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Abstract. A new cloud parcel model (CPM) including activatiocondensation, collision-coalescence, and lateral
entrainment processes is presented here to inaéstaprosol-cloud interactions (ACI) in cumulus elepment prior to
rainfall onset. The CPM was employed along withugub based radar and surface aerosol measuremeptedict the
10 vertical structure of cloud formation at early gtagnd evaluated against airborne observationkofl enicrophysics and
thermodynamic conditions during the Integrated Bittion and Hydrology Experiment (IPHEx) over ti®outhern
Appalachian Mountains. Further, the CPM was appiieexplore the space of ACI physical parametergroting cumulus
congestus growth not available from measurementst@examine how variations in aerosol properied microphysical
processes influence the evolution and thermodynatate of clouds over complex terrain via sensitighalysis. Modelling
15 results indicate that aerosol-cloud droplet numimrcentration (CDNC) closure is achieved optimadly~ 1.3% of the
observations for condensation coefficiemt)(= 0.01 and within 5% for 0.01s,. < 0.015, and the corresponding spectra in
the predictions are in good agreement with IPHEgraft observations around the same altitude. #his contrast with
larger closure errors and high values reported in previous studies assuming atiabonditions. Entrainment is shown to
govern the vertical development of clouds and thange of droplet numbers with height, and the seitgi analysis
20 suggests that entrainment strength and condensptamess are mutually compensating to attain ab@BOIC closure.
Simulated CDNC also exhibits high sensitivity torigons in initial aerosol concentration at clobdse, but weak
sensitivity to aerosol hygroscopicity. Exploratomultiple-parcel simulations capture realistic tiseales of vertical
development of cumulus congestus (deeper cloudsfastdr droplet growth). These findings provide niesights into
determinant factors of mid-day cumulus congestumddion that can explain a large fraction of wamason rainfall in

25 mountainous regions.

1 Introduction

Atmospheric aerosols produced by dramatically iaseel industrialization and urbanization exert gdampact on
the climate system and the hydrological cycle (Koet al., 2008;Ramanathan et al., 2001;Tao et2all2). Aerosols

influence the earth-atmosphere system primarily twa mechanisms: a radiative (direct) effect andniarophysical
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(indirect) effect (Rosenfeld et al., 2008he direct effect on the Earth’s energy budget oxeia scattering and absorbing
of shortwave and longwave radiation in the atmosphkence modulating the net radiation and clinfateywood and
Boucher, 2000;Ramanathan et al., 2001). The ind@#ect is related to aerosols as cloud condemsatuclei (CCN) or ice
nuclei (IN) that alter microphysical properties awhsequently affect cloud radiative properties pratipitation efficiency
(Jiang et al., 2008;Lohmann and Feichter, 2005;8ig#ins et al., 2006). In particular, an increasaerosol concentration
results in enhanced cloud droplet number conceotrfCDNC), smaller average drop size, and incréadeud albedo
(Twomey, 1977). Smaller cloud droplets are assediatith lower collection and coalescence efficieretgwer drop growth
and reduced precipitation, thus leading to londeud: lifetimes (Albrecht, 1989;Andreae and Rosehf@008;Khain et al.,
2005). Over complex terrain in California and I$ra@ivati and Rosenfeld (2004) attributed a redurtin annual
precipitation of 15-25% to air-pollution aerosalerh upwind urban areas. Such local effects carskabainto large spatial
shift in clouds and precipitation in that aerosioluel interactions (ACI) inducing suppression ofgypéation upwind could
give rise to the enhancement of precipitation doimdwthus shifting the spatial distribution of oraghic precipitation
which can strongly influence the hydrological cyatdocal scales as shown by Muhlbauer and Lohni2008).

Observations collected over complex terrain dufifglEx (Integrated Precipitation and Hydrology Expemt;
Barros et al., 2014) provide a great opportunitynieestigate ACI in an orographic context of theuBern Appalachian
Mountains (SAM). Previous research (Wilson and B8swr2014) showed that seeder-feeder interactionsig@muultilayer
clouds generally, and between locally initiatedpoopagating convective clouds and low-level boupdayer clouds in
particular, can increase the intensity of rainfallone order of magnitude in the SAM and explam ¢thserved peak mid-
day peak in rainfall. Thus, the ability to predibe evolution of cloud formation and the verticausture of droplet size
distribution (DSD) in this region is of paramountdrest.

Because of their multiscale nature and complex iphyshe representation of physical and chemicatgsses
related to clouds and precipitation in numericaldels relies on parameterizations with varying degref uncertainties
depending on space-time model resolution (Khaiiootd et al., 2005;Randall et al., 2003). For exampthe characteristic
time-scale of condensational growth of submicrae-siroplets is on the order of 1 ms, and lengtkesaaf individual drops
range fromum to cm (Pinsky and Khain, 2002), that is a scalp gdf six to nine-orders in magnitude with respgecthe
spatial resolution of cloud-resolving models (kma)though detailed 2-D and 3-D models that explcitesolve cloud
formation and microphysical evolution to varyinggdees of completeness have been developed forcapiphs in deep
convective clouds including both warm- and ice-ghpsocesses (Fan et al., 2009;Leroy et al., 20@®tively large time
steps and coarse spectral resolution of aerosalsclnud droplets are employed for computationaicigfficy, and these
processes are highly parameterized. Analysis df fégolution (~ 1 km) numerical weather predictibi/P) simulations in
the SAM for various hydrometeorological regimesngsdifferent Weather Research and Forecasting (Wptfysical
parameterizations concluded that the predictioncloid development and cloud vertical microphysistiucture are
inadequate to capture the spatial and temporalutémo of precipitation rate and precipitation naphysics at the ground
(Wilson and Barros, 2015, 2017).
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An alternative modelling approach to investigatel A€ the cloud parcel model (CPM) that simulatesosel
activation and cloud droplet growth, as well asritiedynamic adaptation of ascending air parcelgnatand ms scales
(Abdul-Razzak et al., 1998;Cooper et al., 1997#ilosnn et al., 1985;Jacobson and Turco, 1995;Kerkete@l.,
2003;Nenes et al., 2001;Pinsky and Khain, 20028nad al., 2003). A synthesis of model formulatinoluding spectral
binning strategy, principal physical processes.,(icendensational growth, collision-coalescencedragmment), and key
aspects of their numerical implementation is presgrin Table 1 for CPMs frequently referred to lire tpeer-reviewed
literature. In the past, process studies using CRivgeted principally aerosol-CDNC closure betwessdel simulations
and field observations. For example, Conant ef28l04) conducted an aerosol-cloud droplet numbesuce study against
observations from NASA'’s Cirrus Regional Study abpical Anvils and Cirrus Layers—Florida Area CarExperiment
(CRYSTAL-FACE) using the adiabatic CPM by Nenesie(2001;2002) that solves activation and condimsg@rocesses
only (see Table 1 for details). Using a condensatimefficient @.) value of 0.06, they reported that predicted CDME on
average within 15% of the observed CDNC in adiabekbud regions. Fountoukis et al. (2007) usedshme CPM as
Conant et al. under extremely polluted conditionsiry the 2004 International Consortium for Atmospb Research on
Transport and Transformation (ICARTT) experimentey found that the optimal closure of cloud dromglehcentrations
was achieved when the condensation coefficientakast 0.06. For marine stratocumulus clouds sanghleitig the second
Aerosol Characterization Experiment (ACE-2), Snidet al. (2003) applied the UWyo parcel model
(http://www.atmos.uwyo.edu/~jsnider/pargetb simulate condensation processes in adiabaterd (see Table 1) and

experimented with various condensation coefficientshe range of 0.01-0.81. They hypothesized thatlower CDNC
overestimation errors (20 to 30% for = 0.1) in their CPM simulations could be mitigateg varying the condensation
coefficient as a function of dry particle size gel of using one value for the entire distributjomst did not actually
demonstrate this was the case. The condensatidficcer@ of water is a key ACI physical parametergarcel models and
has a strong influence on activation and dropletwtjn by condensation as it expresses the probatiilitt vapour molecules
impinge on the water droplet when they strike thenater interface (McFiggans et al., 2006). Expemtal measurements
reviewed by Marek and Straub (2001) exhibit a gfronwverse relationship between pressure @ndalues ranging from
1000 hPa to 100 hPa and from 0.007 to 0.1, resmdgetitheir Fig. 4). Chodes et al. (1974) measuceddensation
coefficients in the range of 0.02—0.05 with a me&®.033 from measurements of individual dropletswn in a thermal
diffusion chamber for four different supersaturatioGanier et al. (1987) repeated Chodes et alpsrénents and found
that the average condensation coefficient is clas@r02 after correcting their supersaturatiomdations. Shaw and Lamb
(1999) conducted extensive simultaneous measursmanthe condensation coefficient and thermal acoodation
coefficients &) for individual drops in a levitation cell and @ped values for, anda; in the ranges of 0.04-0.1 and 0.1—
1 with most probable values of 0.06 and 0.7, rebpelg. Using adiabatic CPMs with laboratory bassshdensation
coefficients, the resulting errors, mostly due terestimation, are still well above 10% in aerodolsd droplet number
closure studies (McFiggans et al., 2006).
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Beyond aerosol-CDNC closure, the focus of this wtigdalso on the spatial evolution the droplet $peas a
function of height that determines the vertical mogtructure of clouds against airborne observatibos this purpose, a new
spectral CPM was developed aiming to replicate pedeently aircraft microphysical observations dgriRHEX, which
solves explicitly the cloud microphysics of condaien, collision-coalescence, and lateral entraimmprocesses.
Numerical experiments were conducted with the dbjeof elucidating the quantitative impact on adiermation at early
developments of key ACI modelling parameters (ecgndensation coefficient, entrainment strengtk)well as initial
conditions (e.g. aerosol properties, thermodynagpiaditions in the atmosphere). Surface aerosol meagents sampled
during IPHEX and sounding profiles from WRF simidas were used to initialize the parcel model. Rited cloud droplet
spectra and vertical profiles of thermodynamic ables are evaluated against airborne measurementa tumulus
congestus case-study to elucidate determinantriagtahe microphysical evolution of clouds, atlgatages in particular.
Model sensitivity experiments were conducted tovjate insight into possible ranges of major ACI mitidg parameters in
the SAM, which were not available before or duriRHEXx. Multi-parcel simulations were performed teamine the
realistic evolution and vertical development of elus clouds, which are formed by multiple air pdsaésing in succession
(Roesner et al., 1990).

The manuscript is organized as follows. The mathiealaformulation of the cloud parcel model is fige
described in Sect. 2. Section 3 presents the IPhiEasurements relevant for the modelling study. éct.S4, model
sensitivity tests against in situ observations emaducted focusing on exploring physically-meanihgfanges of key
parameters of ACI and identifying major contribstéo cloud formation over the complex terrain & $AM. Results from
multi-parcel simulations highlight the importancé apupled thermodynamics-microphysics to reprodtive realistic
formation of cumulus clouds. Finally, a discussafrthe main findings and a brief outlook of ongomugd future research

are presented in Sect. 5.

2 Model description

To investigate the evolution of cloud droplet spaatriginating from aerosol distributions of uniferchemical
composition, a new cloud parcel model (hereaftePDICor Duke CPM for specificity) was developed tplitly solve
key cloud microphysical processes (see the lastabbWable 1 for details). The model synthesizesl-esfablished theory
and physical parameterizations in the literatunepdrticular, condensation and lateral homogeneatrsinment follow the
basic formulations of Pruppacher and Klett (19979 8einfeld and Pandis (2006) albeit modified womorate the single
parameter representation of aerosol hygroscopi@igtters and Kreidenweis, 2007). The representaiomrollision-
coalescence processes takes into account theioariit collision efficiencies with height (Pinsky al., 2001), and the
effects of turbulence on drop collision efficienay per Pinsky et al. (2008). The model discretiresdroplet spectra on a
finite number of binsr{bin) using a discrete geometric volume-size distrdmtispanning a large size range with fewer bins

and very fine discretization in the small droplétes to improve computational efficiency (Kumar aRdmkrishna,
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1996;Prat and Barros, 2007). The characteristiglsiparticle volumes in adjacent bins are expressedi = Via Vi, Where
Viat IS @ constant volume ratio (Jacobson, 2005). Woeidensation and coalescence are solved simultslyeavtraditional
stationary (time-invariant) grid structure oftertroduces artificial broadening of the droplet spett by reassigning
droplets to fixed bins through interpolation, tligthumerical diffusion (Cooper et al., 1997;Pinslyd Khain, 2002). To
eliminate numerical diffusion artefacts, a movinglgtructure is implemented so that an initiaksilistribution based on a
fixed grid discretization can change with time adbog to the condensational growth. This approdidtwa particles in each
bin to grow by condensation to their exact trartsimes without partitioning between adjacent dires. Subsequently,
collision and coalescence are resolved on the nyovins that evolve from condensation. The DCPM jatschumber and
volume concentrations of cloud droplets and inigistaerosols, liquid water content (LWC), effeei drop radius,
reflectivity and other moments of DSD. It also #scthermodynamic conditions (e.g., supersaturattemperature,
pressure) of the rising air parcel. The flowcharfig. 2 graphically describes the key elementslarkéges in the parcel
model, including microphysical processes, and niguts and outputs. A detailed description of therfulation of key
processes in presented next. A glossary of syméwlwell as additional formulae are summarized ipésalix A. The
performance of the DCPM was first evaluated by carimy its dependence on different parameters \uigthrésults from the
numerical simulations reported by Ghan et al. (3@klshown in Sect. S1 (see the supplementary iadater

2.1 Condensation growth with entrainment

The time variation of the parcel's temperaturedan be written as
dT gV L dw,

—_———
dt ¢ cp dt

Tl Sy —w) + =TV 1)
P Cp

where the first two terms on the right-hand sideesent adiabatically cooling of a rising parcel #me third term describes
the modulation by entraining ambient dry air. Tleetical profiles of ambient temperatuf®)(and water vapour mixing ratio
(w/) can be interpolated from input sounding data fedmospheric model simulations or radiosonde olagiens.

The change of the water vapour mixing ratg)(in the parcel over time is described by

dw, dw
d: = _d_tL —ulw, —wy), + w )V (2
The change of the parcel’s velociW) (s given by
dv g (T-T Eo,
a—m(T‘WL>‘mV ®

wherey = 0.5 to include the effect of induced mass acctterantroduced by Turner (1963).
Due to significant uncertainties and complexitiésentrainment and turbulent mixing (Khain et alQ0R), only lateral
entrainment that mixes in ambient air instantankoasd is homogeneous in the parcel is considaretie DCPM. Based

on observations from McCarthy (1974), the entraintmate ) is represented by an empirical relationship tresicribes the
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influx of air and ambient particles into the paraslvarying inversely with cloud radius. To deseribe lateral entrainment,
the bubble model (Scorer and Ludlam, 1953) angetheodel (Morton, 1957) are both incorporatechia parcel model.
For the bubble model, the change of the radiustbéemal bubbleRg) over time is given as

whereus = Cg/Rs andCg ~ 0.6 (McCarthy, 1974).
For the jet model, the time variation of the radifis jet plumeR;) is expressed by
dinR;, 1 dinp, dlnV
dt]=§(“’ _d—tp_ dt) ®)

whereu; = C;3/R; andC; = 0.2 (Squires and Turner, 1962).
The condensational growth rate of droplets inithiein ( = 1, 2,..., nbin is represented as

i _G (5=5.4) (6)

dt a

where droplet growth via condensation is driventhiy difference between the ambient supersaturé8pand the droplet
equilibrium supersaturatiorS{, see Eq. A4 in Appendix A). The growth coeffici€@) depends on the physicochemical
properties of aerosols (see Eq. Al in Appendix A).

Assuming < 1, then (1+S¥1, and the time variation of the supersaturatiothéparcel can be expressed as

das dwy, LM,, M,

S _ L _w N JA _ r 7

G =V v (Gt )+ [ = 1) = Gy = )| @)

wherea andy depend on temperature and pressure (see Eq. ABGmdAppendix A).

During the parcel’'s ascent, entrainment mixes ¢auid droplets and interstitial aerosols inside plaecel and brings in dry
air and aerosol particles from the environmentrd&ned aerosols are exposed to supersaturatedtiomsdin the parcel.
Some of them become activated and continuously gntavcloud droplets. The rate of change in droplgmnber in theé®

bin (=1, 2,..., nbin due to entrainment is

(le
dt
where the number concentration of ambient aeroadigbes at a certain altitudinal levBl(z) is calculated based on the

) = - ) ®)

assumption that the initial aerosol distributiontteg surfaceN(0) decays exponentially with heightt(z)=N(0)exp(-z/H),
wherez is the height above ground level (AGL) ardlis the scale height, depending on aerosol typeg&l{&novsky and de
Leeuw, 2009).

The rate of change in liquid water mixing ratw ) in the parcel is calculated as follows

nbin

dw, 4mp, , dn; 5 dN;
dt 3pq Z (3Nm ac t dt) ®)
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2.2 Collision-coalescence growth

To describe droplet growth by collision-coalescepeecess, the stochastic collection equation (SBE) solves for the
time rate of change in the number concentratiowrigen following Hu and Srivastava (1995)
ON(w) 1

5t EvaN(v — v, ) N, t)C(v —v',v)dv' — N(v,t) fomN(v’, t)C(v,v")dv' (10)

where the first integral on the right-hand sideéhef equation describes the production of droplet®mev resulting from
coalescence of smaller drops, and the second aitagcounts for the removal of droplets of volumaue to coalescence
with other droplets. The continuous SCE is diszegtiand numerically solved by a linear flux mettasdoutlined by Bott
(1998). This method is mass conservative, introslungimal numerical diffusion, and is highly comptivnally efficient
(Kerkweg et al., 2003;Pinsky and Khain, 2002). Ased before, the collision-coalescence procesal@iated on a moving
grid with bins modified by condensational growtreath time step.
For two colliding drops of volume of andV’, the coalescence kern@(v, V)in Eqg. (10) is computed as the product of the
gravitational collision kernek(v, v) and the coalescence efficier€yal(v, V),
C(v,v") =KW, v)Ec0a(v,v") (11)

K@w,v') = (9n/16)Y/3(v'/3 + v’1/3)2|V —V'|Egou(w,v") (12)
whereV (V) is the terminal velocity of drop volume(V) andEcq (v, V) is the corresponding collision efficiency.

The terminal velocity of cloud drops is estimatetiowing Beard (1976) in three ranges of the pataiameter
(0.5um-19um, 19um-1.07 mm, 1.07 mm—7 mm). Another approximatiorBegt (1950) is also available as an option in
the model. The table of drop-drop collision effiuiées at 3:m resolution developed by Pinsky at al. (2001)sisduforEcon.
This table was created based on simulations ofddydramic droplet interactions over a broad rangeroplet radii (1-300
um), including collisions among small cloud droplets well as between small cloud droplets and smzatidrops.
Moreover,Ecoi was derived at three pressure levels of 1,00®;,7nd 500-mb and can be interpolated at each téee
rising cloud parcel, thus taking the increasd&gjf with height into account. Turbulence can signifita enhance collision
rates especially for small droplets (below @@ in radii) as it increases swept volumes and sioli efficiencies, and
influences the collision kernels and droplet clustg (Khain and Pinsky, 1997;Pinsky et al., 1998sRy et al., 2000).
Considering different turbulent intensities for igd stratiform, cumulus, and cumulonimbus cloudstailed tables of
collision kernels and efficiencies in turbulentviocreated by Pinsky et al. (2008) for cloud drtgplgith radii below 23um,
are also incorporated in the mod&lea is parameterized following Seifert et al. (2008ho applied Beard and Ochs (1995)
for small raindrops (€l< 300 um), Low and List (1982) for large raindrgds> 600 um), and used an interpolation formula
for intermediate drops (300 um < d 600 um) wheredls the diameter of the small droplet. A simpled daster option
suggested by Beard and Ochs (1984) is also availatthe model.
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2.3 Numerical formulation

The equations in Sect. 2.1 constitute a stiff systé non-linear, first-order ordinary differentiajuations and
involve state variables at very different scales: the numerical integration of condensation growettifth-order Runge-
Kutta scheme with Cash-Karp parameters (Cash amng, K890) using adaptive time steps (Press e2@07) is employed.
At each time step, the error is estimated usingdheth-order and the fifth-order Runge-Kutta methoBecause dependent
variables differ by several orders of magnitudé&aational error £) is defined to scale the error estimate by themtade
of each variable. Specifically, the step size iamively selected to satisfy a fractional tolerant&0” for all variables. The
initial time step to calculate condensational gtovg 5x10* s. The maximum time step is set as®1to ensure the
diffusional growth of drops is precisely simulateshd non-activated particles reach equilibrium witke parcel
supersaturation at each time step. For the cailismalescence processes in Sect. 2.2, a simple BEelhod is applied to
integrate forward in time, and a time incremen0&f s is used to reduce computation costs. Relyingeparate numerical
integration methods for calculating condensatiod aollision-coalescence allows us to either includteexclude each

process easily to examine its role individuallyioud formation.

3 IPHEX observations

The intense observing period (IOP) of the IPHEXdfieampaign took place during 01 May-15 June, 20h&
study region was centred on the SAM extending &ornbarby Piedmont and Coastal Plain regions oftNG#rolina (see
maps in Fig. 1). IPHEx was one of the ground vdiie campaigns after the launch of NASA’s Globakdéipitation
Mission (GPM) core satellite, and details abous tampaign can be found in the science plan (Batras 2014). During
the IPHEx I0OP, measurements of aerosol concentratiad size distributions ranging from 0.01 toub®were collected at
the ground level. Collocated with aerosol instrutegtthe ACHIEVE (Aerosol-Cloud-Humidity InteractidBxploring &
Validating Enterprise) platform was also deployeduipped with W-band (94 GHz) and X-band (10.4 GHzmars, a
ceilometer, and a microwave radiometer. Two aitcvadre dedicated to the IPHEx campaign. The NASAZE&arried
multi-frequency radars (e.g., a dual-frequency Ka-/ W-, X-band) and radiometers, and functionedtes GPM core-
satellite sampling simulator from high altitude.eTtniversity of North Dakota (UND) Citation airctafas instrumented to
characterize the microphysics and dynamical prggexf clouds, including LWC and DSDs from cloudré&nfall drop
sizes. Therefore, this data set offers a great mppity to perform modelling studies of warm seastoud formation in

complex terrain. A detailed description of the sfieeneasurements relevant to this study is prodgidelow.

3.1 Surface measurements

Aerosol observations were collected at the Maggaley (MV) supersite (marked as the yellow starFig. 1b;
elevation: 925 m MSL) in the inner mountain regtuming the IPHEX IOP. This data set provides arabdearacterization of

the size distribution and hygroscopicity of surfaegosols in this inner mountain valley, which wwas available previously.
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Nominal dry aerosol size distributions at the stefavere measured by a scanning mobility particlentar system (SMPS)
for particles from 0.01 to 0.pm in diameter, and a passive cavity aerosol speetter (PCASP) for particle diameters in
the size range of 0.1-10m. The SMPS consists of an electrostatic class{fi&l Inc. 3081) and a condensation particle
counter (CPC, TSI 3771). Note that the relative kityn (RH) of the differential mobility analyser (@A) column is well
controlled and the average RH (+ one standard temjaof the sheath and sample flows are 2.0+0.8%b 2.2+0.5%,
respectively. In addition, a co-located ambient GPSI 3772), which measures aerosol particles grehan 10 nm without
resolving their size distributions, shows very el@greement with the SMPS measurements with regatdtal number
concentrations of aerosol particlesc{\ Size-resolved CCN concentrationscgN) were sampled by a single column CCN
counter (Droplet Measurement Technologies) that eyesated in parallel to the SMPS-CPC. The CCNunsént cycles
through 6 levels of supersaturation (S) in the eanfj0.09-0.51%. At a given S level, each CCN mesmsant cycle took
approximately 8 mins, corresponding to one SMP®rsaad buffer time to adjust supersaturation. Onrage 178
measurement cycles were collected daily during IFteEx IOP, except for occasional interruptions daeinstrument
maintenance. CN and CCN distributions were invededdescribed previously (Nguyen et al., 2014;Petted Petters,
2016). Supersaturation was calibrated using driathanium sulfate and a water activity model (Chrisen and Petters,
2012;Petters and Petters, 2016). The midpoint @it diameter (B) is derived from the inverted CN and CCN
distributions (Petters et al., 2009). The hygrogtibp parameter K) is obtained from B and instrument supersaturation
(Petters and Kreidenweis, 2007). In addition, dooated Vaisala weather station (WXT520) was camirsly recording
local meteorological conditions (e.g., wind spewdhd direction, relative humidity, temperature, apcessure) at 1-s
interval. Diurnal cycles of these local meteorot@givariables during the IPHEx IOP are displayeéion S7. The average
meteorological conditions at the sampling site @&+t0.6 m § in wind speed, 172+115° in wind direction, 77+18%
relative humidity, 19+4 °C in ambient temperatuadgtimetic mean + one standard deviation).

Figure 3 presents a general overview of the tempadability in aerosol size distributions and abnhumber
concentrations from the SMPS and PCASP, respegtiading the entire sampling period. To avoid egisdntrusion of
long-range transport or local pollution, aerosobswwements with §,sues> 10,000 cn¥ were removed from the analysis
in order to isolate inherent properties of aergsauticles in the pristine forest environment of 8®&M. The average total
number concentration (+ one standard deviationdmyf aerosol particles with diameters between 0®10.6 um is
2,487+1,239 cm, as sampled by the SMPS during the campaign (g=e Fa and b). Strong local fluctuations in number
concentrations, in particular around midnight, dwe to the presence of Aitken mode particles asabed in Fig. 3a. These
sharp increases in small particles are likely poediuby the power engine in the Maggie Valley SayiBistrict adjacent to
the sampling site. The average total number coraon (+ one standard deviation) of dry aerosetiples in accumulation
and coarse modes (0.1-it in diameter) is 1,106+427 chas sampled by the PCASP during the campaign (gme ¥c
and d). As expected, large particles from the PCAB&v a much lower temporal variability in numbencentrations as
compared to small particles from the SMPS. Simjlatheir diurnal cycles (see Figs. S8a and b) ekhéatively large
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temporal variations in &k,smeswhile Nen,pcaspremain relatively stable throughout the day. Rdirdacurrences result in
steep decreases in aerosol number concentrat®sspavn in Figs. 3b and d.

As discussed before, and Necn were derived at six different supersaturation levin this study, we only show
measurements collected at relatively high superstms (0.19-0.51%) as poor fits tgolare often resulted due to low
number concentration at S = 0.09% and 0.12% arslntbikappa value was reported. Figure 4 showsbththtc and Necn
exhibit large temporal variabilities during the qaaign. In Fig. 4a, the average valuexoft one standard deviation) is
0.2840.09 at S = 0.19%, 0.22+0.08 at S = 0.38%38M17 at S = 0.51%. In spite of local fluctuatidnsk at each
supersaturation level, largervalues are generally obtained at lower supersataréig. 4a). A higher value of is derived
from a larger [ due to the fact that only large particles can bévated at a low supersaturation. Therefore, adros
particles of different sizes are characterized ifferent hygroscopic properties. This is consisteith the finding from an
earlier study in the Amazon rainforest showing thetumulation mode particles are more hygroscdmo tAiken mode
particles (Gunthe et al., 2009). Note that the ayex values at each supersaturation level are compataldubsaturated
(0.14-0.46) measured in the southeastern Uniteg@sS{alguyen et al., 2014) and the approximate ¢labarage € ~ 0.3)
for continental aerosols (Andreae and Rosenfel@8R0At this surface site, the averagecN(+ one standard deviation) is
569+208 crf at S = 0.19%, 1,022+387 chat S = 0.38%, 1,210+505 chat S = 0.51% (see Fig. 4b). The diurnal cycles in
Fig. S8d indicate that &n at S = 0.19% is remarkably stable whilecN at higher supersaturations (0.38% and 0.51%)
exhibit pronounced variations throughout the digly linked to the changes in small particle cantcations (see Fig. S8a).

In general, no evident diurnal cyclesdand Necn are noted from the observations in Figs. S8c and d

3.2 Aircraft measurements

Airborne observations from the UND Citation, equedpvith meteorological (e.g., temperature, presswmidity)
sensors and microphysical instruments, are usetdisnstudy (Poellot, 2015). Vertical velocity wabktained from a gust
probe and bulk LWC values were retrieved from tvat-Wire probes (a King-type probe and a Nevzoroabp). Size-
resolved concentrations were measured from thréeabgprobes, covering droplet diameter from 5@ to 3 cm: a PMS
two-dimensional cloud probe (2D-C), a SPEC two-digienal stereo probe (2D-S), and a SPEC high volpreeipitation
spectrometer 3 probe (HVPS-3). The cloud dropleber(CDP) measures cloud drop concentrations aeddéstributions
for small particles with diameters from 2 to ffh in 30 bin sizes. The droplet sizes are determimgdneasuring the
forward scattering intensity when droplets tratis& sample area of the CDP. Coincidence errors haga found to cause
measurement artefacts, which tend to underestidrajglet concentrations and broaden droplet spethis. type of error
occurs when two or more droplets pass through tb® Gser beam simultaneously, and is highly depende droplet
concentrations (Lance et al., 2010).

Bulk LWC measurements from hot-wire probes can eseas independent observations to identify and cbrre
coincidence-related sizing errors in the CDP. Baneple, during the flight on 12 June 2014, bulk LW&ues from the
King and Nevzorov probes are used to evaluate te-Gerived LWC integrated from its droplet sizetilmtion (see Eq.
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A7 in Appendix A). In this study, bulk LWC data Witir temperature greater than 0 °C are consideredder to eliminate
erroneous attribution of ice- or mix-phase partide liquid water by hot-wire probes. In Fig. 5& ean notice that CDP
LWC produces a positive bias compared to LWC fréwa two hot-wire probes, whereas the King and Nemz@robes
demonstrate general agreement with each otherCTHie instrument aboard the UND Citation was modifigdadding an
optical mask, which has been proven to resolveutiderestimation of droplet concentrations (Del&@4,6;Lance, 2012).
Herein, we assume that the bias in CDP LWC is ahbgethe oversizing error rather than the undertingrerror. Thus, we
applied a correction to the CDP size distributiassintroduced by Painemal and Zuidema (2011). filais can be removed
based on the linear correlation revealed by thepesison between the King- and CDP-LWC using datecied during the
first horizontal leg of the 12 June flight (see.Fstp). In the correction procedure, King LWC dagéween 0.05 and 0.6 gm
3 are taken into account. Thus, a linear regressitmcoefficient of determination = 0.80 is fitted between the CDP- and
King-LWC and the derived slope (= 1.26 as denotedrig. 5b) is used to adjust CDP droplet size ithistions. The
modified droplet size in each bin is calculateddividing the original size by 1.28 (~ 1.08) to attain consistent LWC
between the CDP and the King probe. The correateplet size distributions slightly shift the measdispectra to smaller
drop sizes (not shown here), thus providing comiggein the performance of the CDP probe during-dmapaign.

3.3 Cumulus congestus case-study

On 12 June 2014, cumulus congestus clouds werevausby the W-band radar (see Fig. 6) at MV, aray tivere
also sampled by a coordinated aircraft missionoti bhe UND Citation and NASR ER-2 flying near ¥ site. The flight
period of the UND Citation on 12 June is from 121415:51 local time (LT). Cloud droplet concenivas and size
distributions were sampled by conducting succegsitigher constant-altitude flight transects thrbugouds. Droplet
spectra were sampled at 1-Hz resolution (correspgntb approximately 90 m in flight distance) byettCDP and
coincidence errors were taken into account by apglyhe correction as described in Sect. 3.2. Itiqdar, the lowest
horizontal leg (see the flight track in Fig. 7&jtatle around 2,770-2,800 m MSL) through the cluihvestigated to avoid
the influence of substantial mixing in the uppertjpm of the cloud, which is not treated in the DNCRurrently. In rising
updrafts, in-cloud samples (white plus signs in. Fig) are defined with a minimum LWC of 0.25 ¢ fnom the CDP. To
further eliminate regions influenced by mixing asttier unresolved mechanisms, cloud segments torpethe modelling
study are carefully selected by screening the chinoghlet spectra observed by the CDP. Followintede 2 and 3 listed in
Conant et al. (2004), measurements with effectiaplét diameter greater than 2uh and geometric standard deviation
less than 1.5 are used in the analysis. Durinditstecloud transect, only one in-cloud region (Kcled in Fig. 7a) satisfies
Conant et al.’s requirements with 11 cloudy samplatected over approximately 1 km flight distar(pdus signs in Fig.
7b). Significant topographic heterogeneity (seeatartransect in Fig. 7b) can exert a considerafieience on cloud
formation across this region. As shown in Figsaid d, a pronounced variability in drop numberribistions is manifest in
the in-cloud samples clustered by low (0-1Hand high (1-2 m'Y updrafts. As expected, the droplet spectra iongfer
updrafts at the core (see Fig. 7d) have higher murobncentrations and narrower size range comgartee samples at the
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edge of the cloud (see Fig. 7c). Observed variationvertical velocities and droplet number concaians in complex
terrain are indicative of challenges in the appitwaof parcel models as homogeneity is assumeddarsol concentrations
below cloud base and within the microstructurehefair parcel.
Moreover, droplet spectra measured within updrarfe of two other cloudy regions in the inner SANgthighted
5 in dashed light blue boxes in Fig. 7a) as well@sate shown in the top panel of Fig. 8. Fig. 8¢pldigs the background
aerosol concentrations measured by the CPC (lowteof€ diameter 10 nm) aboard the UND Citation @dhe complex
terrain of the SAM (elevation along the flight temat is indicated by the black line) during thstfinorizontal leg (see flight
track in Fig. 7a). From east to west (flight difentas indicated by the blue arrow), it is notideathat the three cloud
regions (shaded in Fig. 8d) are linked to considlerdrops in the aerosol concentrations. In pdergwelouds form over the
10 foothills of the eastern ridges (ER, see locationFig. 7a) in the inner region are associated With-level moisture
convergence from the east (Wilson and Barros, 200 cloud core sampled in this convergence zeferined in intense
updrafts (~ 8 m*§ see Fig. 8c) and it exhibits wide droplet speutith heavier tails (larger drops) than the obstova in
the IC core (updrafts ~ 1-2 rt,ssee Fig. 8b). The in-cloud samples over highaterelevations near the Eastern Cherokee
Reservation (ECR, see location in Fig. 7a) alsdleixbroad spectra but smaller number concentratguggesting strong
15 mixing with its environments, likely related to mikdy ridge-valley circulations (Wilson and Barr@17). As noted in Fig.
8d, significant increases (~ 1,000 &nin aerosol number concentrations are evident wheraircraft flew from the French
Board (FB) valley into the inner SAM region thatlmdes the Pisgah National Forest and the Greatk@$rivtountains
National Park (Figs. 1b and 7a). Generally, there close agreement between salient topographigrésaand variations in
aerosol number concentrations. As size distribstiare not resolved in the CPC measurements, wet testhe surface
20 sampling of aerosol concentrations at MV (indicatgdhe dashed vertical line in Fig. 8d and mar&edhe black asterisk in
Fig. 7a) as the input for modelling study at IC. dé@cate vertical velocities measured in IC regioig.(Fb) and analysis of
the radar profiles at MV (Fig. 6) suggest that ¢zely development phase of the cumulus congestsesreéd in the inner
SAM was sampled by the aircraft on June 12 duriidEx.

4 Modelling experiments
25 4.1 Model initialization and reference simulation

Dry aerosol concentrations measured by the SMPSR®ASP at MV were averaged over the first 10 mins
(averaging interval: 12:14 LT-12:24 LT) of the 1né flight, and then merged into a single sizerihigtion as shown in
Fig. 9. The combined aerosol distribution at thdame is fitted by the superimposition of four lagmal functions using
least-squares minimization. Table 2 summarizesrpaters (total number concentration, geometric naiameter, and
30 geometric standard deviation) that characterize fthe lognormal distributions. We can notice tharasol number
concentrations below 0.08n are greatly underestimated by the fitted cumugadiistribution (cyan curve in Fig. 9). These

particles in such small sizes mostly remain nomvat#d under the supersaturated condition typi€dhe atmosphere, thus,
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underestimation of their concentrations does rguticantly affect our modelling results of cloudriation. At the cloud
base of IC, aerosol size distributions are estichdtg assuming that total number concentrationshatsurface decay
exponentially with a scale height §Hof 1,000 m, and geometric mean diameters ancesponding geometric standard
deviations remain constant with height. The dryaef distribution at cloud base is calculated assiim of four lognormal
distributions with fitted parameters indicated le tast three columns of Table 2 and is taken iéialimput to the model.
The aerosol distribution is discretized into 1,00i@s, covering the size range of 0.01-1®. The bins are spaced
geometrically with a volume ratio of 1.026. The lgrid at such a high resolution is sufficient tegsely simulate the
partitioning of growing droplets and interstitiarasols in the parcel. It is also assumed that#tesol is internally mixed
so that the hygroscopicity does not vary with géetsize. Thus, we prescribecaalue of 0.14 for each aerosol bin, deriving
from the average during the first 10 mins of the 12 June flight.

During the IPHEXx IOP, daytime radiosondes were ¢hed every 3-hour at Asheville, NC (see the redist&ig.
1b). Not only is this location very far away frohmettargeted cloudy region (IC), but the timing leé sounding (11 LT) is
also much earlier than the flight take-off on 12&@®2014. At 11 LT, the sounding at Asheville shawselatively dry
atmosphere especially at low levels (not shown)hénethis study, we resort to high-resolution WRiBdel simulations to
provide vertical profiles of air temperature, RHhdapressure as sounding input to the parcel mddefailed domain
configuration of the WRF simulation (see Fig. 18ah be found in Sect. S2. WRF-simulated soundidgneos from the
grid cells (0.25-km resolution) in the IC regiongfhlighted in Fig. 7a) are averaged to estimatdicedrprofiles of ambient
temperature and RH for the case-study as showriginl®b. The cloud base height (CBH) is chosenhaslé¢vel where
simulated RH is approximately 100%. As marked kegyhibrizontal black line in Fig. 10b, CBH = 1,270AGL at 12:15 LT
when the parcel is released from cloud base. Tinpdeature excess of the air parcel over the enwiet is initialized as
1.0 K, and the initial pressure and RH of the plaateloud base adapt to cloud surroundings. Atioavelocities were not
sampled at cloud base, the initial updraft velogky) is assumed to be uniformly distributed and edoab.5 m &,
consistent with vertical velocities observed by WWeband radar (see Fig. 6b) around the same adtif@®b km MSL).
Therefore, the air parcel is launched at cloud hetie an initial parcel radius (R) of 500 m, anti@i updraft of 0.5 m-§
and initial aerosol particles that are in equililoni with the humid air at cloud base. When the pagscesing, the lateral
entrainment is treated as the bubble model paraix&tion with the characteristic length scale R0O9 Bn (see Eq. 4 in Sect.
2.1). Ambient aerosol particles penetrate throwghrél parcel boundaries and their number condénismaalso decrease
exponentially with height (5l= 1,000 m). The turbulent kinetic energy dissipatiate is chosen as 200 %) typical of
cumulus clouds at early stages. The parcel readdbad top when vertical velocity is near zero. &lthat despite specified
as stated above for the reference simulation, tetsito parcel radius R and scale heightwd$ also be explored in Sect.
4.2.
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4.2 Parameter sensitivity analysis

In this section, sensitivity tests are conductegrabe the range of unavailable measurements fm ¢i§in-cloud
observations from the aircraft and assess the abladividual state variables and processes onntiophysics of the
cumulus congestus case-study on 12 June during APBElected parameters are perturbed one at awihile other

assumptions and input parameters remain as spktifigect. 4.1.

4.2.1 Condensation coefficient

Condensation plays a dominant role in the earlgestaf cloud formation and one key factor in thisgess is the
condensation coefficientaf) that governs activation and condensational growtHaboratory study by Chuang (2003)
reporteda.values ranging from %10°-1, and experimental values from field campaignd fiom chamber studies of
individual droplet growth also differ over a widenge (0.007-0.1) as reviewed in Sect. 1. To determn optimal value of
the condensation coefficient that achieves a ciggeement with the IPHEX airborne observatiansyas made to vary in
the range [0.001-1.0] on the basis of Fountouki ldanes (2005). For the targeted in-cloud regi®),(Fig. 11 shows
simulated profiles of updraft velocity, supersatirg, total CDNC, LWC, and their sensitivity to eeteda, values in
comparison with the airborne observations (diffesymbols indicate the ranges of measured updeddities triangles: 0—
0.5 m ¢, squares: 0.5-1.0 m‘spentagrams: 1-1.5 mtshexagrams: 1.5-2.0 m‘)s Measurements from the IC region
along the lowest cloud transect (highlighted in bhee circle in Fig. 7a) are used to evaluate meeeformance, since no
observations are available in the upper unmixeddycareas to assess the entire vertical profilesilsited by the CPM.
Only simulations with reasonable agreement withdheervations are presented, thus results ayitihom 0.06 to 1.0 are
not shown here. Particles aboveuth in diameter are considered cloud droplets andiraskeded in the integration to
calculate LWC. Note that ground elevations under Ith region vary from 928 m to 1,184 m MSL (see. i), and the
region is on a small hill in the middle of the eslland surrounded by much higher ridges (terranation ~ 1,500 m MSL).
Hereafter, aircraft measurements are expressedasd\facilitate their comparisons with the modesults.

Simulated updraft velocities at the observatiorelsFig. 11a) are consistent with the generaldirehairborne
measurements, which decrease with height. It isuam thatz, has a significant impact on the simulated superation
profiles (Fig. 11b). Low values @f, strongly inhibit the phase transfer of water vapowlecules onto aerosol particles,
slowing the depletion of water vapour availablethe parcel, and thus substantially increasing marinsupersaturation
(Snay. Consequently, smaller aerosol particles witthhégncentrations are activated due to a higherf8rther up from the
cloud base, resulting in a direct increase in clduaplet numbers (Fig. 11c). Overall, the resuls im agreement with
earlier studies (Nenes et al.,, 2002;Simmel et 2005) that investigated the dependence of cloudleronumber
concentrations on the condensation coefficient. édwer, Fig. 11c shows that the simulation with= 0.01 (green line)
captures well the observed drop concentrationsdmtvit,500 m and 1,600 m AGL (highlighted in yellsiwade), whereas a

condensation coefficient that is one order of magla lower (blue line) yields better results foe thbservations above
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1,600 m. As summarized in Table 3, the average CBN@ilated for the region between 1,500 m and 1/60OGL along
the hillslope (shaded in Fig. 7b, reference sulerewithin IC) fora, = 0.01 attains an average CDNC of 3543cwmhich is
only ~1.3% higher than the observed average betdg#® m and 1,600 m (349.4 €nThe corresponding LWC is also in
reasonable agreement with the range of observe@y4Fig. 11d). The closure error for the uppestelubetween 1,600 m
and 1,750 m using a much lower condensation caefific(0.002) is ~ 7% (blue line). The simulated emspturations
indicate strong sensitivity t@., however, all underestimate the measured valugsfisantly, which is attributed to the
sounding input obtained the WRF simulation thategpp to be drier and warmer than the local atmagpbenditions. This
issue will be discussed again below and in Appelixto assess the impact of adjusting the soundimgloud growth.
Inspection of Fig. 11c suggests that within IC ¢éhare two clusters of air parcels at different Iexabove ground associated
with different condensation coefficients. Interegty, the higher cluster (above lower elevatiorg. Hib) is better matched
by a lower condensation coefficient, whereas adtiglondensation coefficient leads to better clogutbe reference region
that includes the updraft core near the hilltop.

The sensitivity of predicted spectra at 1,500 ms@fid lines, Fig. 12a) ta, varying from 0.002 to 0.06 is very
high. The observed spectrum (black dotted linghésaverage from five individual CDP measuremedtgtéd lines with
circle markers in Figs. 7c and d, also highlightedhe yellow shaded area in Fig. 7b) between 1/508nd 1,600 m AGL
(see Fig. 11d for their LWC in shade). Generalpectra simulated with lower values mf are broader with higher numbers
of small droplets, while simulations with large we$ ofa. yield narrower spectra shifted to larger droplees. The
differences in drop size range and spectra shapebeaexplained by inspecting the vertical profilefsthe parcel
supersaturation andegfor six illustrative aerosol particle diameterald depicted in Fig. S9. Growth by water vapour
condensing on different sizes of cloud dropletdatermined by the difference between S ag@ES). 6 in Sect. 2.1). At low
S, small particles become interstitial aerosolsg adheir corresponding $ remains in equilibrium with the parcel
supersaturation (S - 0). At high S, as a result of loay, activation of small aerosols contributes to digant spectra
broadening, produces larger CDNC, and shifts thepldt size distribution toward smaller diameterse do slower
condensational growth. This is consistent with Véarf1969a) who found that low condensation coefits (< 0.05) were
required to capture the observed dispersion ofldtgpectra in natural clouds, especially for sreeés (i.e. left-hand side
of the spectra). Figure 12b displays the simuldieglet number distributions at different levels & = 0.01 in comparison
with the individual droplet spectra measured by ®@P. The spectrum at 1,559 m AGL (black dotted)liand its CDNC
(357 cnt®) and LWC (0.37 g m) are closely replicated by the DCPM, and the sitmd spectra are representative of the
evolution of cloud droplet distributions in one palrat different cloud development stages. Simdlapectra at 1,500 m and
1,600 m altitude show very good agreement withatbgerved number concentration and drop size radgjew 1,600 m, a
shift of the unimodal spectra to larger drop sigeggests that the condensation process currenthyndtes the growth of
cloud droplets. Larger drops above 1,700 m coulgroeduced by coalescence growth, leading to thedton of a second

mode at larger sizes in the upper portion of tlweid! For the analyses presented hereafter, wedsmsi= 0.01 together
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with other initial conditions as prescribed in Sekfl, as the reference simulation (denoted bygtkg line in the following
figures).

Further examination using data from other cloud pretipitation probes suggests that concentratidrdroplets
larger than 3@um in diameter are negligible during the first horital leg. Considering that droplets with diametarger
than 30-32um are required to trigger effective droplet cotliss (Pinsky and Khain, 2002), we conclude thatctiigsion-
coalescence process is not important in the sam@eagion, and it is unlikely that it contributés the wide bimodal
spectra observed at early stages of cloud growtis. noteworthy that small drops are absent indineulated spectra, in
contrast to the observed spectrum that exhibitooaddrop size range and two distinct modes (sgelzb). One possible
explanation is that the moving bin grid determitgcthe condensation process tends to widen thdrapgap between the
growing droplets and non-activated aerosol pasiatethe ascending parcel. Thus, a geometric saekdition with 1,000
bins is utilized herein to further refine the ditixation for small particle sizes. Another explioma relates to the
uncertainties of the input sounding extracted fribl WRF simulation. Even though ambient aerosods camtinuously
entrained through lateral boundaries, most of themain as interstitial aerosol particles becausddiv supersaturation in
the parcel is insufficient to enable activatione($eg. 11b). The WRF sounding in Fig. 10b exhibitepse rate of -4.1 °C
km from 1,270 m (CBH) to 2,200 m, corresponding &bt atmospheric conditions unfavourable for cldadelopment.
Additional model simulations were performed by iitg lapse rates and humidity profiles at lowerelev(see Appendix
B1). The results point out that uncertainties af #ssumed environmental thermodynamic conditiorgs, (emperature,
humidity) impose significant constraints in reprothg wider bimodal spectra present in natural céputius posing as a

significant challenge in cloud modelling study.
4.2.2 Entrainment strength

To access the influence of entrainment on cloudp dtoncentrations and LWC, different strengths aérk
entrainment are examined by altering the initiaud parcel size R at the cloud base. Figure 13ajisghe vertical profiles
of total CDNC and LWC, and cloud droplet spectrarfed at three altitudinal levels (1,500 m: soligkli 1,600 m: dotted
line, and 1,700 m: dashed line) for simulations\ggifferent initial parcel radii as compared te tBDP observations in the
IC region (denoted by black symbols in Figs. 13ad larmnd the black dotted line in Fig. 13c). Entnaémt appears to have a
dominant influence on the cloud vertical structasesmall rising parcels associated with higheragminent dissipate faster
by intensive mixing of dry ambient air through latlecloud boundaries. Stronger entrainment stremggalts in a direct
decrease in drop concentrations and LWC, whileag httle influence on the droplet size range. Dest agreement on
droplet numbers is between the reference simulgor 500 ma, = 0.01; grey line in Fig. 13a) and the referengb-s
region within IC (between 1,500 m and 1,600 m AGAdereas results for R = 1,500 m better replidagehigher cluster of
cloudy samples (above 1,600 m AGL). Recall thatvioiesly, when R was held constant the higher clugtebetter

reproduced using, values one order of magnitude smaller than thereete value. Thus, the sensitivity analysis does
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suggest there is a trade-off with weaker entrairtnfiema higher condensation coefficient (R = 150@&nda, = 0.01, the
orange line in Fig. 13a) when other parameterbérréference simulation remain the same.

Given R = 500 m, an additional test was conductdguithe jet model parametrization of lateral entreent (Eqg. 5
in Sect. 2.1). The comparison of two entrainmermapeeterizations indicates that the bubble moded ey line) has
stronger entrainment strength than the jet modedi (ine) given the same initial parcel size (500 Mgvertheless,
continuous increases in simulated LWC in the uppation of the cloud (see Fig. 13b) for both partarieations are
unrealistic in real clouds (Paluch, 1979). Thiskpeon can be likely ascribed, at least in part,ite tincertainties in the
environmental conditions associated with the WRE&nsiing. As noted in Fig. B1, decreases in LWC asmifest at the
upper portion of the cloud, as indicated in theudations with modified sounding inputs. The lacksafficient mixing with
dry ambient air near cloud top is an inherent deficy in the simple parameterization of lateral bgenous entrainment,
assuming decreasing entrainment strength with heligh this assumption does not significantly affear conclusions for

in-cloud regions below cloud top.
4.2.3 Initial aerosol concentration

The initial aerosol concentration at cloud base aso have significant effects on cloud developm&ecause
aerosol size distributions were not sampled byaiheraft during IPHEX, they are estimated by exttapng surface aerosol
number concentrations according to an exponengahyl with a given scale height lHTo probe and characterize the
dependence of droplet formation on aerosol conatoirs available at cloud base, sensitivity tovhs explored by varying
its values from 800 m to 1,200 m. Figure 14 shawesdimulated profiles of the total CDNC and LWCdatoud droplet
spectra formed at three altitudinal levels (1,500swplid line, 1,600 m: dotted line, and 1,700 mshizd line). It is not
surprising that aerosol concentrations at cloucetesve a substantial influence on the resultingldtoconcentrations.
Higher aerosol concentrations, inferred from lafdgetead to larger drop numbers with smaller averageldt sizes, which
is known as the first indirect effect of aerosalsvomey, 1977). Yet, here, LWC appears insensitivéhe initial aerosol
concentration as it is limited by moisture contawilable in the parcel. The optimal value af#1,000 m yields the best
agreement on CDNC between the DCPM simulationsledverage droplet spectra observed by the CeKllotted line
in Fig. 14c, see reference sub-region within ICdgltbin Fig. 7b), which lies within the typicaktange (550-1,100 m) of
aerosol number concentration measurements for eeopwitinental type (Jaenicke, 1993). As noted leefaerosols in the
atmosphere exhibit a significant space-time valitgbéspecially in regions of complex terrain, whican contribute to the
diverse cloud droplet spectra observed acrosslthel ¢ransect (see Fig. 8). We should recognizetths feature cannot be
captured by current model simulations that assuimengogenous aerosol distribution at cloud base.
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4.2.4 Summary of sensitivity analysis

Sensitivity tests by changing, in the range of 0.001-1.0 suggest that the predic€DNC, LWC, and
thermodynamic conditions are highly dependent enctindensation coefficient witp = 0.01 achieving the best agreement
with the total number concentration and size distions from the airborne observations. At earlgges of cloud
development, the condensation coefficient playsyarkle in the simulated spectra width and shapeititreases in, lead
to a shift towards larger droplet sizes and narrospectra widths. Entrainment has a substantiah@inpn the cloud depth,
droplet numbers, and LWC, whereas initial aeroswicentrations have a strong effect on number cdrateons and size
distributions of cloud droplets, but induce litééfects on LWC. Additional tests regarding the loggopicity and initial
updraft velocity were conducted and discussed ipefydlix B2 and B3, respectively.

In this study, the cloud spectra observed in theeiinregion of the SAM for early development of cuusu
congestus on 12 June are better reproduced bwptivedy low value ofa, (0.01). Previous field campaigns, as discussed in
Sect. 1, have applied, = 0.06 for wam cumulus during CRYSTAL-FACE (Conant et, @&004),a, = 0.042 for
stratocumulus during Coastal Stratocumulus Impdésetubation Experiment (CSTRIPE, Meskhidze et2805), andz, =
0.06 for cumuliform and stratiform clouds duringARTT (Fountoukis et al., 2007), which are typicalues for aged
atmospheric droplets (Fountoukis and Nenes, 20@%y3nd Lamb, 1999). It is noteworthy that the afegationed closure
studies assume adiabatic conditions in the parwdlsame were only evaluated near cloud base. Irstogly, the vertical
strucuture of cloud microphysics is simulated bg tACPM with entrainment included and comparisonaireg the
observations are performed several hundred mebargeacloud base. Exploratory simulations assumiriggher aerosol
number concentration at cloud base 41,200 m, Fig. B4b) show a highly nonlinear resgoto changes im. and R that
the aerosol-CDNC closure is achieved with highevalues (0.03 and 0.06) for weak entrainment (R5601m) consistent
with the trade-off between entrainment (strongex) eondensation coefficient (lower) discussed iatS&2.2. Further, this
alternative closure agreement, however, resultaige discrepancies between the width and shapsinoflated and
observed spectra within IC (not shown here), ang firedictions of inferior skill regarding vertiagdvelopment of clouds.
That is, aerosol-CDNC closure near cloud base issufficient metric of ACI processes.

Besides entrainment, one possible explanatiorhftdwer condensation coefficients in IPHEx canheepresence
of organic film-forming compounds (FFCs) on theface of natural aerosol particles (Feingold anda®igy 2002). Organic
films can strongly impede the uptake of moistureabyospheric aerosol particles, thus reducing #teevofa, (Gill et al.,
1983;Mozurkewich, 1986). Nenes et al. (2002) coteth@ parcel model study to investigate the impéeterosol coating
with organic FFCs using a constantand concluded that the initial condensational ghois impeded, leading to higher
supersaturations in the parcel, and increasinglthed droplet number by a substantial amount due higher number of
activated CCN. Withouthe characterization of the organic speciatiorhia tampaign, the presence of organic coating on
local aerosols remains an open question. Neveg$etesults from laboratory experiments of directtact condensation on

aerosols in cloud chambers with horizontal or weaitimoist flows, point taz, values around 0.01 (Garnier et al.,
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1987;Hagen et al., 1989) in contrast with the npsbable value (0.06) found in the levitation d@i Shaw and Lamb
(1999).

4.3 Multi-parcel simulations

In the previous section, it is demonstrated thaglsi parcel simulations provide reasonable firsitretes of key
parameters in cloud formation, and their resultse@gvell with the observed ranges of in-cloud measents during
IPHEX. The formation of cumulus clouds proper canfbrther described as the ensemble of multipleviddal rising
thermals of different sizes and vertical velociti€ooper, 1989;Warner, 1969b). In order to simuthterealistic evolution
of cumulus clouds with multiple air parcels risimgsuccession, Mason and Jonas (1974) and Roesalei(£990) pursued a
multi-parcel modelling strategy such that a newcphiascends within an environment established $ypiedecessors.
However, when a series of parcels is rising, cocapdid interactions may occur under the Lagrangiaméwork of the
parcel model, and they are difficult to resolve essl a more complex formulation of in-cloud paragkractions is
implemented (Khain et al., 2000). To examine th@dot of antecedent conditions on individual clowtcels, a simple
solution is to impose a time delay for the laun€lthe next parcel to prevent it from overtaking firevious parcel during
its ascent. As illustrated in Fig. 15, the secoadcel rises through the environment modified by fir& parcel 1) and
entrains interstitial aerosols left behind by thetfparcel. After the second parcel ascends abimenaximum height of the
first parcel, it continues to rise through the whalibed environment¢,) and entrains ambient aerosol particles.

For the cumulus congestus clouds on 12 June 20ti#eadelay was adopted in the multi-parcel simata so that
the current parcel only passes its predecessor witemes to rest. Results from the multi-parceidations show that the
second parcel attains a slightly higher maximuressgguration (1.17%) than the previous parcel @)1&nd rises with a
higher updraft velocity (not shown here). After #econd parcel emerges from the environment maidifiethe first parcel,
no further increases in the supersaturation weoeymed in our simulation (not shown here), whicldifferent from the
results in Roesner et al. (1990). This is attridute the initial environmental conditions obtainfedm the WRF sounding
for this case-study (absolutely stable atmosphétte slow cooling below 2,200 m). Vertical profile$ drop concentrations
and LWC, and droplet spectra of the first and sdquercels are displayed in Fig. 16. Within the maxin height reached
by the first parcel, the second parcel experierrcsteeper decrease of droplet number concentretiompared to the first
one because only interstitial aerosol particles eargained and most of them remain non-activateel tduonly slightly
increased maximum supersaturation in the secorzkpan the new environment established by the fiescel, the second
parcel achieves a higher LWC value and its clougpldt spectra (represented by the solid lines @ EBc) is slightly
broader extending to larger size ranges compardietdirst parcel (represented by the dotted lineBSig. 16c). Above the
maximum height of the first parcel, a pronouncezbsdary mode develops in the second parcel, reguitom coalescence
growth tied to faster condensational growth. Initold, a third parcel simulation was conducted #sdesults only show
slightly changes as compared to the second paagein likely explained by the unfavourable envirembal conditions
from the WRF sounding. Nevertheless, each sucaessiv parcel can create a new thermodynamic camditor the
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subsequent parcels and lead to deeper verticalafeuent and faster droplet growth, thus conducovednvective cloud

formation.

5 Summary and discussion

In this study, an entraining cloud parcel model CEM) with explicit bin microphyscis is used to eoq@ the
vertical structure of cloud development and evadaigainst extensive data collected during the MPEHENpaign during
May-June 2014 in the complex terrain of the SAMr(Ba et al. 2014). Because measurements of key pgrameters are
not available from the campaign, or cannot be xesblby current sampling techniques, there is asprgsneed to
investigate the physical space of such paramegegs, (condensation coefficient, entrainment, aralesbeight) and their
interdependencies, which ultimately govern ACI ioucl formation and development. The study spedifidacuses on the
development of a mid-day cumulus congestus cadealune 2014 when aircraft measurements are alailalbhough this
flight sampled three distinct cloud regions durthg lowest cloud transect, the IC region and the 8digersite are closely
located in the inner valley region of the SAM ahdg a detailed modelling study could be conducteerhging ground
based aerosol measurements, ceilometer, and medtixéncy radar profiles available at MV to infornodsl initialization
(Figs. 6 and 9). Given the specific set of inittanditions inferred from MV observations and idifimrameters from the
literature, sensitivity analysis was first conducte determine the possible ranges of key ACI modglparameters that
minimized aerosol-CDNC closure error for the sampmlellected roughly 300-500 m above cloud baseenctoud updraft
core. Albeit a large variability in cloud microphigal properties was observed at sub-km scale (9% the spatial
resolution of the measurements along the flightkreover the complex terrain of the inner SAM ewgithin IC, the
modelling results for the reference simulation destate good agreement with the measured LWC aopletrsize spectra
of the cumulus congestus cloud.

In the framework of the physically based cloud pammodel, sensitivity of the simulated cloud midngpical
characteristics to variations in key parameters imasstigated within the context of in situ measoeats. Results from
sensitivity tests show that condensation coefficiererts a profound influence on the droplet cotredion, size
distribution, LWC, and thermodynamic conditionsidlesthe parcel, with a decreaseajnleading to an increase in cloud
droplet number, a broader droplet spectra, anglehimaximum supersaturation further up from clbade. The case-study
during IPHEX reveals that the observed cloud festun the inner mountain region of the SAM aredrattproduced by a
low value ofa, (0.01), achieving aerosol-CDNC closure to ~1.3%hef observation. As expected, entrainment is faond
be a major process controlling the vertical strrestCDNC, and LWC of the cloud. Further, it waswshahat with other
input parameters remain the same as reference aionlconditions, there is a trade-off between antnent and the
condensation coefficient: strong entrainment (megithe characteristic scale R in the bubble pararizetion is small) is
compensated by lower, values, and vice-versa. This explains higher alfeeind in previous aerosol-CDNC closure
studies assuming adiabatic cloud conditions (zetmement) in the CPMs. Initial aerosol concemtrz at cloud base also
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have a large impact on droplet numbers but neddgibfluence on LWC. Nevertheless, analysis of #ffect of the
interdependence of initial aerosol concentratimndensation coefficient and entrainment strengthhenCDNC revealed
ambiguous behavior that could only be resolved $8essing the properties of the simulated droplettsp (shape, range)
against the aircraft measurements at differentuditis throughout the clouds (i.e., well above clbade). Overall, these
findings provide a better picture of dominant fastin modelling cloud formation and provide somsight into key
parameters of ACI processes in this region. Thith&r highlights the need to have a constrainingsebservational inputs
in order to validate our findings over the SAM.

Finally, model and data limitations should be ackigaiged. First, realistic entrainment and mixinghamtloud
surroundings have been found to contribute sigifity to droplet spectrum broadening. It is impottto recognize the
limitations of the lateral homogeneous entrainnemployed in the model. Its concept is based omalsi assumption that
entrained aerosols are mixed instantly across theeh which neglects the inhomogeneous supersataraand
microphysical structure inside the cloud associatéh discrete entrainment events on different igpatales (Baker et al.,
1980;Khain et al., 2000). Turbulent mixing (Krueggral., 1997) can break down entrained blobs oint® smaller scales
and subsequently form small adjacent regions witifiorm properties on account of molecular diffusiohus leading to
considerable spectrum broadening. In addition, gheameterization of entrainment through lateral notawies neglects
entrainment with dry air at cloud top that is expecto be an important element to cloud verticalettgoment (Telford et
al., 1984). Downdrafts induced by the penetratibdrg air at cloud top can sink and mix with updsakffectively diluting
number concentrations and broadening droplet spéttlouds (Telford and Chai, 1980).

The multi-parcel approach was adopted to exploee ithpact of thermodynamic conditions on cloud aiti
development, and consequently cloud microphysitatsire. The new environment created by its presigars enables the
following air parcel to reach a higher altitude ashelvelop larger droplets, thus facilitating thenfiation of convective
clouds even under unfavourable environmental camdit(i.e., WRF sounding). When atmospheric souyglhepresentative
of local conditions are available, one could emrnsmultiple parcels being lifted from cloud baseddterent times with
different velocities over a duration sufficient goow cloud droplets to the observed sizes. Fordlayers with thermal
instability, complexity of in-cloud vertical veldyifields with localized areas of much stronger nafi$ has been found to
support the formation of wide bimodal spectra imalus clouds due to in-cloud nucleation of new tetspfrom interstitial
aerosols when the parcel supersaturation highén the cloud exceeds the cloud base maximum (PiasklyKhain, 2002).
As a result, this mechanism can lead to the foonadf a secondary mode of small droplets in indigldspectra, different
from our observed spectra with a second mode atatre larger droplet size (Figs. 7 and 12). Higbessaturations in the
range of 1.7-3.2% are indeed measured in the lpaion of the cloud in the IC region (marked aadkl symbols in Fig.
11b). However, lower supersaturation is predictgdthi®e parcel model at the observation levels andunther rise of
supersaturation is present above the cloud bas@maaxunder the conditions of the original and miedifenvironments,
likely attributed to the ambiguities in the sourglinput from WRF. Therefore, the uncertainties mwibéent thermodynamic

conditions significantly constrain the modellingidy of the observed clouds in our case. Anotheitditon in the current
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approach is the assumption of uniform hygroscopaperties for all particle sizes. In reality, ther@sol distribution is an
aggregate of particles with different physicochahmroperties, including different shapes, soltfiland chemical species
(Kreidenweis et al., 2003;Nenes et al., 2002). Bfspecified initial aerosol characteristics wévecapture the variation of
k with size, how to track the evolution efas particles among different bins undergo coatese@nd breakup remains a
challenge. Nevertheless, the sensitivity analysidicates that the cloud droplet growth is generatigensitive to
hygroscopicity (Appendix B2), thus the constantvalue used in this study does not significantlfeetf our modelling
results.

The present study underlines the importance ofefaionhsip between entrainment processes thatrdete the
local- (microscale) and cloud-scale thermodynanmgirenment around individual particles, and theoaet condensation
coefficient that measures the effectiveness of ensdtion processes in the same thermodynamic enviet. Given the
multiscale thermodynamic structure of clouds, ¢hideractions suggest that realistically the cosdéon coefficients in
the natural environment are transient and spatialyable. Therefore, further research to arriveegresentative ensemble
estimates are necessary to reduce the associatedainties of the aerosol indirect effect. In firesent study, the local
sensitivity of selected model parameters are asdesdividually over certain ranges based on IPld&ta and the literature,
which ignores non-linear interactions among ACI elbdg parameters as discussed above. Future wdtlfogus on
exploring the sensitivity of the DCPM in a multireigntional parameter space to quantify multiple petar interactions
(Gebremichael and Barros, 2006;Yildiz and Barr@)7) on ACI processes using the fractorial desigthod (Box et al.,
1978).

Appendix A
Glossary of Symbols

a. condensation coefficient
ar thermal accommodation coefficient
Cp specific heat of dry air
Dy, D/ diffusivity of water vapor in air, modified diffissty of water vapor in air
es saturation vapor pressure
g Qgravitational constant
G growth coefficient
Hs scale height
ks, ka' thermal conductivity of air, modified thermal comtivity of air
L latent heat of evaporation
Ma, My molecular weight of dry air, of water
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number concentration of cloud droplets, of ambaarbsol particles

pressure
radius of cloud droplet, of dry aerosol particle
universal gas constant

radius of air bubble, of convective jet
supersaturation

droplet equilibrium supersaturation

temperature of air parcel (ambient air)

parcel updraft velocity

droplet volumes

mixing ratio of liquid water in parcel

mixing ratio of water vapor in parcel (in enviroant)
hygroscopicity parameter

entrainment rate

density of dry air, of water

droplet surface tension

Additional Formulae

~ le,p,'M,,  k,'T

G = [ pwRT  Lpy, (LMW

RT

-1

(A1)

where the modified diffusivity[,’) and thermal conductivityk{') of water vapor in air account for non-continuuffeets
(Seinfeld and Pandis, 2006) and are describedllasvio

D
Dy=—-—
14+ Do [27M,, (A2)
a.r\N RT
k
ko' = 2
k, [2nM, (A3)
1+
arrpaCy

where the thermal accommodation coefficiemt)(is taken as 0.96 (Nenes et al., 2001). Additicsetsitivity tests of
CDNC toay, ranging from 0.1 to 1 (Shaw and Lamb, 1999), wevaducted and the resulting droplet concentrations
indicate little sensitivity to this input parameteot shown here).

The hygroscopicity parametex)(is adopted to characterize aerosol chemical caitipn on CCN activity according to-
Kohler theory (Petters and Kreidenweis, 20@) for droplets in thé" bin (= 1, 2,..., nbi) can be written as

3 3
=T (ZMWO'W)
S,y = -1 A4

21—k exp RTp,,1; (A4)
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whererc; andr; are the radius of the dry aerosol particle and dbeesponding growing droplet, respectively. Detpl
surface tensiofpy) is a function of the parcel temperature (Pruppaeimd Klett, 1997).
_gM, L gM,

* = RT? RT (%)
M, M, L?
y=Pla | Ml (A6)
esM,,  ¢,RT
Liquid water content (g 1):
4 bins
T
LWC = 3 Pw Z N;r? (A7)

i=1

Appendix B

5 1. Sensitivity to environmental conditions
To account for the uncertainties associated withetlivironmental condition from WRF and examinenipact on
cloud formation, two additional simulations werendacted with modified profiles of temperature angmidity at the
lowest 2 km above CBH (1,270 m), as displayed o Bil. In the first simulation, we adjusted thegoral lapse rate (-4.1
°C knt! from the WRF sounding, Fig. 10b) to -7 °Ckifi’;) for 1,270-2,200 m. In the second one, specifimidity (q) in
10 the environment was increased by 5% for 1,270-3r@00gether with the adjusted temperature profil¢hie first run. In
both simulations, the lapse rate for 2,200-3,20@an changed to -4 °C kito keep the ambient temperature below CBH
and above 3,200 m unchanged. As expected, deepetschre formed in modified environments repreagntonditionally
unstable atmosphere. A slight increase in spebifinidity has little influence on the maximum sup¢usation formed near
cloud base. Consequently, its effect on dropletceatrations is also negligible due to the slightigreased maximum
15 supersaturation (not shown here). It is expectad thVC is significantly enhanced and droplet grovwgtaster under the

environmental condition of fast cooling and moist a

2. Sensitivity to hygroscopicity
Another key element in the condensation proces#iseiiygroscopic property that governs the influeocaerosol
20 chemical composition on CCN activity. To account its temporal variability observed during IPHExx avalue varying
from 0.1-0.4 (within the typical range measurethatsurface site, see Figs. 4a and S8c) is apptigdrmly for all particle
sizes. As noted from Fig. B2, simulated profilessopersaturation and total CDNC exhibit a weak ddpace on the
hygroscopicity that a slightly decrease in maxingupersaturation and a slightly increase in totaNClare associated with
more hygroscopic aerosols. Predicted droplet spettthree altitudinal levels (1,500 m: solid lingg00 m: dotted line, and
25 1,700 m: dashed line) also show little sensititdythe variations ir. As discussed in Sect. 3.1, hygroscopic propedies
aerosols have been found to vary with particlessiBotential uncertainties might remain by assunairgnstank, but its
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variation with droplet sizes is not addressed & ¢larrent study. We should also note the hygrosttgpderived from
surface measurements may not be representatiaefosols beneath the cloud (Pringle et al., 20d6yvever, the vertical
variability of aerosol hygroscopicity is not takieo account in this study.

5 3. Sensitivity to initial updraft velocity
Cloud dynamics also play a crucial role in the wyidrysical evolution of cumulus clouds. One majalapaeter in

the cloud dynamical field is the updraft velocity.accordance with the observed vertical velocitiem the aircraft and the
W-band radar (see Fig. 6b), a reasonable variabilithe initial updraft velocity at cloud baseimroduced to assess its
effects on the parcel supersaturation and clouglera@oncentrations, as shown in Fig. B3. By vagytine initial updraft in a

10 range of 0.1-1.5 ms simulated results display similar vertical vetms at the observation levels, which are stillhieig
than the measured range (not shown here). As egbeslight increases in maximum supersaturationresalted from
larger initial updraft velocities, thus leading glight enhancement of total droplet numbers. Theukited spectra show a
slightly shift towards larger drop sizes due to kexaupdrafts, which allow more time for cloud dreigl to grow in a rising
parcel.

15
Data availability: The IPHEx data are accessible at Global Hydrologydarce Center (GHRC) Distributed Active Archive
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Table 1. Cloud parcel models with detailed microphgics from the literature and in this study (Duke CRM). NA denotes
information is not described in the reference paper

Parcel model Binning Condensation Coalescence Enirament Numerics
. LSODE solver
Abdul-Razzak et Discrete Leaitch et al. Not included No included (Hindmarsh,
al. (1998) (1986) 1983)
s Fifth-order
Cooper et al. . . Fukuta and Modified Kovetz .
(1997) Moving discrete v airer (1970)  and Olund (1969) Ot included (;;Ja”é’tﬁlg‘;f;ae )
Lateral
Flossmann et al. . Pruppacher and Berry and
(1985) Discrete Klett (1978)  Reinhardt (1974) omogeneous NA
bubble model
SMVGEAR
Jacobson and Hybrid discrete Jacobson and Jacobson et al. Not included (Jacobson and
Turco (1995) Turco (1995) (1994) Turco, 1994)
Lateral
Kerkweg etal., Discrete Pruppacher and Bott (2000) homogeneous NA
(2003) Klett (1997)
bubble model
Pruppacher and
Nenes etal. Moving discrete KIe_tt (1997); Not included Not included L(Sl—|?n?jlr5nz?sl\t/18r
(2001, 2002) Seinfeld and 1983) ’
Pandis (1998)
. . Bott (1998);
Plnsli)éggg)Kham Moving discrete nggagg%;)and turbulent effect Not included NA
on drop collision
Snider et al. . Zou and Fukuta . .
(2003) Discrete (1999) Not included Not included NA
P&ng?igggﬁnd Bott (1998); Lateral Fifth-order
Duke CPM Moving discrete Seinfeld an(’j turbulent effect homogeneous Runge-Kutta

Pandis (2006)

on drop collision  bubble/jet model

(adaptive-size)
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Table 2. Lognormal fit parameters characterizing the aerosol number distribution of four modes. Note Nt total number of aerosol
particles per cn?; Dg = geometric mean diameter{m); oy = geometric standard deviation for each mode. ¥t and Nce+ represent

total aerosol number concentrations at the surfacand cloud base height (CBH: 1,270 m), respectively.

Mode # N (cm®) N g, (cm®) Dg (nm) Gg
1 1401.9 393.7 0.076 1.63
2 415.7 116.8 0.195 1.35
3 0.3 0.084 0.75 1.3
4 0.3 0.084 2.2 1.4
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Table 3. Evaluation of the predicted CDNC from simlations using various condensation coefficients agest the averaged
observation from the CDP.

Condensation coefficient Predictiof (cm®) Difference® (%)
0.002 402.7 15.3
0.005 385.8 10.4
0.01 354.0 1.3
0.015 328.5 -6
0.03 281.0 -19.6
0.06 242.1 -30.7

aThe averaged CDNC in the predictions between 1r5@®hd 1,600 m AGL.
bDifference (%) = 100x(Prediction - Observation)/©hation. Note observation = 349.4 &nthe average of five CDNC measurements
5 between 1,500 m and 1,600 m AGL.
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Figure 1: a) Study region of the IPHEx campaign inthe SAM (highlighted in the black box), as shown ircontext of a large scale
map of the southeastern United States. (b) Topogragc map of the SAM including the two ground-based PHEX observation sites
referred to in this study. FB valley denotes FrenclBroad valley.
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Figure 2: Flowchart of the main inputs, microphysi@l processes, and main outputs of the DCPM. Equationumbers refer to
formulae in Sect. 2.
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Figure 3: Time series of dry aerosol size distribubn and total number concentration (Nen) from the SMPS (a, b) and PCASP (c,
d), respectively, measured at MV during the IPHEx OP. Discontinuities in the data are associated witllelayed installation
(PCASP), rainfall occurrences, and occasional insiment malfunction.
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Figure 7: a) Lowest cloud transect of the UND Citabn flight track on 12 June 2014. The in-cloud obsgations are identified as
white plus signs, and MV is marked by the black astisk. For left to right in the map, ECR denotes Eatern Cherokee reservation,
MP denotes Mount Pisgah, and FB denotes French Bahwalley. b) Velocity variations of the targeted ircloud region, denoted by
5 IC in (a). Coloured plus signs indicate updraft vebcities of the in-cloud samples, collected at 1-Hz 90 m in flight distance)
resolution. Cloud droplet concentrations of the ineloud samples in IC (b) with low (0—1 m§) and high (1-2 m &) updrafts are
shown in (c) and (d), respectively. The updraft velkity of each sample is indicated by its colour, ferring to the range in the
legend of (b). Dotted lines with circle markers repesent the droplet spectra in the reference sub-régn within IC, as shaded in (b).
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Figure 12: a) Sensitivity of simulated droplet speca at 1,500 m (solid lines) to the variations im.. The black dotted line reflects

the average of five droplet spectra observed by theDP (dotted lines with circle markers in Figs. 7@and d) between 1,500 m and

1,600 m AGL. b) Simulated evolution of cloud drople spectra at 1,400 m, 1,500 m, 1,600 m, 1,700 m,dah,800 m altitude
5 assuminga.= 0.01. The black dotted line denotes the observeldoplet spectrum at 1,559 m that has similar totaCDNC and LWC

as the simulation witha, = 0.01 at the same altitude.
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Figure 13: Sensitivity of the total drop concentraion (a) and LWC (b) to the variations in the initia parcel radius (R) considering
lateral entrainment as a bubble model and a jet moel. In (a) and (b), the airborne observations are @rked by different black
symbols, denoting the ranges of their updraft veldties (triangles: 0-0.5 m 8, squares: 0.5-1.0 m'5 pentagrams: 1-1.5 m§,
5 hexagrams: 1.5-2.0 m-Y, and the horizontal dashed line depicts CBH. c) riedicted droplet spectra at three altitudinal leves
(1,500 m: solid line, 1,600 m: dotted line, and 100 m: dashed line) using two parameterization schess for lateral entrainment:
the bubble model with R = 500 m (base case, greydis), R = 300 m (cyan lines), and R = 1,000 m (greknes); the jet model with
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circle markers in Figs. 7c and d) between 1,500 nmd 1,600 m AGL.
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Figure 14: Sensitivity of the total drop concentraion (a), LWC (b), and dro

by different values of the scale height (k). In (a) and (b), the airborne

plet spectra (c) at threaaltitudinal levels (1,500 m: solid
line, 1,600 m: dotted line, and 1,700 m:dashed lip¢o the variations in initial aerosol concentratios at cloud base, as represented
observations are m&ed by different black symbols,
denoting the ranges of their updraft velocities (trangles: 0-0.5 m 3, squares: 0.5-1.0 ms pentagrams: 1-1.5 m-§, hexagrams:
1.5-2.0 m $), and the horizontal dashed line depicts CBH. Thélack dotted line reflects the average of five dropt spectra

observed by the CDP (dotted lines with circle markes in Figs. 7c and d) between 1,500 m and 1,600 nGA.
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Figure 15: Conceptual representation of the doubl@arcel simulations. The behaviour of the second peel is determined by the
new environment (1) established by the first parcel. During the ascerof the second parcel, interstitial aerosols lefbehind by the
first one are entrained (indicated by the blue cured arrows). When the second parcel rises above tineaximum height that the

5 first parcel has reached (indicated by the red dasdd line), its behaviour is determined by the initihenvironment (Tenv) and aerosol
particles from the environment are entrained (indiated by the yellow curved arrows). The order of edcparcel is denoted inside
the red circle and the blue solid line marks CBH.
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Figure 16: Vertical profiles of the simulated totaldrop concentration (a) and LWC (b) for the first and second parcels. In (a) and
(b), the airborne observations are marked by diffeent black symbols, denoting the ranges of their updft velocities (triangles: 0—
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lines) parcels at different altitudinal levels. Theblack dotted line denotes the observed droplet speum at 1,559 m that has

similar total CDNC and LWC as the simulated spectrun in the first parcel at the same altitude.
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Figure B1: Vertical profiles of the supersaturation(a) and LWC (b) for simulations with the original WRF sounding (grey lines),
modified ambient temperature (blue lines), and modied ambient temperature and humidity (cyan lines).In (a) and (b), the
5 airborne observations are marked by different blacksymbols, denoting the ranges of their updraft veldities (triangles: 0-0.5 m 3,
squares: 0.5-1.0 m-} pentagrams: 1-1.5 m ‘§ hexagrams: 1.5-2.0 m-Y, and the horizontal dashed line depicts CBH. c)
Predicted droplet spectra at three altitudinal levés (1,500 m: solid line, 1,600 m: dotted line, and,700 m: dashed line) to the
variations in the environmental conditions modifiedfrom the WRF sounding. The black dotted line reflets the average of five

19 21

droplet spectra observed by the CDP (dotted linesith circle markers in Figs. 7c and d) between 1,50 and 1,600 m AGL.
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Figure B2: Sensitivity of the supersaturation (a) ad total drop concentration (b) to variations in hygroscopicity parameter ). In
(a) and (b), the airborne observations are marked ¥ different black symbols, denoting the ranges ofheir updraft velocities
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5 depicts CBH. c) Predicted droplet spectra at threaltitudinal levels (1,500 m: solid line, 1,600 m: atted line, and 1,700 m: dashed
line) to the variations ink. The black dotted line reflects the average of favdroplet spectra observed by the CDP (dotted linesith

circle markers in Figs. 7c and d) between 1,500 rmd 1,600 m AGL.
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Figure B3: Sensitivity of the supersaturation (a)total drop concentration (b), and droplet spectra €) at three altitudinal levels
(1,500 m: solid line, 1,600 m: dotted line, and 100 m:dashed line) to the variations in the initialupdraft velocity (Vo) at cloud
base. In (a) and (b), the airborne observations arenarked by different black symbols, denoting the rages of their updraft
5 velocities (triangles: 0-0.5 m-% squares: 0.5-1.0 m5 pentagrams: 1-1.5 m-$, hexagrams: 1.5-2.0 m-Y, and the horizontal

dashed line depicts CBH. The black dotted line inc] reflects the average of five droplet spectra obsved by the CDP (dotted lines
with circle markers in Figs. 7c and d) between 1,50m and 1,600 m AGL.
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Figure B4: Sensitivity of the total cloud drop conentration to the variations in condensation coeffient and entrainment strength
(strong: R = 500 m, solid thick lines; weak: R = B00 m, dash-dot thin lines) assuming different inial aerosol concentrations at
cloud base (a: B = 1,000 m; b: Hs = 1,200 m). The airborne observations are markedybdifferent black symbols, denoting the

5 ranges of their updraft velocities (triangles: 0—-& m s?, squares: 0.5-1.0 m'§ pentagrams: 1-1.5 m, hexagrams: 1.5-2.0 m3.
The horizontal dashed line depicts CBH.
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