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Abstract

A double moment warm rain scheme that includes dffects of turbulence on droplet
collision rates has been implemented in a largeredddel to investigate the impact of
turbulence effects on clouds and precipitation. @ations of shallow cumulus and
stratocumulus show that different precipitation-aiynical feedbacks occur in these regimes
when the effects of turbulence are included in nierophysical processes. In both cases
inclusion of turbulent microphysics increases pation due to a more rapid conversion of
cloud water to rain. In the shallow convection ¢adbe greater water loading in the upper
cloud levels reduces the buoyancy production difuient kinetic energy and the entrainment.
The stratocumulus case on the other hand showsk pesitive precipitation feedback, with
enhanced rainwater producing greater evaporattoonger circulations and more turbulence.
Sensitivity studies where the cloud droplet numbyass varied show that greater number
concentrations suppress the stratocumulus pretguitéeading to larger liquid water paths.
This positive second indirect aerosol effect showsensitivity to whether or not the effects
of turbulence on droplet collision rates are inelddWhile the sign of the second indirect
effect is negative in the shallow convection cadeetier the effects of turbulence are
considered or not, the magnitude of the effeciishied when the turbulent microphysics are

used. It is found that for these different cloudimees turbulence has a larger effect than cloud
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droplet number and the use of a different bulk optiysics schemes on producing rainfall in
shallow cumuli. However, for the stratocumulus casamined here, the effects of turbulence
on rainfall are not statistically significant andsiead it is the cloud droplet number
concentration or the choice of bulk microphysickesne that has the largest control on the

rain water.

1 Introduction

Cloud microphysical parameterisations are requineatmospheric models of all scales from
large-eddy simulation models through to climate w&ied Correctly representing
microphysical processes in models is challengirtgngperative for quantitative precipitation
forecasting and climate studies. To enable greatefidence in climate projections one of the
processes that requires a quantitative analydiseisecond aerosol indirect effect, which is
the effect from enhanced aerosol concentratiomsoinds suppressing drizzle and prolonging
cloud lifetimes (Albrect 1989). To be able to quignthis effect with any real certainty, the
cloud microphysical processes must be accuratglyesented in global climate models
(GCMs), in particular the autoconversion procesdiictv describes the collision and

coalescence of small droplets to form larger raops.

In clouds where the temperature does not reaclzifrgeit is the process of collision and
coalescence that allows drops to grow to a siagelanough to fall out of a cloud as rain.
Observations of droplet growth tend to show a fasteolution and broader drop size
distribution compared to the theoretically calcethdrop spectra, where the equations are
applied to a randomly distributed population of mFowhose motion is governed by
gravitational forcing (see review by Grabowski aéng 2013). Several physical effects
have been suggested to play an important roleanetuction of the growth times, including
entrainment and mixing of dry air, turbulence anel tole of giant cloud condensation nuclei
(e.g. Beard and Ochs 1993). Turbulence increagesdihsion rate of droplets in at least three
ways: by changing the droplet velocities and thatiap distribution of the droplets (e.g.
Franklin et al. 2005), and by changing the collisend coalescence efficiencies between
droplets. Although the effect of turbulence on dairoplet collision-coalescence rates is yet
to be quantified by observations, modelling studiase shown that turbulence can increase
the collision rates of droplets by several times purely gravitational rate (Franklin et al.
2005, 2007; Wang et al. 2005; Pinsky et al. 2006).
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Franklin et al. (2007) performed direct numericahudations (DNS) of droplets within
turbulent flow fields and developed empirically ided equations that describe the turbulent
collision kernel for droplet pairs, where the largeoplet is within the radius range of 10 — 30
um and the eddy dissipation rate of turbulent kmetiergy (TKE) is between 100 and 1500
cn? s°. The collision kernels from Franklin et al. (20@87@re shown to be in good agreement
with those of Kunnen et al. (2013), who used a hta@hnique to simulate the turbulent flow
field in their DNS. These turbulent collision kels\evere used in solutions of the stochastic
collection equation (SCE) by Franklin (2008) to elep empirical double-moment
parameterisations of the effect of autoconversaaeretion and self-collection on the rain and
cloud water mixing ratios and the rain and cloudopdrnumber concentrations.
Parameterisations using both turbulent and nonatanb collision kernels were developed.
The SCE was solved for liquid water contents inrémege of 0.01 — 2 g Ky cloud droplet
number concentrations up to 500 drops®eand relative dispersion coefficients of the ititia
drop size distribution between 0.25 and 0.4. Tligalndrop size distribution was a Gamma
function and the separation radius that determthegoint at which a cloud droplet becomes
a raindrop was 40 um. Using the SCE results foh sulsroad range of drop size distributions
gives the resulting parameterisations greaterssitzal meaning and applicability. The two
suites of warm rain parameterisations, turbulewt @on-turbulent, allow the investigation of
the effect of turbulence on the microphysical psses and the resulting feedbacks in
atmospheric models. These effects are explorettisnwork for stratocumulus and shallow
cumulus convection cases. Section 2 describes duelnand the two cases to be examined.
Section 3 presents the results for the simulateddchnd dynamical structures and Section 4
shows the sensitivity of the results to changedand droplet number concentrations. This is

followed by a summary of the findings in Section 5.

2 Experiment design

The double-moment warm rain microphysics paramsggans of Franklin (2008) have been
implemented in the University of California Los Aeigs Large Eddy Simulation (UCLA-

LES) model. The anelastic LES code is describedStevens et al. (2005) and solves
prognostic equations for the three velocity compdsiethe total water mixing ratio, the liquid
water potential temperature and the mass and nucdmeentration of rain. Time integration

of the momentum equations uses a leapfrog schethscatars are advanced using a forward-
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in-time method. Advection of the velocity comporerg solved using fourth-order centred
differences and scalars are advected using a haler upwind scheme with slope limiting

using a montone centred method. Subgrid fluxesraydelled using the Smagorinsky-Lilly

model. The mass of cloud water is defined implcdue to the dependence of the liquid
water potential temperature on the total condensatel the cloud droplet number

concentration is a fixed parameter. The numerioalt®n of the cloud processes, including
droplet sedimentation, is described in Savic-Jowid Stevens (2008), except that in this
work the separation threshold radius for cloud emnd is taken to be the default values of 40
microns for the schemes of Seifert and Beheng (R@@Ad Franklin (2008), and 25 microns
for Khairoutdinov and Kogan (2000).

In this work the cloud droplet number concentrafi@GNC) is constant. Observations of the
shallow cumulus case described in Section 2.1 showapproximately constant droplet
concentration with height (vanZanten et al. 20Blawinska et al. (2012) demonstrated the
reason behind the observed constant CDNC beingtasgynificant in-cloud activation of
cloud condensation nuclei. Using a bin microphydi€sS, Wyszogrodzki et al. (2013)
showed that while CDNC were constant with heighttfee majority of occurrences in their
simulations, there is variability in the CDNC fisldTherefore, while the use of a constant
CDNC is a good assumption, variations in CDNC Jikely affect the development of
precipitation and this will not be captured in giulations presented in this work.

The default bulk microphysics scheme in the UCLASLES that of Seifert and Beheng
(2001). In this study the autoconversion and amorgbarameterisations of Franklin (2008)
are the main subject of investigation, howeverultssfrom the default scheme and that of
Khairoutdinov and Kogan (2000) are also used te gome indication of the range of results
from different microphysics schemes. The turbulantoconversion equation of Franklin
(2008) has been modified to the following form, aigives a better representation of the
DNS data at higher cloud water contents,

aqr — 3 -2

oo = 2.0026x10 tan- 52x107?R, +1578)

auto

1
97.45(— 8.4x10‘1) )

RA
25N /(— 9.0<101+128x1072 R, - 23x10*R 2)
(o] c . A - ‘A

where ¢ and g are the rain and cloud water contents (kg),m\; is the cloud droplet

concentration (cff) and R, is the Taylor microscale Reynolds number of thevffeeld. This
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expression will underestimate the effects of tuehae on droplet collision-coalescence due to
the use of gravitational collision efficiencies.nlited data are available for the effects of
turbulence on collision efficiencies. Currently tb&lS data available only provide two data
points, for dissipation rates of 100 and 40F<H{Wang et al. 2008). To include the turbulent
collision efficiencies in this work would requireem to be extrapolated out to dissipation
rates of 1500 chs®. The collision kernel results show that the effeat turbulence do not
scale linearly with dissipation rate (Franklin £t2007) and two data points does not provide
enough information to represent this process wiy @rtainty for the high dissipation rates.
Therefore, the decision was made not to includeuH®ilent collision efficiencies until more

DNS data become available.

In the implementation of the parameterisations i@nklin (2008) and (1), equation (4) of

Franklin (2008) has been used to eliminate the mid@ece onR, and make the dependence

solely a function of the dissipation rate of TKEheTparameterisations of Franklin (2008)
only consider the effects of turbulence on smallector cloud droplets with radii between 10
and 30 microns. For these small droplets it isdissipation range turbulence that governs the
droplet motion (e.g. Wang and Maxey 1993) and, efwee, the dissipation rate is the
dominant flow property that determines the collsrate, with the Reynolds number effect of
significantly less importance. This is illustratedFigure 4 of Ayala et al. (2008) who show
that R, effects are only apparent for droplets of radius€rons and larger, which are larger
than the size of droplets considered in FrankliQO8). This result is also described in
Wyszogrodzki et al. (2013) who state that smallpdravith radius less than 30 microns are

not affected by the root mean square velocity, Wwhig the R, dependence. This is the

reasoning behind the parameterisations of Fran@d08) and (1) being a function of the
dissipation rate only. The DNS simulations usedhasbasis for this work covered a much
wider range of dissipation rates applicable forudi@onditions than other studies, ranging
from 100 up to 1500 cfrs°.

As is the approach in Seifert et al. (2010), in k&S implementation of the microphysics

schemeR, is calculated from the gridbox mean dissipatior @it TKE. Wyszogrodzki et al.

(2013) showed that neglecting LES subgrid scalecesfon the turbulent enhancement of the
gravitational kernel is a reasonable approximagmen the current state of knowledge. The
autoconversion parameterisation (1) and the imphatien described was used by Wang et

al. (2013), where this equation and method was showproduce cloud droplet and rain drop
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number concentrations and mixing ratios that werdetter agreement with observations

compared to other autoconversion schemes.

2.1 Description of the shallow convection case - Rl  CO

The initial and boundary conditions and large séaideings are taken from the Global Energy
and Water Experiment (GEWEX) Cloud Systems Stud€$68) Boundary Layer Cloud
Working Group (BLCWG) intercomparison case desdribg vanZanten et al. (2011). This is
a composite case based on observations taken damingdisturbed period of the Rain in
Cumulus over the Ocean (RICO) field study (Rauberak 2007), which sampled
precipitating trade wind cumulus. The domain sizgéhese experiments is 13.2 km square
and 5 km deep, with grid spacing of 100 m in thezemtal and 40 m in the vertical. The time
step is variable and is chosen as to keep the @ouranber between 0.65 and 0.85. The
average observed cloud droplet number concentratising RICO was 70 ct and that
number has been used for the control simulatiohs. [&ngth of the simulations for this case
are 24 hours and the profile statistics are takenaverages over the last 4 hours. After the
initial spin up, the model produces numerous shalpyecipitating convective clouds as
shown in Figure la. The clouds typically extendtai2400 m, have cloud bases at around
600 m and tend to be 1-2 km in horizontal exterd.(Eb).

2.2 Description of the stratocumulus case — RF02 of DYCOMS Il

This case is based on the aircraft measuremenés tdlring the second research flight
(RF02) of the second Dynamics and Chemistry of MaGtratocumulus (DYCOMS i) field
campaign (vanZanten and Stevens 2005). The imtaditions and large-scale forcings are
taken from the GCSS BLCWG intercomparison studyuduented by Ackerman et al. (2009).
RF02 penetrated nocturnal stratocumulus under anggrsion consisting of heavy drizzling
open cellular convection, as well as lightly driagl closed cells. The initial conditions are an
average over the two cloud populations sampledemxéor the cloud droplet number
concentration which is the average over the op#s oely and set to 55 cth The horizontal
domain and grid spacing for this case study arekBi@quare and 50 m respectively, while
the vertical domain is 2 km and the grid spacingegafrom 5 m at the surface and the
inversion to 80 m at the model top. The model isfar 6 hours and the profile statistics are

calculated over the final 4 hours. Typical liquiddarain water cross sections are shown in
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Figure 2. Maximum liquid water contents occur aiucl top and precipitation reaches the

surface.

3 Simulated cloud and dynamical structure

3.1 Shallow cumulus convection - RICO

The turbulent microphysics parameterisations apieg in the regions of the clouds where
the dissipation rates of TKE are between 100 ar@ I%1f s*, with the higher dissipation
rates associated with faster conversion rates frimud to rain water (Franklin 2008). In the
RICO case the range of dissipation rates for wthehturbulent microphysics scheme is valid
is encountered in extensive regions of the cloudlh the highest dissipation rates occurring
near the cloud tops (see Fig. 1b). These increasgdconversion, accretion and self-
collection rates increase the rain water mixingoraif the clouds as compared to the
simulation where the non-turbulent parameterisasamsed as shown in Figure 3. The results
using the well known Seifert and Beheng (2001; S&)eme are included as a measure of
confidence for the more recent schemes of FrarfRld@8), and to give some indication as to
the uncertainties due to different bulk scheme rpatarisations. However, the main focus is
on the differences between the turbulent and ndmitent microphysics schemes that have

been derived using the same framework.

The rain water mixing ratios are significantly ieased when the turbulent microphysics
effects are included, with the largest differencewring at the surface where the turbulent
case produces 6 times more rain than the non-embulase and 1.5 times more than the
simulation with the SB microphysics scheme. Whieré is a large amount of temporal
variability in the rain water profiles as shown the standard deviations in Figure 3d, the
comparison between the simulations with the tumtuleand non-turbulent microphysics
schemes show a statistically significant increasehe rain water throughout all levels except
the uppermost 500 m. The surface area experiemainéall increases by a factor of 3, and
the rain fraction is also larger throughout theuddayer in the turbulent microphysics case as
compared to the non-turbulent microphysics simafatiThe SB simulation produces 1.5
times less raining surface area than the turbuteatophysics simulation and the profile of
the rain area fraction in the SB simulation shovdsfferent structure to the other simulations.
The two Franklin scheme simulations produce laigereases in the rain fractions with

height and demonstrate that the inclusion of twhcé effects on the droplet collision rates
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has less effect on the rain fraction profile thbhe parameterisation uncertainties associated
with bulk schemes. The profiles of liquid water gqaial temperature and total water mixing
ratio show that the largest difference between ¢hees occurs near the height of the
inversion, with the turbulent microphysics simupatibeing 0.2 K warmer than the case with
the non-turbulent microphysics (Fig. 3). The latg#fference in cloud fraction occurs in the
levels above 1000 m, where more cloud water inttineulent case generates greater cloud
fractions. The simulation using the turbulent mpirgsics parameterisation has on average
greater cloud water throughout the cloud, howetrer,percentage increase in the amount of
rain water produced in this simulation comparedthe case using the non-turbulent
microphysics is far more than the increase in tleuc liquid water contents and the
variability is such that the mean cloud water cotdgeof all the simulations lie within one

standard deviation of the mean for the turbuleseca

Quantitatively these results are in agreement #i¢hRICO LES simulations of Seifert et al.
(2010) who used a different turbulent collision erbased on the results of Ayala et al.
(2008) and Wang et al. (2008). Wyszogrodzki e2013) used the Ayala et al. (2008) kernel
in a bin microphysics scheme to simulate a shaltmmvection case from the Barbados
Oceanographic and Meteorological Experiment (BOMEX)eir LES results show increases
of accumulated surface precipitation of betweennd &2 times depending on the cloud
condensation nuclei concentration. Together wighrdsults of this study, all these cases have
demonstrated that including the effects of turboéeon the droplet collision rates makes a
significant difference to the amount of rain th&akow convective clouds produce. As
discussed in both of the aforementioned publicatitime resolution of these simulations is not
fine enough to resolve the structure of these doGeifert et al. (2010) tested the sensitivity
of their results to a doubling in horizontal resmn and found a substantial reduction in the

surface rain rate; however, the turbulence cai@siduced significantly greater rain.

Time series of the evolution of the liquid watethpaain water path and cloud fractions are
shown in Figure 4. There is a spike during the ficur as the initial cloud field develops, and
after about 2 hours the cloud cover reaches 12% Simulation with the turbulent
microphysics shows a greater rain water path tim@nsimulation with the non-turbulent
microphysics at almost all times of the 24 hour wdations, with a few significant peaks
occurring during the last 4 hours. The precipitaiistermittency is due to the limited domain

size that will only allow for one large rain eveat a time (Seifert and Heus 2013). All
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simulations show similar variability in the cloudaétion, however the average liquid water

path variance over the last 4 hours is almost doublhe turbulent microphysics simulation.

Figure 5 shows that the evaporation of rain wasemieatly enhanced in the turbulent
microphysics simulation and this is due to an iaseein both rain water and rain drop number
concentration. The average TKE from the simulatisimg the turbulent microphysics is less
than that of the non-turbulent case in the clouele above 2 km, however, in the lower
levels including below cloud base, the TKE from thebulent case is greater than the non-
turbulent case. The increased TKE in the subclayeérl of the simulation that includes the
turbulence effects on droplet collisions refledie greater horizontal variability associated
with the enhanced evaporation of precipitation aasing the levels below the cloud (Fig.
5d). In the turbulent microphysics simulation tleeluced TKE in the upper regions of the
cloud is caused by a reduction in the buoyancyyetdn of TKE (Fig. 5¢). In this case there
is an increase in water loading associated withrtbeeased cloud and rain water, particularly
in these upper levels. This increase in water lzgadeduces the buoyancy production of TKE
(Fig. 5¢) and reduces the amount of TKE that isgparted to the inversion layer that is

required for entrainment (Jiang and Cotton 2000).

The reduced buoyancy production of TKE in the udpeels of the cloud in the turbulent

case is associated with a reduction in the variasfcéhe vertical motion (Fig. 5e). The

updrafts within the clouds in the turbulent case stronger in the upper levels due to the
increased latent heating associated with the laggeeration of cloud liquid water. This is

also reflected in the more positive values of thiedt moment of vertical velocity in the

turbulent microphysics case, indicating smaller,rentmtense updrafts and larger weaker
downdrafts (not shown). These stronger in-cloudiearvelocities occur above the height of
the maximum theta gradient (2321 m in the non-tiertucase and 2328 m in the turbulent
microphysics case) and reflect the stronger overtsigp convection in the turbulent case.
Wyszogrodzki et al. (2013) argued that the useudbulent collision kernels produces a
dynamical enhancement to the amount of precipitagjenerated due to the off-loading of
condensed water, which in turn increases buoyandycioud top heights. In our case the
water loading reduces the buoyancy in the uppeeldewf the cloud but increases the
buoyancy below about 1800 m. Jiang and Cotton (p@@a@mined the differences between
drizzling and non-drizzling shallow convective allsuand also found a reduction in buoyancy

and turbulence in their case with larger precipotat
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To further examine the buoyancy characteristicghefclouds and estimate the entrainment
rates, the conditional averages of vertical velpcibtal and liquid water contents within
cloud cores are analysed. Cloud cores are defigeitheacloudy regions that have positive
buoyancy as compared to the slab average. Figurehéas that the simulation with the
turbulent microphysics has a larger area of cloags throughout the mid and upper cloud
levels as compared to the simulation with the nobdlent microphysics. However,
comparing these profiles to Fig. 3e, we see thatuhbulent microphysics case has a smaller
proportion of positively buoyant cloud regions imetlevels above 1300 m. The average
vertical velocities in the cloud core are very $anin the simulations with the non-turbulent
and turbulent microphysics schemes, with the tanutase having slightly weaker updrafts
in the upper cloud core levels. This result togethigh the vertical velocities averaged over
all cloudy regions shown in Figure 5f, shows the turbulent microphysics simulation has
increased vertical velocities in the cloudy regidhat are not positively buoyant. This
demonstrates that in this simulation it is notth@uced water loading associated with greater
precipitation that acts to increase the buoyanay lsence the vertical velocities. Figure 6¢
shows that the turbulent microphysics simulatios laager average total water contents in the
cloud core upper levels and this applies to thactlayuid water as well (Fig. 6d). Diagnosing
the mass flux and fractional entrainment rates gugiguations 11 and 16 of Stevens et al.
(2001) and the total moisture mixing ratio, showattthe mass flux in the upper levels is
larger for the turbulent microphysics simulatiomg(F6e) and this is due to the greater area of
the cloud cores in this case. The turbulent micysmis simulation has a smaller entrainment
rate throughout the vertical compared to the sitrarawith the non-turbulent microphysics
parameterisations, in agreement with the largeemaintents in the simulation that includes
the effects of turbulence on the droplet collisrates. Note that the application of the mass
flux approach with a simple entraining plume moledaks down in the inversion at about 2

km (Siebesma et al. 2003) and explains the shaghent in Figure 6f.

The effect of the dynamical feedback in the RIC®ecpresented here is a negative feedback
on the turbulent enhancement of rain water germrailihe reduced buoyancy production of
TKE in the upper cloud levels where most of thauiigwater is located (Figs. 1 and 3),
reduces the TKE and dissipation rate of TKE comgdre the simulation with the non-
turbulent microphysics. Given that the turbulenbhamcement is a function of the dissipation
rate of TKE, the use of the turbulent microphysparameterisations acts to reduce the

dissipation rate in the cloud levels where theitiqwater contents are largest and hence

10
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produces a negative feedback. It should be recednthat there is still a significant
enhancement of rain water compared to the non-embgase and the increased cloud depths
discussed by Wyszogrodzki et al. (2013) are preseatir simulations. Maximum cloud top
heights are larger in the turbulent microphysicswation compared to the non-turbulent; on
average the highest cloud top is 2656 m compare268) m. However, in this case the
impact of the enhanced cloud and rain water actedoce the TKE rather than promote

larger buoyancy production of TKE.

The effect of this negative feedback can be sedrigare 7 where the dissipation rates of
TKE are shown for the control simulations and dansi tests where the cloud droplet
number concentration was reduced from 70 to 40.dm the simulations with the reduced
number concentration the amount of rain watergsaased from the control, with the average
rain water path in the non-turbulent microphysicswations increasing from 1.9 to 4.3 g m
2 and 7.9 to 10.6 g ffor the turbulent microphysics simulations. Figérshows the reason
why the percentage increase in rain water patlargel for the non-turbulent microphysics
case, and this is due to a reduction in the diisipaate of TKE in the turbulent microphysics
simulations due to the negative feedback from tin@ybncy generation of TKE, which limits

the enhancement from the turbulent microphysidb@sain and cloud water increase.

3.2 Stratocumulus — RF02 of DYCOMS I

Similar to the shallow convection case, the didgyparates of TKE that affect the
microphysics are maximum in the upper levels ofgtnatocumulus cloud layer; however, for
this case the dissipation rates are much weakgr @i There are only small regions at the
top of the cloud where the dissipation rate react®® cni s and, therefore, where the
conversion rates between cloud and rain waterheilaccelerated by turbulence effects in the
simulation that uses the turbulent microphysicseseh small regions though do make a
difference to the precipitation flux and the ramog number concentration in the cloud and
subcloud layers, while the cloud fractions remalatively unchanged (Fig. 8). The average
rainwater path increases by 17% when the turbutectophysics parameterisations are used,;
however, the variability is such that this is nadtatistically significant result. For this case
the microphysics scheme of Khairoutdinov and Ko@a@00; KK) has been used as a
comparison for the new schemes, since this scheras developed specifically for

stratocumulus clouds.

11
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For this lightly drizzling case the precipitatioluX is maximum at cloud top (Fig. 8). The
increased rain water in the turbulent microphystaulation is associated with a greater
number of rain drops and larger evaporation rateain water, particularly just below cloud
base (Figure 9a). The precipitation from the KKesolk does not reach the surface in this case
and has a reduced precipitation flux at all lewsisipared to the schemes of Franklin. Figures
8f and 9a show that the rain number concentrasdarger in the KK simulations throughout
the cloud layer, and that these more numerousd@ips produce larger evaporation rates at
both cloud top and cloud base. Examining the cland rainfall properties for the three
simulations, shows that for this stratocumulus dhseparameterisation uncertainties for a

bulk scheme are larger than the effects of turlmden

Comparing the simulations that use the turbuledt rman-turbulent microphysics schemes of
Franklin, shows that the effects of turbulence be troplet collision rates increases the
evaporation of rain water and leads to greateabdiiy and higher TKE throughout both the
cloud and subcloud layers. The enhanced rain watigre turbulent microphysics simulation
has a weak positive feedback, with more rain progumore evaporation of drizzle drops at
cloud base, which destabilizes the subcloud lagdrleads to stronger circulations and TKE
(Feingold et al. 1996). The observations for thasec showed that the vertical winds were
negatively skewed just above cloud base (Ackermal. 2009) and the simulation with the
turbulent microphysics produces a closer match weéarly equal strength between updrafts
and downdrafts at this height (Fig. 9f).

4  Sensitivity to cloud droplet number concentration S

Four simulations of the stratocumulus and shall@mvection cases were performed with
each of the non-turbulent and turbulent microphg/gp@rameterisations. The simulations
differ in the prescribed CDNC and reveal how theudl properties change with changes in
aerosol loading as manifested in changes of cloaglet number. These simulations are not
designed to reflect the complete aerosol-cloudacteons but rather to provide some insights
into whether the effects of turbulence on cloudptkb interactions negate some of the
reduction in precipitation that tends to occur witlcreasing cloud droplet number

concentrations and the associated decrease irpjiagicin efficiency.

Figure 10 shows the average cloud properties dnelast 4 hours of the RF02 simulations of
DYCOMS II, with the standard deviations shown bg tiars. The cloud fraction increases

12
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monotonically for both the non-turbulent and tudnilcases as the CDNC increases from 25
to 220 cn?. There is a strong relationship between increasiogd fraction and decreasing
rain water path as the CDNC is increased. Thisltrdésu a drizzling stratocumulus cloud
agrees with the conceptual model that greater akrlm@ding and associated CDNC
suppresses precipitation formation and leads getacloud fractions (Albrecht 1989). For the
CDNC values explored here, the non-turbulent mieyses simulations demonstrate that
stratocumulus clouds typical of this case studyaase the amount of cloud water and reduce
the rain water content when there is an increastound droplet number, therefore, they show
a positive second aerosol indirect effect (Fig.;1®tevens et al. 1998). While this is also true
for the lowest three CDNC used in this study fag thrbulent microphysics simulations, for
the highest concentration of 220 droplets®aime turbulent microphysics simulation shows a
reduction in both the rain and liquid water paffise reduced rain water leading to a reduced
liquid water path in the turbulent microphysics slation with highest CDNC shows a
negative second aerosol indirect effect. Otheristuthave also shown a non-monotonic
increase in LWP with increasing aerosol concernatiand suggest that there is a limit to the
degree of liquid water that can build up, with ea&sing efficiency of evaporation due to
larger concentrations of smaller drops likely pteyya role (Xue et al. 2008). However, in this
case the variability of the liquid water pathsigngficantly larger than the small reduction in
liquid water path for the highest CDNC and, therefahis is unlikely to be a robust physical

result for this simulation.

Figure 10c shows that there is an increase inltheldase heights as cloud droplet numbers
are increased and precipitation is decreased. fdssbeen found before, for example by
Savic-Jovcic and Stevens (2008), who showed thatidclbase lowers in regions of
precipitation due to the precipitation changes aiiifigy the thermodynamic state of the
subcloud layer. This can be seen through the texyydeihthe TKE to increase with CDNC in
all simulations except for the turbulent case vhtghest CDNC (Fig. 10d). An important
aspect for this work is that the TKE is greater floe turbulent microphysics simulations
compared to the corresponding non-turbulent sinaulaor each CDNC, except for the case
with the largest CDNC where the behaviour changestd a reduction in liquid water path.
These results reflect the positive feedback thatttibulent microphysics parameterisations
have on increasing the TKE, which will then prodggeater precipitation. However, these
results need to be interpreted with caution du¢hélarge variability shown in the liquid

water path and TKE fields. Xue and Feingold (20§t6died the impact of increasing aerosol

13
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concentrations on shallow cumuli cloud propertied found that the influence from aerosols
was less than the dynamical variability of the eystin all fields examined except for the

cloud optical depths. This result is seen in Figl@ewhere it can be seen that the variability
in all of the fields is large compared to the chemgue to either the inclusion of turbulence
effects or the CDNC. The rain water path is theydigld that shows a significant change in

rain water with changes in the CDNC. For this sitamulus case the effects of turbulence on
rainfall are not statistically significant and ieatl it is the CDNC that has the largest control

on the rain water.

Figure 11 shows the effects of increasing the CDIN®e RICO simulations. In this shallow
cumulus convection case the liquid water path e®es as the rain water path increases,
which is the opposite of the stratocumulus casaebsed CDNC results in reduced rainwater
in both cases, but in the RICO cases this alsoltsesu reduced liquid water paths. The
increased CDNC will tend to slow the collision-asdence process, enhance evaporation and
reduce the drop fall speeds (Xue and Feingold 20D6¢ result of this and the subsequent
feedbacks in these small clouds is to reduce thediwater path as well as the amount of
precipitation. Therefore, for this case all simigias produce a negative second aerosol
indirect effect, except for the highest CDNC usthg non-turbulent microphysics scheme,
which shows a small increase in liquid water pdime change in average cloud fraction for
all simulations is small and generally less than A%shown in Xue et al. (2008) this may be

due to the cancellation of changes in cloud sizecoud frequency.

The TKE response to increased CDNC in the shallomuus convection case is shown in
Figure 11b. Both sets of simulations tend to shawnarease in vertically averaged TKE as
CDNC increases, with the largest changes occufdnghe smallest CDNC in the turbulent

microphysics set and the highest CDNC in the nobuient set. The simulation that produces
the largest TKE is the non-turbulent microphysicBesne case with the highest CDNC. This
is due to a significant increase in the verticdbegy variance and buoyancy production of
TKE, which is responsible for the liquid water pabeing larger in this case than the
simulation with CDNC of 100 cfi Examining the profiles of buoyancy productionTeE

for the non-turbulent microphysics cases, shows tia reduction in vertically integrated

TKE as CDNC reduces and rain water increases istaube negative feedback that the
enhanced precipitation has on the buoyancy prasluadi TKE, as discussed previously.

Figure 11 shows that the liquid water paths alnmmmsiverge for the turbulent and non-
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turbulent simulations with the largest CDNC duehe similar smaller rain water paths and

the reduced effect of the turbulence enhanced ant@esion and accretion rates.

5 Summary

Use of the bulk warm rain microphysics parametéosa of Franklin (2008) in the UCLA-
LES has allowed an investigation into the effedtduobulence on cloud droplet collision-
coalescence in stratocumulus and shallow convectoleuds. The microphysics
parameterisations that include the effects of tieMiee on droplet collision rates had a greater
impact on the simulated precipitation rates in shallow convection case, where the larger
dissipation rates of TKE produced a more rapid eosion of cloud water to rain water. The
amount of rain water reaching the surface was @gidarger in the simulation with the
turbulent microphysics scheme. The much weakerpdigsn rates in the stratocumulus case,
however, also showed a change in the simulatedpptan when the effects of turbulence
on microphysical processes were included in theahatth rain water paths increasing by
17%. However, unlike the shallow convection caseithnot a statistically significant result.

Both cases using the turbulent microphysics schproduced greater evaporation rates of
rain water, which caused a change in the thermadigsaof the subcloud layer, destabilizing
the lower levels and enhancing the horizontal ‘dlitg and TKE in this region. The
difference in the precipitation-dynamical feedbabletween the two cases was in the upper
levels of the clouds where the liquid water cordeare largest. In the shallow convection case
the greater rain and cloud water loading and erdgdhtatent heating associated with the larger
liquid water in the turbulent microphysics simubetj reduced the buoyancy production of
TKE and the entrainment. Therefore, in this casegative precipitation-dynamical feedback
to the enhanced precipitation formation associatgd turbulent microphysics effects was
produced. In contrast, the stratocumulus case dhoaveveak positive feedback, with
enhanced rainwater and rain water evaporation m gshmulation with the turbulent
microphysical parameterisations producing greatdt i both the subcloud layer and in the
upper cloud region. Including the results from dtleer bulk microphysics schemes (Seifert
and Beheng for the RICO case and Khairoutdinov ldndan for the DYCOMSII case)
demonstrated that including the effects of turbcéeon droplet collision rates had a larger
impact that the different microphysics scheme Far shallow convection case, but that the
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opposite is true for the stratocumulus case. Hugtiing the significant parameterisation

uncertainties associated with bulk schemes in gigiulations of stratocumulus clouds.

Sensitivity studies where the CDNC was varied slibagreement with the conceptual model
for lightly drizzling stratocumulus clouds, thategter CDNC suppresses precipitation
formation leading to larger cloud fraction and Igjwater paths (Albrecht 1989). This can be
interpreted as a positive second indirect aeroffeicte and was produced in all of the
DYCOMS Il simulations except for the case usingttiulent microphysics with the highest
CDNC which showed a small reduction in liquid wapath. The RICO shallow convection

case produced a negative second indirect aero$etteh all but one simulation. The

increased CDNC in the small convective clouds reduthe production of rainwater,

enhanced the evaporation and led to a reductitimeitiquid water path. While the sign of the
second indirect effect is negative in the shallosnwection case whether the effects of
turbulence on cloud droplet collisions are congdeor not, the magnitude of the effect is
doubled when the turbulent microphysics are useégluidl water paths reduce from 19.1 to
16.1 g n¥ for the non-turbulent microphysics simulationsC8NC increases from 40 to 200

cm®, whereas for the turbulent microphysics simulatitves liquid water paths change from
24.2 t0 16.7 g M.

The results presented in this work are by no meashsfinitive or quantitative statement as to
how the effects of turbulence on cloud collisiord apalescence impacts precipitation and
cloud properties. Larger domains and higher regmiusimulations need to be conducted in
the future to test how robust the features arehlihaé been described in this study. Seifert et
al. (2010) performed a set of simulations at doubée horizontal resolution of their control
case and found a reduction in the rainfall incredse to turbulent enhancement. How this
may change with further refinement of the compatal grid remains to be seen. Matheou et
al. (2011) found that the negative buoyancy sudatat occur at the cloud-environment
interface are unresolved for typical LES resolusi@nd discussed the impact that this may
have on modelling the entrainment process. Higesolution simulations that better resolve
entrainment could show a change in the bouyancyeatrdinment results found in this study.
In addition, other case studies and thermodynamufii@s should be tested to investigate the
sensitivity of the effects to changes in the lasgale environment. Refinements and further
developments to the turbulent collision kernels aaliision efficiencies are also required to

advance the knowledge regarding the effects ofutarite on cloud microphysics, the
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formation of precipitation and the precipitationadynical feedbacks. Wyszogrodzki et al.
(2013) describe their aims of developing an integtanultiscale computational approach that
combines LES and direct numerical simulations apgnes. This would provide a unique
way to simulate the wide range of scales involveith wrecipitation formation from

kilometres to millimetres.

As discussed by Savic-Jovcic and Stevens (2008nofES require lower CDNC than
observed to initiate precipitation, and this indadoth bulk and bin models. Including the
effects of turbulence in the microphysics params&déions minimizes this need to artificially
reduce CDNC in order to simulate observed predipitarates. How much of this effect may
be due to a better physical representation of thiesion process or to numerical limitations is
an open question. Use of observations to try tevanghis would be a worthwhile endeavour;
however, as noted by Xue and Feingold (2006), #r@aility of the cloud fields in shallow
convection simulations where the impact of thewleghce enhancement is largest might make
this somewhat challenging. For example, the chat@éguid water paths due to the effects
of turbulent microphysics are much smaller than stendard deviations of the liquid water
path of any given simulation by about an order agnitude. In this study the analysis of the
turbulent enhancement and the precipitation-dynainieedbacks has been on a scale larger
than that of an individual cloud. Future work wilvestigate individual cloud properties and
life cycles to examine the effects that the micygits parameterisations that include the

effects of turbulence may have on the cloud scale.

Acknowledgements

This research is funded by the Australian Goverrini@partment of the Environment, the
Bureau of Meteorology and CSIRO through the AugtraClimate Change Science Program.
Bjorn Stevens from the Max Planck Institute for Bt@blogy is thanked for providing the
UCLA LES model code. Three anonymous reviewerstaeked for providing insightful and
constructive comments that helped to improve theuseript.

17



o O b~ WD

o

10
11

12
13

14
15
16

17
18

19
20
21

22
23

24
25

26
27

28
29

References

Ackerman, A.S., vanZanten, M.C., Stevens, B., Sauicic, V., Bretherton, C.S., Chlond,
A., Golaz, J.-C., Jiang, H., Khairoutdinov, M., keger, S.K., Lewellen, D.C., Lock, A,
Moeng, C.-H., Nakamura, K., Petters, M.D., SnideR., Weinbrecht, S. and Zuluaf, 2009:
Large-eddy simulations of a drizzling, stratocunsalopped marine boundary layévion.
Wea. Rev., 137, 1083-1110

Albrecht, B.A., 1989: Aerosols, cloud microphysiesd fractional cloudinesS§cience, 245,
1227-1230

Ayala, O., B. Rosa, L.-P. Wang and W. GrabowksiQ&0Effects of turbulence on the
geometric collision rate of sedimenting dropletartR2. Theory and parameterizatiddew J.
Phys., doi:10.1088/1367-2630/10/075016

Beard, K.V. and H.T. Ochs, 1993: Warm-rain initati An overview of microphysical
mechanismsl. Appl. Meteor., 32, 608-625

Feingold, G., W.R. Cotton, B. Stevens and S.A.dR;isL996: The relationship between in-
cloud residence time and drizzle production in nucady simulated stratocumulus clouds.
Atmos. i, 53, 1108-1122

Franklin, C.N., P.A. Vaillancourt, M.K. Yau, and Bartello, 2005: Collision rates of cloud
droplets in turbulent flowd. Atmos. Sci., 62, 2451-2466

Franklin, C.N., P.A. Vaillancourt, and M.K. Yau, @D Statistics and parameterisations of the
effect of turbulence on the geometric collisionradrof cloud droplets. Atmos. Sci., 64,
938-945

Franklin, C.N., 2008: A warm rain microphysics pagderisation that includes the effects of
turbulenceJ. Atmos. &i., 65, 1795-1816

Grabowski, W.W. and L.-P. Wang, 2013: Growth of udodroplets in a turbulent
environmentAnn. Rev. Fluid Mechanics, 45, 293-324

Jiang, H. and W.R. Cotton, 2000: Large eddy sinmabf shallow cumulus convection
during BOMEX: Sensitivity to microphysics and raiba. J. Atmos. ci., 57, 582-594

Khairoutdinov, M. and Y. Kogan, 2000: A new cloulygics parameterisation inlarge-

eddy simulation model of marine stratocumulugtmos. <., 57, 229-243

18



10
11
12
13
14
15
16
17

18
19

20
21

22
23

24
25

26
27
28
29

Kunnen, R.P.J., C. Siewert, M. Meinke, W. Schréaled K.D. Beheng, 2013: Numerically
determined geometric collision kernels in spatialplving isotropic turbulence relevant for
droplets in cloudsAtmos. Res., 127, 8-21

Matheou, G., D. Chung, L. Nuijens, B. Stevens ankixeira, 2011: On the fidelity of large-
eddy simulation of shallow precipitating cumulushieection.Mon. Wea. Rev., 139, 2918-
2939

Pinsky, M.B., A.P. Khain, B. Grits and M. Shapi2006: Collisions of small drops in a
turbulent flow. Part Ill: Relative droplet fluxesich swept volumesl. Atmos. Sci., 63, 2123-
2139

Rauber, R.M., Ochs, H.T., Di Girolamo, L., GOke, Snodgrass, E., Stevens, B., Knight, C.,
Jensen, J.B., Lenschow, D.H., Rilling, R.A., RogesC., Stith, J.L., Albrecht, B.A,,
Zuidema, P., Blyth, A.M., Fairall, C.W., Brewer, ¥, Tucker, S., Lasher-Trapp, S.G.,
Mayol-Bracero, O.L., Vali, G., Geerts, B., AndersdrR., Baker, B.A., Lawson, R.P., Bandy,
A.R., Thornton, D.C., Burnet, E., Brenguier, J.-Gomes, L., Brown, P.R.A., Chuang, P.,
Cotton, W.R., Gerber, H., Heikes, B.G., Hudson,. JK8llias, P., Krueger, S.K., Nuijens, L.,
O'Sullivan, D.W., Siebesma, A.P. and Twohy, C.l#02 Rain in (shallow) cumulus over the
ocean — the RICO campaigsull. Amer. Meteor. Soc., 88, 1912-1928

Saviv-Jovcic, V. and B. Stevens, 2008: The strigctand organization of precipitating
stratocumulus.J. Atmos. i, 65, 1587-1605

Seifert, A., and K.D. Beheng, 2001: A double-mom@arameterisation for simulating

autoconversion, accretion and self collectisimos. Res., 59-60, 265-281

Seifert, A., and T. Heus. 2013: Large-eddy simalatf organized precipitating trade wind
cumulus cloudsAtmos. Chem. Phys., 13, 5631-5645

Seifert, A., L. Nuijens and B. Stevens, 2010: Tighuae effects on warm-rain autoconversion
in precipitating shallow convectioQ. J. R. Meteor. Soc., 136, 1753-1762

Siebesma, A.P., C.S. Bretherton, A. Brown, A. Chloh Cuxart, P.G. Duynkerke, H. Jiang,
M. Khairoutdinov, D. Lewellen, C.-H. Moeng, E. Saee, B. Stevens and D.E. Stevens,
2003: A large eddy simulation intercomparison studyshallow cumulus convection.
Atmos. ci., 60, 1201-1219

19



~N o o b~ N

©

10
11
12

13
14

15
16

17
18
19
20
21

22
23

24
25
26

27
28

29
30

Stevens, B., W.R. Cotton, G. Feingold and C.-H. Mpel998: Large-eddy simulations of
strongly precipitating, shallow, stratocumulus-tegpboundary layers). Atmos. Sci., 55,
3963-3984

Stevens, B., Ackerman, A.S., Albrecht, B.A., BrowA,R., Chlond, A., Cuxart, J.,
Duynkerke, P.G., Lewellen, D.C., Macvean, M.K.,g§ers, R.A.J., Sanchez, E., Siebesma,
A.P. and Stevens, D.E., 2001: Simulations of tnatted cumuli under a strong inversiod.
Atmos. i, 58, 1870-1891

Stevens, B., Moeng, C.-H., Ackerman, A.S., BrethertC.S., Chlond, A., de Roode, S.,
Edwards, J., Golaz, J.-C., Jiang, H., Khairoutdjnidv, Kirkpatrick, M.P., Lewellen, D.C.,
Lock, A., Mller, F., Stevens, D.E., Whelan, E.dadhu, 2005: Evaluation of large-eddy
simulations via observations of nocturnal marimatecumulusMon. Wea. Rev., 133, 1443-
1462

Stevens, B., 2007: On the growth of layers of nmeipitating cumulus convectiod. Atmos.
., 64, 2916-2931

vanZanten, M.C. and B. Stevens, 2005: Observatbiise structure of heavily precipitating
marine stratocumulug. Atmos. ci., 62, 4327-4342

vanZanten, M.C., Stevens, B., Nuijens, L., SiebesA®., Ackerman, A.S., Burnet, F.,
Cheng, A., Couvreux, F., Jiang, H., Khairoutdinbl, Kogan, Y., Lewellen, D.C., Mechem,
D., Nakamura, K., Noda, A., Shipway, B.J., SlakmsJ., Wang, S. and Wyszogrodzki, A.,
2011: Controls on precipitation and cloudiness imusations of trade-wind cumulus as
observed during RICQ. Adv. Model. Earth Syst., 3, M06001, doi: 10.1029/2011MS000056

Wang, L.-P. and M.R. Maxey, 1993: Settling velo@tyd concentration distribution of heavy
particles in homogeneous isotropic turbuledc&luid Mech., 256, 27-68

Wang, L.-P., O. Ayala, S.E. Kasprzak and W.W. Gredlo, 2005: Theoretical formulation
of collision rate and collision efficiency of hydhgnamically-interacting cloud droplets in
turbulent atmospherd. Atmos. <ci., 62, 2433-2450

Wang, L.-P., O. Ayala, B. Rosa and W.W. Grabow2R08: Turbulent collision efficiency of
heavy patrticles relevant to cloud dropléisw J. Phys., 62: 2433-2450

Wang, Y., J. Fan, R. Zhang, L.R. Leung and C. H@anR013: Improving bulk microphysics

parameterizations in simulations of aerosol eftett&eophys. Res., 118, 5361-5379

20



Wyszogrodzki, A.A., W.W. Grabowski, L.-P. Wang aBdAyala, 2013: Turbulent collision-
coalescence in maritime shallow convectidtmos. Chem. Phys. Discuss., 13, 84718487,
doi:10.5194/acp-13-8471-2013

Xue, H. and G. Feingold, 2006: Large-eddy simutatiof trade wind cumuli: Investigation
of aerosol indirect effectd. Atmos. ci., 63, 1605-1622

Xue, H., G. Feingold and B. Stevens, 2008: Aereff@cts on clouds, precipitation, and the
organization of shallow cumulus convectidnAtmos. <ci., 65, 392-406

21



o 01 W N P

e | ‘ A ]
12 N} 7]
L J
10+ ~O -
o
sr > : ° ° .
o® .Q ©
-}
L o i
°C o O sv 9 ]
L o Q il
ar ]
i ¢ ' ) Qfﬁ
2r ) ]
o]
0 | | | o [ N
0 2 4 6 8 10 12
x distance (km)

[ L B |

0 0.1 0.2 0.3 0.4 0.5

b) r (gkg’) & tke dissipation rate (cm’s")

25F .

15+

10

05F .

000 v v v v v v b

00 02 04 06 08 10 12 14
x distance (km)

0 0.4 0.8 1.2 1.6 2.2 2.4 2.8

Figure 1. a) Plan view of RICO liquid water miximgtio (g kg') at 840 m and b) cross-
section through a typical cloud showing liquid watexing ratio (g k@) and contour lines of
the dissipation rate of turbulent kinetic energgrour levels are 100, 500, 1000, 150F sm

3) ]

22



A W DN P

2 r(g kg') & tke dissipation rate (cm’ s”)
10T RARRERREN RARRRREES RARRRRRES RARRRRAR RARRERRE ™

0.8

0.6
0.4 N

021 N

0.07‘mummmmumm"m\"‘m"‘mmHmmmnwmmi

0 1 2 3 4 5 6
x distance (km)

0 0.0013 0.0026 0.0039 0.0052 0.0065

Figure 2. Cross sections of the a) liquid and Wi maater mixing ratios (g K8 for the
DYCOMS Il case. Contour lines of the turbulent kioeenergy dissipation rate in a) are 100

cn? s°,

23



© 00 N oo 00 b~ WD

[EEN
o

[EEY
[EEY

a b C
) 35 T ) 35 '\‘\‘ T T T T ) 35 T T T T
N g
30f 1 80f \M 3.0 f\ e :ﬂ:g 1
N s&b
25 ] 2571 ) \\ = ]
€ f 1€ f AN € ]
< 20 < 20 W\ =3
E 1571 7] g 1571 A\ _?;) ]
P /7| non-turb 1 P non-tur 1
1.0 / turb 1.0 turb \J\
Y s&b s&b \
05¢f " icC —=——- ] 05F| ——_-__ ic \ 05 ]
\|
0-0 1 1 1 0.0 1 1 1 0-0 1 1 1
295 300 305 310 315 0 5 10 15 0.000 0.005 0.010 0.015
0 (K r (gkg’) r(gkg)
d e
) 35 T T T T T T ) 35 """" LARARAARAR} LARARAARAR} LAARARAARRS LAARARAARRS LAARARARM f) 35 — T T T T T T T T T
non-turb non-turb non-turb
3.0 turb ] 3.0r turb 3.0 i turb ]
s&b s&b
2.5 ——— ] 2.5 25 ]
€ ST~ JE €
=< 20 1= 20 =< 20 ]
1.0 ] 1.0 1.0 ]
0.5 1 o05f 0.5 1
0.0 | 0.0 . . . . . 0.0

0.000 0.002 0.004 0.006 0.008

0.00 0.01 0.02 0.03 0.04 0.05 0.06

0.00

0.05

0.10

cloud fraction rain fraction

r (gkg)

Figure 3. RICO cloud properties for the simulatighat use the turbulent (blue) and non-
turbulent (red) microphysics parameterisations cdnklin (2008) and the microphysics
scheme of Seifert and Beheng (2001; green). Thalimonditions are given by the black
dashed lines. a) Liquid water potential temperaffdeb) total water mixing ratio (g kb, c)
liquid water mixing ratio (g kg), d) rain water mixing ratio (g ki, e) cloud fraction and f)
rain fraction. The coloured dashed lines in d) Bnépresent the +/- standard deviation from
the temporal means, with these fields being the onles that show significantly different

means.

24



N

o 01 b~ W

40
30

20
10

non-turb

b)

— —
o O]
ARRNRERRRRRARNN

— non-turb
turb

a

o

rain water path (g m®)liquid water path (g m”)
o
[6)]
o
o
N
o

o
6]
—h
o
—
o
N
o

(9]
-

0.18
0.16

0.14
0.12

0.10
0.08

non-turb
turb

cloud fraction

o
o

10 15 20
time (hours)

Figure 4. Time series of RICO a) liquid (cloud amth) water path (g i), b) rain water path
(g m?) and c) cloud fraction for the simulations tha¢ tise turbulent (blue) and non-turbulent
(red) microphysics parameterisations of FrankliQO& and the microphysics scheme of
Seifert and Beheng (2001; green).

25



o N o o0 b~ W N

10

a b c
) 3 5 T T T T T T ) 3 5 ) 3.5 {T T T T T
30f pontub) 4 30 sof | :
s&b  _|- =~V
2571 = ] 2.5 2.5
B € B
=< 20r < 20 < 20
5 5 5
= = c
1.0 1.0 1.0
05¢ 0.5 051
[0 0 S N S B I I 0.0 0.0
-1.2-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.050.100.150.200.25 0.300.35 -0.1 00 01 02 03 04
rain water evaporation (10°g kg' s”) tke (m”s”) buoyancy production (10° m’s?)
d e f
) ) 3.5 T ) 3.5 T T T T T T
3.0 1 301 _ 1
25 { 25} < ]
€ € B
=< < 20 1= 20r ]
5 5 5
e _C .C
1.0 1 1.0 1
T
0.5 1 05¢ 1
0.0,xrr’TTTT”TT:JTHHHum 00w it
0.050.100.150.200.250.30 0.00 0.05 0.10 0.15 0.20 0.25 02 04 06 08 1.0 1.2
u variance (m’s”) w variance (m’s®) w in cloud (ms”)

Figure 5. As in Fig. 3 except for, a) rain wateggeoration (g kg s%), b) turbulent kinetic
energy (M s?), c) resolved buoyancy production of turbulentekio energy (18 m? s°), d)
variance of u component of horizontal wind®@®3), ) variance of vertical velocity s?)
and f) conditional average of vertical velocityiges clouds (m3). The coloured dashed lines
in a) represent the +/- standard deviation from tdmporal means, with the rain water

evaporation being the only fields that show siguaifitly different means.

26



o 01~ W DN P

a b c
) 3.0 T T T )3.0 T T T T T T )3'0 T T T T
non-turb
251 turb —— | ] 251 ] 251 1
s&b
ré\ 2.0 ] ré\ 20 ] ré\ 20 1
S5 S5 <
= 15 1€ 15[ 1€ 15[ ]
2 o k=)
[0) [0) [0]
< 10 1< 1.0¢ 1< 1.0¢ ]
05¢[ 1 05¢[ 1 05¢[ ]
00 AAAAAAAAA | lovaaaaaay lovaiaiaiaaay 00 s b b b e b a b a s 00 ““““ Lovasinainy IR Lovavanin Lovaiaas
0.00 0.01 0.02 0.038 0.04 05 1.015 20 25 3.0 3.5 4.0 11 12 13 14 15 16
cloud core fraction w in cloud core (m s™) total water in cloud core (g kg")
d e f
) 3.0 ' ' )3.0 ' ' )3.0 ' '
non-turb
2571 ] 2571 ] 2571 turb —— | ]
s&b
S3 S3 S35
£ 15 £ 15[ 12 15
=) o =)
2 2 2
1.0 1.01 1 1.0
051 ] 05¢[ ] 05 ]
o0 . . vy o0 . . . vy o0 . . vy
0.00 1.00 2.00 3.00 0.00 0.01 0.02 0.03  0.000 0.001 0.002 0.003
liquid water in cloud core (g kg”) mass flux (m s”) entrainment rate (m”)

Figure 6. As in Fig. 3 except for, a) cloud comctron, b) conditional average of vertical
velocity inside cloud cores (m's c) conditional average of total water insideud@ores (g
kg), d) conditional average of cloud liquid watercipud cores (g K¢), €) mass flux (rs?),

and f) entrainment rate (H
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Figure 8. DYCOMS Il cloud and dynamical propertiesthe simulations that use the turbulent
(blue) and non-turbulent (red) microphysics paramsdtions of Franklin (2008) and the
microphysics scheme of Khairoutdinov and Kogan (B@@een). The initial conditions are
represented by the black dashed line. a) Liquiceimabtential temperature (K), b) total water
mixing ratio (g kg"), c) liquid water mixing ratio (g K, d) precipitation flux (W rif), e) cloud

fraction and f) rain drop number concentration®fm
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Figure 10. Average DYCOMS Il cloud and dynamicapmrties for specified CDNC. Rain
water path (g M) and a) cloud fraction and c) cloud base height (iquid water path (g m

%) and b) rain water path (gfhand d) vertically integrated turbulent kineticcegy (kg &).

The length of the bars denote the +/- standardatievis about the mean.
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Figure 11. Average RICO cloud and dynamical proeetior specified CDNC. Liquid water
path (g nf) and a) rain water path (g% and b) vertically integrated turbulent kinetiteegy
(kg s?). The length of the bars denote the +/- standaxdations about the mean.
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