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Abstract. This paper discusses cloud simulations aiming atrain accumulation. These results call for future modeling and
guantitative assessment of the effects of cloud turbulenc®bservational studies to corroborate the findings.

on rain development in shallow ice-free convective clouds.

Cloud fields from large-eddy simulations (LES) applying bin

microphysics with the collection kernel enhanced by cloud )

turbulence are compared to those with the standard gravital ntroduction

tional collection kernel. Simulations for a range of cloud con- Cloud dropl by the diffusi ¢
densation nuclei (CCN) concentrations are contrasted. De- oud droplets grow by the diffusion of water vapor up to

tails on how the parameterized turbulent collection kernel isS1Z€S where collision-coalescence among the droplets begins

used in LES simulations are presented. Because of the dispa?‘-)II m_o;m th_e ((:jondenéebd Watedr mtqddrlzzlet d][op_s a_md ﬁvﬁmu'
ity in spatial scales between the bottom-up numerical studie&Y N0 rain drops. LUbserved rapid onset ot rain in snaflow

guiding the turbulent kernel development and the top—downCIOFjds ?n the tropic; and subtropics is often difficult to ex-
LES simulations of cloud dynamics, we address the Con_plaln with the classical droplet growth theory, and several

sequence of the turbulence intermittency in the unresolved‘?gCh%m.smﬁ that r’-nay agcelerate thle 02%516; hav; bfeen con-
range of scales on the mean collection kernel applied in LesS'dered in the past; see Cooper et al. ( ) and references

We show that intermittency effects are unlikely to play an ”}ere'n' Thel mdechargsms |_nclude Ith_e C';g?\laCthOf giant and
important role in the current simulations. Highly-idealized ultra-giant cloud condensation nuclei ( ) that can grow

single-cloud simulations are used to illustrate two mechat-by.the water: vapor Id|ff(t;$|on |n.to .?.”ZZIebs'Zej' C.|OUd fer;]-
nisms that operate in cloud field simulations. First, the mi- trainment (that can lead to a significant broadening of the

crophysical enhancement leads to earlier formation of driz-Cloud droplet spectrum in diluted volumes and thus promote

zle through faster autoconversion of cloud water into drizzle,dmplet collisions), and effects of cloud turbulence. The latter

as suggested by previous studies. Second, more efficient réncludes the effects on relative motion of droplets, concen-

moval of condensed water from cloudy volumes when a tyr-tration fluctuations, and collision efficiencies (Khain et al.,

bulent collection kernel is used leads to an increased cIou&OOO; Frankl!n et _al., 2005; Wang et al., 2(.)05.)' The rate of
buoyancy and enables clouds to reach higher levels. Thi§j_rOpIet CO"',S'OnS IS controlled by _Fhe gravitational mecha-
is the dynamical enhancement. Both mechanisms operate fism for drizzle/rain drops of radii larger than 50 um, but

the cloud field simulations. The microphysical enhancemem;"ir turbulence can _signific_f'intly enhance the collision rate
leads to the increased drizzle and rain inside clouds in sim:°" cloud droplets with radii between 10 and 30 um and for

ulations with high CCN. In low-CCN simulations with sig- intermediate droplets/drops with radii between 30 to 50 um

nificant surface rainfall, dynamical enhancement leads to a(GIrE&f‘_be\f[VSk'far_]dthn?’ 2013). i lisi i d
larger contribution of deeper clouds to the entire cloud pop- ecls ot air lurbulence on geometric coflision rates an

ulation, and results in a dramatically increased mean surfac@" CO”.'S'On _eff|C|e_ncy have been studied _applylng the direct
numerical simulation (DNS), and accounting for the droplet-

size dependence (which in turn determines the response time
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and settling velocity), the strength of air turbulence (i.e., thedepth as well as on the CCN characteristics, we perform
dissipation rate, Reynolds number, etc.), the gravity forcea set of model simulations applying a model setup that en-
acting on the droplets, and interactions of droplets with thesures approximately constant cloud field depth and varying
air turbulence (e.qg., Franklin et al., 2005; Wang et al., 2005,CCN concentrations. Cloud field simulations applying ei-
2006b; Ayala et al., 2008a, b). The effects of turbulence onther gravitational or turbulent collection kernels are com-
the collection kernel include increased relative motion due topared. We apply a large-eddy simulation (LES) fluid flow
differential acceleration and shear effects (Wang et al., 2000model (used previously in bulk microphysics simulations dis-
Zhou et al., 2001), the increased average pair density due toussed in Grabowski, 2007; Jarecka et al., 2009; Slawinska
local concentration enhancement (Wang et al., 2000; Zaichilet al., 2012) coupled to the bin microphysics scheme used in
and Alipchenkov, 2003; Zaichik et al., 2003), selective alter- studies reported in Grabowski and Wang (2009), Grabowski
ations of the settling rate by turbulence (Wang and Maxey,et al. (2011) and Wyszogrodzki et al. (2011). Our study is
1993; Davila and Hunt, 2001), and enhanced collision effi-similar to the one reported in Seifert et al. (2010) except that
ciency (Pinsky et al., 1999; Wang et al., 2005, 2008; Ayalawe apply a bin microphysics scheme rather than a double-
et al., 2007). Many questions remain to be answered regardnoment bulk scheme used in Seifert et al. (2010). Formu-
ing the true quantitative level of the above effects (Grabowskilation of the turbulent enhancement of the traditional grav-
and Wang, 2013). itational collection kernel is discussed in the next section.
Wang et al. (2005) developed a general kinematic for-Because of computational limitations, a LES model gridbox
mulation that describes the droplet collection kernel in tur- has to be significantly larger than the volume of the computa-
bulent air with hydrodynamic interactions and gravitational tional domain applied in DNS and HDNS studies guiding the
settling. One way to formulate the turbulent collection ker- development of the turbulent collection kernel. It follows that
nel is to combine a turbulent geometric kernel (Ayala et al.,the intermittency of the dissipation rate in the physical space
2008b), gravitational collision efficiency (Hall, 1980), and needs to be considered before the enhancement is applied in
a collision-efficiency enhancement factor by air turbulencethe LES study. This aspect is discussed in Sect. 3. Section 4
(Wang et al., 2008). A hybrid direct numerical simulation provides a brief description of the LES model and details
(HDNS, Ayala et al., 2007) has been used to study theof the model setup. Model results are discussed in Sect. 5.
turbulent geometric kernel and the collision-efficiency en- A brief summary in Sect. 6 concludes the paper.
hancement factor in Wang et al. (2005, 2008) and (Ayala
et al. (2008a). Ayala et al. (2008b) developed a comprehen- . . .
sive theory for turbulent geometric collection kernel, which 2 Formulation of gravitational and turbulent collection
was used in Xue et al. (2008) to study the impact of air turbu- kernels
lence on warm rain initiation. It was found that the air turbu- T

| lerate th th of cloud droplets b d he impact of turbulent collisions on warm-rain processes is
ience can accelerate the growth of cloud droplets by SPeeGs, ) ateq by comparing simulations that apply the turbulent
ing up the autoconversion phase, thus shorten the time for th

Eollection kernel with simulations using the classical gravita-
formation of drizzle drops by up to 40 % relative to the Hall g 9

gravitational collection kemnel (Xue et al., 2008: Grabowski tional kernel. The gravitational collection kernel is given by
and Wang, 2009).

The complexity of droplet interactions with the turbulent K;; =7 (a; +aj)2 v} — v}lE?j, (1)
flow and limitations of cloud measurements result in uncer- g _ . -
tain estimates of the level of collision-rate enhancement b))NhereEij is the gravitational collision efficiency of droplets
air turbulence (Grabowski and Wang, 2013). Additional ef- With radii ¢; anda; in a quiescent background air, anf
fects can also widen the droplet spectrum and promote colli2nd v} are droplet sedimentation (terminal) velocities. Col-
sional growth. For instance, CCN differences in marine andlision efficiencies are obtained by linearly interpolating tab-
continental environments are primarily responsible for mi- ulated values given in Hall (1980). Terminal velocities are
crophysical differences between clean and polluted cloud®rescribed according to Beard (1976), as given in Pruppacher
(Pruppacher and Klett, 1997). Moreover, for a given cloud,and Klett (1997).
updraft strength varies significantly across the cloud base and The turbulent collection kernel combines the analytical pa-
affects the number of activated droplets. Finally, in shallow rameterization of the turbulent geometric collection kernel
cumuli, CCN are activated above the cloud base and lead t8f Ayala et al. (2008b) with the collision-efficiency enhance-
the observed approximately constant-with-height mean conmMent factor obtained from HDNS (Wang et al., 2005, 2008;
centration of cloud droplets despite a significant dilution of Ayala etal., 2007). Namely, the turbulent collection kernel is
such clouds by entrainment (e.g., Slawinska et al., 2012expressed as
Wyszogrodzki et al., 2011). Kij = k9 g9 nE )

In this paper, we focus on the effects of turbulent accel- Yo
eration of rain formation in a field of simulated shallow cu- where the turbulent geometric collection kerrI:réflf.J is ob-
mulus clouds. Since rain development depends on the clouthined when droplet—droplet local aerodynamic interaction is

Atmos. Chem. Phys., 13, 8478487, 2013 www.atmos-chem-phys.net/13/8471/2013/



A. A. Wyszogrodzki et al.: Turbulent collision-coalescence

Table 1. The enhancement factog of the collision efficiency. The upper/lower part of the table isdet 100/400cnf s 3.
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az/a; ap=10pm 20pm 30pm 40pm 50um 60um  100pm

— 0.0 1.74 174 1773 149 1207 1.207 1.0
0.1 1.46 146 1421 1245 1.069 1.069 1.0
0.2 1.32 132 1.245 1123 1.000 1.000 1.0
0.3 1.250 1250 1.148 1.087 1.025 1.025 1.0
0.4 1.186 1186 1.066 1.060 1.056 1.056 1.0
0.5 1.045 1.045 1.000 1.014 1.028 1.028 1.0
0.6 1.070 1.070 1.030 1.038 1.046 1.046 1.0
0.7 1.000 1.000 1.054 1.042 1.029 1.029 1.0
0.8 1.223 1223 1.117 1069 1.021 1.021 1.0
0.9 1.570 1570 1.244 1166 1.088 1.088 1.0
1.0 20.3 20.3 14.6 8.61 2.60 2.60 1.0

— 0.0 4.976 4976 3593 2519 1445 1.445 1.0
0.1 2.984 2984 2181 1691 1201 1.201 1.0
0.2 1.988 1988 1.475 1.313 1.150 1.150 1.0
0.3 1.490 1.490 1.187 1.156 1.126 1.126 1.0
0.4 1.249 1249 1.088 1.090 1.092 1.092 1.0
0.5 1.139 1139 1.130 1.091 1.051 1.051 1.0
0.6 1.220 1.220 1.190 1.138 1.086 1.086 1.0
0.7 1.325 1325 1.267 1165 1.063 1.063 1.0
0.8 1.716 1716 1.345 1.223 1.100 1.100 1.0
0.9 3.788 3.788 1501 1.311 1120 1.120 1.0
1.0 36.52 36.52 19.16 2280 26.0 26.0 1.0

not considered. In this case, the disturbance flows induced The turbulent geometric collection kernlé)‘;J is given by
by other droplets are excluded when the motion of a giventhe kinematic formulation (Wang et al., 2005):

droplet is solved. The collision efficiency of droplets in a qui-
escent background aE,:qj is as in Eqg. (1). The ratio of tur-

bulent collision efficiency toE?. is represented by the rela-
tive enhancement factoje (Wang et al., 2005), which de-
pends on the flow dissipation rat¢eThe collision-efficiency
enhancement factoyg is interpolated from the HDNS data
for two intensities of turbulence: (of 100 and 400 crfs—3)
shown in Tablel. Assumingne = 1 for e = 0, the enhance-

K;} =27 R? (lw,(r = R)|) g r = R), 3)

whereR = a;+a; is the geometric collision radius, the radial
relative velocityw, is defined in terms of the center-to-center
separation vector (pointing from a droplet of radius; to

a droplet of radius;), the velocityV; of theq; droplet, and
the velocityV; of thea; droplet as

ment factors for other dissipation rates are derived by eithe®’r =7 " Vi=Vi/r )

interpolation or extrapolation. Specifically, we follow an ap-
proach used in Seifert et al. (2010) and calculateas fol-
lows:

— for 0<e <100cnfs3, a linear interpolation be-
tweenng =1 for ¢ =0 and the value ofje for ¢ =
100cnts 3 is used,;

— for 100< ¢ < 400cnfs 3, a linear interpolation be-
tween the values ofig ate =100 cnfs 3 ande =
400cnfs 3is used;

— for 400< € < 600cn?s 3, a linear extrapolation from
the values ofje ate = 100 cnfs 3 and 400crs—3
is used,;

— for € >600cnfs~3, the extrapolated value at=
600cnfs2 is used.

www.atmos-chem-phys.net/13/8471/2013/

with r = |r|. The additional factog;; is the radial distribu-
tion function that measures the effect of preferential con-
centration on the pair number density at separatioa

R. Both (Jw.|) and g; in Eqg. (3) are computed with-
out local aerodynamic interaction. The kinematic formula-
tion of Eq. (3) has been validated against dynamic colli-
sion rates from DNS/HDNS for both ghost droplets and
aerodynamically-interacting droplets in a turbulent air flow;
see Wang et al. (2005) and Ayala et al. (2008a). Ayala
et al. (2008b) developed parameterizations for bthy |)
andg;;, guided by DNS data. It should be noted that the pa-
rameterizations consider the effects of flow Reynolds num-
ber that cannot be fully represented by HDNS. For example,
the parameterization fdtw,|) makes use of velocity corre-
lations that are valid for both the dissipation subrange and
the energy-containing subrange of turbulence. The intermit-
tency of small-scale turbulent fluctuations was incorporated

Atmos. Chem. Phys., 13, 88287, 2013
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into the model forg;; following Chun et al. (2005). The rate of the LES gridbox. Since the turbulent collection kernel
detailed expression fo[(l,t? and g;; can be found in Ayala derived from DNS is nonlinear in the dissipation rate, simply
et al. (2008b). using the collection kernel based on the LES-derived average
dissipation rate may not yield the same answer as averaging
DNS kernels with the distribution of the dissipation rates.
3 Effects of the dissipation intermittency on the More specifically, the latter issue can be formulated as fol-
turbulent collection kernel lows. Let/1 be the DNS domain size arigibe the gridlength
in LES, with/> > I3 and both/; and!; falling into the inertial
Due to computational limitations, the DNS domain size is subrange. Moreover, lef ande; denote the flow dissipation
currently limited to about 1m or less, and only the sub- rate averaged over a volume of sizeandi,, respectively. If
dissipation and dissipation scales as well as a limited rangéhe collection kernel derived from DNS i;;(e1, u"), then
of inertial-range scales can be explicitly resolved. The underthe average collection kernel in the LES grid volume, tak-
lying assumption in DNS is that the pair-statistics relevant toing into account of the dissipation intermittency, can be ex-
turbulent collision-coalescence are governed mostly by thepressed as
dissipation range scales because the droplet Stokes number ;
(i.e., the ratio between the droplet inertial response time aanl.j) = / Kij(er.u'(Iz. 1) f (In ﬂ; _2> dIn ﬂ, (5)
the flow Kolmogorov time) is typically on the order of one or € I €2
less. Such a DNS domain size is significantly smaller than theyhere £ (Ine; /e: Io/11) is the PDF of Ire1 /e, for a given
typical grid length (10-100m) in atmospheric LES target- 1, /1, and in the integrand’ is estimated by’ ~ (2¢12)/3.
ing clouds. The limited domain size implies a limited HDNS There are two reasons wityis used in estimating’. First,
Taylor microscale Reynolds number,500 or less. This is  the collection kernel is contributed by both resolved and sub-
one to two orders of magnitude lower than what is found in grig velocity fluctuations in the LES grid box. Secorid;;
cumulus clouds. o ~inside the integrand is a derived model already extending the
Because of these limitations, there are two general issUegyel of velocity fluctuations in the DNS domain to the level
that must be resolved. First, one must ensure that the DNSpf velocity fluctuations in clouds, and the only aspect that
guided collection kernel is independent of the domain sizéyas not modeled is the added intermittency of the local dis-
and the large-scale forcing algorithm. Indeed, for dropletssjpation rate at cloud Reynolds numbers.
smaller than~ 30 um in radius, such a convergence has be.en The Kolmogorov refined similarity theory (Kolmogorov,
demonstrated (Rosa et al., 2011, 2013). The parameterizargg?) implies that the PDF of is Gaussian with a variance
tion of the turbulent geometric collection kernel of Ayala f o2 = uIn(l2/11), wherey is a universal parameter. The
et al. (2008b) applies a description of the two-point two- mean of the distribution can be determined then by the fact

time fluid velocity correlation that is valid for much higher that the mean o¢; according to the prescribed PDF ds.
flow Reynolds numbers than in DNS. This partially removes Therefore, the PDF takes the following form:

the limitation of the small flow Reynolds number in DNS.
: . )
However, larger droplets have larger settling velocity, and (In a 12) B 1 . {_[|n(€1/62)+0122/2]

’

the crossing-trajectory effect combined with droplet inertia f X
could imply a larger range of flow scales affecting the pair V2mo1
relative statistics. DNS data at higher resolutions and larger (6)
domain sizes are still needed to validate the theoretical pa- . . o
rameterization. where the following consistency condition is enforced

The second issue concerns increasing intermittency of theco
local dissipation rate with increasing flow Reynolds number. [ ¢, ¢ (In ﬂ) d(n ﬂ) =6 (7
Itis well known that the local flow dissipation rate takes more 2 €2 €2
extreme values in small regions when the flow Reynolds
number is increased. This is reflected in the higher velocity A review of experimental data (Sreenivasan and Kailas-
derivative flatness and more extended tail in PDF of the lo-nath, 1993) shows that the intermittency exponertakes
cal dissipation rate and local fluid acceleration (e.g., Sreeni@ value ofu = 0.2540.05, so the PDF is now completely
vasan and Antonia, 1997; Pinsky and Khain, 2004). Sincespecified in terms ofz/e1 andl2/11 ratios. This formulation
the local collection kernel depends on the local flow dissi- provides a method to evaluate the effect of dissipation in-
pation, a question arises as to whether the different levels ofermittency onk;; (e, u’). Specifically, we ask whether the
flow intermittency in DNS computational domain and LES ratio
grid volume affect the average collection kernel. In practical (l ) (Kij)

’ 2
€ 1 207,

terms, the LES gridbox consists of thousands to millions of R €)= K (ot (. c2) (8)
DNS domains, with a distribution of eddy dissipation rates ijie2, iz, €2
in each DNS domain that average out to the mean dissipatiois close to one or not.

Atmos. Chem. Phys., 13, 8478487, 2013 www.atmos-chem-phys.net/13/8471/2013/



A. A. Wyszogrodzki et al.: Turbulent collision-coalescence 8475

l-zo | | |
1.10 - -
100 | —0—m 8 — " C
o n r
g S 0.90  isas
3 1 15-20
- “J-zu L
= 0.80 — —10-15 —
& : :
0.70 | -
0.60 —m———1———r————rrr
10° 10' 10? 10’
125
1.20 e
1.10 - g /L
a, in um ] a \/
Fig. 1. Contour lines of the ratidR for e, =50cn?s 3 (lower 1.00 e N
right) ande, = 500cnfs—3 (upper left), with/z/1; = 50 andiy = N\
0.5m. SinceR(aq,a2) = R(az,a1), therefore, only half of the do- = 0.90 — NN -
main is shown for eackp. 1 }ﬁ;g
] ———10-20 \ W F
0.80 | 10-15 \ T
Using the collection kernel formulation outlined in Sect. 2, 0.70 3 . [
we performed numerical integrations to obt@nfor differ- ]
ent droplet radiz; andaj, the ratiolz/ 1, ande. Figurel s ]
shows the contours & for two typical dissipation rates and : o o o
10° 10' 10° 10°

I2/11 = 50. For most droplet size combinatiofigjs slightly

less than one, implying that the dissipation intermitteresy

duceshe eff(_actlofttljrbulence. FigueeshowsR as a function Fig. 2. The ratioR as a function of the dissipation rate (in

of the flow dissipation rate fdp//1 = 10 and 1000 for some 253y for selected pairs of droplet radii (in pm) and foy I =

typ|CaI droplet size combinations. In general, there is an in-lo (upper pane|) an&i/[l =1000 (|Ower pane|)_

creasing deviation from one asis increased. However, for

small and intermediate dissipation rat&sdoes not deviate

significantly from one (i.e., the difference is below 10%).  are also some droplet-size combinations wteris slightly
Results highlighted by Fig2 and1 can be understood as larger than one, which could be a result of enhanced inertial

follows. Pair statistics relevant to collision-coalescence areclustering by intermittent flow events.

second-order statistics and they tend to be dominated by re- Flow intermittency is not the only effect when the DNS

gions of low flow dissipation rates which occupy most of the domain size and LES gridbox size differ significantly.

space. Increasing the intermittency implies a slight increaséArguably, droplet spectra in DNS volumes with differ-

in the probability of the low dissipation-rate regions when ent dissipation rates will evolve differently; for instance,

the mean dissipation rate is fixed, and the higher dissipatiorcollision/coalescence will progress more rapidly in high-

rates take more extreme values. Furthermore, the extremalissipation rate volumes. Such effects are neglected in the

dissipation regions occupy a small fraction of the volume, above analysis because we consider enhancement of the ker-

and their impact on the mean collection kernel is outweighednel and not the enhancement of the spectral evolution in var-

by the reduced kernel in low-dissipation regions. ious DNS domains. In other words, the above analysis corre-
Pinsky and Khain (2004) showed that a more realistic (i.e.,sponds to the situation where the local DNS droplet spectra

non-Gaussian) PDF of flow accelerations actually reducedare always the same as the mean LES spectrum, which does

the value of radial relative velocity by 10 to 15 % when com- not have to be the case. However, turbulence inside the LES

pared to a Gaussian PDF. This level of reduction is quite sim-gridbox also mixes droplets from various DNS domains, and

ilar to what is shown in Figl for e =500cnfs 3. There  the spectrum from a single DNS domain keeps its identity

£
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only for a limited time. The mixing progresses more rapidly
for higher dissipation rates, that is, in cases where the role o
turbulence intermittency becomes more significant accord-
ing to theR analysis. Considering evolutions of the droplet
spectra in various DNS domains rather than&heatio exag-
gerates the impact unless some way of including the mixing
between DNS domains is included in the analysis, an aspec
beyond the scope of the current paper. =
The above discussion, together with inherent limitations ofs N A
the LES approach, suggests that the effect of dissipation in 5y /1
termittency due to the size gap between DNS and LES may
be neglected, at least until more confident estimates of the 1
turbulent enhancement are obtained and higher spatial rest ol
lution of bin-microphysics LES simulations becomes feasi- osf- |-
ble.

Potential temperature
35 T T T

35

ol i I o
-10 -8 -6 -4 -2 295 300 305 310 315 0 10
u /] Q[K av(g/kg)

4 EULAG LES model with bin microphysics and effects

Fig. 3. Initial environmental profiles for the BOMEX simulation.
of cloud turbulence

4.1 The model and setup of model simulations deep trade-wind inversion. The quasi-steady conditions are
. . . o . maintained by the prescribed large-scale subsidence, large-
The LES model with bin microphysics is the same as iNgca1e moisture advection, surface heat fluxes, and radiative
Wyszogrodzki et al. (2011; WGW11 hereafter) except thalcooling. The original BOMEX case considers nonprecipitat-
it is extended to include a representation of droplet growthig convection, but we extend it here by adding precipitation
by collision-coalescence. The fluid flow is calculated by the processes. With precipitation, the steady-state conditions of

a_nelastlc EULAG moqlel (_see Prusa et al., 2008 for a re+he original BOMEX setup may be expected to evolve, but
view and comprehensive list of references). The flow modelhe mean temperature and moisture profiles at the end of all
is combined with the size-resolving representation of warm-g;lations are remarkably similar to those shown in Big.
rain microphysics that includes droplet activation and growth(not shown).

by water vapor diffusion and by collision-coalescence, as petails of the model setup are exactly as in WGW11, with
described in Grabowski and Wang (2009) and Grabowskinqrizontal/vertical gridlength ofAx = Ay =50m, Az =

et al. (2011). The bin microphysics applies the linear flux 29 m and the domain size of 6.4km in the horizontal and
method of Bott (1998) to calculate growth by collision- 3ym in the vertical. The model time step varies between
coalescence. The number of bins in the microphysics schemg 5 ang 1.5's, depending on the strength of convection. The
was selected a8/ = 112, which — together with the im- 6qe| is run for 6h and two types of results are collected:
proved representation of the droplet activation —resulted i) porizontally- and one-minute averaged statistics from the
close-to-converged numerical solutions, as documented iidntire simulation for selected fields (e.g., cloud water mix-
Grabowski et al. (2011). The model also includes an adding ratio, precipitation rate, etc.), and (i) three-dimensional
tional predicted variable, the concentration of activated CCN’snapshots from the last 3 h collected every 5 min.

which is needed when growth by the collision-coalescence is - gjnce the primary factor affecting the ability of an ice-free
included. See Grabowski et al. (2011) for more details. cloud to precipitate is the concentration of aerosol particles

We consider simulations of af_ield of shallow curr_1u|i based serving as CCN, we consider a range of CCN concentrations
on the Barbados Oceanographic and Meteorological Experpy applying a general droplet activation formula in the form
iment (BOMEX; Holland and Rasmusson, 1973) and used

in the model intercomparison study described in Siebesma N%CN fors>1
et al. (2003). EULAG application to the BOMEX case with Necn= { Nocy %4 for0l<S<1 9)
either single-moment or double-moment bulk microphysics NECN (0.1)7365% for § < 0.1

was reported in Grabowski (2006), Jarecka et al. (2009,

2011), Slawinska et al. (2012), and WGW11. FiglBe With Sin % and the total CCN concentraticz):‘fgc,\l of 30, 60,
presents initial zonal wind (meridional wind is assumed 120, and 240mg'. Such a range represents extremely clean
zero), temperature, and moisture profiles of the BOMEXto weakly polluted cloud conditions for subtropical shal-
setup. The profiles show the 1 km-deep trade-wind convectow convective clouds. Simulations with the range of CCN
tion layer overlaying the 0.5km-deep mixed layer near theconcentrations will be referred to 8630, N60, N120, and
ocean surface. The convection layer is covered by 0.5km#'240. For each CCN conditions, three sets of simulations

Atmos. Chem. Phys., 13, 8478487, 2013 www.atmos-chem-phys.net/13/8471/2013/



A. A. Wyszogrodzki et al.: Turbulent collision-coalescence 8477

4.2 Turbulent enhancement of the collection kernel in
LES model

Because of relatively coarse resolution of the LES simu-
lations, turbulent processes within simulated clouds remain
mostly parameterized. In particular, the model solves a prog-
nostic equation for the turbulent kinetic energy (TKE), as de-
scribed in Margolin et al. (1999), with parameters adopted
from Schumann (1991). The grid-volume averaged dissipa-
tion ratee is derived from TKE as

€ = C.(TKE)¥?/A (10)

where A = (Ax + Ay + Az)/3 is the arithmetic average of
model grid increments, and. = 0.845. The flow Reynolds
numberRe;, is defined using the root mean square (rms) ve-
locity u’ as (Pope, 2000; Wang et al., 2006a)

Re; = 15Y2(u’ Jvk)? (11)

wherevk ~ €1/4 is the Kolmogorov velocity. The rms veloc-
ity is derived assuming that~ "3 (Pope, 2000) and select-
ingu’ = 2.02ms 1 fore = 400cnts—3 (Wang et al., 2006a).
This gives an empirical formula far (in ms™1) in the form

0 6.4km  u =202 (/4003 (12)

Fig. 4. Snapshots of cloud water mixing raje (transparent grey)  with € expressed in cAs 3. Note that Egs. (11) and (12) im-
apd raip water mixing ratigr (solid blue) at the 6th1hour of the ply Re; ~ €1/6 For small droplets (say, radius smaller than
simulation. The isosurfaces show valyes=0.05gkg™ andgr=" 30;m) the collection kernel is not affected ki while for
0.02gkg™ larger droplets:’ (or Re;) has a secondary effect on the ker-
nel. Overall, the increase of TKE (and thesu’, and Rey)
shortens the time needed to form drizzle drops. The growth

were performed: (i) without collision-coalescence (i.e., as in> L
P () ( times also depend on the liquid water content (LWC), but the

WGW11), (i) with collision-coalescence applying the gravi- ) ; ) ) A
), (1) ppYing g relative reduction of the growth time for a given dissipation

tational collection kernel, and (iii) with collision-coalescence o ) o
and turbulent enhancement of droplet collisions based on lofat€ iS similar for different LWCs due to the self-similarity of

cal characteristics of cloud turbulence. the kinetic collection equation.
As an example, Fig4 presents snapshots of the 3-D
distribution of cloud fields at a time of 6 h for th&¥120
case, marking cloudy volumes with cloud water mixing ra-
tio gc > 0.05 gkg ! with transparent grey color, and the rain 5.1 Preamble: rising thermal simulations
water areas (blue color) for drizzle/rain mixing ratjp>
0.02gkg . To calculate cloud and drizzle/rain water mix- e start with a brief discussion of results of more idealized
ing ratios, the spectrum of drops is divided between the cloud(z_D single-cloud) simulations that help better explain ef-
and drizzle/rain assuming the drop threshold radius of 25 pMfects of turbulence on warm-rain formation in realistic cloud-
We stress that the value of the threshold radius Only affeCtSﬁe|d Simu'ations_ We app|y the idea”zed mode| Setup pre_
the partitioning of the spectrum into cloud droplets and driz-yjously considered in Grabowski et al. (2010; Sect. 5). In
zle/rain drops (i.e., statistics of the results), and has noimpacjs setup, an initially circular moist warm thermal (a bub-
on the physics of the problem. The figure shows that severape) rises in the stratified environment and forms a cloud.
clouds, shallow and relatively deep, are present in the comas cloud droplets grow by the diffusion of water vapor and
putational domain. They are at different stages of their life eyentually by collision-coalescence, drizzle and rain develop,
cycle, some precipitating and some not. In agreement withyith rain falling out of the cloud and reaching the surface.
previous studies (e.g., Siebesma et al., 2003; Slawinska et alRemoval of cloud water from the cloud and mixing with sub-
2012), the cloud coverage is typically around 10 %. saturated cloud environment leads to cloud dissipation and
rain cessation.

5 Results
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q. barycenter height rain accumulation of mass (the barycenter) and the total accumulated surface
° T Gler T precipitation. As expected, thermals in simulations with the
inversion rise to approximately similar height as documented
by the barycenter height evolutions. The key result is that
rain reaches the surface about 4 min earlier in the turbulent
case, and there is about 40 % more total accumulated rain
in this case. Arguably, the latter comes from earlier (in the
cloud life cycle) formation of initial drizzle drops from cloud
droplets through the autoconversion phase of rain formation.
This gives more cloud water available throughout the rest of
the cloud life cycle for the accretion phase of the rain devel-
opment, when existing drizzle and rain drops collect cloud
droplets.

When thermals are allowed to rise without the inversion,
the difference in the total accumulated rain is even larger,
a factor of two. It means that the “microphysical enhance-
ment” (i.e., earlier formation of initial drizzle through the au-
toconversion phase) is supplemented by an additional mech-
O 10 20 30 40 50 0 10 50 anism. As the differences in the height of the LWC cen-

time (min) time (min) ter of mass suggest, the thermal applying turbulent kernel

Fig. 5. The evolution of the height of the cloud water center of massrises to higher Ieyels and provides more condensed water
(Ieft panels) and the mean (horizontally-averaged) surface rain actor the rain formation. Arguably, the difference comes from

cumulation (right panels) for 2-D rising thermal simulations. Upper “Off-loading” the condensed water through rain formation,
panels come from simulations where the thermal rise is arrested invhich is more effective when the turbulent kernel is used.

the middle of the domain by the layer of increased stability. Lower Condensed water reduces cloud positive buoyancy and its re-
panels show results from simulations where the thermal can rise unmoval leads to increased buoyancy and thus a possibility of
obstructed towards the upper model boundary. reaching higher levels. This “dynamical enhancement” adds
to the microphysical enhancement discussed above and they
both result in an astonishing overall effect evident in the
For reasons that will become obvious while discussinglower panels.
the results, we consider two model setups featuring differ- One should treat the above results with significant caution.
ent environmental conditions. The first setup (upper paneld-or instance, another aspect of these simulations is that ther-
in Fig. 5) is exactly as in Grabowski et al. (2010) and fea- mals rising without the inversion actually produce less rain
tures two layers in two halves of the domain vertical extent.at the surface than thermals impinging upon the inversion
The lower/upper layer features static stability 08/B.0 x (compare scales on vertical axes in the right panels). This
10-°>m~1. In this setup, the initial perturbation rises across may be because more rain evaporates during its fall from the
the lower layer, but its further vertical development is ar- cloud to the surface when thermals reach higher levels. As-
rested by the presence of the more stable upper layer (seeimed 2-D geometry, simple cloud forcing (a bubble), and
Fig. 8 in Grabowski et al., 2010). The second setup (lowerconstant in space and time characteristics of the cloud turbu-
panels on Fig5) assumes a single-layer atmospheric struc-lence all make the model results discussed above qualitative.
ture, with the static stability of 5 x 10°m~1 and relative ~ Nevertheless, the results highlight mechanisms involved, the
humidity of 80%. An initial perturbation, the same as in significance of combined microphysical and dynamical fac-
Grabowski et al. (2010), rises across the domain and reachdsrs in particular. These will play an important role in cloud
levels close to the upper model boundary (at 5 km) near thdield simulations presented in subsequent sections.
end of these simulations. Two simulations are performed for
each model setup applying EULAG with the same bin micro-5.2  Statistics of cloud properties in cloud field
physics scheme as in cloud field simulations. The first sim- simulations
ulation applies the gravitational collection kernel. The sec-
ond simulation includes effects of cloud turbulence in an ex-Figure 6 presents contoured frequency by altitude diagrams
tremely simplified way, namely, by assuming that the turbu- (CFADs; the probability density function calculated at each
lence intensity at all cloudy points corresponds to a constanheight and applying colors to mark the frequency of occur-
eddy dissipation rate af=100cn?s 3. N3 0f 120mg!  rence at various heights) of the dissipation rate inside cloudy
is assumed in Eqg. (9) for all four simulations. volumes (left panel), and the adiabatic fraction AF (the ra-
A synthesis of model results is presented in Biglhe fig-  tio between the local LWC and the adiabatic LWC at a given
ure shows evolution of the height of the cloud water centerheight, the latter estimated from the simulated mean cloud
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the dissipation rate (in cfs~3) and adiabatic fraction AF inside collision-coalescence, with gravitational collision-coalescence, and

; i ; 1
vqlumes with cloud water m|x|ng ratigc > 0.01kgkg *. The log- . with turbulence-enhanced collision-coalescence, respectively.
arithm of the frequency (with respect to the number of cloudy points

at a given height) is indicated by the color bars.

higher levels. Similar distributions are true for other simula-

tions (see Figsl1and15to be discussed later). Overall, the
base height and the initial sounding; right panel) for the presence of precipitation seems to have only a small impact
N120 simulation. Plots for other simulations are similar (not on CFADs of the droplet concentration.
shown). The figure documents features well established from Figure 8 shows CFADs of the effective radius, the ra-
numerous observations and simulations of shallow convectio between the third and the second moment of the entire
tion: large variability of local cloud characteristics at a given drop size distribution, for thev120 case. Effective radius,
height, significant cloud dilution with the mean AF decreas- together with the local LWC, determines local cloud prop-
ing with height, turbulence intensity with typicalalues be-  erties relevant to the transfer of the solar radiation, and it is
tween a fraction of 1cAs~3 and a few tens cAs 3, and the  typically slightly larger than the mean volume radius (i.e.,
maximume values reaching several hundreds’sm inthe  the radius of the mean mass droplet, the LWC divided by the
upper part of the cloud field. One might anticipate forma- droplet concentration). The figure also shows profiles of the
tion of initial drizzle drops in volumes featuring high AF and effective radius for adiabatic monodisperse spectra of cloud
an acceleration of this process if significant levels of clouddroplets corresponding to droplet concentrations of 90, 120,
turbulence are present. Inspection of cloud field snapshotand 150 mg?. Without collision-coalescence, CFAD of the
documents that the highest turbulence intensity typically oc-effective radius is relatively wide, and the maximum fre-
curs near cloud edges in upper parts of individual cumuli, andquency is consistent with the adiabatic profiles. With gravita-
this is where the highest LWC is often found. Such a picturetional collision-coalescence, the maximum frequency begins
agrees with the discussion in Seifert et al., 2010 (see theito shift to the right (i.e., toward larger sizes) in the upper part
Fig. 6 in particular). of the cloud field. This is barely visible for the gravitational

Figure7 shows percentile distributions of the cloud droplet coalescence but becomes obvious when the effects of turbu-

concentration for theN120 with and without collision- |ence are included. For simulations with lower CCN, the shift
coalescence. Results of the simulation without collision-towards larger droplet sizes is apparent even with the grav-
coalescence are similar to those shown in WGW11.: distri-itational coalescence, but it is barely visible for turbulence-
butions are relatively wide with the most frequent concen-enhanced collisions with the highest CCN concentration con-
tration values approximately constant with height (except insidered (not shown).
the uppermost 0.5km of the cloud field depth). As docu-
mented in Slawinska et al. (2012) and WGW11, the almost5.3 Rainfall in cloud field simulations
constant mean droplet concentration as a function of height
(also observed in field studies; see discussion in Slawinsk&igures 9 and 10 show evolutions of the horizontally-
et al., 2012) comes from the secondary (i.e., above the cloudveraged cloud water and the drizzle/rain water mixing ra-
base) activation of CCN. Distributions for simulations with tios, respectively, applying again the 25pum threshold to
collision-coalescence are similar to those without collisions,locally partition the droplet/drop spectrum into cloud and
except that clouds with turbulent collisions appear reachingdrizzle/rain. The Fig.9 panels show that the presence of
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COALO ~ COAL grav COAL turb horizontal domain with drizzle/rain flux larger tham3 x
10°kgkg 'ms1. The specific threshold comes from the
estimated cutoff precipitation flux of the precipitation radar;
see Sect. 2.4.2 in Van Zanten et al. (2010). Because of the
fluctuations of cloud and precipitation fields, 1 min precip-
itation fraction profiles vary significantly. The average pro-
files, on the other hand, clearly illustrate differences between
various simulations, the impact of CCN and turbulent en-
hancement in particular. In simulation®40 (bottom row),
precipitation is only present in the upper parts of the cloud
field (consistent with Fig10), with some downward exten-
sion of the mean profile in the turbulent kernel case. In the
; . , , N120 case, precipitation seems to reach the surface only
0 20 40 60 0 20 40 60 0 20 40 60 when turbulent collection kernel is considered.N®0 and

reff [microns] reff [microns] reff [microns] N30 cases, a significant increase of the precipitation frac-

Fig. 8. CFAD of the effective radius¢q). Solid and dashed fines tion (factor of two) is simulated with turbulent collisions. It
represent the adiabatic model profiles for the CCN concentration OLS also apparent that profiles corresponding to the turbulent

120 mg-* and 90/150 mg?. ernel feature a deeper_ cloud field, wi_th profiles for the tur-
bulent kernel approaching zero at heights around or above
2.5km, whereas profiles for the gravitational kernel termi-
nate between 2.2 and 2.3km. This represents the dynamic
significant drizzle/rain strongly affects mean cloud water enhancement, that is, a more efficient off-loading of cloud
profiles in both gravitational and turbulent cases. In low CCN condensate in the case of turbulent kernel. Instead of the pre-
simulationsN30 andN 60, cloud water is clearly reduced in cipitation fraction, one may consider profiles of the precipi-
the upper part of the cloud field due to its efficient removal by tation flux because its time-averaged surface value represents
drizzle/rain. The figure also shows oscillations of the cloudsurface rain accumulation. Such profiles provide a similar
field due to interactions between clouds and their environ-message as Fid1 and are not shown.
ment as well as the random nature of cloud initiation and Figure 12 presents the time evolution of the domain-
evolution. Mean cloud water above the cloud base featuresiveraged cloud water path (CWP) and precipitation water
periods of enhanced horizontally-averaged cloud water thapath (PWP), namely, vertical integrals of the mean cloud wa-
develop from the cloud base upwards as tilted yellow streakder and drizzle/rain water contents, respectively, for simula-
with the highest mean cloud water (red color) at some of theirtions with gravitational and turbulent kernels. The figure rep-
tops, especially in high-CCN simulations. These oscillationsresents a more comprehensive representation of model re-
of the mean cloud field are also apparent in the time evolusults shown in Figs9 and 10. CWP (as well as PWP in
tion of the horizontally-averaged drizzle/rain water mixing simulations with significant rain) fluctuates significantly as
ratio shown in Fig10, with the highest mean drizzle/rain in cloud fields evolve. Simulation¥ 240 andN 120 show sim-
the upper parts of the cloud field and in periods of enhancedlar mean CWP values and little PWP, in agreement with the
mean cloud water. The amount of drizzle/rain strongly in- previous discussion. In contrast, simulatioi§0 andN 30
creases with the decrease of CCN concentrations (note difshow significant differences between mean PWP and approx-
ferent color scales in panels corresponding to various CCNmately the same CWP. The increased mean PWP in turbu-
concentrations) as one might expect. Overall, the mean drizlent N60 andN30 cases represents effects of turbulence on
zle/rain seems higher when the turbulent kernel is used, adrizzle/rain formation. Enhanced drizzle/rain implies more
aspect quantified in the subsequent analysis. Enhanced driefficient removal of cloud water, as illustrated by the differ-
zle/rain in the upper parts of the cloud field (red colors) typi- ences in low and high CCN simulations in F&.It follows
cally corresponds to periods with deeper clouds and provideshat the only explanation why the CWP remains approxi-
initiation points of downward streaks as enhanced rain fallsmately the same in corresponding turbulent and gravitational
towards the ocean surface. Overall, Fi§sand 10 clearly  simulations (around 11.2 and 7.1 g&in N60 andN 30, re-
demonstrate that the impact of the turbulent kernel on thespectively) is the dynamic enhancement, that is, occasional
macrophysical cloud field properties seems less significanpresence of deeper clouds in simulations applying turbulent
than the impact of the assumed CCN concentrations. kernel.

Figure 11 shows evolutions of the precipitation fraction  To further quantify the dynamical enhancement, distribu-
profiles for all eight simulations. Precipitation fraction is an tions of the cloud top height for all simulations were ob-
analog of the cloud fraction, that is, the fraction of the hor- tained from snapshots of the cloud fields for hours 3to 6. The
izontal area covered by clouds at a given height. At eachcloud top was defined as the height at which the sum of the
height, precipitation fraction is defined as the fraction of the CWP and PWP (integrated from the model top downwards)

25

Height [km]
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Fig. 10.As in Fig. 9 but for above but for the precipitating (drizzle/rain) water mixing ratio. Color scale depicts units of hgkg

reaches 10 g mf. Figure 13 compares normalized distribu- with one peak for cloudy columns reaching height of about
tions (i.e., the probability density functions; pdfs) for the sim- 750 m (i.e., less than 200 m above the cloud base) and the
ulationsN 30 andN 240 and with the gravitational and turbu- second peak around 1500 m. For the non-precipitatiag0

lent kernels. The figure shows that distributions are bimodalcases, distributions for gravitational and turbulent kernels
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5 Figuresl4 and15 show evolutions of the cumulative rain-

; ) s axi0? 1 ) . 4 x10° fall at the cloud base and at the surface (i.e., integrated over
Fracpre Fracpre time mean precipitation flux at these heights) in simulations

N30,N60, andN 120 applying linear and logarithmic scales,
Fig. 11. Profiles of the precipitation fraction (Fracprc) for simula- respectively. The linear plot clearly shows the enhancement
tions with (left column) gravitational kernel and (right column) tur- factor between simulations applying gravitational and tur-
bulent kernel, and for simulations (top to bottom30, N60,N120,  bulent kernel, whereas the logarithmic plot allows compar-
andN240. Grey lines represent evolution of 1 min average profilesison between lower and higher precipitation cases. We con-
between hours 1 and 6; black thick line is the average of the greysiger both the cloud base and the surface to document ef-
profiles. fects of rain evaporation between the cloud layer and the sur-

face, but this aspect is only marginally relevant, as shown

by the figures. Horizontally-averaged surface rain accumu-
are almost identical, with the 750 m peak significantly largerlations over the last 3h of the gravitational kernel simula-
than the 1.5km peak. Precipitating30 case features dis- tions are 0.013 and 0.001 mm 8130 andN 60, respectively.
tributions with the 1.5km peak larger than the 750 m peak,For the turbulent kernel, the accumulations are 0.043Q)
suggesting significant differences in the cloud field whenand 0.013 mm §60). When averaged only over areas with
shallow convective clouds heavily precipitate. The change innonvanishing surface precipitation (thus taking into account
magnitude of the two peaks is further accentuated when tura small cloud fraction and even smaller fraction of precipi-
bulent kernel is used. Other simulations feature distributiongtating clouds; see Fig. 11), the 3 h accumulations for grav-
between the two extremes shown in the figure (not shown)itational/turbulent kernel simulations are 0.80/1.47 mm for
Differences between simulations applying gravitational andN30 and 0.11/0.66 mm foN60. The key point is that re-
turbulent kernels for theV30 case clearly illustrate macro- gardless whether the cloud base or the surface is considered,
scopic changes of the cloud field due to the dynamical en-or whether the entire domain or only precipitating areas are
hancement. included, the turbulent enhancement of droplet collisions has
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Fig. 13. Probability density function of the cloud top height: sim-
ulation N240 (left panel) andv30 (right panel); the gravitational
and turbulent kernels are denoted by dashed and continuous lines,
respectively. study provides a climax of around a decade long collab-
orative research between the University of Delaware and
coal grav coal turb the NCAR (National Center for Atmospheric Research, Col-
0.0 cloud base | [cloud base , orado, USA) that resulted in the development of cloud
T : droplet collection kernels, including effects of cloud tur-
% 0.04 bulence. These kernels were developed through theoretical
g ) studies guided by DNS and more recently HDNS simula-
g 02 — _// tions. Effects of turbulence on rain formation is a difficult
3 . multiscale problem, concerning processes taking place over
a wide range of spatial scales. Formation and growth of cloud
surface surface . . ..
E 0.04 droplets (by water vapor diffusion and collision-coalescence)
% 0.08 take place at scales from submicron to tens and hundreds of
£ o microns. Small-scale cloud dynamics concern scales within
2 oo e ) the inertial range of atmospheric turbulence, from scales at
3 al ) _/_/ which cloud TKE is generated (tens to hundreds of meters)
% 2 4 60 2 4 6 down to the Kolmogorov microscale, around a millimeter in
fime [n] timé [h] typical atmospheric conditions. Larger-scale cloud and pre-

Fig. 14. Evolution of the cumulative precipitation (cumul precip) 9|p|tat|0n d){nam|cs involve such processes as CIOL_’d Initia-
flux [mm] at the cloud base (upper panels) and at the surface (botlion, formation of cloud updrafts and downdrafts, interac-

tom panels) for gravitational (left) and turbulent (right) collection tions between precipitation-laden downdrafts and the sur-
kernels. Green, red and blue lines represent evolutionsv®®,  face, etc. They involve spatial scales of hundred of meters
N60, andN 120 simulations, respectively. to a few kilometers. Finally, at even larger scales, mesoscale
processes determine overall characteristics of a field of pre-
cipitating clouds (cloud depth, cloud cover, etc.). The range,
a strong impact, with rain accumulations several times largefrom submicron to tens of kilometers, represents about 10
than applying the gravitational kernel. Such an effect qualita-decades of spatial scales and it will never be resolved in
tively agrees with the impacts reported in Seifert et al., 2010the numerical simulation. However, with the availability of
(see their Table Il in particular). the petascale computing resources, we aim at extending
our collaborative research towards reducing the scale gap
between top-down LES of cloud dynamics (bin EULAG)
6 Summary and conclusions and a bottom-up HDNS of cloud microphysics. Ultimately,
both approaches may result in the near future in an inte-
This paper discusses LES simulations of a field of shallowgrated multiscale (in time and space) simulation environ-
convective clouds aiming at quantitative assessment of thenent, with the two approaches overlapping at thél m)
impact of cloud turbulence on warm rain processes. Thespatial scales. This effort will offer an opportunity to develop
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new parameterizations of various cloud physical processetion when TKE reaches the Kolmogorov microscale. Such
unresolved in weather and climate models. a delay can be significant (tens of seconds; see section 5 in
We applied previously developed collection kernels thatGrabowski and Clark, 1993) and lead to additional uncer-
include effects of cloud turbulence to LES cloud-scale simu-tainty. All these issues become less problematic once the LES
lations using bin microphysics and targeting shallow convec-gridlength approaches the size of the computational domain
tive clouds where turbulence effects are expected to be signifapplied in DNS and HDNS studies.
icant. Except for applying the bin microphysics, our study is  To highlight physical processes responsible for the impact
similar to Seifert et al. (2010), in which the simulation setup of cloud turbulence on the rain development, we presented
based on the RICO (Rain In Cumulus over Ocean) model inssimple 2-D simulations of a precipitating thermal. These sim-
tercomparison case was used (Van Zanten et al., 2010). Welations show that rain develops earlier and more rain falls
apply the BOMEX case (Siebesma et al., 2003) because ifrom the thermal when turbulent effects are included. The
maintains the initial atmospheric state in the nonprecipitatingformer effect was anticipated based on our previous idealized
case, and it was used in our previous studies (e.g., Slawinskstudies and it comes from a more rapid autoconversion phase
et al., 2012; Wyszogrodzki et al., 2011). As documented inof rain formation. The latter effect comes from a combination
Stevens and Seifert (2008) and Seifert et al. (2010), RICCQof two different mechanisms. Firstly, if drizzle forms earlier,
simulations feature a gradual deepening of the cloud fieldhen more cloud water is available to be converted into pre-
(because of the increase of the inversion height) and conseeipitation throughout the cloud life cycle. We refer to this as
quently a gradual increase of the surface precipitation ratethe microphysical enhancement. Secondly, when rain devel-
Since the rate at which the cloud field deepens seems to desps and falls from a cloudy volume, then the buoyancy of
pend on the water budget within the upper part of the cloudthe volume is increased and the volume can rise higher and
field (and the budget is affected by precipitation processesproduce more cloud water to be converted into precipitation.
Stevens and Seifert, 2008), the RICO setup involves addiThis feedback from the cloud microphysics into cloud dy-
tional complications (e.g., feedbacks) that we avoid by ap-namics can be referred to as the dynamical enhancement. In
plying the BOMEX setup. idealized rising thermal simulations, the microphysical and
Before applying the turbulent kernel in LES simulations, dynamical enhancement contribute about equally to the over-
we first addressed the role of the flow intermittency, an as-all effect, with simulations including turbulent effects result-
pect not considered in previous studies. This is a relevant ising in about a twofold increase of the surface rainfall. How-
sue and its importance can be justified in the following way. ever, these simulations need to be treated with much caution
The turbulent enhancement of the gravitational kernel de-because of their significant simplifications.
pends nonlinearly on the turbulence characteristics, and these Cloud field simulations also show a combination of micro-
characteristics strongly fluctuate in time and space due to thehysical and dynamical enhancements, although quantifica-
flow intermittency. Because of computational limitations, the tion of their relative contribution is more difficult. Because
LES gridbox is typically much larger than the computational the primary factor affecting ability of a cloud to precipi-
domain applied in the DNS and HDNS studies. It follows tate is the concentration of cloud droplets (which determines
that the mean dissipation rate predicted by LES may reprethe maximum size of diffusionally grown droplets given the
sent rate of droplet collisions that is different from the rate cloud depth), we performed simulations with a range of pre-
that considers spatial variability of the dissipation rate. Wescribed CCN concentrations (30, 60, 120, and 240Hg
investigated this problem by comparing the turbulent ker-Only small amounts of drizzle/rain were simulated within
nel derived applying the mean dissipation rate with the aver<louds for the highest CCN concentration, and the turbu-
aged kernel applying the distribution of the dissipation rates/ent kernel led to increased amounts of drizzle/rain. Rain
following the Kolmogorov (1962) refined similarity theory. below the cloud base was present neither in gravitational
The analysis showed, perhaps to some surprise, that the efor in turbulent kernel simulations. For the CCN concentra-
fects become significant (the relative difference above 10 %Yion of 120 mg!, rain occasionally reached the surface in
only for high dissipation rates (above 100%sn3) and large  the turbulent kernel simulation, but not when applying the
(higher than 10) ratios between LES grid length and DNSgravitational kernel. In simulations using 30 and 60thg
domain size. As a result, and considering still uncertain for-CCN concentrations, rain reached the surface regardless of
mulation of the turbulent kernel, we decided to exclude thesehe type of kernel used. However, the 6 h accumulations
effects from our analysis. Consequently, we simply applywere significantly larger when using the turbulent kernel. The
the turbulence-enhanced collection kernels based on the ladomain-averaged surface accumulations were around 0.013
cal TKE predicted by the LES model and exclude effects ofand 0.001 mm for the gravitational kernel assuming 30 and
the subgrid-scale variability of TKE dissipation. One also 60 mg-* CCN concentration, respectively, and around 0.050
need to keep in mind that such a formulation excludes ef-and 0.013 mm for corresponding simulations applying turbu-
fects of the delay between TKE generation at scales closéent kernel. These imply a dramatic increase when effects of
to LES grid length (e.g., through the interfacial instabilities, cloud turbulence are included, in line with the enhancement
cf. Grabowski and Clark, 1991, 1993) and the TKE dissipa-presented in Seifert et al., 2010 (see their Table Il therein).
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