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ABSTRACT

This paper presents the application of a double-moment bulk warm-rain microphysics scheme to the simu-

lation of a field of shallow convective clouds based on Barbados Oceanographic and Meteorological Experi-

ment (BOMEX) observations. The scheme predicts the supersaturation field and allows secondary in-cloud

activation of cloud droplets above the cloud base. Pristine and polluted cloud condensation nuclei (CCN)

environments, as well as opposing subgrid-scale mixing scenarios, are contrasted. Numerical simulations show

that about 40% of cloud droplets originate from CCN activated above the cloud base. Significant in-cloud

activation leads to the mean cloud droplet concentration that is approximately constant with height, in

agreement with aircraft observations. The in-cloud activation affects the spatial distribution of the effective

radius and the mean albedo of the cloud field. Differences between pristine and polluted conditions are con-

sistent with the authors’ previous study, but the impact of the subgrid-scale mixing is significantly reduced.

Possible explanations of the latter involve physical and numerical aspects. The physical aspects include (i) the

counteracting impacts of the subgrid-scale mixing and in-cloud activation and (ii) the mean characteristics of the

environmental cloud-free air entrained into a cloud. A simple analysis suggests that the entrained cloud-free air

is on average close to saturation, which leads to a small difference between various mixing scenarios. The

numerical aspect concerns the relatively small role of the parameterized subgrid-scale mixing when compared to

mixing and evaporation due to numerical diffusion. Although the results are consistent with aircraft observa-

tions, limitations of the numerical model due to low spatial resolution call for higher-resolution simulations

where entrainment processes are resolved rather than mostly parameterized as in the current study.

1. Introduction

Tropical and subtropical boundary layer clouds such

as subtropical stratocumulus and trade wind cumulus

reflect back to space a significant fraction of the incoming

solar radiation. At the same time their impact on the top-

of-the-atmosphere (TOA) outgoing longwave radiation

is relatively small because the cloud-top temperature is

close to the temperature of the underlying surface. It

follows that these clouds exert a significant cooling on

the climate system and they have been shown to play the

key role in climate change and climate sensitivity (e.g.,

Bony and Dufresne 2005). Since boundary layer clouds

affect mostly the solar flux, their microphysical proper-

ties are of primary importance. In addition, shallow
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convective clouds are known to be significantly diluted

by entrainment [e.g., Warner (1955) and numerous sub-

sequent studies] and microphysical effects of entrainment

(e.g., the homogeneity of cloud–environment mixing or

entrainment-related activation) need to be considered.

Recent modeling studies (e.g., Chosson et al. 2004,

2007; Grabowski 2006; Slawinska et al. 2008, hereafter

SGPW) demonstrate that assumptions concerning the

microphysical evolution of these clouds (in particular,

the homogeneity of cloud–environment mixing) signifi-

cantly affect the albedo of a field of shallow convective

clouds.

The current study extends that of SGPW, where the

impact of different mixing scenarios has been investigated

in simulations of Barbados Oceanographic and Meteo-

rological Experiment (BOMEX) shallow convection us-

ing the single-moment warm-rain microphysics scheme as

in Grabowski and Smolarkiewicz (1996). Since single-

moment schemes do not predict droplet concentration,

the effective radius was diagnosed by applying highly

idealized assumptions. For instance, for the homoge-

neous mixing case it was assumed that the prescribed

droplet concentration1 (100 vs 1000 mg21 for pristine

and polluted conditions, respectively) changes only be-

cause of the dilution due to entrainment of dry environ-

mental air. For the extremely inhomogeneous mixing, the

effective radius was assumed to be equal to that within

an adiabatic parcel rising from the cloud base with the

assumed droplet concentration. The double-moment

warm-rain scheme (Morrison and Grabowski 2007,

2008a) applied here allows a more realistic representa-

tion of the droplet concentration (e.g., relating the cloud-

base activation to the cloud-base updraft speed) and a

change of cloud droplet size due to cloud–environment

mixing. Specifically, various subgrid-scale (SGS) mixing

scenarios can be simulated by changing a single param-

eter [a in Eq. (11) in Morrison and Grabowski 2008a].

This parameter controls whether the required evapora-

tion of cloud water as a result of cloud–environment

mixing is accompanied by a change of droplet concen-

tration, as in the case of the inhomogeneous mixing (i.e.,

when 0 , a # 1), or the concentration does not change, as

in the case of the homogeneous mixing (i.e., when a 5 0).

With current knowledge and observational techniques,

it is impossible to deduce the mixing scenario within

a cloudy volume as a result of turbulent entrainment

and subsequent microscopic homogenization. Some

studies suggest that inhomogeneous mixing is likely to

prevail (e.g., Pawlowska and Brenguier 2000; Burnet and

Brenguier 2007), whereas others claim that the homo-

geneous mixing should be more typical (e.g., Jensen

et al. 1985; Jensen and Baker 1989). In reality, as some

studies indicate (e.g., Andrejczuk et al. 2006, 2009;

Lehmann et al. 2009), various mixing scenarios can occur

in a single cloud and the mixing can cover the whole

spectrum of possible scenarios. This is because a single

realization depends on the cloud droplet size, the hu-

midity of entrained air, and the turbulence intensity,

with all of them varying in space and time for a single

cloud.

Prediction of the supersaturation field inside a cloud

in the double-moment microphysics of Morrison and

Grabowski (2007, 2008a) allows a physically based rep-

resentation of in-cloud secondary activation of cloud

droplets, that is, the activation above the cloud base.

Activation of cloud droplets above the cloud base can

occur as a result of either strongly increasing updraft

strength (e.g., Warner 1969b; Pinsky and Khain 2002)

or entrainment (Warner 1969a; Paluch and Knight

1984; Brenguier and Grabowski 1993; Su et al. 1998;

Lasher-Trapp et al. 2005). As discussed in Brenguier

and Grabowski (1993; see their section 3b and Figs. 6–8

in particular), entrainment-related activation above the

cloud base occurs in vortical structures associated with

cloud–environment interface instabilities that bring en-

vironmental cloud-free air into the cloud. Blyth et al.

(2005, section 4c) documented the presence of regions

with reduced liquid water content within Florida shallow

cumuli and argued that the observed bimodal droplet

spectra suggested additional activation of cloud drop-

lets. Gerber et al. (2008) analyzed data from the Rain in

Cumulus over the Ocean (RICO; Rauber et al. 2007)

campaign that focused on shallow cumulus convection.

For those strongly diluted clouds, entrainment was

claimed to be so large that only a small percentage of

cloud droplets activated at the cloud base reached the

cloud top. Significant activation of new droplets was

suggested above the cloud base, occurring on cloud

condensation nuclei (CCN) contained in the entrained

air and supplying new and smaller cloud droplets at all

levels.

Because of the significantly more sophisticated double-

moment microphysics used here, we are in a better po-

sition to investigate processes shaping microphysical

properties of small cumuli. The next section discusses

the model and modeling setup. Section 3 presents

model results contrasting polluted and pristine con-

ditions and the assumed homogeneity of SGS cloud–

environment mixing. These results are put in the context

of previous studies in section 4, where we also suggest

1 The term ‘‘concentration’’ throughout this paper refers to the

number of droplets in a unit mass of the dry air, that is, as the

mixing ratio. It is shown in units of mg21, which gives numerical

values exactly as for the number of droplets per cubic centimeter

for the air density of 1 kg m23.
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possible explanations of a rather small impact of the ho-

mogeneity of mixing. A brief summary in section 5 con-

cludes the paper.

2. The model and modeling setup

The model used in this study is the 3D anelastic semi-

Lagrangian/Eulerian model (EULAG) documented in

Smolarkiewicz and Margolin (1997; model dynamics),

Grabowski and Smolarkiewicz (1996; model thermody-

namics), and Margolin et al. (1999; SGS turbulent mixing);

see Prusa et al. (2008) for a recent review with compre-

hensive list of references. For examples of benchmark

simulations underlying veracity of the model, see Wedi

and Smolarkiewicz (2006) and Waite and Smolarkiewicz

(2008). As in SGPW, EULAG is set up as a large-eddy

simulation (LES) model to simulate steady-state trade

wind shallow convection observed during BOMEX

(Holland and Rasmusson 1973) and used in the model

intercomparison study described in Siebesma et al.

(2003). In the BOMEX case, the 1.5-km-deep trade wind

convection layer overlays a 0.5-km-deep mixed layer near

the ocean surface and is capped by a 0.5-km-deep trade

wind inversion layer. The cloud cover is about 10% and

quasi-steady conditions are maintained by the prescribed

large-scale subsidence, large-scale moisture advection,

surface heat fluxes, and radiative cooling. As in Siebesma

et al. (2003), the model is run for 6 h, and results from the

last 3 h are used in the analysis. Although the design of

the BOMEX case targets the nonprecipitating trade

wind shallow convection, we keep the warm-rain pa-

rameterization active.

The double-moment warm-rain microphysical scheme

of Morrison and Grabowski (2007, 2008a) predicts num-

ber concentrations (per unit mass of dry air) Nc, Nr and

mixing ratios qc, qr for cloud water and rain (subscript c

and r, respectively), and also the concentration of acti-

vated CCN Nact. The latter is needed because the cloud

droplet concentration and the activated CCN concentra-

tion may differ as a result of collision/coalescence. The

concentration of cloud droplets can change inside a cloud

because of activation of CCN (which in turn depends on

the predicted supersaturation and Nact) and entrainment

of the environmental air. The latter is typically associ-

ated with evaporation of cloud water and affects droplet

concentration through the assumed SGS mixing scenario.

The homogeneous mixing scenario implies that the re-

quired evaporation of cloud water occurs with no change

of the droplet concentration (unless all cloud water has to

evaporate). In contrast, the extremely inhomogeneous

mixing implies that some droplets evaporate completely

and the rest do not change their sizes at all. It follows that

in the extremely inhomogeneous mixing the mean

droplet radius does not change, but droplet concen-

tration is reduced.2 The selection of the SGS mixing

scenario in the droplet concentration equation is fa-

cilitated by a single parameter a in Eq. (11) of Morrison

and Grabowski (2008a) that spans values between

0 (for the homogeneous mixing) and 1 (for the ex-

tremely inhomogeneous mixing); see sections 4b and 5

in Morrison and Grabowski (2008a) for a discussion

and a computational example. It has to be stressed that

the homogeneity of mixing affects the parameterized

SGS mixing only. The unavoidable mixing and evap-

oration near cloud edge due to numerical diffusion

(e.g., Grabowski and Smolarkiewicz 1990) proceeds as

the homogeneous mixing. Finally, an approach detailed

in Grabowski and Morrison (2008) is used to control

numerical artifacts in the supersaturation field near cloud

edges.

Model setup follows exactly the description in Siebesma

et al. (2003), except that the horizontal and vertical grid

lengths are reduced from 100 and 40 m to 50 and 20 m,

keeping the same number of grid points in horizontal

directions. Such a change is similar to that used in Jarecka

et al. (2009) and leads to a smaller computational domain

compared to Siebesma et al. (2003). This is dictated by the

need to appropriately represent cloud-base activation,

although the 20-m vertical grid length is still relatively

coarse [see discussion in section 4 in Morrison and

Grabowski (2008a)]. A smaller horizontal domain (6.4 3

6.4 km2) results in larger temporal fluctuations of

domain-averaged quantities [such as the cloud fraction

or mean liquid water path (LWP)] because of a small

number of clouds present in the computational domain

at a given time. Since statistics from 3 h are used in the

analysis, this aspect has likely insignificant impact on

model results.

As in Morrison and Grabowski (2007, 2008a), we

contrast results obtained assuming either the maritime

aerosol characteristics with the total CCN concentra-

tion of 100 mg21 (referred to as pristine) or the conti-

nental aerosol characteristics with CCN concentration

of 1000 mg21 (the polluted case). These values are used

in the CCN activation scheme as described in section 2a

of Morrison and Grabowski (2007) with all other pa-

rameters characterizing the aerosol exactly as described

there. For each of the two aerosol cases, simulations are

run assuming either homogeneous mixing (a 5 0) or

extremely inhomogeneous mixing (a 5 1) scenarios.

2 The bottom panel of Fig. 5 in Grabowski et al. (2010) can

be used to contrast spectral changes due to evaporation as-

suming homogeneous and extremely inhomogeneous mixing

scenarios.
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The four simulations will be referred as 100.HM

(pristine, homogeneous mixing), 1000.HM (polluted,

homogeneous mixing), 100.EI (pristine, extremely

inhomogeneous mixing), and 1000.EI (polluted, ex-

tremely inhomogeneous mixing). Four additional sim-

ulations are run as above but with in-cloud activation

of cloud droplets suppressed. This is accomplished by

forcing the source term due to activation to zero above

the height of 700 m, approximately 100 m above the

typical cloud-base height in BOMEX simulations. Sim-

ulations with no in-cloud activation (abbreviated as NA)

are depicted as 100.HM.NA, 1000.HM.NA, 100.EI.NA,

and 1000.EI.NA.

Although the model setup discussed in Siebesma et al.

(2003) concerns nonprecipitating shallow convection,

we included drizzle and rain processes in current simu-

lations. However, these have insignificant impact because

the rainwater was only present in small/trace amounts in

simulations with pristine/polluted conditions. For in-

stance, the domain-averaged rainwater profile in the

pristine case featured a maximum of about 0.1 mg kg21

at the height of 1.5 km, about an order a magnitude less

than in the precipitating shallow convection case dis-

cussed in vanZanten et al. (2011, see Fig. 4 therein). The

fraction of grid points with rain (applying thresholds

as in vanZanten et al.) was about 0.03% at that height

compared to about 2% cloud fraction (i.e., only about

1% of cloudy points contained rain). Rain was practi-

cally absent in polluted simulations. It follows that pre-

cipitation processes have negligible impact on results

discussed here, but such an impact should be investigated

for deeper, significantly precipitating shallow convec-

tive clouds in the future.

3. Results

a. Macrophysical cloud properties: Comparison with
Siebesma et al.

As one might expect, CCN characteristics and thus

cloud microphysical properties have a relatively small

impact on macroscopic properties of simulated non-

precipitating clouds. This conclusion comes from inspect-

ing various model output statistics, most of them falling

within the envelope of model results presented in Siebesma

et al. (2003). In particular, simulations with suppressed in-

cloud activation have bulk properties close to those with

in-cloud activation included, an aspect important for

discussion later in the paper. For instance, the liquid

water potential temperature and total water profiles are

close to those shown by Siebesma et al. (see Figs. 3a,b

therein) and they differ among various simulations

presented here by less than 60.04 K and 60.2 g kg21.

For illustration, Fig. 1 shows profiles of the mean

cloud fraction (defined as the fraction of grid points with

the cloud water larger than 0.01 g kg21) for all simula-

tions. The figure shows the mean profile from the 100.HM

simulation and profiles of the difference between all

other simulations and the 100.HM profile. The cloud

fraction profiles [to be compared with Fig. 6 in Siebesma

et al. (2003)] show a maximum of about 8% near cloud

base (slightly larger than in Siebesma et al. possibly

because of the higher spatial resolution used here), with

a decrease to 0% at around 2 km. The cloud fraction is

almost exactly 2% at 1 km, as in Siebesma et al. Dif-

ferences between various simulations are typically less

than 0.5%. Table 1 shows (among other variables to be

discussed later) the mean (i.e., averaged over last 3 h of

FIG. 1. Profiles of the mean cloud fraction. (left) Profile for simulation 100.HM. (middle),(right) Difference profiles between 100.HM and

the simulations (middle) with and (right) without in-cloud activation.
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the simulations from snapshot data saved every 10 min)

cloud cover defined as the fraction of model columns

with LWP larger than 5 3 1023 kg m22, the same

threshold used in SGPW and here to select cloudy col-

umns for the radiation transfer model (cf. section 3c). As

the table shows, all simulations have similar cloud cover

and the differences between various simulations are

comparable to the standard deviation of the temporal

variability of the cloud cover. The latter suggests that

the differences are not statistically significant.

Profiles of the mean condensed water and mean in-

cloud liquid water show more variability between various

simulations, but arguably within the range presented in

Siebesma et al. (2003). For instance, differences in the

mean condensed water profiles among the simulations

are typically smaller than 1 mg kg21, which is the stan-

dard deviation between the models participating in the

Siebesma et al. intercomparison (see their Fig. 3d). Pro-

files of the variance of various model fields as well as

resolved fluxes of various quantities (temperature, water,

momentum) are similar to those shown in Siebesma et al.

as well. Overall, model results are similar to those docu-

mented in Siebesma et al. and differences between sim-

ulations applying different microphysical parameters

appear rather small and not systematic.

b. Cloud droplet concentration and in-cloud
activation

The profiles of the mean cloud droplet concentration

Nc, conditionally averaged for hours 3–6 and for grid

points with qc . 0.01 g kg21 and Nc . 5 mg21 for all

eight simulations discussed in this paper, are shown in

Fig. 2. The mean cloud droplet concentrations reach

similar values near the cloud base in simulations with

and without in-cloud activation, namely around 40 and

200 mg21 in pristine and polluted cases. Simulations

with extremely inhomogeneous mixing show slightly

TABLE 1. The mean optical thickness t, mean effective radius r
e
,

and mean TOA albedo Acloudy for all cloudy columns in all simu-

lations. The last column shows the cloud fraction Fc and the stan-

dard deviation of its temporal variability sFc
.

t re (mm) Acloudy Fc (sFc
) (%)

100.HM 6.3 18.4 0.270 10.8 (1.6)

100.EI 5.6 18.8 0.265 12.0 (1.3)

1000.HM 9.7 11.4 0.347 10.7 (1.8)

1000.EI 8.5 11.7 0.338 10.7 (1.4)

100.HM.NA 5.1 24.6 0.238 10.6 (1.7)

100.EI.NA 5.5 27.4 0.233 11.3 (1.7)

1000.HM.NA 7.4 15.6 0.308 11.1 (1.7)

1000.EI.NA 6.9 17.7 0.289 10.7 (2.4)

FIG. 2. Profiles of the mean cloud droplet concentrations. Solid (dashed) lines are for simulations

with (without) in-cloud activation.
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lower cloud droplet concentration, as one might expect.

The mean concentrations are approximately constant

with height in simulations that allow in-cloud activation,

but they decrease strongly when in-cloud activation is

suppressed. The latter is consistent with a significant

cloud dilution that reduces droplet concentration in the

absence of additional activation above the cloud base. It

thus follows that significant in-cloud activation is needed

to maintain the approximately constant-with-height mean

cloud droplet concentration. The increase of the con-

centration in some ‘‘no in-cloud activation’’ cases in the

upper part of the cloud field reflects most likely the simple

fact that only the least-diluted cloud volumes can reach

levels close to the 2-km height.

The simulated approximately constant-with-height

mean cloud droplet concentration is broadly consis-

tent with many cloud observations, including observa-

tions of Montana cumuli reported in Blyth and Latham

[1985 (their Table 2 and Fig. 7), 1991 (their Table 1)] and

RICO trade-wind cumuli discussed in Gerber et al.

[2008 (see their Table 3 in particular)] and in Arabas

et al. (2009, their Fig. 1). The difference between simu-

lations with homogeneous and extremely inhomogeneous

mixing are small, perhaps with the exception of upper

parts of the cloud field, where the difference may be sta-

tistically insignificant because of the limited number of

cloudy samples. The in-cloud activation has a strong im-

pact on the cloud droplet size, an aspect critical for the

cloud optical properties as discussed later in the paper.

The spatial pattern of model grid points where in-cloud

activation occurs is quite patchy. This is because in-cloud

activation takes place in just a few regions of a single

cloud at a given moment, and the pattern changes in time

as the cloud evolves. The spatial patchiness is illustrated

in Fig. 3 which shows a snapshot of the 3D distribution of

the cloud field with points where the droplet concentra-

tion tendency due to activation (›Nc/›t)act is larger than

1 mg s21 (shown in black). The snapshot comes from the

100.HM simulation, but it is representative of other sim-

ulations with in-cloud activation allowed, independent of

the mixing scenario or CCN characteristics. The cloud-

base activation is evident as extensive dark areas near the

bottom of each cloud. The in-cloud activation takes place

higher in the cloud and only in relatively small areas.

Figure 4 shows mean profiles of the activation source

(›Nc/›t)act including only points with qc . 0.01 g kg21

and Nc . 5 mg21. The source term is converted to the

1-s percentage change of the mean cloud droplet con-

centration present in the cloud at a given level. The

figure shows the importance of the cloud-base activation

(at around 600-m height) but also a significant in-cloud

activation above the cloud base. Besides the peak at the

cloud base, there is also a broad peak of the in-cloud

activation in the middle of the cloud field depth. If the

height of the minimum activation (at about 700 m) is

taken as the separation between cloud-base and in-cloud

activation, then the in-cloud activation contributes about

40% to the total activation. It follows that, on average,

about 40% of cloud droplets comes from activation above

the cloud base.

Droplet activation occurs when the supersaturation

within a cloudy volume reaches a value higher than the

FIG. 3. Snapshot of the cloud water field (light gray isosurface) and the activation tendency

(dark isosurface) for the simulation 100.HM.

FIG. 4. Profiles of the activation tendency converted to the 1-s

change (%) of the droplet concentration at a given level.
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one experienced by the air parcel in the past, and the

volume contains unactivated CCN with activation su-

persaturation lower than the current supersaturation.

This is true for the activation near the cloud base (when

the supersaturation builds up and CCN with progressively

smaller sizes are activated) as well as for the in-cloud

activation. Because the parameterization of droplet ac-

tivation used in the double-moment scheme assumes

one-to-one relationship between the supersaturation

and the concentration of activated CCN [see Eq. (10) in

Morrison and Grabowski (2007)], the highest supersat-

uration experienced by the air parcel in the past is rep-

resented in the model by the predicted Nact. Note that

Nact differs from Nc only when collision/coalescence

is considered. Evolution of the absolute supersaturation

d [ qy 2 qys
(where qys

is the saturated water vapor mixing

ratio) is approximately governed by the following equa-

tion (cf. appendix in Morrison and Grabowski 2008a):

dd

dt
5 Bw 2

d

t
d

, (1)

where B is the coefficient that depends on the temper-

ature and pressure and td 5 1/(4pDyNcrc) is the phase

relaxation time scale3 (Dy is the diffusivity of water va-

por in air and rc is the mean cloud droplet radius). The

quasi-equilibrium absolute supersaturation (i.e., when

dd/dt [ 0) is given by dqe 5 Bwtd and it represents a

good approximation of in-cloud supersaturation, ex-

cept in regions where td is large [i.e., small Nc and/or rc;

see Politovich and Cooper (1988) for a discussion].

Equation (1) implies that the supersaturation can in-

crease when either the vertical velocity w or td increases.

It follows that the in-cloud activation is anticipated in

regions of low Nact, large w, and large td.

An example of a horizontal cross section through

a selected cloud at the 900-m level is shown in Fig. 5. The

patterns documented in the figure are typical for simu-

lated clouds (not shown). The panels show horizontal

distributions of the vertical velocity, absolute supersat-

uration and its tendency, the mean volume radius and

concentration of cloud droplets, the tendency of cloud

droplet concentration due to activation, and the po-

tential temperature and water vapor mixing ratio. Note

that the droplet concentration is approximately equal

to Nact because the collision/coalescence plays a minor

role in the simulations presented here. The cloud droplet

concentration tendency pattern confirms a rather patchy

nature of in-cloud activation. Apparently, in-cloud ac-

tivation happens inside a cloud (i.e., not at the very cloud

edge), at the peripheries of the area with the maxi-

mum updraft, the largest droplet concentration, and

the largest supersaturation. It is not clear from the

figure why the in-cloud activation happens in regions

shown in the figure. One can only conclude that com-

binations of local values of relevant parameters (such as

w and td for the supersaturation evolution and d, Nc,

and Nact for the presence or absence of secondary ac-

tivation) lead to local conditions that result in addi-

tional activation.

In an attempt to better quantify the in-cloud activa-

tion, a statistical analysis of in-cloud activation condi-

tions at selected heights was performed. Figure 6 shows

results of such an analysis for 100.HM. The figure doc-

uments statistics of supersaturated (d . 0) cloudy points

(qc . 0.01 g kg21) separated into those with droplet

concentration tendency due to activation smaller and

larger than 1 mg s21. The figure shows that the param-

eters vary significantly at any level, with w (td) increasing

(decreasing) on average with height. The latter is consis-

tent with the increase with height of the mean droplet size

as documented in the next section. As the figure shows, the

differences between grid points with and without activa-

tion are rather small, with slightly larger w and d for points

with activation on average, as one might anticipate. The

small differences do not point to any specific explanation

of the in-cloud activation (e.g., significant differences in w,

Nc, or td). It seems that the activation simply happens in

cloudy volumes where conditions for secondary activation

are met, without any large and systematic differences be-

tween grid boxes with and without in-cloud activation.

c. Microphysical and optical properties of
simulated clouds

Figure 7 shows contoured frequency by altitude dia-

grams (CFADs) of the effective radius [calculated using

Eq. (4) in Morrison and Grabowski (2007)] for polluted

and pristine cases with either homogeneous or extremely

inhomogeneous SGS mixing and for in-cloud activation

either allowed or suppressed. The figure shows that in-

cloud activation reduces the mean effective radius be-

low the adiabatic value. The reduction is qualitatively

similar to the remote sensing observations reported

in McFarlane and Grabowski (2007) and aircraft ob-

servations reported in Arabas et al. (2009). Without

in-cloud activation, cloud droplets show significant su-

peradiabatic growth. The extremely inhomogeneous

mixing in SGPW resulted in just a single value of the

effective radius, while a relatively wide distribution is

predicted here. This is because a single value of the

adiabatic droplet concentration was assumed in SGPW,

3 When precipitation is present, the phase relaxation time scale

also includes a (typically small) contribution from raindrops [see

Eq. (A9) in Morrison and Grabowski (2008a)]. This effect is ex-

cluded from the discussion here for simplicity.
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whereas here the concentration of droplets activated at

the cloud base is predicted by the double-moment

scheme and varies across the cloud base. As shown in

the Table 1, the mean effective radius is slightly larger

for the case with extremely inhomogeneous mixing than

for homogeneous mixing. Overall the impact of mixing

scenario is smaller than in SGPW, which is likely be-

cause the impact of entrainment and mixing on cloud

microphysics is better represented in the double-moment

microphysics and only crudely parameterized in offline

diagnostics in SGPW. Moreover, Table 1 shows that the

differences between simulations with different mixing

scenarios are larger for the simulations for which in-

cloud activation is disabled.

To document the impact of various mixing scenarios

on the incoming solar flux and to compare with SGPW,

the two-stream radiation transfer model was applied

column by column (i.e., in the independent column ap-

proximation mode) to the cloud model data as in SGPW.

The radiation transfer model, the same as in SGPW,

FIG. 5. Horizontal cross section through a selected cloud from the simulation 100.HM at the height of 900 m. The

area shown is 0.85 3 0.85 km2. The cloud boundary is marked by the thick black solid contour of qc 5 0.01 g kg21.

Fields shown are (a) the vertical velocity w, (b) the effective radius re, (c) the cloud droplet activation tendency

f(Nc)act, (e) the supersaturation tendency f(d), (f) the absolute supersaturation d, (g) the cloud droplet concentration

Nc, and the perturbations of (d) the potential temperature u and (h) the water vapor mixing ratio qy from initial

profiles.
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comes from the National Center for Atmospheric Re-

search (NCAR) Community Climate System Model (Kiehl

et al. 1994). As in SGPW, the solar constant is taken as

436 W m22 (i.e., the nominal solar constant at equinox

divided by p to represent insolation averaged over the

diurnal cycle), and a 08 zenith angle is assumed. The

input to the radiation model includes local values of

the temperature, water vapor, and cloud water mixing

ratios as well as the droplet effective radius.

Figure 8 shows histograms of the TOA cloud albedo

for pristine (100.HM, 100.EI) and polluted (1000.HM,

1000.EI) simulations. As in SGPW, only model columns

with LWP larger than 5 3 1023 kg m22 are included in the

analysis.4 The mean albedos are also shown in the figure,

and the values for all simulations are also summarized in

Table 1. Table 1 also shows the mean effective radius and

the mean optical thickness from all simulations [defined as

Eqs. (2) and (3) in section 3 in Grabowski (2006)]. In

general agreement with SGPW, Fig. 8 shows that the

range of TOA albedos for cloudy columns is between

0.1 and 0.8. The difference between pristine and pol-

luted simulations here are smaller than in SGPW, ar-

ound 0.27 and 0.34 for pristine and polluted here versus

0.27–0.33 and 0.38–0.45 in SGPW. This is because the

difference in droplet concentration between polluted

and pristine cases is smaller, around 40 and 180 mg21

for pristine and polluted here versus 100 and 1000 mg21

in SGPW. In agreement with results presented earlier,

the impact of the assumed mixing scenario is signifi-

cantly smaller than in SGPW (below 0.01 here versus

0.05–0.06 in SGPW). The table also shows that ne-

glecting in-cloud activation has a significant impact

on the measures shown in the table (e.g., the albedo

changes from 0.27 to 0.24 between 100.HM and

100.HM.NA, and from 0.35 to 0.31 between 1000.HM

and 1000.HM.NA).

FIG. 6. Percentile distributions of (a) the absolute supersaturation, (b) the vertical velocity, (c) the cloud droplet

concentration, and (d) the supersaturation relaxation time scale for the simulation 100.HM. Thin (thick) lines show

the range between the 10th and 90th percentiles (40th and 60th percentiles). Short vertical lines denote mean values

of a given variable. Statistics shown are for levels of 0.65, 0.9, 1.15, and 1.4 km. For each of these levels, statistics for

grid points with and without in-cloud activation (applying a 1 mg21 s21 threshold) are shown above and below the

analysis level, respectively.

4 As explained in SGPW, if all model columns are considered,

the histogram is dominated by clear-sky values because the cloud

cover in BOMEX is low. The mean TOA albedo of the scene can

be approximated as (1 2 g)Aclear 1 gAcloudy, where g is the cloud

cover and Aclear (’0.05, mostly due to the assumed albedo of the

ocean surface) and Acloudy are the mean albedos of clear-sky and

cloudy columns, respectively.
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4. Discussion

a. In-cloud activation

In-cloud activation simulated by the double-moment

scheme plays an important role in the microphysical evo-

lution of simulated clouds. In particular, simulated mean

concentrations of cloud droplets remain approximately

constant with height, in contrast to significantly decreasing

concentrations in simulations with suppressed in-cloud

activation. It follows that microphysical schemes that

consider cloud-base activation and do not allow acti-

vation above the cloud base (e.g., because they assume

saturated conditions inside a cloud; e.g., Cohard and Pinty

2000; Grabowski et al. 2010) likely lead to unrealistic

FIG. 7. CFADs of the effective radius for all simulations. The effective radius bin size is 2.5 mm. Profiles of the

adiabatic effective radius are shown using black lines assuming an initial concentration of 40 and 200 mg21 for

pristine and polluted cases, respectively.

FIG. 8. Histograms of cloud albedo for model columns with LWP larger than 5 3 1023 kg m22. The width of the

albedo bin is 0.02. Mean albedo is shown in each panel.

FEBRUARY 2012 S L A W I N S K A E T A L . 453



evolutions of droplet concentrations. From that perspec-

tive, the approach used in Savic-Jovcic and Stevens (2008)

and Stevens and Seifert (2008), where the concentration

of cloud droplet is simply an assumed parameter of the

bulk model (instead of being predicted locally as here),

seems more appropriate.

b. Homogeneity of SGS turbulent mixing

A significant difference between current results and

SGPW is the small difference between homogeneous

and extremely inhomogeneous mixing scenarios, an as-

pect discussed in more details in this section. Such a small

difference was also simulated by Hill et al. (2009) and

by Grabowski and Morrison (2011). Below we provide a

brief discussion of these studies and then suggest possi-

ble explanations for the small effect of the SGS mixing

scenario simulated in the current study.

Hill et al. (2009) presented a large set of model sim-

ulations of drizzling stratocumulus using bin warm-rain

microphysics, including a simple representation of ex-

tremely inhomogeneous mixing as an alternative to the

homogeneous mixing, the standard approach in finite-

difference representation of the SGS mixing in LES bin

models. As in the current study, the effect of the ho-

mogeneity of mixing was assessed by comparing results

from a set of simulations using the standard model (i.e.,

assuming homogeneous SGS mixing) and a set of simu-

lations applying the model with extremely inhomogeneous

mixing. The differences between the corresponding ho-

mogeneous and extremely inhomogeneous mixing sim-

ulations were small, similar to the results shown here.

Moreover, Hill et al. also performed a set of simulations

where the extremely inhomogeneous mixing was applied

to the entire evaporation dictated by the model thermo-

dynamics, not only to the evaporation due to SGS mixing

(see section 5a therein). As noted in Hill et al., such an

approach results in an incorrect representation of the

spectral change due to droplet evaporation inside cloudy

downdrafts where homogeneous evaporation is expected.

But even with such an unrealistic assumption the impact

on the effective radius and on the optical depth was rel-

atively small (i.e., around 3% and 8% for pristine and

polluted cases). However, the simulations discussed in

Hill et al. considered a stratocumulus case with al-

most 100% cloud cover, whereas the shallow cumulus

BOMEX case considered here features about 10%

cloud cover. Although the almost solid stratocumulus

does entrain cloud-free air from above the inversion, the

impact of cloud–environment mixing is arguably signifi-

cantly less important than for the shallow convection case.

Grabowski and Morrison (2011) considered effects of

CCN on convective–radiative quasi-equilibrium by ap-

plying the same double-moment warm rain microphysics

as here and the double-moment three-variable ice mi-

crophysics of Morrison and Grabowski (2008b). As in

the current paper and in Hill et al. (2009), results from

simulations assuming homogeneous and extremely in-

homogeneous SGS mixing were compared. These simula-

tions showed that the impact of the assumed homogeneity

of the SGS mixing was small (or maybe even negligible).

However, one has to keep in mind that the simulations

were run in 2D and with a relatively low spatial resolution

(horizontal grid length of 1 km), so the conclusions con-

cerning poorly resolved shallow warm clouds (the impact of

the homogeneity of mixing in particular) have to be treated

with caution.

The small impact of the homogeneity of mixing in cur-

rent simulations can be understood based on physical and

numerical arguments. In next three subsections we present

these arguments in more detail.

1) COUNTERACTING EFFECTS OF THE

SUBGRID-SCALE MIXING AND IN-CLOUD

ACTIVATION

In the simulation with double-moment microphysics,

reduction of the cloud droplet concentration due to pa-

rameterized SGS mixing affects other microphysical

processes as well. This is particularly true for the in-

cloud activation of cloud droplets because it depends

on the local supersaturation and on the difference be-

tween concentrations of activated and unactivated CCN.

Both these quantities are affected by the homogeneity of

mixing. The extremely inhomogeneous mixing locally

increases td more significantly than in the homogeneous

mixing case because the product of the droplet concen-

tration and the mean droplet radius is reduced more in

the extremely inhomogeneous mixing. It follows that the

increase of td can lead to an increase of the supersatura-

tion and thus enhances the chance of additional activa-

tion. This is consistent with larger in-cloud activation for

a given background aerosol in the case of extremely in-

homogeneous mixing than in the homogeneous case (see

Fig. 4). This implies that cloud droplets are depleted more

rapidly in the extremely inhomogeneous mixing case, but

they can at the same time be more rapidly replenished by

the in-cloud activation. Hence the in-cloud activation

counteracts the homogeneity of mixing effect. Such a

conjecture is consistent with larger differences between

homogeneous and extremely inhomogeneous mixing sce-

narios in simulations where in-cloud activation (and thus

its counteracting effect) is turned off (see Table 1).

2) PROPERTIES OF THE ENTRAINED AIR

If the cloud-free air involved in the cloud-environment

mixing is close to saturation, then the difference be-

tween homogeneous and extremely inhomogeneous SGS
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mixing is small because only small evaporation of cloud

droplets is required.5 The following discussion explains

how mean properties of the entrained dry air can be

diagnosed using a simple analysis of model results. This

analysis considers the polluted case, but similar con-

clusions are reached using the pristine case (not shown).

For homogeneous SGS mixing simulations without in-

cloud activation and with limited collision/coalescence,

the reduction of mean droplet concentration with height

can only be caused by mixing and dilution. For the ex-

tremely inhomogeneous SGS mixing, the reduction also

comes from the SGS scheme. However, since the differ-

ences in simulations with homogeneous and extremely

inhomogeneous mixing are small, the relatively simple

analysis presented here applies to simulations with ex-

tremely inhomogeneous mixing as well. The main idea

is that the reduction of the mean droplet concentration

allows diagnosing properties of the entrained air using

the simulated mean cloud properties and adiabatic cloud

properties. The assumption here is that bulk properties

of clouds with suppressed in-cloud activation (mean

temperature and total water profiles in particular) are

close to those in clouds with in-cloud activation. The dis-

cussion in previous sections documents that this is a valid

assumption.

Assuming that the mean properties of simulated clouds

are a combination of the properties of the adiabatic cloud

and the properties of the air actually entrained into the

cloud (i.e., the air from the immediate cloud environ-

ment), the mean in-cloud total water and the liquid water

potential temperature at any level can be expressed as

qt,c 5 (1 2 X)qt,ad 1 Xqt,ent
, (2)

ul,c 5 (1 2 X)ul,ad 1 Xul,ent
, (3)

where the subscripts c, ad, and ent correspond to cloud,

adiabatic, and immediate environment, respectively; X

denotes the dilution ratio (i.e., the fraction of the en-

trained air); and qt and ul are the total water mixing ratio

(water vapor plus liquid water; only water vapor for the

environment) and liquid water potential temperature,

respectively. A similar relation can be written for cloud

droplet concentration keeping in mind that the entrained

air is droplet-free and assuming that no droplets com-

pletely evaporate after entrainment and mixing following

the homogeneous mixing scenario:

Nc 5 (1 2 X)Nad
, (4)

where Nad denotes the adiabatic cloud droplet concen-

tration.

Equation (4) allows derivation of X once Nc and Nad

are known. Subsequently, properties of the entrained air

(qy,ent and ul,ent) can be estimated from the adiabatic

values and the mean cloudy values. The adiabatic cloud

droplet concentration is taken as the maximum concen-

tration at the top of the cloud-base activation, that is, the

maximum near the cloud base in Fig. 2. For the polluted

case, Nad 5 200 mg21 is assumed. The adiabatic total

water and the liquid water potential temperature are taken

as means over cloudy points of corresponding variables at

the cloud base. The mean cloudy air properties (Nc, qy,c,

and ul,c) are taken as averages over all cloudy model grid

points at a given height.

Solutions to the above set of equations applying the

assumption listed above are shown in Fig. 9. The profiles

of the adiabatic fraction (the ratio between mean cloud

water at a given level and the adiabatic value), the di-

lution ratio, and parameters of the entrained air (the

water vapor mixing ratio, relative humidity, and liquid

water potential temperature) are all shown. As expected

(based on the decrease of Nc in the ‘‘no in-cloud activa-

tion’’ simulation), the dilution ratio increases with height,

from about 0.70 just above the cloud base to around 0.95

at 1.5 km. In general, differences between properties of

the entrained air and the mean environment air increase

with height. Entrained air appears to be cooler (by 0.5–

1 K) and more humid (by 1–3 g kg21) than the mean

environment. These values seem consistent with the im-

mediate cloud environment shown in Fig. 5. Relative

humidity of environmental air decreases from above 90%

at the cloud base to below 80% for higher altitudes. The

key point is that the entrained air appears to be close to

saturation at all levels (the above-saturation values in the

upper part of the cloud field demonstrate limitations of

the analysis).

The conclusion that the entrained air has properties

different from the far environment is reminiscent of both

numerical (Jonker et al. 2008; Heus and Jonker 2008;

Jarecka et al. 2009) and observational (Heus et al. 2008)

studies demonstrating the existence of a thin shell of

subsiding air near edges of shallow convective clouds.

Based on LES model results, Heus (2008, see discus-

sion on p. 122) suggested that the air entrained into

a cloud is likely to come from the shell, not from the

unperturbed environment. Entrainment-related changes

of the droplet spectra observed by Gerber et al. (2008)

were interpreted as consistent with the entrained air

being cooler and more humid when compared to the

unperturbed environment. This shell is evident in

5 Note that if the entrained air is saturated, the temperature

difference between the cloud and cloud-free air still may lead to

some evaporation or condensation. Arguably, this effect is small

considering the typically small temperature difference between

shallow cumulus and its environment.
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current simulations as well and arguably resembles the

‘‘cloud halo’’ often observed by aircraft (e.g., Perry and

Hobbs 1996). Horizontal cross sections in Fig. 5 show that

the water vapor mixing ratio is larger by 1–3 g kg21 near

the cloud edge and the potential temperature is lower by

0.5–1 K when compared to the far environment. This is

the air that is entrained into the cloud.

3) EVAPORATION DUE TO PARAMETERIZED

SUBGRID-SCALE MIXING AND TO

NUMERICAL DIFFUSION

Yet another interpretation of model results is that the

small difference between SGS mixing scenarios is be-

cause the model numerics make only a small fraction of

mixing-related evaporation available for the logic associ-

ated with the homogeneous-versus-inhomogeneous mix-

ing (i.e., through the parameter a). The main point is that

the model-predicted evaporation due to SGS parameter-

ized mixing is small compared to the evaporation associ-

ated with numerical diffusion. The amount of cloud water

that needs to evaporate at each model time step comes

from three contributions: (i) the adiabatic evaporation

(proportional to the vertical velocity; evaporation within

a cloudy volume happens when w is negative), (ii)

evaporation associated with SGS transport scheme

(representing effects of parameterized turbulent mixing),

and (iii) evaporation associated with numerical diffusion.

The model calculates the total evaporation (from pre-

dicted supersaturation and droplet characteristics), that

is, the sum of all three contributions, and then the evap-

oration from the predicted SGS transport (ii). Only the

latter considers the logic involving a, the rest [i.e., (i) plus

(iii)] is treated as the homogeneous mixing. If evapora-

tion due to (iii) is significantly larger that due to (ii), then

the logic associated with the parameter a will have

a relatively small effect. The appendix presents results

of idealized model simulations documenting that in-

deed the evaporation near cloud edges due to parame-

terized mixing appears small compared to the evaporation

due to finite-difference model numerics.

c. Limitations of the current study

Based on the discussion in Morrison and Grabowski

(2008a), the model spatial resolution (the vertical reso-

lution in particular) is still relatively coarse to faithfully

represent in-cloud activation. This implies that specific

conclusions concerning in-cloud activation drawn from

model simulations described here need to be treated

FIG. 9. Results from the diagnosis of the entrained air properties for 1000.HM.NA and 1000.EI.NA simulations. The panels show (a)

profiles of the adiabatic fraction (AF, thick solid line) and the dilution ratio (X, thin solid and dashed lines), (b) profiles of the water vapor

mixing ratio, (c) the profile of the relative humidity, and (d) profiles of the liquid water potential temperature (equal to the potential

temperature in the absence of cloud water). Thick lines in (b)–(d) show mean environmental profiles, whereas thin solid and dashed lines

correspond to 1000.EI.NA and 1000.HM.NA simulations, respectively.
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with caution. Higher-spatial-resolution simulations

would lead not only to a better representation of

cloud-base activation, but also to a better simulation

of cloud–environment interface dynamics and en-

trainment, and thus more realistic simulation of in-

cloud activation. For instance, in simulations reported

in Brenguier and Grabowski (1993, Figs. 6–8 in par-

ticular) the above-the-cloud-base activation took place

within ascending branches of vortical structures (en-

training eddies) associated with cloud–environment

interfacial instabilities (Grabowski and Clark 1991,

1993a,b). Spatial resolution of current 3D simulations

is lower than in Brenguier and Grabowski (1993) and

simulated clouds do not exhibit entraining structures

similar to those simulated there. Although such a situ-

ation is common in LES simulations of boundary layer

cloudiness (e.g., Siebesma et al. 2003), the emphasis

on microphysical cloud characteristics in the current

study do cast some uncertainty on the conclusions con-

cerning physical processes that were examined. To

move forward, simulations with significantly higher

spatial resolutions, say with grid lengths around 5 m,

are needed. We hope to report on such simulations in

the future.

In addition, the double-moment bulk microphysics

imposes significant limitations on the representation

of droplet spectra. In particular, the double-moment

scheme is incapable of predicting spectra with spa-

tially variable width [because the width is assumed

to only weakly depend on the droplet concentration;

see Eq. (2) in Morrison and Grabowski (2007)] or bi-

modal spectra that typically form as a result of in-

cloud activation (Brenguier and Grabowski 1993).

However, simulations applying the same dynamical

model setup (i.e., the BOMEX case with the same grid

lengths, domain size, etc., as here) and using bin mi-

crophysics as in Grabowski et al. (2011) lead to similar

conclusions concerning the impact of in-cloud acti-

vation and its impact on cloud microphysical prop-

erties (Wyszogrodzki et al. 2011).

5. Summary

This paper reports results of LES simulations of

shallow tropical convection using the EULAG model

with double-moment bulk microphysics. The modeling

setup is based on Barbados Oceanographic and Meteo-

rological Experiment (BOMEX; Holland and Rasmusson

1973) field observations. This setup was developed by

Siebesma et al. (2003) and used in several previous

modeling studies. In Siebesma et al. (2003) the emphasis

was on macroscopic (bulk) properties of the cloud field

and convective transport, whereas here we consider

microphysical cloud properties and their impact on op-

tical properties. To assess the impact of microphysical

cloud properties on the albedo of the cloud field, cloud

data from the EULAG model are used column by

column (i.e., in the independent column approximation

mode) as input to the solar radiation transfer model that

comes from the NCAR’s Community Climate System

Model (Kiehl et al. 1994).

The double-moment microphysics predicts not only

mixing ratios, but also the number concentrations of cloud

droplets and drizzle/rain drops (the latter marginally rel-

evant for the virtually nonprecipitating case considered

here). This scheme allows the supersaturation within

a cloud to evolve freely depending on the size and con-

centration of cloud droplets and the air vertical velocity.

This allows the secondary activation of CCN above the

cloud base. In addition, the double-moment scheme

allows representation of various SGS mixing scenarios

by changing a single parameter that affects the change

of cloud droplet concentration in response to the

parameterized-mixing-related change of the cloud water

mixing ratio. With the double-moment scheme, the pris-

tine and polluted simulations assume constant values of

the CCN concentrations, 100 versus 1000 mg21. The

mean concentration of cloud droplets activated at the

cloud base varies between about 40 mg21 for the pristine

cases and about 200 mg21 for the polluted cases.

The in-cloud activation of cloud droplets turns out to

be a key process affecting mean microphysical charac-

teristics of simulated convective clouds. Overall, about

40% of cloud droplets are activated above the cloud base.

The spatial pattern of in-cloud activation is quite patchy

(i.e., in-cloud activation takes place in just a few regions

of a single cloud at a given moment), and the pattern

changes in time as the cloud evolves. Simulated activation

happens at the edges of strong updrafts where reduced

droplet concentrations (and thus reduced concentrations

of previously activated CCN), together with reduced

droplet sizes, allow supersaturation to reach values lead-

ing to the secondary activation. In-cloud activation is re-

sponsible for maintaining approximately constant mean

cloud droplet concentration and significantly subadiabatic

effective radius of cloud droplets, in agreement with in situ

and remote sensing observations (e.g., Gerber et al. 2008;

McFarlane and Grabowski 2007; Arabas et al. 2009).

The mean optical depth of cloudy columns in simula-

tions with the double-moment scheme varies between 6.3

and 5.6 for the pristine cases with homogeneous and ex-

tremely inhomogeneous mixing, and 9.7 and 8.5 for cor-

responding polluted cases. The mean albedos of cloudy

columns are around 0.27 for the pristine cases and around

0.34 for the polluted, with the differences between

homogeneous and extremely inhomogeneous mixing
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below 0.01. The smaller difference between pristine and

polluted cases for the double-moment simulations comes

from the smaller difference in the mean cloud droplet

concentrations when compared to the one-moment

scheme. The significantly smaller impact of the homo-

geneity of mixing is more surprising. Three possible ex-

planations of the small impact of the homogeneity of

mixing were presented. First, in-cloud activation was

argued to counteract SGS mixing, replenishing cloud

droplets more efficiently in the case of extremely in-

homogeneous mixing when compared to the homo-

geneous mixing. Second, using a simple method, the

humidity of entrained air was diagnosed to be close to

saturation at all altitudes and significantly more humid

than the far environment. With the entrained air close to

saturation, differences between various mixing scenarios

tend to vanish as there is little need for droplet evapo-

ration due to entrainment. Third, numerical diffusion was

also documented to play an important role. Since the

logic associated with the mixing scenario applies only

to the parameterized SGS mixing, and such mixing was

shown to play a rather small role compared to the mixing

and evaporation due to numerics (with the latter treated

as homogeneous mixing independently of the mixing

scenario), the impact of the prescribed homogeneity of

mixing was rather small.

Limitations of the numerical model due to low spatial

resolution call for higher-resolution simulations where

entrainment processes are resolved rather than mostly

parameterized as in the current study. Such simulations

will also shed more light on the differences between

various subgrid-scale mixing scenarios and the proposed

explanations for their small differences seen here. Such

work is in progress and we will report its results in future

publications.
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APPENDIX

Subgrid-Scale Mixing in Idealized Simulations
of 2D Moist Convection

To document the impact of evaporation due to pa-

rameterized SGS mixing compared to evaporation due

to numerical diffusion, we consider condensation and

evaporation in idealized rising thermal simulations with

and without SGS parameterized mixing. Arguably, one

could also use the BOMEX setup for such a comparison.

However, as will be illustrated below, simulations with

and without SGS mixing slowly diverge and, after some

time, differences in the condensation and evaporation

rates are due not only to the presence or absence of the

parameterized mixing, but also to differences in the cloud-

scale flow. For simplicity, we consider the bulk warm-rain

microphysics of Grabowski and Smolarkiewicz (1996) as

in SGPW.

Evaporation due to numerical diffusion near cloud

edges was highlighted in Grabowski and Smolarkiewicz

(1990) and further investigated in Stevens et al. (1996).

The key point is that advection of a cloud boundary

across the numerical grid is associated with the evapo-

ration of cloud water advected into a subsaturated grid

box until the grid box becomes saturated. Once the grid

box is saturated, further advection of cloud water changes

the grid box from noncloudy to cloudy. To illustrate this

aspect of LES moist simulations, we consider the 2D

problem similar to that in Grabowski and Clark (1991,

1993a,b) and Grabowski (2007). Moist thermals, initially

at rest, rise in a stably stratified unsaturated environment

(static stability of 1.0 3 1025 m21, relative humidity of

10%) due to the initial buoyancy perturbation. Rising

motion and accompanying adiabatic cooling lead to con-

densation. Subsequent evolution results in entrainment

and mixing between the saturated cloudy air within the

thermal and its unsaturated environment. The initial

buoyancy anomaly is due to the excess of the water va-

por within the initial perturbation. The initial pertur-

bation is circular with a center at (x, z) 5 (0, 1400 m).

Saturation is assumed within 500-m radius, and a grad-

ual transition between the saturated perturbation and

the environment is facilitated by relative humidity lin-

early decreasing from 100% at the radius of 500 m to

10% at 600 m. To provide excitation for the interfacial

instabilities, random perturbations are added to the

temperature and water vapor mixing ratio at t 5 0 min

within the 500-m radius (amplitudes equal to 0.1 K and

0.1 g kg21). The model domain is [22500, 2500 m] 3 [0,

5000 m]. Boundary conditions are periodic in x and free-

slip rigid lid in z. Simulations are performed using the

spatial grid length (the same in x and z) of 12.5 m
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(referred to as HR) and 50 m (referred to as LR). The

time step used in the simulations is 0.5 and 3 s for HR

and LR, respectively. LR and HR simulations are run

from t 5 0 to t 5 10 min with a standard turbulent ki-

netic energy (TKE)-based SGS parameterized mixing

and then without it (i.e., assuming the vanishing mixing

coefficient K 5 0 for all model variables).

For the illustration, the temperature and water vapor

fields from HR simulations with and without the SGS

mixing at t 5 10 min are shown in Fig. A1. The figure

shows that there are differences in the small-scale eddies

most likely because of different evolutions of interfacial

instabilities (cf. Grabowski and Clark 1991) but, as

shown in Fig. A2, the rates of condensation and evap-

oration differ in a minor way. At t 5 10 min, the cloud

water is present only in a small fraction of the initial

perturbation volume. A similar analysis applies to the

LR simulation (not shown).

Figure A2 and Table A1 document the impact of the

parameterized SGS mixing on the condensation and

evaporation of cloud water. At every time step, the rate

of change of the cloud water separated into condensation

rate c1 5 �x,zmax(0, rCdV) and the evaporation rate

c2 5 �x,zmin(0, rCdV) are saved (the summation is over

all model grid boxes, Cd is the condensation rate from the

saturation adjustment scheme, r is the air density, and V

is the model gridbox volume). In addition, the total

adiabatic condensation rate Cad is derived. The local

adiabatic condensation rate is defined as Cd,ad 5 B9w if

qc . 0 and zero otherwise [e.g., see the appendix in

Grabowski (2007)], where B9 is a coefficient that depends

on the temperature and pressure, w is the local vertical

FIG. A1. Fields of (left) potential temperature and (right) water vapor mixing ratio at t 5 10 min for rising thermal

calculations using the standard model (top) with and (bottom) without SGS mixing with model grid length of 12.5 m

(simulation HR). Regions with the cloud water mixing ratio larger than 0.01 g kg21 are hatched. Only the central

part of the computational domain is shown.
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velocity, and cad 5 �rCd,adV. The total adiabatic rate cad

provides an estimate of the phase change (condensation

plus evaporation) in an idealized case of no (physical

and numerical) diffusion. Time integrals of the rates,

namely C1 5
Ð T

0 c1 dt, C2 5
Ð T

0 c2 dt, and C
ad

5
Ð T

0 c
ad

dt,

where T 5 10 min, represent the total source and sink of

cloud water during the simulation period.

Figure A2 shows evolutions of c1, c2, and their sum

for LR and HR with and without the SGS mixing. The

key point is that the evolutions are similar in both cases.

This implies that the parameterized mixing adds in-

significantly to the evaporation due to moist numerics,

and the situation does not change with increasing spatial

resolution. Some differences in the second half of the

simulations are likely due to different realizations of the

flow field as illustrated by Fig. A1. Contrary to what

one might anticipate, simulations without mixing show

larger evaporation, again possibly due to differences in

the flow field in the final few minutes of the simulations.

The above conclusions are corroborated by the total

FIG. A2. Evolution of the smoothed (applying several times a 1–2–1 filter) condensation rate (thin solid line),

evaporation rate (dashed line), and their sum (thick solid line) in the (top) LR and (bottom) HR simulations (left)

with and (right) without SGS turbulent mixing.

TABLE A1. The total condensation C1 and evaporation C2, their

sum, and the total adiabatic condensation/evaporation Cad in LR

and HR rising thermal simulations with (K 6¼ 0) and without (K 5

0) SGS mixing.

LR HR

K 6¼ 0 K 5 0 K 6¼ 0 K 5 0

C1 (kg) 2934 3392 3460 3636

C2 (kg) 22294 22607 22742 23088

C1 1 C2 (kg) 640 785 718 548

Cad (kg) 2570 2794 2529 2523
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condensation C1, evaporation C2, their sum C1 1 C2,

and Cad shown in Table A1. This table documents that

the total net condensation C1 1 C2 is just a small

fraction of the adiabatic condensation, and the differ-

ence between simulations with and without mixing is

again a small fraction of the total net condensation. Note

that the total net condensation is smaller in the K 5

0 HR case with almost the same total adiabatic con-

densation; the latter implies that the differences in the

flow are insignificant in this case. For the LR, the total

adiabatic condensation is larger in the K 5 0 case and

this, arguably, leads to larger net condensation in the

K 5 0 LR simulation.
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