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Abstract

This paper describes implementation of the warm-rain bin micro-
physics in a LES model based on the EULAG fluid flow solver. The bin-
microphysics EULAG is applied to the case of shallow nonprecipitating
tropical convection to investigate the impact of the secondary activation
of cloud droplets above the cloud base. In a previous study applying
the EULAG model with the double-moment bulk warm-rain microphysics
scheme, the in-cloud activation was shown to have significant implications
for the mean microphysical and optical characteristics of the cloud field.
By contrasting the simulations with and without in-cloud activation as in
the previous study, we show that the in-cloud activation has qualitatively
similar but quantitatively smaller effect. In particular, the concentration of
cloud droplets in the bin simulation without in-cloud activation decreases
with height not as strongly as in corresponding simulations applying the
double-moment bulk scheme.

Key words: shallow convection, cloud physics, bin microphysics, droplet
activation.

1. INTRODUCTION

Microphysical properties of shallow convective clouds, such as subtropical stra-
tocumulus and tropical shallow cumulus, are of significant importance for the
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Earth climate and climate change. The size of cloud droplets within such clouds
critically affects the amount of solar radiation reflected back to space, whereas
removal of cloud water through precipitation processes can potentially affect
such bulk cloud properties as the cloud fraction and cloud lifetime. These im-
pacts are typically referred to as the first and the second indirect aerosol effects,
respectively (e.g., Twomey 1974, 1977, Albrecht 1989, Pincus and Baker 1994).
The reference to aerosols in this context emphasizes the role of cloud conden-
sation nuclei (CCN), small atmospheric aerosols involved in the formation of
cloud droplets. For instance, differences in CCN are primarily responsible for
the differences between clouds developing in clean marine and polluted conti-
nental environments. Because shallow convective clouds cover a large fraction
of the Earth tropics and subtropics, they exert a significant control over the par-
titioning of the incoming solar radiative flux into energy reflected back to space
and energy absorbed by the Earth climate system. They have been identified as
playing the key role in the climate change and climate sensitivity (e.g., Bony
and Dufresne 2005).

The above arguments motivated a significant interest in understanding phys-
ical processes that shape the spectrum of cloud droplets and ability of shallow
clouds to produce precipitation. Observational, theoretical, and modeling ap-
proaches have all been used in efforts to further understand of cloud dynam-
ics and microphysics of shallow convective clouds and their coupling to other
climate-related processes, such as surface-atmosphere exchange and radiative
transfer, see a collection of recent reviews in Heintzenberg and Charlson (2009).

Recently, Slawinska et al. (2011; SGPM hereafter) conducted a study ap-
plying the Large Eddy Simulation (LES) — EULAG model coupled with the
double-moment bulk warm-rain microphysics of Morrison and Grabowski
(2007, 2008) and showed that the secondary activation of cloud droplets, that
is, activation above the cloud base (referred to as in-cloud activation) plays an
important role in shaping the microphysical properties of shallow convection
clouds. Such a conclusion was reached by comparing simulations with in-cloud
activation and simulations where the in-cloud activation was artificially sup-
pressed. In particular, simulations with in-cloud activation reproduced the ob-
served approximately constant-in-height mean concentration of cloud droplets
(Gerber et al. 2008, Arabas et al. 2009) and resulted in significantly smaller
sizes of cloud droplets (cf. Figs. 2 and 7 in SGPM). The latter also agreed with
remote-sensing observations reported in McFarlane and Grabowski (2007; see
Fig. 2 therein). The in-cloud activation was suggested to be important for
mean droplet spectral characteristics, both in observations (e.g., Warner 1969,
Paluch and Knight 1984, Gerber 2006, McFarlane and Grabowski 2007) and in
modeling studies (e.g., Brenguier and Grabowski 1993, Su et al. 1998).

However, the double-moment bulk microphysics imposes significant lim-
itations on the droplet spectra. In particular, the double-moment scheme is
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incapable of predicting droplet spectra with spatially-variable width (because
the width is assumed to only weakly depend on the droplet concentration,
see eq. 2 in Morrison and Grabowski 2007) or bimodal spectra that should
form in the process of in-cloud activation (see discussion in Brenguier and
Grabowski 1993). In this paper we present an extension of the EULAG model
to include the bin microphysics, focusing on the droplet activation and con-
densational growth only. The bin model is the same as used in Grabowski et
al. (2011). It includes a traditional bin representation applying the spectral
density function and an improved representation of CCN activation.

The next section provides a brief overview of the model formulation and its
numerical implementation. Section 3 presents example of results focusing on
the impact of in-cloud activation. Overall, bin model results are consistent with
those reported in SGPM, but there are some quantitative differences. A brief
summary of our results is presented in Section 4.

2. EULAG MODEL WITH BIN MICROPHYSICS
2.1 Analytic formulation

The analytic formulation of bin-microphysics EULAG model combines evo-
lution equations for the fluid flow and representation of moist thermodynamics
with size-resolving warm-rain microphysics. The fluid flow model was recently
reviewed in Prusa et al. (2008), who also provided a comprehensive list of ref-
erences. The anelastic momentum and continuity equations are written as

dv , 0,
~r —8=+ Dy, 1
a VT oegt W
V-(pv)=0, (2)
y dw M
where the total derivative is — = =5 += V (puy); v is the three-dimensional

velocity vector; 7' = p'/p 1s the normahzed pressure perturbation (derived
applying the anelastic continuity equation (2)); 6, is the density potential tem-
perature (e.g., Emanuel 1994, eq. 4.3.6) usually applied in cloud modeling as
0 = 0+ 0(eq, — q.) (where e+ 1 = R,/Ry is the ratio of the gas con-
stants for water vapor and dry air, ¢ is the potential temperature, and ¢, and
q. are the water vapor and condensed water mixing ratios, respectively); and
¢/, = 64— 04., where 0,4, is the ambient profile of the density potential tempera-
ture (typically taken as 64, = 6. + feq,.). The overbear denotes a dry reference
state (i.e., p and 6), whereas prime denotes deviations from the hydrostatically
(and geostrophically in the case of a rotating system) balanced ambient state
(Ve, e, que). Finally, D, represents additional momentum sources/sinks not
explicitly represented in (1), such as the Coriolis term for the rotating system,
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turbulent momentum transport, gravity wave absorbers in the vicinity of model
boundaries, efc. Representation of the turbulent transports requires prediction
of the subgrid-scale turbulent kinetic energy (TKE) from which turbulent ex-
change coefficients for momentum and all model scalars are derived as detailed
in Margolin et al. (1999).

The moist warm-rain bin microphysics consists of conservation equations
for the perturbation potential temperature ¢’ (¢f. Smolarkiewicz et al. 2001,
Grabowski and Smolarkiewicz 2002), the water vapor mixing ratio ¢,, and
the condensed water mixing ratio ¢. represented by the spectrum of water
drops. The latter is formulated using the spectral density function f(x,r) =
dn(x,r)/dr, where n(x, r) is the concentration (per unit mass of dry air as the
mixing ratio) of drops smaller than r (i.e., the cumulative number concentra-
tion) at a physical location x. In this approach, activation of CCN provides
a source of cloud droplets at the small-size end of the spectral representation
and subsequent growth of cloud droplets shifts the spectral density function
toward larger sizes (see discussions in Grabowski and Wang 2009, Grabowski
et al. 2011 and references therein). The equations for 6’ and ¢, are:

de’ L

E:_V'Vee‘f'ncpC‘i‘De, (3)
dg,
& 041D, @)

where L, and ¢, are the latent heat of condensation and specific heat of air at
constant pressure, respectively; TT = (p./po)®/° is the ambient Exner func-
tion (p. is the ambient pressure profile and p, = 1000 hPa); C' is the condensa-
tion/evaporation rate of cloud droplets and rain drops; and D terms represent
sources/sinks not explicitly represented in equations, similarly as in (1). The
spectral density function f is represented by the equation:

of 1_ _ o (dr )\ _[Of of
o o5v oo+ (57) = (50) L+ () L, =2 ©

where v;(r) is the sedimentation velocity of droplets and drops (calculated based
on Beard 1976), and k is the unit vector in the vertical direction. The third term
on the left-hand-side represents growth of cloud droplets by the condensation
of water vapor (or their evaporation in subsaturated air) which are represented
by the advection of f in the radius space, with dr/d¢ being the rate of change
of the droplet/drop radius r due to condensation or evaporation. The rate dr/d¢
depends on the predicted super- or subsaturation and includes ventilation effects
essential for evaporation of large cloud droplets and raindrops. The first term
on the rhs (i.e., the one with the subscript act) represents the cloud droplet acti-
vation (i.e., the initial source of cloud droplets). Droplet activation is simulated
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applying the Twomey approach where the concentration of activated droplets
depends on the local value of the supersaturation (Twomey 1959, see discus-
sion in Grabowski et al. 2011). The second term on the rhs (i.e., the one with
the subscript coal) represents growth of cloud droplets and precipitation drops
by collision/coalescence. As first derived by Smoluchowski (1916) this term
includes (i) the source of drops of a given mass m due to collisions of drops
whose combined mass is equal to m, and (ii) the sink of drops due to collisions
of drops with mass m with all other drops. The last term represents contribution
of the turbulent transport in the physical space. Note that for simulations dis-
cussed in this paper the collision/coalescence term is excluded from the model
as we focus on droplet activation and condensational growth only.

The bin-microphysics model requires prediction of two additional variables.
The first one is the concentration of activated cloud droplets N,.;. Without col-
lision/coalescence, N, is simply the local total concentration of cloud droplets
N = j fdr. When collision/coalescence is allowed, however, N, may differ
significantly from N and needs to be predicted to allow appropriate representa-
tion of additional in-cloud activation. This equation can be compactly written
as

dN, act
dt

= DNact ) (6)

where Dy, is the tendency due to cloud droplet activation and deactivation
(i.e., complete evaporation) as well as the turbulent transport in the physical
space. The second predicted variable is the absolute supersaturation ¢ = ¢, —
qv,,» Where g, is the saturated water vapor mixing ratio (see the appendix in
Morrison and Grabowski 2008). The solution of the supersaturation equation
is needed for the adjustment of the temperature and water vapor fields near cloud
boundaries (see discussion in Grabowski and Morrison 2008) to avoid unphys-
ical values of the supersaturation field derived from the predicted temperature
and water vapor fields as first noted in Grabowski (1989). These numerical arti-
facts impact the droplet activation as shown in Grabowski and Morrison (2008).
However, only a simplified form of the supersaturation equation is solved omit-
ting the tendencies due to subgrid-scale parameterized mixing (cf. appendix in
Morrison and Grabowski 2008):

dé )

—~ — Bw-— = 7

dt vo ™
where B is the temperature and pressure dependent coefficient, w is the local
vertical velocity, and 7 ~ 1/ fr f dr is the phase relaxation time scale (see ap-

pendix in Morrison and Grabowski 2008).
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2.2 Finite-difference implementation

The fluid flow model applies the second-order accurate nonoscillatory forward-
in-time (NFT) approach (Smolarkiewicz and Grabowski 1990, Smolarkiewicz
and Szmelter 2009). The momentum equation is formally written as

i = LEi(¢) + 0.5AtR! Y = o + 0.5AtRM (®)

where "™ is the solution sought at the grid point (t"t!,%;); ¢ = ¢" +
0.5AtR™; R is the associated right-hand-side (rhs) forcing terms; and LE de-
notes a two-time-level NFT transport operator, the advection scheme MPDATA
(Smolarkiewicz 2006). The thermodynamic equations (6, ¢, and f(7), with the
latter representing the spectral density function for the drop bin j, j =1, ...,
where A is the total number of bins) are simulated using the uncentered (i.e.,
first-order-in-time) scheme which can be written as

Yt = LE;(v™ + AtR™) . 9)

For the bin microphysics, we apply the bin setup corresponding to one of
the bin grids considered in Grabowski et al. (2011, Section 3.3), namely the
grid with the total number of bins N = 72. However, since we consider a non-
precipitating shallow convection and focus on the droplet activation and con-
densational growth as SGPM, the grid can exclude drizzle and raindrops. Con-
sequently, the number of bins is reduced to N = 32, with the bin grid only ex-
tending up to a droplet radius of about 50 um. Note that this leads to substantial
(close to a half) savings of computational resources when compared to simu-
lations using &' = 72. All other aspects of the bin-microphysics model are
exactly the same as described in Grabowski et al. (2011).

3. BIN-MICROPHYSICS SIMULATIONS OF THE BOMEX CASE

The bin-microphysics EULAG LES is applied in simulations of nonprecipitat-
ing trade-wind shallow convection observed during the Barbados Oceano-
graphic and Meteorological Experiment (BOMEX; Holland and Rasmus-
son 1973) and used in the model intercomparison study described in Siebesma
etal. (2003). In the BOMEX case, the 1.5-km-deep trade-wind convection layer
overlays 0.5-km-deep mixed layer near the ocean surface and is covered by
0.5-km-deep trade-wind inversion. 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. In
the current experiments a grid size of 128 x 128 x 151 is implemented with
horizontal and vertical gridlengths of 50 and 20 m, respectively, as in SGPM.
The time step is At = 1.5 s. The model is run for 6 hours as in Siebesma
et al. (2003) and results from the last hour are used in the analysis. As in
SGPM, we compare two simulations, one applying the standard model, and the
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second one where the activation of cloud droplets above the height of 700 m is
suppressed.

Similarly to SGPM, the simulations consider CCN characteristics corre-
sponding to pristine and polluted aerosols. However, because of the differ-
ent representation of the CCN activation in the bin microphysics compared to
SGPM, aerosol characteristics are assumed following Rasmussen et al. (2002).
For the polluted case, the concentration of activated CCN, N¢cy (in mg—1), is
given by

1000 S9-° if 0.1<S<1.0 (10)

3.16 x 106 §*  if §<0.1
Ncen =
1000 if $>1.0

whereas for the pristine case it is:

478 x10°S*  if S<0.1
Neen = {120 5§04 if 0.1<S<1.0 (11)
120 if S>1.0

where S (in % in the above formulas) is the supersaturation over flat water
surface. These formulas are used in the model as discussed in Grabowski et
al. (2011). Overall, different representation of droplet activation leads to higher
droplet concentrations in the bin model compared to SGPM (e.g., 30-40 mg~*
in SGPM versus 50-70 mg~—! here for the pristine cases; 200-250 mg~! in
SGPM versus 350-450 mg~—! here for the polluted cases). However, these differ-
ences are unimportant for mostly qualitative comparison of the double-moment
and bin model results. It should be also pointed out that, as far as the subgrid-
scale cloud-environment mixing is concerned, the formulation of the bin model
corresponds to the homogeneous subgrid-scale mixing. Based on SGPM re-
sults, we do not anticipate large differences between homogeneous and ex-
tremely inhomogeneous subgrid-scale mixing scenarios, and consequently de-
cided not to implement the extremely-inhomogeneous mixing logic for the bin
microphysics (see Fig. 5 in Grabowski et al. 2010 that illustrates how the ex-
tremely inhomogeneous mixing can be implemented; see also Hill ez al. 2009).

Figure 1 compares snapshot examples of the 3D distribution of cloud fields
projected on the vertical plane at time of 6 hrs for the pristine simulations with
and without in-cloud activation. The figure identifies areas where the CCN
activation takes place by marking cloudy volumes with ¢. > 0.05 gkg~! and the
cloud droplet concentration tendency due to activation larger than 1 (mgs)~*.
As the figure documents, the maximum activation occurs at the cloud base with
the peak at the height of 640 m. In the case where the activation is allowed above
the 700 m, additional activation takes place in patchy areas that extend across
the entire cloud depth. As in SGPM, the spatial pattern of these areas changes
in space and time as individual clouds evolve (not shown).
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Fig. 1. Snapshot of cloud water mixing ratio (light shaded isosurface) of ¢.=0.05 gkg !

and the activation tendency larger than 1 (mgs)~! (a patchy dark shaded areas).
Top/bottom panel is for suppressed/active in-cloud activation.
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Fig. 2. Percentile distribution of space and time averaged activation tendency in areas
where ¢, > 0.01 gkg™! for the pristine case. The light shading represents values for
10-40% and 60-90% ranges; the dark shading is for 40-60% range. The black line is
the mean value. Left/right panel is for simulations without/with in-cloud activation.
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Fig. 3. As Figure 2, but for the cloud droplet concentration in the pristine case.

The space-and-time averaged activation tendency in the two pristine simu-
lations within the areas of cloudy points (g.>0.01 gkg—!) is presented in Fig. 2.
The time averaging is done by computing statistics from the last simulation hour
separated by 5 min intervals. The peak at the cloud base is identified as well
as additional activation above the cloud base (up to height of 1700 m) in the
simulation with in-cloud activation. The in-cloud activation (defined for quan-
titative analysis as activation above the height of 700 m) contribute to about
40% of the total activation, which agree with SGPM results.

Figures 3 and 4 show the percentile distributions of the droplet concentra-
tion in the pristine and polluted cases, respectively, as a function of height. The
mean concentrations (about 70 and 350 mg~! for pristine and polluted, respec-
tively) are approximately constant in cases with in-cloud activation, but they de-
crease with height in a similar manner when in-cloud activation is suppressed.
The bin-model results are broadly consistent with SGPM (Fig. 2 therein, note
that only profiles of the mean value was shown in SGPM). However, reduction
of droplet concentration in no-in-cloud-activation cases is smaller in bin sim-
ulations compared to the double-moment simulations of SGPM. This impacts
other quantities as discussed below. The width of the percentile distribution
tends to increase with height in simulations with in-cloud activation, whereas
the opposite trend is apparent in the no-in-cloud-activation simulations.
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Fig. 4. As Figure 3, but for the polluted case.

The mean droplet spectra of the pristine simulation, at selected levels above
700 m (i.e., 740, 1040, 1340, and 1540 m) are shown in Fig. 5. At each height,
the spectrum is averaged over the cloudy points within model domain and over
four snapshots from the last 15 min of the simulation (at each height, spatially-
averaged spectra for different snapshots differ little; not shown). The difference
between simulations with and without in-cloud activation appears rather small
as far as the position of the spectral maximum is concerned. The simulation
without in-cloud activation leads to formation of significant concentrations of
larger droplets and reduced concentrations of smaller ones (note that dark bars
in the figure are hidden behind white bars for droplet sizes to the left of the
maximum). The former most likely results from enhanced droplet growth in
regions with diluted concentrations, and the latter — from the lack of in-cloud
activation that provides the source of small droplets when in-cloud activation
is allowed.

Careful analysis of model results allows finding bimodal spectra in close
proximity of grid points with in-cloud activation, i.e., in regions above and
downwind to the local in-cloud activation maximum. This is illustrated in
Fig. 6 that shows cloud droplet spectra at selected heights (680, 1040, 1340,
and 1540 m) in the pristine simulation. At each of these heights, the spectrum
comes from a single cloudy location one level above the grid point where the
local maximum activation occurs. Bimodality of the droplet spectra is apparent
in each panel, especially at height 680 m (which is 40 m above level of maxi-
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Fig. 5. Average droplet spectra for pristine simulations at four heights. Spectra are com-
puted for a set of four snapshots from the last 15 min of the simulations, and averaged
horizontally at each height within the areas with g. > 0.01 gkg~!. The white and dark
bars represent spectra with and without in-cloud activation, respectively. Note that dark
bars are hidden behind white bars for droplet sizes to the left of the maximum.
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Fig. 6. Examples of droplet spectra just above the grid point with the maximum acti-
vation tendency at a given height for pristine simulation at the final time step.
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Fig. 7. CFADs of the effective radius for each pristine simulation in areas where ¢, >
0.01 gkg~!. The adiabatic radii for cloud base concentrations of 50 and 100 mg~* (rep-
resenting 10% and 90% concentration percentiles, respectively) are shown by dashed
lines. The adiabatic radius for the mean concentrations of 70 mg~! is shown by solid
line.
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Fig. 8. As Figure 7, but for the polluted case, with the adiabatic radii for cloud base
concentrations of 230, 340, and 550 mgfl.
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mum activation) where both peaks have similar maxima of mass densities and
are well separated in the bin space. The secondary peak of the distribution is
located to the left of the primary spectra peak at larger sizes. The primary peak
shifts towards larger sizes as the height increases and seems to correspond to
peaks of the averaged spectra shown in Fig. 5.

Finally, Figs. 7 and 8 show CFADs (contoured frequency by altitude dia-
grams) of the effective radius for pristine and polluted simulations, respectively.
In both figures, the adiabatic radius is shown by dashed lines for two borderline
droplet concentrations typical for the cloud-base activation: 50 and 100 mg~*
in the pristine case, and 230 and 550 mg~! in polluted case. The mean adia-
batic radius representing concentrations of 70 mg~! for pristine and 340 mg—!
for polluted case is shown by the continuous line. As expected, the effective
radii tend to be significantly smaller in the polluted case than in the pristine
case (e.g., the mean radius at the height of 1.6 km is around 12 pm for the pol-
luted case versus 20 pm for the pristine case). As in SGPM, excluding in-cloud
droplet activation leads to a significant shift of CFADs towards larger radii.
Although the impact of in-cloud activation in the bin microphysics is different
when compared to the double-moment bulk scheme (see Fig. 7 in SGPM for
comparison), the salient outcomes of suppressing in-cloud activation are ap-
parent. These include slightly wider frequency distributions and presence of
larger droplets, especially at higher levels, when the in-cloud activation is sup-
pressed.

4. SUMMARY

We replaced the double-moment bulk microphysics scheme by a bin scheme in
EULAG simulations of nonprecipitating shallow tropical convection. We show
that previous conclusions concerning CCN activation above the cloud base, the
in-cloud activation, and its impact on cloud microphysical properties apply to
the bin microphysics results as well. However, the effects of in-cloud activa-
tion are not as pronounced as when the double-moment bulk scheme is used in
SGPM. In particular, the averaged droplet spectra at a given height are similar
in simulations with and without droplet activation, which is arguably a result
of spectral changes associated with cloud water evaporation in diluted regions.
The bin microphysics does produce bimodal droplet spectra in regions of in-
cloud activation, a feature suggested previously by high-resolution bin simu-
lations reported in Brenguier and Grabowski (1993). Because of the underly-
ing assumptions, the bulk double-moment microphysics scheme is not able to
produce bimodal spectra. This apparently has a rather small impact on model
results as the bin and bulk microphysics results qualitatively agree, although a
smaller dilution of droplet concentration is simulated in the bin-microphysics
no-in-cloud-activation simulations than in corresponding double-moment sim-
ulations in SGPM.
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