analytically over the time step, and the integrated water vapor surplus
is, in turn, used to explicitly calculate condensation/evaporation. Moreover, the
average water vapor surplus (ηa) is used to compute droplet activation following
the method used in the bin model (Lebo and Seinfeld, 2011).15

3. Supersaturation Forced Condensation/Evaporation Only (bulk-cond) – In order to
distinguish between the influence of the saturation adjustment scheme on aerosol
effects caused by condensation/evaporation and activation separately, we include
an additional configuration of the bulk model in which condensation/evaporation
is computed following the algorithm described above using the predicted super-20

saturation over the course of the model time step, while activation is treated as
in bulk-original by predicting the temperature and water vapor mixing ratio as if
the saturation adjustment was used at the end of the previous time step. Thus,
instead of using ηa to predict the activation of aerosol particles, saturation adjust-
ment is performed at the end of a time step, and the subsequent T and qv are25

reserved for calculating the supersaturation following advection at the next time
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for the purposes of computing activation only. Thus, in this model configuration,
activation is treated as in the bulk-original model while condensation/evaporation
is treated following the method used in the bulk-explicit model configuration.

3 Model setup and description of test cases

The bin and bulk microphysics models described in Sect. 2 are coupled to the Weather5

Research and Forecasting (WRF) model Version 3.3 (Skamarock et al., 2008) as a
3-D CRM. The model is compressible and nonhydrostatic. The domain extends to
200×200 km2 in the horizontal and 24 km in the vertical. The grid spacing is 1 km
in the horizontal and 343 m in the vertical (i.e., 70 levels). The model time step is cho-
sen to be 5 s to ensure numerical stability, and the duration of the simulations is 2 h.10

Rayleigh dampening is applied in the top 5 km of the grid, and open lateral boundary
conditions are employed. For the purposes of this idealized study, we exclude radiation,
surface fluxes, and Coriolis force. All scalars are advected in the horizontal and vertical
using 5th and 3rd order positive-definite advection schemes, respectively.

The WRF model is initialized with a thermodynamic profile conducive to convec-15

tive development, following Weisman and Klemp (1982, 1984), containing a convective
available potential energy (CAPE) of 2160 J kg−1 (Fig. 1). We use the quarter-circle
shear wind profile of Morrison and Milbrandt (2011) and Morrison (2012). Convection
is initiated using a thermal perturbation (θ′) of 3 K with a height of 1.5 km and a radius
of 10 km that varies as a function of the cosine of the distance from the center of the20

bubble. This method for initializing convection is analogous to that used in many recent
studies (e.g., Fan et al., 2009; Khain and Lynn, 2009; Lebo and Seinfeld, 2011).

In order to assess the effects of an increase in aerosol loading with the bin and bulk
models, we perform simulations with CCN number concentrations (Na) of 100, 250,
and 750 cm−3, representing “Clean”, “Semi-Polluted”, and “Polluted” environments.25

Aerosols are assumed to be ammonium sulfate and completely soluble. While the lat-
ter may be an oversimplification of the ambient aerosol chemistry, it is important to
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remember that the focus of this study is the effect of a physical change in the number
concentration and not the effect of aerosol chemistry. The aerosols are distributed fol-
lowing a lognormal distribution with a geometric mean diameter (Dg) of 0.1 µm and a
standard deviation (σg) of 1.8 (Lebo and Seinfeld, 2011).

We assess the robustness of the simulated results by performing an additional set of5

6 simulations by both increasing and decreasing the perturbation in the potential tem-
perature (θ′) within the bubble (±0.5 K), wind shear (±5 %), and the ambient relative
humidity (RH, ±2 %). The variables are only perturbed individually. It is important to
note that the additional simulations serve as a test for robustness to small perturba-
tions (following Morrison, 2012) and are not intended to study aerosol-effects on deep10

convective clouds occurring under significantly different environmental conditions. De-
tails of the suite of simulations performed are summarized in Table 1. Owing to the
extreme computational expense required to perform bin microphysics simulations with
the chosen domain size and grid spacing, the perturbed simulations with the bin model
are restricted to only perturbing the strength of the initial thermal bubble. Thus, we15

present the results from a set of 72 simulations.

4 Results and discussion

Results of the suite of model simulations described in Table 1 are discussed here, fo-
cusing on various aspects of the storm response to an increase in aerosol loading.
Namely, we discuss sensitivity of aerosol impacts on the cumulative precipitation, con-20

vective dynamics, and cold pool strength to use of saturation adjustment.

4.1 Precipitation response to increased aerosol loading

Figure 2 demonstrates the different responses to an increase in aerosol loading for
each model configuration. Detailed statistics for all “Clean” and “Polluted” simulations
are presented in Table 2. The data are shown only for these two cases since the25
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qualitative changes between “Clean” and “Semi-Polluted” are similar to those between
“Clean”’ and “Polluted” scenarios. On the whole, the bulk-original model predicts the
least domain-average precipitation, regardless of the aerosol number concentration.
All but the bulk-cond model configuration predict an increase in the domain-averaged
precipitation at 120 min in polluted compared to clean conditions, although the magni-5

tude of the increase is much larger using the bin model compared to any of the bulk
configurations. It should be noted, from Table 2, that the sign of the change in pre-
cipitation for the bulk-cond and bulk-explicit model configurations are not robust to the
sensitivity perturbations.

From Fig. 2, we see that there is little difference in domain-average cumulative pre-10

cipitation between the bulk-explicit and bulk-cond simulations. In other words, for this
case, Fig. 2 suggests that the surface precipitation is insensitive to the method used
to compute the supersaturation for droplet activation. This is understandable, since
within the convective core the supersaturation is relatively high, such that most, if not
all, aerosol particles will activate regardless of the integrated supersaturation (bulk-15

explicit) or the pseudo-saturation adjusted temperature and water vapor mixing ratio
(bulk-cond). Changes in other quantities (convective mass flux, cold pool perturbation
θ) are also similar between bulk-explicit and bulk-cond, as described later.

Figure 2 and Table 2 suggest that the precipitation response to an increase in aerosol
loading is much larger using the bin microphysics model than in any of the bulk con-20

figurations. In Fig. 3, contour plots of the difference in cumulative precipitation (∆P ,
“Polluted” minus “Clean”) show that for all bulk model configurations, there is an en-
hancement in precipitation in the left (north) moving storm and a shift in precipitation
toward the south in the center of the storm as it splits. While the precipitation pattern
does change in the right-moving storm, the differences are smaller compared to the25

changes in the left-moving storm. Moreover, Fig. 3d shows that the increase in pre-
cipitation with increased aerosol loading for the bin model (Fig. 2) is the result of a
large increase in precipitation in the left-moving storm. The large increase, caused by
more intense rainfall in this area, is reduced for the domain-wide average because
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the precipitation decreases in the right-moving cell. The following question then arises:
Why is the precipitation much more sensitive to an aerosol perturbation in the bin model
compared with the bulk model configurations?

In Fig. 4, evolution of the domain-averaged vertical profile of the total water mixing
ratio (qtot) within the convective core is depicted for the bin (green), bulk-explicit (black),5

and bulk-original (red) model configurations (note that the x-axes are different). Here,
the conditional averaging comes from dividing the sum of qtot for all points at a given
level in which z ≥ 2 m s−1 by the horizontal domain area. It is important to note that by
averaging in this manner, we include both the effect of an increase in the magnitude
of qtot within the core, as well as the effect of increasing the size of the convective10

core on qtot due to an increase in aerosol loading. Changes in amount of condensate
aloft are further illustrated by timeseries of the difference (“Polluted” minus “Pristine”) in
domain-mean total condensed water path (vertically-integrated) in Fig. 5. After 30 min,
both the bin and bulk-explicit models predict an increase in qtot for “Polluted” compared
to “Clean”’ throughout most of the column while the bulk-original model predicts a de-15

crease (Fig. 4). However, the increase in qtot using the bin model is much larger than
that predicted by the bulk-explicit model. The increased condensate then precipitates
out of the column and total condensed water path decreases after about 70 min for
the bin model while the bulk-explicit model demonstrates a steady increase in the total
water path for “Polluted” relative to “Clean” (Fig. 5). This suggests that differences in20

the representation of ice growth processes and sedimentation can lead to potentially
significant differences in the response of surface precipitation to aerosol loading in the
bulk and bin model configurations. Large differences in graupel/hail growth between
the bulk and bin models are suggested by Fig. 6, which shows the relative change in
mean graupel diameter for “Polluted” relative to “Clean” using the bulk-explicit, bulk-25

original, and bin models. (Note that for completeness, shown are profiles up to 15 km.
However, in some instances, especially in the bulk-explicit model configuration above
12 km, large values of the relative change in mean grapple diameter are rather large
due to the small sample of grid points with graupel at the high levels) Throughout most
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of the troposphere, a clear increase in graupel size (due to an increase in riming) is
predicted, regardless of the model configuration. However, the increase, especially in
the mid to upper levels of the cloud, is much larger for the simulations using bin mi-
crophysics compared with the bulk model configurations. The large increase in graupel
mean size leads to an increase in graupel sedimentation, melting, and surface precip-5

itation for the bin model, consistent with the decrease in total condensed water path
in “Polluted” relative to “Clean” after about 40 min (Fig. 5). This decrease in total water
path with the bin model is primarily associated with ice condensate (mainly graupel)
above ∼6 km (Fig. 4). The large increase in condensate aloft in “Polluted” compared
to “Clean” before 40 min simulated by the bin model is ultimately removed by sedi-10

mentation, explaining the increase in surface precipitation. Thus, large differences in
the response of surface precipitation between the bin and bulk models appear to be
related to the treatment of graupel growth and sedimentation. In contrast, the use of
saturation adjustment instead of explicit supersaturation evolution and condensation
calculations has little impact on the surface precipitation response. However, as shown15

below, other differences in the simulated storms between the bulk and bin models are
reduced by including the explicit representation of the supersaturation evolution in the
bulk-explicit model configuration.

4.2 Sensitivity of aerosol effects on convective dynamics to
saturation adjustment20

Convective mass flux is analyzed for the suite of bin and bulk simulations. As men-
tioned above, the changes shown for “Clean” to “Polluted” conditions are qualitatively
similar to that for “Clean” to Semi-Polluted’ conditions for all model configurations and
as a result are not shown for brevity in Table 2. Here, as in Morrison (2012), the
horizontally-averaged convective updraft mass flux (MF(z)) is computed as the product25

vertical velocity (w) and air density (ρ) for all locations in which w ≥ 2 m s−1 at a given
level, divided by the area of the domain. For this analysis, MF(z) is averaged between
z = 2.1 and 9.1 km and is shown in Fig. 7. In all the model configurations (bulk and
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bin), the magnitude of the overall change in time-averaged MF between “Polluted” and
“Clean” is small (less than ∼6 %). In Fig. 7 and Table 2, we see that MF increases
by 5.09 % and 3.50 % for the bulk-explicit and bulk-cond model configurations, respec-
tively, when averaged from 30 to 120 min. With this in mind, we restrict the discussion
to only the bulk-explicit, bulk-original, and bin model configurations (qualitatively, there5

are only small differences for all metrics between the bulk-explicit and bulk-cond model
configurations as discussed earlier). On the other hand, the change is of opposite sign
for the bulk-original configuration (in which the saturation adjustment scheme is em-
ployed). Namely, the bulk-original model configuration predicts a small decrease in the
vertically- and temporally-averaged MF by −3.50 %. Figure 7b shows that at all in-10

stances from 30 to 120 min, the bulk-original model configuration predicts a decrease
in vertically-averaged MF.

Differences in MF predicted by the bulk-explicit and bulk-original model configu-
rations are further illustrated by vertical profiles of the horizontally-averaged MF in
Fig. 8a. Here we see that the bulk-explicit model predicts an increase of MF in “Pol-15

luted” compared to “Clean” throughout the troposphere up until the end of the simula-
tion, when there is a slight decrease at lower levels. On the other hand, Fig. 8c shows
that the bulk-original model predicts a decrease throughout most of the column, es-
pecially at the end of the simulation when the decrease between 3 and 6 km is much
larger than that predicted by the bulk-explicit model. Overall, differences in MF between20

“Polluted” and “Clean” with bulk-explicit are much closer to those simulated by the bin
model, compared to bulk-original. Thus, while there are still quantitative differences be-
tween the bulk-explicit and bin simulations in terms of the response of MF to increased
aerosol loading, bulk-explicit narrows most of the gap between the bulk-original and
bin models, especially over the first 90 min of the simulations.25

To understand why the change in MF with increased aerosol loading is different be-
tween the bulk-explicit and bulk-original model configurations, we turn our attention to
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buoyancy. The buoyancy (B) equation can be defined as (Houze, 1993):

B = g
[
T ?

Ta
− p?

p◦
+0.61q?

v −qtot

]
(5)

where T ? is the perturbation temperature, p? is the pressure perturbation, q?
v is the

perturbation water vapor mixing ratio, and qtot is the total condensed water mass mixing
ratio (here “perturbation” refers to differences in quantities from the base state). From5

Eq. (5), we see that changes in aerosol loading can be linked to changes in buoyancy
(and hence updraft velocity and convective mass flux), since changing the aerosol
number concentration can potentially lead to changes in the total condensate (i.e., qtot)
and latent heating (T ?/Ta). As described in the Introduction, these effects counteract
since, for example, an increase in condensation will act to increase the latent heating10

and thus increase B, while the corresponding increase in qtot will decrease B. This
balance within deep convective systems can potentially affect the sign of the change in
MF due to increased aerosol loading.

In Figs. 9a–i, latent heating rates at 60, 90, and 120 min are shown (first, second, and
third columns, respectively). Remarkably, many of the signatures from the bin model15

in Figs. 9a–c are also present in the bulk-explicit simulations (Figs. 9d–f). In contrast,
we see from Figs. 9g–i that there are differences in the latent heating rates at all times
predicted by the bulk-explicit and bulk-original models. These changes are depicted in
Fig. 11, in which the differences in the heating rates (bulk-explicit minus bulk-original)
are shown. Independent of the chosen time, Figs. 9g–i demonstrates that the bulk-20

original model predicts a higher latent heating rate relative to the bulk-explicit model
simulations between about 3 and 9 km above the surface (as seen by the increase
in latent heating relative to the bulk-explicit simulations, or a negative value for the
changes shown). According to Eq. (5), this implies that the buoyancy, and consequently
updraft mass flux, should be higher in the bulk-original model compared to the other25

model configurations. Consistent with this picture, MF is generally higher using the
bulk-original model compared to bulk-explicit, for a given aerosol loading (Fig. 7).
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If we focus our attention on the region between about 3 and 9 km in Figs. 9b, e,
and h, we see that the bulk-explicit and bin models predict slight increases in latent
heating for “Polluted” relative to “Clean” (positive buoyancy contribution, see Eq. 5).
This is further demonstrated in Fig. 10 as an average over the time period from 30
to 120 min. On the other hand, the bulk-original model predicts a decrease in heating5

(negative buoyancy contribution). At lower cloud altitudes, the saturation adjustment
scheme produces the largest differences in the heating response between “Polluted”
and “Clean” compared to that simulated by bulk-explicit (Fig. 10a and b), i.e., the sign
of the change in latent heating between “Polluted” and “Clean” is different between the
two models. The increase in heating aloft in “Polluted” predicted by the bulk-explicit10

and bin models is consistent with the increase in buoyancy and invigorated convection.
However, it is important to note that there is an inherent challenge in untangling the
cause and effect relationship between updraft strength (i.e., buoyancy) and latent heat-
ing. In other words, an increase in latent heating and hence buoyancy can increase
updraft strength, but an increase in updraft strength can in turn increase condensation15

rate and latent heating. Despite this uncertainty, the bulk-original and bulk-explicit con-
figurations allow us to unambiguously attribute changes in the response of heating and
convective mass flux to the use of saturation adjustment versus explicit treatment of
supersaturation.

Next, we examine differences in the latent heating and cooling rates predicted20

between the models in more detail (Fig. 11). A positive (negative) value for
heating (red) implies that the bulk-explicit model predicts more (less) condensa-
tion/deposition/freezing/riming than the bulk-original model. For cooling (blue), a neg-
ative (positive) value implies that the bulk-explicit model predicts more (less) evap-
oration/sublimation/melting than the bulk-original model configuration. The difference25

in latent heating and cooling rates between the bulk model configurations for a given
aerosol concentration is larger than the sensitivity to aerosols for a given model (com-
pare Fig. 11 with Fig. 10). In order for the aerosol effect to be identical between the
model configurations, differences between the predicted latent heating rates of each
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model need to be the same for all aerosol number concentrations. In other words, in
Fig. 11, the dashed and solid curves should coincide. However, Fig. 11 reveals that the
bulk-original model predicts more heating and cooling due to latent heating throughout
most of the column and over the duration of the simulation compared to bulk-explicit,
but the differences are much larger for “Clean” relative to “Polluted” (compare the red5

solid and dashed curves).
We analyze next the change in horizontally-average qtot (including only points within

convective updrafts) in the context of impacts on convective dynamics. In Fig. 4, we
see that for most of the column below 9 km, bulk-original and bulk-explicit predict a de-
crease in qtot with increased aerosol loading (positive buoyancy contribution). The bin10

model predicts a larger decrease aloft and an increase at lower levels compared with
the bulk model configurations, likely due to differences in ice growth and sedimentation
as discussed earlier. However, there is not a clear relationship between changes in
condensate between “Polluted” and “Clean” (Fig. 4) and changes in MF (Fig. 8). Thus,
differences in condensate loading do not appear to be a primary driver of changes in15

convective strength between “Polluted” and “Clean” in these simulations.
With the addition of an explicit representation of supersaturation in the bulk-explicit

model configuration, we are able to directly compare the predicted supersaturation
fields between the bulk-explicit and bin models. Since the bulk-original model adjusts
the supersaturation to 0 % at the end of every time step, no points in the domain have20

supersaturation (with respect to liquid water) following calculation of the microphysical
process rates. Thus, in Fig. 12 both the probability distribution function (PDF) and mean
supersaturation as a function of t are plotted for only the bulk-explicit and bin model
configuration. Note that only positive values are shown and that all points between
z = 2.1 and 9.1 km and t = 30 and 120 min are used in computing the PDFs. The25

large supersaturations seen in Fig. 12 are a result of large updraft velocities; these
values are physical and confirmed by parcel model simulations (not shown). The PDFs
portrayed in Fig. 12a show that for both the bulk-explicit and bin models, except at
small supersaturations (i.e., <2 %), there is a consistent reduction in the PDF from
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“Clean” (solid) to “Polluted” (dashed) conditions. Figure 12 is consistent with previously
discussed results regarding latent heating and invigoration since the decrease in the
supersaturation PDF in “Polluted” compared to “Pristine” corresponds to an increase in
condensation and consequently an increase in latent heating aloft (Fig. 9). Figure 12b
shows that the magnitude of the mean supersaturation differs between the bin and5

bulk-explicit model configurations, but the magnitude of the change from an increase in
aerosol number concentration is quite similar. The bulk-original model cannot represent
these changes in the supersaturation field resulting from increased aerosol loading,
which limits its ability to predict the small invigoration simulated by the bulk-explicit and
bin models (Fig. 7).10

4.3 Cold pool characteristics

Much of the discussion in the literature on the potential for increased aerosol load-
ing to result in convective invigoration has focused on changes in latent heating aloft
(for a detailed conceptual overview, see Rosenfeld et al., 2008; Lebo and Seinfeld,
2011). However, increased aerosol number concentration can also lead to changes15

in the melting and evaporation below cloud, and thus cold pool strength. Interactions
between cold pools and dynamics for supercell storms related to changes in micro-
physical process rates have been described in numerous recent studies (e.g., Van den
Heever and Cotton, 2004; Milbrandt and Yau, 2006; Dawson II et al., 2010; James
and Markowski, 2010; Morrison and Milbrandt, 2011). Tao et al. (2007) and Morrison20

(2012) discussed how changes in droplet number concentration caused by an increase
in aerosol number concentration can lead to changes in the strength of cold pools and
thus alter the convective dynamics. Morrison (2012) noted that when the change in
the simulated mean cold pool perturbation temperature (∆θ′, “Polluted” minus “Clean”)
was at least 0.2 K (meaning a stronger cold pool in the “Clean” aerosol scenario) there25

was a decrease in the convective mass flux with an increase in aerosol loading. How-
ever, when ∆θ′ was less than 0.2 K, the convective mass flux either increased or had
a small decrease. Here, as in Morrison (2012), ∆θ′ is defined as the difference in
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the conditionally-averaged surface θ′ (“Polluted” minus “Clean”). The averaging is per-
formed only within the cold pool, i.e., within the region confined by the −2 K pertur-
bation in the potential temperature field at the lowest model level. Results here are
similar to Morrison (2012) as seen in Table 2. For the bulk-original model configuration,
a small weakening (−3.5 %) of the average convective mass flux occurs in “Polluted”5

relative to “Clean” in conjunction with a substantial weakening in the strength of the cold
pool (∆θ′ = 0.467 K), for the baseline initial conditions. On the other hand, the bulk-
explicit and bin model configurations predict a much smaller weakening of the cold pool
strength (0.175 and 0.068 K, respectively) and a small increase in the convective mass
flux (5.09 and 4.73 %, respectively).10

In Fig. 13, interactions near the cold pool edge of the left-moving storm at 90 min
are shown. Here, the extent of the cold pool is shown by the dashed line (demarcated
by the area in which θ < −2 K), streamlines show the flow pattern and areas of con-
vergence/divergence at the surface, dotted contours represent the updraft velocity at
1.5 km (starting at 2 m s−1 and increasing by 2 m s−1), and the shaded contours de-15

pict the vertical velocity at 9.1 km. For the bulk-original model configuration, Fig. 13
shows that the area of low-level convergence is elongated and the resulting low-level
vertical velocities are higher in the “Clean” scenario compared to “Polluted”, consistent
with Morrison (2012). A stronger cold pool in the “Clean” case, driving greater low-level
convergence and flow of high equivalent potential temperature air into the storm along20

outflow boundaries, is consistent with weak invigoration of the convective mass flux
at mid- and upper-levels compared to “Polluted”. On the other hand, the explicit-bulk
and bin model configurations depict a different situation in which there is little change
in the extent of the low-level convergence zone near the cold pool boundary owing to
limited change in cold pool strength (Table 2). Consequently, in the “Polluted” scenario25

compared to “Clean” for the bulk-explicit and bin model configurations (Fig. 13a, b, e, f),
the change in the low-level vertical velocity is quite small and it is the change in latent
heat release aloft that helps drive the weak invigoration of convection (see discussion
in Sect. 4.2).
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Overall, these results suggest that there is more than a single pathway by which
increasing the aerosol number concentration changes the overall convective dynamics,
consistent with the discussion in Morrison (2012). It was suggested earlier that the
bulk-explicit and bin microphysics models predict an increase in latent heating due to
more deposition, condensation, freezing, and riming aloft when the aerosol number5

concentration is elevated. All else being equal, this leads to an increase in buoyancy
and invigoration of the system. On the other hand, an increase in aerosol loading acts to
weaken the cold pool (Table 2) which results in less low-level convergence and supply
of high equivalent potential temperature air into the storm at the cold pool boundary,
and hence a weakening of the convective mass flux. However, in the simulations using10

the bulk-explicit and bin model configurations, the small weakening in the cold pool
strength appears to be more than offset by the increase in heating and buoyancy aloft.
These results illustrate the importance of analyzing the system as a whole and not
focusing on a single pathway by which the strength of the system can be altered in a
polluted environment.15

4.4 Robustness of simulated aerosol effects

In order to investigate the robustness of the simulated results presented herein, we per-
formed a suite of sensitivity experiments in which the initial perturbation in the potential
temperature (θ′) within the bubble (±0.5 K), environmental wind shear (±5 %), and the
ambient relative humidity (RH, ±2 %) are systematically increased or decreased. The20

combination of initial perturbations, chosen one at a time, provide a set of 6 sensi-
tivity simulations for each aerosol scenario and model configuration. While previous
works have focused on the sensitivity of aerosol effects on deep convective storms to
changes in wind shear and relative humidity (Fan et al., 2009; Khain and Lynn, 2009;
Lebo and Seinfeld, 2011), the purpose here is to address the robustness of the mod-25

els’ results to small perturbations and not to discern the effect of aerosol in different
environmental conditions. For a complete review of such scenarios, see Khain et al.
(2008). Data for the suite of simulations performed are presented in Table 2. For the
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sensitivity scenarios, the data are presented such that the top value corresponds to the
low perturbation (i.e., lower maximum θ′, lower shear, and lower RH) and the bottom
value corresponds to the high perturbation (i.e., higher maximum θ′, higher shear, and
higher RH).

While there are quantitative differences with perturbed initial conditions in the re-5

sponse of cumulative surface precipitation, average convective mass flux, and cold
pool strength to an increase in aerosol loading for a given model configuration, the
broader conclusions are robust. In particular, key differences among the model con-
figurations are similar with perturbed initial conditions, namely, greater weakening of
cold pool strength in bulk-original compared to bulk-explicit and bin, and a weakening10

of average convective mass flux in bulk-original but an invigoration in bulk-explicit and
bin. Furthermore, the much larger surface precipitation response to aerosols simulated
by the bin model compared to all of the bulk model configurations is robust.

Nonetheless, in some cases there is a change in the sign of the storm response to
aerosols when the magnitude of the response is small. For example, the bulk-explicit15

and bulk-cond model configurations shift between small increases and decreases in
precipitation for the suite of initial perturbation simulations performed (Table 2). Inter-
estingly, although the sign of the change in precipitation, ∆P , differs between some
of the sensitivity experiments, the spread is comparable for all model configurations
(4.19 %, 3.55 %, 3.58 %, and 6.1 % for the bulk-explicit, bulk-cond, bulk-original, and20

bin models, respectively). For the average convective mass flux, the bulk-explicit and
bulk-cond model configurations predict a change from “Clean” to “Polluted” of between
1.61 % and 5.09 % across all sensitivity simulations. Similarly, the bin model predicts
an increase between 4.73 % and 6.43 %, while the bulk-original model simulates a de-
crease that ranges from −1.75 % to −3.64 %. We note that the spread of results with25

perturbed initial conditions for a given model configuration is roughly comparable to
previous studies investigating sensitivity aerosol effects on deep convection to model
formulations (e.g., Ekman et al., 2011), and therefore may obscure analysis of such
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sensitivity. Thus, similar to Morrison (2012), we emphasize the importance of ensem-
ble analysis when quantifying and generalizing aerosol effects on deep convection.

5 Saturation adjustment applicability

We have demonstrated the sensitivity of simulated aerosol effects on a supercell storm
to the use of a saturation adjustment scheme. It was shown that saturation adjustment5

in the bulk-original model leads to a small weakening of the average convective mass
flux. In contrast, using an explicit calculation of the supersaturation evolution in the
bulk-explicit, bulk-cond, and bin models leads to a small invigoration. To further illus-
trate errors that occur from the use of saturation adjustment, we refer to Fig. 14. This
diagram qualitatively depicts the supersaturation evolution in a steadily-rising parcel us-10

ing a relatively short time step and either saturation adjustment (red curve) or explicit
treatment of supersaturation (black curve). In Fig. 14, the vertical dashed lines corre-
spond to the start and end of each time step. Following ascent of the parcel from left to
right in the diagram, the supersaturation initially rises as a result of adiabatic expansion
and thus cooling. As droplets activate and grow, the supersaturation continues to in-15

crease until enough droplets activate and/or grow large enough that the condensation
rate exceeds the rate of supersaturation production due to upward motion. Then, the
supersaturation decreases and eventually moves toward an equilibrium state, which
occurs when the loss of supersaturation from condensation is balanced by the rate of
supersaturation production from upward motion.20

In contrast to the explicit supersaturation (black curve), supersaturation is reduced to
zero at the first time step using saturation adjustment (red curve), thus condensing all
of the water vapor surplus. Because the supersaturation relaxation timescale is longer
than the model time step at this stage, condensation (and consequently latent heat-
ing) is overpredicted. As the parcel moves upward from cloud base (i.e., moving from25

left to right in Fig. 14), the supersaturation begins to decrease and hence saturation
adjustment leads to an underprediction of condensation, until equilibrium is achieved.
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In general, if the explicit supersaturation increases during the time step, saturation ad-
justment leads to overprediction of the condensation rate. If the explicit supersaturation
decreases during the time step, saturation adjustment leads to an underprediction. In
exact equilibrium (i.e., no change in explicit supersaturation during the time step), there
is no error in the condensation rate produced by saturation adjustment.5

Whether or not there is a net overprediction of condensation and latent heating over
the depth of the cloud using saturation adjustment depends upon the equilibrium value
of the explicit supersaturation. The net error increases with larger values of equilibrium
supersaturation; if the equilibrium supersaturation is zero then there is no net error in
the condensation rate using saturation adjustment, although there may still be errors in10

the vertical distributions of condensation and heating. All else being equal, equilibrium
supersaturation will be higher for stronger updrafts and lower droplet concentrations.
Thus, net error will be greatest using saturation adjustment applied to strong updrafts
in clean conditions, and smaller in weak updrafts or polluted conditions. This depen-
dence on aerosol loading implies a different magnitude of error in the response of the15

condensation rate and hence latent heating to polluted and pristine conditions using
saturation adjustment. This is consistent with differences in the response of the av-
erage convective mass flux using the bulk-original model with saturation adjustment
compared to bulk-explicit or bin.

Note that there are complications to this general picture. In updrafts that substantially20

increase in intensity with height, as is generally the case for moist deep convection, su-
persaturation may increase with height even in the cloud interior well above cloud base.
This effect will exacerbate the net overprediction of condensation rate and latent heat-
ing using saturation adjustment. Moreover, droplet concentration can decrease with
height in the cloud due to collision-coalescence, increasing the supersaturation relax-25

ation timescale. In the absence of additional droplet activation, this can lead to large
values of supersaturation inside the cloud (Clark, 1973), which again increases errors
in the net condensation rate and heating over the depth of the cloud using saturation
adjustment.
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We note that a similar situation occurs for moist downdrafts. If the supersatura-
tion (evaporation) timescale is short compared to the model time step, conditions are
near equilibrium and saturation adjustment is a good approximation. However, in non-
equilibrium conditions, such as in an accelerating downdraft, saturation adjustment
may produce noticeable error in the evaporation rates and hence latent cooling.5

To briefly summarize, saturation adjustment produces errors in strongly non-
equilibrium conditions, when the supersaturation relaxation timescale is much longer
than the model time step. This occurs near cloud base, especially in strong updrafts,
and in the cloud interior when convective updrafts increase in intensity with height or
when droplet number concentration is reduced as a result of collision-coalescence. On10

the other hand, saturation adjustment is a good approximation in other circumstances.
In models with a relatively large grid spacing and long time step or in environments
with weak vertical motion, supersaturation will be closer to equilibrium through most
of the depth of the cloud and hence errors in the vertical distribution of condensa-
tion/evaporation rate using saturation adjustment will be small. Moreover, equilibrium15

supersaturation will be close to zero in weak updrafts, implying little error in net con-
densation over the depth of the cloud. To depict this scenario, we replicate Fig. 14 in
Fig. 15, except for a much longer time step. Even though the condensational growth
process is nonlinear (Fig. 15, solid black), the resulting saturation ratios at the end of
the time step for both the saturation adjustment scheme and explicit prediction of super-20

saturation are nearly the same. Hence, there is little error in the condensation rate over
the time step using saturation adjustment in this instance. However, we note that even
though there may limited error in the condensation rate using saturation adjustment
in this situation, large errors can occur in the peak supersaturation (near cloud base)
and hence droplet number concentration in models that explicitly predict droplet activa-25

tion as a function of supersaturation. Without performing detailed simulations using the
microphysics models presented herein applied to other cases, this discussion serves
to provide a conceptual view of the applicability of saturation adjustment in models.
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Detailed analysis of situations for which saturation adjustment is expected to produce
little error is beyond the scope of this paper.

6 Conclusions

Previous studies of aerosol effects on convective development and cumulative pre-
cipitation have hypothesized that results using bin and bulk microphysics models do5

not agree because of the use of a saturation adjustment scheme, which is commonly
employed in bulk microphysics models (e.g., Khain and Lynn, 2009; Lebo and Sein-
feld, 2011; Fan et al., 2012). To quantitatively address this issue, we employ a high-
resolution CRM to study the effects of increased aerosol loading on a supercell storm
using four microphysics model configurations:10

1. Bin Model – All hydrometeors are represented using binned distributions following
Lebo and Seinfeld (2011). Supersaturation is predicted explicitly over the course
of a time step by accounting for dynamical tendencies, adiabatic cooling, and
condensational growth.

2. Bulk-explicit Model – The two-moment bulk microphysics scheme of Morrison15

et al. (2009) is used without a saturation adjustment scheme. An algorithm, anal-
ogous to that used in the bin model, is used to more accurately predict the super-
saturation over a time step for both droplet condensational growth and activation.

3. Bulk-Cond Model – The two-moment bulk microphysics scheme of Morrison et al.
(2009) is used without a saturation adjustment scheme and droplet condensation20

is calculated from the explicit supersaturation as in the bulk-explicit and bin mod-
els. A pseudo-saturation adjustment scheme is employed, in which at the end of
the microphysics routine, dummy variables for temperature and water vapor mix-
ing ratio are saved and used to predict the supersaturation on the subsequent
time step, after advection, for activation only.25
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4. Bulk-original Model – The two-moment bulk microphysics scheme of Morrison
et al. (2009) is used with a saturation adjustment scheme applied to both droplet
condensational growth and activation.

The results presented herein demonstrate, as suggested previously (e.g., Rosenfeld
et al., 2008; Khain et al., 2008; Lebo and Seinfeld, 2011), the ability of an increase in5

the ambient aerosol number concentration to invigorate (or weaken) convection. The
key results are summarized as follows:

1. The cumulative precipitation predicted using the bin model had the largest sen-
sitivity to an increase in aerosol loading (17.5 %) while the change predicted by
the bulk model configurations was quite small (∼ ±2.5 %). It was shown that the10

bin model predicts a larger increase in ice growth and hence graupel mean size
in polluted compared to pristine conditions relative to the bulk model configura-
tions, ultimately leading to a greater increase in rain water production and surface
precipitation.

2. Simulations with the bulk-explicit and bulk-cond model configurations exhibited15

little difference in the convective mass flux, precipitation, and cold pool strength,
owing to the fact that for deep convective clouds with strong updrafts and high
supersaturations, the activation of new droplets is insensitive to the method by
which the supersaturation is calculated (i.e., nearly all of the aerosol population
activates regardless of the method used to calculate supersaturation).20

3. The bulk-explicit and bin models predicted a small but robust invigoration, as
shown by an increase in the time- and domain-averaged convective mass flux
of 2.52 to 5.09 and 4.73 to 6.43 %, respectively, while the bulk-original model
configuration predicted a small decrease of −1.75 to −3.65 %. The invigoration
predicted by the bulk-explicit and bin models was related to an increase in la-25

tent heating aloft with an increase in aerosol loading. The bulk-original model did
not predict such an increase, and instead predicted more latent heating for the
“Clean” aerosol scenario.
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4. Simulated cold pool strength (as measured by the average lowest level perturba-
tion θ within the cold pool) was shown to weaken under higher aerosol loading.
The weakening was greatest for the original-bulk model configuration (6.52 to
13.1 %). The bulk-explicit and bin models predicted a much smaller weakening
(0.87 to 9.35 % and −2.36 to 3.90 %, respectively), and so the response of the5

convective dynamics to increased aerosol loading was associated more with in-
creased latent heating and buoyancy aloft than changes in the cold pool.

Figures 11 and 14 show qualitatively and quantitatively, respectively, the effect of
saturation adjustment on the supersaturation evolution and thus condensation rate and
latent heating. Model simulations (Fig. 11) show that the bulk-original model predicts10

more latent heating relative to the bulk-explicit model, especially below about 9 km. In
order for the aerosol effect on convective strength to be the same between the two
model configurations, the differences in latent heating between the models for each
aerosol scenario ought to be the same. However, the differences are shown to be quite
large (much more heating in the bulk-original model in the “Clean” case compared to15

“Polluted”). This is consistent with differences in the response of the convective dynam-
ics between bulk-original and bulk-explicit, bulk-cond, or bin. The bulk-original model
overpredicts condensation (and hence latent heating) by forcing the saturation ratio
to unity at the end of each time step in non-equilibrium conditions when the super-
saturation should be increasing (as shown schematically in Fig. 14). Here, the model20

time step is shorter than the condensation time scale such that the grid box remains
supersaturated at the end of the time step using the explicit treatment of supersat-
uration, unlike that which is predicted using the saturation adjustment scheme. This
overprediction is consistent with large differences in the heating rates predicted by the
bulk-original and bulk-explicit model configurations. Moreover, saturation adjustment25

schemes cannot capture changes in supersaturation, condensation, and latent heat-
ing resulting directly from differences in droplet concentration and size and hence the
efficiency of vapor uptake between polluted and clean conditions. Overall, these dif-
ferences in the models’ physics explain much of the difference in the response of the
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convective dynamics between the bulk-original and bin models. However, the use of
a saturation adjustment scheme cannot explain large differences in the response of
surface precipitation to aerosol loading between the bin and bulk schemes. Results
suggest that differing treatments of sedimentation, ice particle growth, or other micro-
physical factors contributed to these differences. A more detailed analysis of possible5

reasons for differences in the response of surface precipitation between the bulk and
bin models is left for future work.
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Table 1. Simulation descriptions.

Category Name Description

Microphysics Scheme

Explicit Bulk microphysics model incorporating an ex-
plicit representation of the supersaturation evolution
within a time step, including effects on both conden-
sation/evaporation and activation

Cond Bulk microphysics model incorporating an explicit
representation of the evolution of the supersatura-
tion within a time step, including effects on only con-
densation/evaporation. Activation is computed using
the saturation adjusted temperature and water va-
por mixing ratios.

Original Bulk microphysics model with saturation adjustment
Bin Bin microphysics model

Sensitivities

Base Control case (i.e., no perturbations)
delT25 Maximum θ′ in the thermal bubble reduced to 2.5 K
delT35 Maximum θ′ in the thermal bubble increased to

3.5 K
lowshear Vertical wind shear increased by 5 % in the lowest

7.5 km
highshear Vertical wind shear decreased by 5 % in the lowest

7.5 km
lowRH RH reduced by 2 %
highRH RH increased by 2 %

Pollution
Clean Na = 100 cm−3

Semi-Polluted Na =250 cm−3

Polluted Na =750 cm−3
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Table 2. Summary of results for the suite of model configurations described in Table 1. The change in precipita-
tion (∆P ), convective mass flux (∆MF ), and average potential temperature within the cold pool (∆θ′) are shown for
“Polluted” minus “Clean” conditions. Statistics for ∆MF are computed by averaging between t=30 and 120 min and
between z=2.1 and 9.1 km. For ∆θ′ and ∆P the results are shown only for t=120 min. The percent change relative
to the “Clean” case is shown in parentheses. Within each column, the top values correspond to the low perturbation
sensitivity simulations while the bottom values correspond to the high perturbation simulations (i.e., the delT25 run is
above the delT35 run, etc.).

Model Configuration
∆P [0.01 mm] ∆MF [0.001 kg m−2 s−1] ∆θ′ [0.1 K]

Base delT shear RH Base delT shear RH Base delT shear RH

Bulk-Explicit 1.21 (0.93)
2.44 (1.17) –1.86 (–1.50) 1.40 (1.20)

6.31 (5.09)
3.75 (3.18) 3.05 (2.52) 4.47 (4.06)

1.75 (5.20)
0.82 (2.44) 3.17 (9.35) 2.05 (6.35)

–1.62 (–1.18) 2.51 (1.85) –3.56 (–2.34) 4.96 (3.80) 6.13 (4.74) 4.79 (3.40) 2.71 (8.16) 0.29 (0.87) 1.39 (4.02)

Bulk-Cond –0.53 (–0.41)
1.63 (1.34) –2.42 (–1.95) –1.14 (–1.00)

4.50 (3.50)
3.55 (2.99) 2.69 (2.22) 3.50 (3.14)

2.76 (8.25)
–0.71 (–2.16) 3.62 (10.8) 3.61 (11.1)

–1.46 (–1.06) 0.51 (0.38) –3.33 (–2.21) 3.56 (2.70) 6.42 (4.94) 2.30 (1.61) 2.23 (6.70) 1.07 (3.26) 2.21 (6.35)

Bulk–Original 2.77 (2.50)
1.59 (1.52) 1.74 (1.65) 3.67 (3.71)

–4.93 (–3.50)
–4.25 (–3.17) –4.86 (–3.62) –2.40 (–1.90)

4.67 (12.0)
2.46 (6.54) 4.30 (10.0) 3.33 (9.13)

3.25 (2.81) 2.25 (1.92) 0.17 (0.13) –3.93 (–2.73) –2.60 (–1.75) –5.72 (–3.64) 4.28 (10.9) 2.43 (6.52) 5.38 (13.1)

Bin 22.2 (17.5)
28.9 (23.6) – –

5.50 (4.73)
7.04 (6.43) – –

0.68 (1.98)
–0.79 (–2.36) – –

22.5 (16.8) – — 6.51 (5.40) – – 1.2 (3.90) – –
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Fig. 1: Skew-T log-P diagram for the simulations with baseline initial conditions. Temperature (T ,

black) and dew point temperature (Td, blue) are shown.
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Fig. 1. Skew-T log-P diagram for the simulations with baseline initial conditions. Temperature
(T , black) and dew point temperature (Td , blue) are shown.
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Fig. 2: Domain-average cumulative precipitation. Depicted here are the ’Clean’ (solid) and ’Pol-

luted’ (dashed) aerosol scenarios for simulations using the baseline initial conditions. All four

model configurations are presented, i.e., bin (green), bulk-explicit (black), bulk-cond (blue), and

bulk-original (red).

32

Fig. 2. Domain-average cumulative precipitation. Depicted here are the “Clean” (solid) and
“Polluted” (dashed) aerosol scenarios for simulations using the baseline initial conditions. All
four model configurations are presented, i.e., bin (green), bulk-explicit (black), bulk-cond (blue),
and bulk-original (red).
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(a) (b)

(c) (d)

Fig. 3: Contour plots of the change in cumulative precipitation (∆P , ’Polluted’ minus ’Clean’) at

90 min for all model configurations and baseline initial conditions. Precipitation is given in mm.

Note that only the portion of the domain in which precipitation has accumulated is shown. Here, red

implies an increase in precipitation with increased aerosol loading and blue a decrease.
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Fig. 3. Contour plots of the change in cumulative precipitation (∆P , “Polluted” minus “Clean”) at
90 min for all model configurations and baseline initial conditions. Precipitation is given in mm.
Note that only the portion of the domain in which precipitation has accumulated is shown. Here,
red implies an increase in precipitation with increased aerosol loading and blue a decrease.
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t = 30 min t = 60 min

(a) (b)

t = 90 min t = 120 min

(c) (d)

Fig. 4: Conditionally-averaged total condensate mixing ratios (qtot) at 30 min (a), 60 min (b), 90 min

(c), and 120 min (d) are depicted for the bin (green), bulk-explicit (black), and bulk-original (red)

model configurations. Here, the sum of qtot at each level for all points in which w ≥ 2 m s−1 is

computed and divided by the horizontal domain size to calculate the conditional average. Shown here

are the ’Clean’ (solid) and ’Polluted’ (dashed) aerosol scenarios. Note that the x-axes are different

so as to clearly represent the change in qtot between aerosol scenarios and not to distinguish between

the changes in qtot between different times.
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Fig. 4. Conditionally-averaged total condensate mixing ratios (qtot) at 30 min (a), 60 min (b),
90 min (c), and 120 min (d) are depicted for the bin (green), bulk-explicit (black), and bulk-
original (red) model configurations. Here, the sum of qtot at each level for all points in which
w ≥ 2 m s−1 is computed and divided by the horizontal domain size to calculate the conditional
average. Shown here are the “Clean” (solid) and “Polluted” (dashed) aerosol scenarios. Note
that the x-axes are different so as to clearly represent the change in qtot between aerosol
scenarios and not to distinguish between the changes in qtot between different times.
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Fig. 5: Change in the domain-averaged total condensed water path (’Polluted’ minus ’Clean’) as a

function of time (t) for the bin (green), bulk-explicit (black), and bulk-original (red) model configu-

rations.
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Fig. 5. Change in the domain-averaged total condensed water path (“Polluted” minus “Clean”)
as a function of time (t) for the bin (green), bulk-explicit (black), and bulk-original (red) model
configurations.
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Fig. 6: Relative change in the mean graupel diameter (Dgr) due to an increase in aerosol loading

(’Polluted’ minus ’Clean’) averaged between 60 and 120 min. Curves correspond to the bin (green),

bulk-explicit (black), and bulk-original (red) model configurations.

36

Fig. 6. Relative change in the mean graupel diameter (Dgr) due to an increase in aerosol loading
(“Polluted” minus “Clean”) averaged between 60 and 120 min. Curves correspond to the bin
(green), bulk-explicit (black), and bulk-original (red) model configurations.
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(a) (b)

Fig. 7: (a) Vertical- and domain-average convective mass flux (MF) between 2.1 and 9.1 km and

(b) the relative change in MF for an increase in aerosol loading. Depicted here are only the ’Clean’

(solid) and ’Polluted’ (dashed) aerosol scenarios for the base simulation setup. All four model

configurations are presented, i.e., bin (green), bulk-explicit (black), bulk-cond (blue), bulk-original

(red).
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Fig. 7. (a) Vertical- and domain-average convective mass flux (MF) between 2.1 and 9.1 km
and (b) the relative change in MF for an increase in aerosol loading. Depicted here are only
the “Clean” (solid) and “Polluted” (dashed) aerosol scenarios for the base simulation setup. All
four model configurations are presented, i.e., bin (green), bulk-explicit (black), bulk-cond (blue),
bulk-original (red).
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(a) (b)

(c) (d)

Fig. 8: Domain-average convective mass flux profiles for all four model configurations at 60 min

(black), 90 min (blue), and 120 min (red). Depicted here are the ’Clean’ (solid) and ’Polluted’

(dashed) aerosol scenarios for the baseline initial conditions.

38

Fig. 8. Domain-average convective mass flux profiles for all four model configurations at 60 min
(black), 90 min (blue), and 120 min (red). Depicted here are the “Clean” (solid) and “Polluted”
(dashed) aerosol scenarios for the baseline initial conditions.

10107

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/10059/2012/acpd-12-10059-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/10059/2012/acpd-12-10059-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 10059–10114, 2012

Dependency of
aerosol-cloud
interactions

Z. J. Lebo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

t = 60 min t = 90 min t = 120 min

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 9: Simulated latent heating rates for the bin (a-c), bulk-explicit (d-f), bulk-original (g-i) model

configurations at 60 min (a, d, g), 90 min (b, e, h), and 120 min (c, f, i). The net heating rate (black)

is decomposed into the heating (red) caused by condensation, deposition, freezing, and riming and

cooling (blue) caused by evaporation, sublimation, and melting. Results are shown for the ’Clean’

(solid) and ’Polluted’ (dashed) aerosol scenarios and baseline initial conditions.
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Fig. 9. Simulated latent heating rates for the bin (a–c), bulk-explicit (d–f), bulk-original (g–i)
model configurations at 60 min (a, d, g), 90 min (b, e, h), and 120 min (c, f, i). The net heating
rate (black) is decomposed into the heating (red) caused by condensation, deposition, freezing,
and riming and cooling (blue) caused by evaporation, sublimation, and melting. Results are
shown for the “Clean” (solid) and “Polluted” (dashed) aerosol scenarios and baseline initial
conditions.
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(a) (b) (c)

Fig. 10: Change in the latent heating rates (’Polluted’ minus ’Clean’) for the bulk-explicit (a), bulk-

original (b), and bin (c) model configurations. Shown are the changes in heating (red), cooling (blue),

and net (black) heating rates for an increase in aerosol loading. Here, positive values correspond to

an increase in heating (or decrease in cooling) from the ’Clean’ to ’Polluted’ scenarios.
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Fig. 10. Change in the latent heating rates (“Polluted” minus “Clean”) for the bulk-explicit (a),
bulk-original (b), and bin (c) model configurations. Shown are the changes in heating (red),
cooling (blue), and net (black) heating rates for an increase in aerosol loading. Here, posi-
tive values correspond to an increase in heating (or decrease in cooling) from the “Clean” to
“Polluted” scenarios.
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t = 60 min t = 90 min t = 120 min

(a) (b) (c)

Fig. 11: Differences in the simulated latent heating rates for the bulk-explicit minus the bulk-original

model configurations. Colors correspond to those used in Fig. 9. Here, a negative value for heating

(positive value for cooling) corresponds to more heating (cooling) predicted by the bulk-original

model than bulk-explicit.
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Fig. 11. Differences in the simulated latent heating rates for the bulk-explicit minus the bulk-
original model configurations. Colors correspond to those used in Fig. 9. Here, a negative value
for heating (positive value for cooling) corresponds to more heating (cooling) predicted by the
bulk-original model than bulk-explicit.
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(a) (b)

Fig. 12: (a) Probability distribution function (PDF) of the supersaturation and (b) conditionally-

averaged supersaturation as a function of time. Shown are results for the bulk-explicit (black)

and bin (green) model configurations for the ’Clean’ (solid) and ’Polluted’ (dash) aerosol sce-

narios. The PDFs are generated by analyzing all points for which 2.1 km ≤ z ≤ 9.1 km and

30 min ≤ t ≤ 120 min. In (b), only points in which the supersaturation is positive are considered

when computing the mean.

42

Fig. 12. (a) Probability distribution function (PDF) of the supersaturation and (b) conditionally-
averaged supersaturation as a function of time. Shown are results for the bulk-explicit (black)
and bin (green) model configurations for the “Clean” (solid) and “Polluted” (dash) aerosol sce-
narios. The PDFs are generated by analyzing all points for which 2.1 km ≤ z ≤ 9.1 km and
30 min ≤ t ≤ 120 min. In (b), only points in which the supersaturation is positive are considered
when computing the mean.
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(a) (b)

(c) (d)

(e) (f)

Fig. 13: Interaction between cold pool strength and convergence is shown. The cold pool boundary

is demarcated by the dashed curve (θ′ < -2K). Streamlines represent the flow at the lowest model

level. Dotted contours depict the vertical velocity at 1.5 km starting at 2 m s−1 and stepping by

2 m s−1, while the filled contours (color bar) show the vertical velocity at 9.1 km. The ’Polluted’

(b, d, f) and ’Clean’ (a, c, e) scenarios are shown for the bulk-explicit (a, b), bulk-original (c, d), and

bin (e, f) model configurations at 90 min.
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Fig. 13. Interaction between cold pool strength and convergence is shown. The cold pool
boundary is demarcated by the dashed curve (θ′ < −2 K). Streamlines represent the flow at the
lowest model level. Dotted contours depict the vertical velocity at 1.5 km starting at 2 m s−1 and
stepping by 2 m s−1, while the filled contours (color bar) show the vertical velocity at 9.1 km.
The “Polluted” (b, d, f) and “Clean” (a, c, e) scenarios are shown for the bulk-explicit (a, b),
bulk-original (c, d), and bin (e, f) model configurations at 90 min.
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Condensation and heating overpredicted

Condensation and heating underpredicted

Fig. 14: Schematic of the evolution of supersaturation using saturation adjustment (red) compared

to an explicit treatment following Köhler Theory (black) for a steadily-rising parcel. The time step

(∆t) is relatively short and comparable to that used by a cloud-resolving model.
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Fig. 14. Schematic of the evolution of supersaturation using saturation adjustment (red) com-
pared to an explicit treatment following Köhler Theory (black) for a steadily-rising parcel. The
time step (∆t) is relatively short and comparable to that used by a cloud-resolving model.
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Fig. 15: As in Fig. 14 but for a longer time step.
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Fig. 15. As in Fig. 14 but for a longer time step.
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