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Abstract:

A new empirical parameterization (EP) for multiple groups of primary biological aerosol
particles(PBAPs) is implemented in the aeroscbud model(AC) to investigate their roke
asice-nucleating particles (NPs). The EP describes the heterogeneous ice nucldayi¢h)
fungal spores(2) bacteria (3) pollen, (4) detritus of plants, animals, and viruses, &)
algae Each group includes fragments from the originally emitted partidlésgh-resolution
simulation ofa midlatitude mesoscale squall libg AC is validated against airborne and

ground observatian

Sensitivity tests are carried out by varying the inii@itical profilesof the loadings
of individual PBAP groups. The resulting changes in warm and iceoud microphysical
parametersreinvestigatedThe changes in warm microphysical parameters including liquid
water content, and cloud droplet number concentration are minimal (< O8%gll, PBAPs
have little effecton ice number concentratiof< 6%) in the convective regionin the
stratiform region, ncreasing the inial PBAP loadings by a factor of 100 resulted inless
than 40% change inice number concentrationghe total ice concentrationis mostly
controlled by variousnechanisms o$econdary icgroduction(SIP). However, vhen SIP is
intentionally shut dowrnn sensitivity tests,ncreasing thé®BAP loading by a factor of100
hasless thara 3% effect on the ice phasEurther sensitivity testsevealed thaPBAPs have
little effect on surface precipitatioms well as orshortwaveand longwave flux(< 4%) for

100-fold perturbation in PBAPRSs

1. Introduction

In most climate modelsthe largest source ofuncertainty for estimating the total
anthropogenic forcing is associated with claebsol interactions Rortneret al, 2022).

Atmospheric aerosol particles can act as cloud condensation nuclei (CCalfemaf them
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act asice-nucleatingparticles (INPs) therebyinfluendng the microphysical properties of
cloudsand, depending on the clotygpe (Fan et al. 2010Chen et al 2019 The treatment of
INP in climate models can strongly affect thenospheric radiation budgéDeMott et al.
2010) Various ®surces of aerosol particlesncluding dust/metdic, marine aerosols,
anthropogeniaarbonaceougmissiors, and primary biological aessol particles PBAPS),

contribute to the observed INRsan;ji et al. 2017)

A significant amount ofglobal precipitationis associated with the ice phase in cold
clouds (Heymsfield and Field 2015Milmenstadtet al. 2015 Heymsfieldet al. 202(. In
particular, mixeephase clouds are vital for thglobal climate(Dong and Mace 2003;
Zuidema etal. 2008Mlat us and L; &daleu gt al.r201Z2 and referencbereir).

In a multimodd simulation study, Tsushima et al. (2006) showed thatloubling of CQ
concentrations causethe changes in thdistribution of cloudwater in the mixeghase

cloudsin a climate simulatioto besignificant.

PBAPs are solidparticlesof biological originand are emitted from thearthd surface

(Despreés et al. 20)2 They arehighly activein initiating ice asINPs andinclude bacteria,

fungal spores, pollen, algae, lichens, archaea, viruses, and biological fragments (e.g., leaf

litters, insects) and molecules (e.g., proteins, polysaccharides, l{pidspréset al.,2012;

Frohlich-Nowoisky et al., 2015; Knopf et al., 2018Bzyrmer and Zawadzki, 1997,

Considering the onset temperature of freezing, some ice nucleation active fungi and bacteria

(especiallyPseudomonas syringaith onset freezingemperaturearound-3°C) are among
the most active INPs present in the atmospliPesprés et al. 2012Hoose and Mohler
2012. The potential impact oPBAP INPs on cloud microphysical characteristitas been
recognized for many yearsowever, this topic remains a subject of debafPeMott and
Prenni 2010; Spracklen and Herald, 2014; Hoose et al. 20$0)e previous modeling
studies have shown that amglobal scale®PBAPs haveonly a limited influence on clouds and

3
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precipitation(Hoose et al. 203(Besatrtic et al. 2012, 2018pracklen and Heald 2014n a
global scale, the percentage contributiodPBfAPs to the immersion freezin@ice nucleation
by INP immersed in supercooledater drop) is predicted to banuch smaller (0.6%) as

compared to dust (87%) and soot (12¢k)oose et al. 2010)

Many studies have used cloud models to highlight the potential impB&AR INPs
on cloud microphysics and precipitati@gg.,Levin et al 1987; Gritzun et al. 2008hillips
et al. 2009. For example the mesoscale aerosdbud model byPhillips et al. (2009had a
3-D domain of about 100 km in widtlhnd many cloud types were present in the mesoscale
convective system that was simulatdcheir simulations reveéad that the loud cover,
domain radiative fluxesand surfae precipitation rate wresignificantly altered by boosting
organic aevsols representin@BAPs. According toHummel et al. (2018n shalow mixed
phase cloudsi.€., altostratus)when the cloud top temperature is beldV8°C, PBAPs have
the potential to influencthe cloud icephaseand produce ice crystals in the absence of other

INPs.

The quest for insightinto the broader atmospherimle of PBAP INPs for cloud
microphysical properties and precipitation is hamperedthwy limited availability of
observationsboth of their ice nucleation activitiedor various species and their aerosol
distributions inthe real atmosphei@iuanget al. 2021) More generallythere isincomplete
knowledge about the chemicalentity of the key INPs whether biological or otherwise
(Murray et al 2012). In many global and regional modekhe ice nucleation activity of
bioaerosols is representedeither empirically or theoretically based olaboratory
measurementsf specific biological species oPBAPs that are assumed as representative
candidateqe.g., Pseudomonas syringaeThis assumptionof representativeness introduces

uncertainties that would bexpected tampact the model resultpotentially introducing a
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bias intothe estimation ofthe effects of bioaerosolson clouds(e.g. Sahyoun et al., 2016

Hoose et al. 2010b; Spracklen and Herald, 26flianget al. 2021 and references therein)

In addition to primary ice nucleation, ice formation in clouds can obeaause of
processegienerating new particles fropre-existing ice and these arknown as Secondary
Ice Production(SIP) mechanismgKorolev and Leisner, 2020; Korolev et al, 2028)P can
have a considerableimpact on cloud micro and macrephysical properties such as
precipitation rate, glaciation time, cloud lifetimemd cloud electrification bincreasing the
ice number concentrations by a fewdes of magnitude(e.g., Blyth and Latham 1993
Crawfordet al, 2012; Lawson et al., 201%hillips et al, 2017 2018 202Q Phillips and
Patade2021; Sotiropoulouet al. 2024,0). Thisin turncan influenceahe global hydrological

cycle and climatéZhaoand Liu 2021)

However, in many cloud models, the representations of tB#3emechanismare
uncertainas most ofthe cloud models include onlthe Halle-Mossop(hereafteHM; Hallett
and Mossop, 19%4process and neglect other Stiechanismge.g. Fan et 2017; Han et al
2019). A few secondary ice formation processes (etgg HM proces} have been suggested
to be active in the temperature range wraatve PBAP INPs exhibit strong ice nucleation
activity. The INPs of biological origin such as bacteria are highly achwtbe temperature
range ofthe HM process {3 to -8°C) as compare@ith nonbiological INPs(Moéhler et al.
2008 Patade et al., 202henceforth PT21 At temperatures warmer thab5°C, some of the
PBAPs generated by biologically active landscapeg. forests, woodland€an promote ice

formation and crystal growth in clou@$lorris et al, 2014)

In the USA, about 18% of the total landmass is used as cropland, farndadd
agricultural activitiegGarcia et al. 2012)Theseare major sources of biological particles in

the atmosphereBiogenic particles released from cromstherpre and postharvest have



129 previously been shown to serve as INFs Colorado and Nebrask&arcia et al. 2012
130 Huffman et al.(2013 found that airborne biological particles increase significamtly
131 concentrationby an order of magnitude or mouring rairfall in a forest in the westetdS
132 and that biaerosolsare well correlated with INP$renni et al(2013 observed a similar
133 increase inconcentrations ofjroundlevel INPs during rain at a forested site in Colorado,
134 which was associated with increased biological partic€lesvective cloudsan efficiently
135 transportlower tropospheric aerosgbarticlesinto the upper troposphere where they can

136 affect the cloud properties (Cui and Carslaw, 2006

137 The current study aims to simulate realistic concentrationswdfiple groups of

138 PBAP INPs including bacterial and fungal partsl, to investigate their interactions with
139 convective clouds observed during the Midlatitude Continental Convective Clouds
140 Experiment field campaign (MC3En the USA(Jensen et al. 20)},6n the USA. In view of

141 theliteraturenoted above abouhe effectsof PBAP INPs there isa need for more detailed

142 analyses of their role ialteringcloud microphysical properties and precipitatimtause the

143 realistic treatment ofce nucleationactivity for major PBAP groupswasnot available prior

144  to our empirical schemeP{T21). Hitherto, laboratory measurements of isolated biological
145 species €.g.,Pseudomonas syringa€ladosporium sphave been the basis for attempts to
146  simulate biological ice nucleation in cloydsit the representativenesisthe choice of such

147 species has been a longstandisgue For example, Hummel et aQ18) considerethree

148 highly icenucleationactive PBAP peciesin their model which may not represent the ice
149 nucleation activity of PBAP in the atmosphelteis not known which biological species of
150 ice nucleation active (INA)PBAPs contribute the most to biological ice nucleation.
151 Consequently,htere isa need fora new approachoriented towardaboratory measurements
152 of biological INPs sampled from the atmosphere, thus optimizing the representativeness of

153 the datdor studies of buds
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In this paper,such an approach is followed to investigate the effect on cloud
properties from various major groups E&BAP. We incorporaéd a recent empirical
parameterization for variolBBAP groups byPT21into our 3D aerosetloud model(AC).
PT21createdan empirical formulation resolving the ice nucleation of each grolRBéfPs
including 1)fungal spores and their fragmentspagteria and their fragments, @llen and
their fragments, 4gletritus ofplants, animalsand viruses, and Zgae.We also examine the
relative importance of various secondary ice processes in their roledratingthe PBAP
effects on cloud microphysical propertiegiven the weakness oPBAP effects on cloud

microphysical properties

2. Description of observations
2.1 Selectedcaseof a deep conveote system

In the current study, we simulated a sqliakk that occurred on 20 May 20MC3E
(Jensen et al. 201.6The MC3E campaigtook place from 22 April througto 6 June 2011
and was cemted at the Atmospheric Radiation Measurem&mRN!) Southern Great Plains
(SGP) Central Facility (CF), (3 6. 6 UN,) in9nprthBebtial OklahomaThe surface
meteorological analysis d&20 Mayindicated a southerly flow at the surface, which provided
enough moisture from the Gulf of Mexico to trigger convectid@ep convectionorganized
in theform of asquall line passed over the measurement bagtween 1030 and 1100 UTC,
resulting in convective precipitation. It was followed by veideeadstratiform precipitation
that was well observed by both airborne and grehsged measurementgertical sounding
characteristics of this case are describefupplement Information (Figure Siased orthe

SkewT plot.
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2.2 Aircraft Observations

The in-situ cloud microphysical observations used in this study were obtained from a
University of North Dakota Citatioli aircraft The aircraftcollected observations of cloud
microphysical parametefsom the cloud base (1.8 km abowveean sea level; hereafteiSL)

to a maximum altitude of 7.5ilometers above MSL. The MCZXE campaign collected
extensive airborne measurements of aerosols and cloud microphysical properties over north
central OklahomaA detailed description of the scientific objectives of the MC3E program,
including thefield experiment strategy, airborne agundbasedinstrumentationis given

in the paper bylensen et al(201§. A summay of the airborne instrumentationduring

MC3E s provided inSupplementarynformation

2.3 Grourd-based measurements

A comprehensive instrumentation suiteployed at the ARMSGP central facility provided
continuous measurements of atmospheric gases, aerosols, clouds, and local meteorological
conditions (e.g., wind, temperature, precipitation, and atmospheric profAegloud
condensation nuclei (CCN) cown (CCN-100) (DMT) measurd the CCN number
concentration at seven supersaturatratueswith a temporal resolution of 1 hougurface
precipitation was measured with 16 rain gauge pairs placed withkilangeter radius of the

SGP CF.

During the MGE campaignthe measuremenfiacility deployed at CFneasurd the
spatial variability of surfacluxes ofheat, moisture, and momentuf.radiosonde arragf
6 sites, covering an area of 30km x 300 km was designed to capture the lasyale
variability of the atmospheristate. Radiosonde observations (Vaisala RS32ZP) were

conductedwith a 6-hour frequency four times daily at around05:30, 11:30, 16:30, and



202 2230 UTC, providing verticalprofiles of atmospheric state variables (pressure, temperature,
203 humidity, and winds)f the environment surrounding the ARM SGP .sit¢hen aircraft
204 operations were planned based on forecasted convective conditions, the sounding frequency

205 was increasetb a 3-hourfrequency with the starting time @:30 UTC.

206 In addition to airborne observations, the ARM radar network was used to conduct
207 unique radar observations during the MC3E campdige. information abouvariousradar

208 assetsluring MC3Eis givenby Jenseret al.(2016. The surface precipitation used for model
209 validation in this study is a radaased precipitation estimate as describedGangrandest

210 al. (2014. Their radafbased rainfall retrievals were in good agreement with observations

211  with anabsolute biasf less than 0.5 mm for accumulations less than 20 mm.

212 The Interagency Monitoring of Protected Visual Environments (IMPROVE) network
213 stations close to the location of airborne observations provided gteweldneasurements of
214 various chemical specieShese includedcarbonaceous compounds (black and organic
215 carbon), salt, ammoniursulfate and dustThe details of the measurement techniques used
216 for mass mixing ratios of these compounds are summarizédalm et al. (1994) The

217 measurement®f these aerad speciesfrom various IMPROVE sitesincluding Ellis

218 (36.08N, 99.93wW), Stilwell (35.78N, 94.66W), and Wichita Mountains (34.73N,

219 98.7TPW) sites in Oklahomavereaveraged to providieputsto AC.

220 Initial massconcentrations for the aerosspecies of AC(11 species)induding
221 sulfate, sea salt, dust, black carbon, soluble orgaiotygical and no+biological insoluble
222  organic(five groups of PBAPsyvere derivedrom the Goddard Chemistry Aerosol Radiation
223 and Transport (GOCART) modé€Chin et al. 200Q)The prescribedmass mixing ratis of
224  aerosol species A arebasedon IMPROVE observationandare enlisted irsupplementary

225 Information(Table S2). It should be noted that for the MC3E case considered in this study,



226  coincident IMPROVE measurements were not available. The mean values of the IMPROVE
227 measurements conducted on May 18 and 21 are used to prescribe the mass of various aerosol

228  species.

229

230 3. Methodology

231 3.1 Model description

232 Thederosotcloud moded (AC) used in this study is a cloudsolving model (CRM) witla

233 hybrid spectral bifwo-moment bulk microphysics, interactive radiatioand semt

234  prognosticaerosol scheme@hillips et al.2014, 2020) The model predicts the mass and
235 number concentratiafor five types of hydrometeors: cloud liquid, cloud ice forystal®),

236 rain, graupel/hail, and snowhe mixing ratios ofhetotal number and mass of all particles in
237 eachmicrophysicalspecis are treated as model prognostic variabkG. treats all known

238 microphysical processes such as droplet nucleation, ice initiation through primary and
239 secondary processes, and growth pgees such as deposition/sublimation of ice particles,
240 condensation/evaporation of drops, freezing/melting, as well as coagulation by collisions
241 between various hydrometeor types. Both clbade and htloud activation of aerosols to

242 form clouddroplets a@ treated explicitly, with the predicted-atoud supersaturation

243 resolved on the model grid being used to activate aerosols #&8wftiresolved size

244  distributions of each aerosol species are predicted for the interstitial and immersed
245 components of eacleeosol species. Extra prognostic variables track the number of aerosols

246 in each aerosol species that have been lost Byatid CCN activation.

247  Secondary ice formatiois represented dpur types of fragmentation:

248 1 breakup in icéice collisions Phillips et al. 2017a, Jo(most active betweefl0 to -

249 20°C);
10
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1 Hallett and Mossp (1974, rime splinteringlmost active betweet3 to-8°C);
1 fragmentation of freezing rain/drizzley modes1 and 2(Phillips et al. 2018 (most
active around15°C);

1 and sublimation breakup (Deshmukh et al. 2q&igst active betweeid to-18°C).

The empirical parameterization (EBhillips et al. 201B of heterogeneous ice nucleation
treats all known modes of ice formation (deposition mode, condengetiorersion
freezing, insideout and outsidén contactfreezing) in terms of dependencies on the loading,
size, and chemistry of multiple aerosol spscin the previous version of the EPrior to
PT21, there were four species of INP aerosdhe of tlesewasPBAP INPs. However that
version of theEP did not resolve the individual types &BAP INP, which exhibit a wide
range ofice-nucleating abilies The current version of AC also includes the nucleation
(IN) activity of dust and black carbomheice nucleatiomparameterizationf dust as well as
black carbonis based orstudies byPhillips et al. (2008 and(2013. The activation of dust

and black carbon INP starts at temperatures colder1taand-15°C.

There are two types of homogeneous freezing represented: that of cloud droplets near
-36°C and that of solute aerosols at colder temperatures. Both schemessaribed by
Phillips et al. (2007, 2009). For cloud droplets, a lopktable from simulations with a
spectral bin microphysics parcel model treats the fraction cfugliércoolectloud droplets
that evaporate without freezing nea®6°C, depending onthe ascent initial droplet
concentrationand supersaturation. The size dependence of the temperature of homogeneous

freezing is represented.

Cloud processes and rainfall formation have been detected using different radar
variables, suclasspecific differential phaskpp. Moisseev et al. (2015), for example, noted

an increase in observeldpr because of aggregatiomn addition, a few studies have

11
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hypothesized evidence of SIP ar (e.g., Sinclair et al. 2016; Kumjian and Lombardo
2017; Carlin et al. 2021)n this study, we attempted to detect secondary ice formation
signatures by implementingpp estimations into AC. Based on Ryzhkov et al.
(2011),Kpp valueswere estimated for various hydrometeor types, including cloud drops,

raindrops, cloud ice, snow, and graupel (theuratipns22, 23, 24, 26and29).

3.2 Empirical formulation foPBAPINPs:

In arecent studyPT21 provided an empirical formulation for multiple groups of
PBAP INPs based on field observations ottee central Amazon. In this study, we modified
AC by implementing the recent empirical parameterizatio®PBAP INPs by PT21.The
empirical formulatio by PT21 is based on observations of PBAP collectedeamazon
Tall Tower Observatory (ATTQ)a research site located in the middle of the Amazon
rainforest in northern Brazil. The empirical formulation byT21 for multiple groups of
PBAPs includes: - 1) fungal sporegFNG), 2) bacteria(BCT), 3) pollen(PLN), 4) viral
particles, plant/animal detritu®TS), 5) algae(ALG) and theirrespectivefragmentsare
implemented inAC. This formulationhasempirically derived dependencies on the surface
area ofeach group (except algaandit appliesto particles with diameters greater than 0.1
pm. Additional details aboutthe formulation by PT2lare given in Supplementary

Information

3.3 Model setup

AC was driven by initial andevolving boundary data fometeorological conditionsThe

largescale advection of humidity and temperatteadencies maintained the convection.

12
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Convection was initiated by imposingnurbations onto the initial fieldf vapour mixing

ratio. The largescale forcing condition usetbr the simulation was derived using the
constrained variational analysisethod described iKie et al(2014). Based on this method,

the socalled largescale forcing including largscale vertical velocity and advective
tendencies of temperature and moisture were derived from the sounding measurements
network. During the MC3E campaign, the sounding network censistfive sounding
stations centered on a sixth site at the ARM SGP central facility. An area with a diameter of
approximately 300 km was covered by this sounding network covees.supplementary
Figure S2 showsthe time heightevolution of potential termgrature and water vapor mixing
ratio from largescale forcing data It also showsthe time variation of CAPE basedn
observations. The maximum value of CAPE 2400 9kugs noticed around 12 UTC on®0

May.

The model simulations were carriedt for a threedimension domain d80 km x 80
km with horizontal grid spacings of 2 km. In vertictde model resolution wa6.5 km, and
the model top was located about 16 km. The lateral boundary conditions adeubly
periodicon all sides of the domairThe initial time of the simulationsasat 1200UTC on

19 May2011and allsimulations were performed for 48 hours at a time step of 10 seconds

The GOCARTmodel (Chin &a. 2000) was used to initialize the sevememical
speciesassociated with the EAhe data fronthe three IMPROVE sites mentioneabove
(Section 2.3 was used toescale the mass concentration profiles at all levels so that they
match the measurememtsarthe surface Table S2 in Supplementary Informatiohsts the
mass mixing ratios of various aerosgpeciesafter the correctionsThe corresponding
vertical profiles of various aerosol species including sulfate, dust, sea salt, black carbon, and
total organic carbon are shown in Supplementary Fig®anel ae). The corresponding

IMPROVE measurements are also shown in the same Figure. There were no direct

13
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measurements dPBAP mass during IMPROVE and therefore it was derived from the
measured mass ttie total organic carbofT OC). The relative contribution ofinsoluble and
soluble organic carbon to TOC was assumed t20B& and30%, respectivelypy assuming a
watersoluble fraction of 80% for carbonaceous aer@Babillips et al 2017). AC takes into
account thesolublefraction of each type of aesol. The values of this factor are 0.15 for

dust,and0.8 for carbonaceous species. Tiakie of this fractin for all PBAP groups is 0.1.

There are veryew observations available in the literature showing the fraction of
PBAP in theinsoluble organicsor total aerosol particles=or example observationsby
MatthiasMaseret al. (2000) found tha?5% of the total insoluble particles as@logical
PBAPs can contribute a significant fractidim the number concentrations of totakrosol
particles (MattiagVaser et al., 1999)MattiasMaser and Jaenick€l995 showed that
PBAPs can amount to 20% and 30% the total aerosol particles. The observation by
Jaenicke (2005) in a semiral locationshowedthat cellular particlegan cotribute up to
about 50% of total particlesBased orthese studiesve assumed tha®0% of the insoluble
organics were biological in origifhe totalPBAP loading was prescribeplartly based on
observations of insoluble organic¥he mass fraction of each PBAP group in t®@8AP
massis prescribedbased on théT21 observations. The fraction of mass mixing ratio for

various PBAP groups is: FNG= 0.39, BCT= 0.13; PLN= 0.31; DTS= 0.17; At®=

p .

It should be noted thathe observations of PBAPover different geographical
locations (including the region where we carried out the simulation) are rare, which prevents
us from using the regiespecific PBAP observations for the present study. H&At&l's
defaultobservans were used to calculate the relative contribution of vaR@AP groups

to insoluble organicsThe parameters for the shape of PSD of é&8AP group (modal mean

14
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diameters, standard deviation ratios, and relative numbers in various modes) are gdrescribe
based on observations from AmazoRTRI1). Supplementary Figurés4 depicts the
corresponding size distribution of various PBAP groups in A& check the validity othe
observation from PT21 over the region considered in the current, shedgnodelestimated
values of one of the major PBAP bacteria are compared with the obsenadighswn in
SupplementaryFigure S5 It shows thatthe estimated values of bacterial number
concentration are overall in fair agreement witlevious observationge.g. Bowers et al

2009; Bauer et al. 2002; Burrows et al. 200%e simulated bacterig 10* m?) and fungal

(~ 16 m3) number concentration by AC is in good agreement with their typical
concentration in the atmosphei@egpréset al. 2012)The resulted vertical profiles of mass

of the variou®BAP groups are shown in Figug&3 (panel f).

From these prescribed loadings of aet@pecies, AC predicts their size distribution
and hence the CCN activity spectrudsing the initial sounding and aerosol profde; can
predict the ircloud size distribution of aerosolim each speciesas well as ircloud
supersaturatiork-igureS6in Supplementary Informatioshowsthe predicted CCN spectrum
compaisonwith observatios from the CCN counter at the surface at the SGP Isisdould
be noted that the aerosol mass loading from IMPROVErehtons showed variations of
20-30% for the simulated case. The uncertainties in the input aerosol mass loading can result
in simulated CCN concentration and are shown by the errors in the CCN concentration
predicted by the ACDuring 1920 May, the meased number concentration of active CCN
at the SGP CF ranged from 400 to 3000°@h1% supersaturatiqfFridlind et al. 2017)The
measurements were made on 20 May before the start of the rain in cl@deanormalized
CCN number concentrations at 1% supersaturation from observatioAaame ~ 1000 cm

3 and ~ 940 cri, respectively. Given the wide range of observed CCN concentrations at each

15
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supersaturatioms well as the uncertainties in the model mted CCN concentratiqrthe

predicted andbserved CCNictivity spectaare inacceptablagreement.

4. Results from control simulation and nodel validation

4.1 Overview ofthe control simulation

An intense northo-south oriented squall line moved over the ARM SGP CF on May 20,
2011,from 1100 to 140QJTC (Sec 2.1). The new version oAC simulatel this caseafter
implementing the empirical formulation by PT21 for multiple groupsP&AP INPs
(odntrob s i mu$ea3d). it shau)d be noted that five ensemble runs were carried out for
control simulation (See Tabl83 in Supplemat Informatior) varying theperturbingin the

initial water vapor mixing ratio.

Figure 1 shows the timéneight evolution of various liquid and iceloud
microphysical parameters derived from the control simulation conditionally averaged over
cloudy regionsThe maximum average cloud droplet number concentration was around 250
cmi®. TheLWC was typically less than 0.5 g3, The freezing leve{0°C) was around 4.1
km above MSL. The deep convection began around 10 UTC, followed by intense
precipitation around 11 UTC, and reached its peak around 12 UTC. Thehdigie
evolution of cloud ice, swp, and graupel number concentrations shows maxima shortly
before 12 UTC, which coincides with the time of peak precipitation. This suggests that the

ice phase was important in precipitation formation.

The time height ma p o fduisg 20 Mayauncenditiomallyd ar r ¢
averaged over the whole domasnshown in Figurdg. It shows the wel/l d

passing over the domain from 1100 to 1500 UTC. The maximum of this deviden
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simulated reflectivity is aroundl0 dBZ when deepconvection was happening. The
instantaneous maximum of reflectividy any gridpoint (not shownherg wasabout50 dBZ.
At other times, the average reflectivity was typical of the stratiform cloud of abalBZ.

The cloud top height of the squall lineateases after 1400 UTC.
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Figure 1. Time-height contours of domain averaged a) cloud water mixing ratio (QCLOUD);

b) cloud droplet number concentration (CDNC); rejnwater mixing ratio (QRAIN); d)

number concentration of cloud ice (NICE); e) numbarcemtration of snow (NSNOW); f)
number concentration of graupel (NGRAUPEL). Due to a wide range of values, the log
values number concentrations are plotted. The surface height is ~ 500 m. The averaging was
done for cloud points with LWC > 0.001ghor total water contenfTWC )> 10° gnm. Also

shown is theitne-height evolution of domain averag@y) radar reflectivity.
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4.2 Model validatioragainst coincident observation$ the storm

The extended stratiform region of the squall lweile in the vicinity ofthe SGP CF was
sampled by the Citation aircraft equipped with a full suite of cloud microphysical
instrumentatio. The aircraft started sampling the stratiform precipitation regibaround
1300 UTC and continuethe observations asubfreezingtemperatures from 1335 to 1515
UTC. Occasionally, the aircraft encountersdakconvective updrafté< 6 m/s) The aircraft
actively avoided convection that was more vigorous than timathis section, we validate
various microphysicaland dynamicabuantitiesfrom the control simulation against aircraft
and ground measuremeniie control run includes all primary and SIP processeiseof

initiation. The vertical profiles shown here are an average of five ensemble runs.

Figure 2 compares Hle aircraft observationsagainst predicted microphysical
guantities with both the predictiamand observations identicalgweragedconditionallyover
convective (6 >w| > 1 m/s) and stratiform regionisv] < 1 m/s). The simulatedLWC
decrease&xponentiallywith height abovethe cloud bas. There is considerable scatter in
observed LWC aeach level. The various degrees of dilution of sampled parts of the cloud
can cause these variations in LWC at a given altitide maximumsimulatedLWC of 05
gm? was observed irthe convectiveregion at temperatures warmer thaf°C. In the
convective region raund -5°C, the measured LWC igwer thanthe simulated LWC by a
factor of 3.For the stratiform region, simulated values of LWC areaislequateagreement
with observationsOverall,the means of observed LWC areaicceptable agreementth the

model resultgor convective as well as stratiform regions

The vertical profiles of simulated and observed Cloud Drop Number Concentration
(CDNC) (Fig. 2c and 2d) showed that CDNGvas lower than 300 cm. In the convective

region, the measured CDNC48% lower tha thesimulated CDNGat 15C. However, an
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432  Figure 2: Comparison of the control simulations by AC with aircraft observations, for liquid
433 water contentconditionally averaged over (a) convective (6 m/sjv > 1 m/s) and (b)

434  stratiform (w| < 1 m/s) regions; cloud drop number concentration over (c) convective and (d)
435 stratiform regions; average size of cloud droplets (@) conditionally averaged over (e)
436 convective and (f) stratiform regionall the vertical profiles shown here are avged for the

437 whole domain. The error bars were estimated based on five ensemble runs.

438
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439 adequate agreemenetween thenis found around-5°C. For the stratiform region, simulated
440 CDNC is much higher ithe mixedphase region. However, attemperature warmer than
441 0°C the values of observed C@Nare in acceptable agreement with observatioite
442  observed and simulatedean diameter afloud dropletsvaried between 6 tt6 um (Figures
443 2e and 2f). There are few points ithe convective region e.g., arouné°C, wherethe
444  observed cloud drop diameter is 50% lowenttiee simulated value. An adequate agreement
445  between simulated and observed cloud drop diameter was founlkefstratiform region.
446  Overdl, the predictionsof averageCDNC and cloud droplet diameten both convective and

447  stratiform regions, show fairagreement with observations.

448 The ice particle number concentration from observatathe control simulation is

449 also compared as shown in Figer&a and 3b for convective and stratiform regions,
450 respectively.lt should be noted thathé observed number concentration of ice particle
451 particles smaller than 200 um prone to shattering, even with the use of the shattering
452  correction algorithm. This can introduce a significant bias in the observed ice number
453 concentrationKorolev et al., 1991)To avoid these biases, we have compared the number
454  concentration of icearticles with a diameter greater than 200 um from both observation and
455 model(d e n o t &T2008. However, in the rest of the manuscirpt sensitivity studies)

456 the number concentration from the model included ice part€lab size ranges.

457 Observabns show that the concentration of ice particles gradually increagbs as
458 temperature decreases expectedlhe maximum ice number concentration from the aircraft
459  observations (witlD > 200 pm) is ~0.06 cm® around-15 °C. Good agreemerib within 50%
460 at most levelswas found between the model simulated NT200 aad ¢thservedor the

461 convective region.
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Figure 3: Comparison of the control simulations by AC with aircraft observations, for ice
numberconcentration of all particles > O(RIT200) mm in the maximum dimension of all
microphysical species (cloud ice, graupel/hail, snow), averaged@veonvective (6 m/s >

|lw] > 1 m/s) and(b) stratiform [{w| < 1 m/s) regions(c) The \ertical profile ofsimulated

radar reflectivity conditionally averaged over all regions of significant reflectivity2(>

dBZ) at each levak compared with observations fragroundbased radard'he temperature
corresponding to each altitude is mentidm® the right axegd) predicted precipitation rate
(mm/hr) compared with ground observations at the SGPACRhe vertical profiles shown

here are averaged for the whole domain. The error bars were estimated based on five
ensemble runs.

In the strafiorm region, at most levelsnodel values of NT20Bave the same order
of magnitude asobservations. Howeverhetweenabout the-10 and -16°C levels the
stratiformNT200 values arabouthalf anorder of magnitude lower than the observatidns.
similar simulations of the 20 May case, Fan et al. (2@ Fridlind et al. (2017also

showed underestimation simulatedice number concentratisnCompared to observations,
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their simulations showeldalf an order of magnitude bias in ice crystal number concentration
Comparatively,for the convective regionour model predicted ice number concentrations
were in better agreement with observatioks mentioned in section 2.2, imaging probe data

is prone to shattering, and various corrections were used to rectify it. However, there are
currently no ways to determineow many undetected #ects remain after shattering
corrections have been appliBaumgardneet al. 2022) Such uncertainties in measured ice
number concentration could result in such bias in observed and simulated ice number
concentrationsln summay, though the AC model is nobtally perfect, it did a fair job in

simulating observed ice number concentrations.

In Figure3c, the radar reflectivity from vertically pointing Kend ARM zenith radar
is compared with the mean profile from modsulations. Tis figure illustrates that
simulated reflectivity profiles below roughly 3 km and above 8\M8L altitudesare in good
agreement with observations. Betweearigl8 km MSL (temperatures of 2 an@0°C), the
bias in reflectivity from model siolations and observations is abdl@ dBZ. Thus, the
simulated reflectivity is substantially higher than observed, particularly at levels where the
aircraft sampled the clouds. Fridlind et al. (2017), as well as Fan et al. (2015), noticed similar
overestinations of reflectivity within stratiform outflow of the squall line case on 20 May.
They attributed the reflectivity biases to significantly larger ice particles in the simulations

than observed.

Figure 3d compares théime series oprecipitation ratédrom the control simulation
with the radarbased precipitation estimatda both,control simulation and observationa
maximum precipitation rate @bout5 mm/hrwas noticedwith an error in the predictioof
less tharb%. In comparison to observations, the simulated squall line arrhZeldurs later.

Thelack of resolution of the 3D turbulence in fhlanetary Boundary Layenduncertainties
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associated with the8D structure ofinitial and boundary conditiongan all havean
independentimpact on the simulated rainfall structure, resulting in a delayed peak.

NonethelessAC has done a fair joim simulating the peak ithe predicted precipitation rate.

4.3 Analysisof simulation with ice particle budgets and tagging tracers

The activated®BAP INPs from the control run are shown in Figutdor the convective and
stratiform regionsln addition to thePBAP INPs, Figure4 also shows the activated INPs
from dust andlack carbonlt should be noted théihese concentratiorshown here are based
on advective tagging tracers that follow the diffusion, ascantd descent inside cloud
motions. Overall,bacterial,and fungal particles dominate the biological INP coneiain in
the simulated cloud. For example,-20°C the activated INPs from bacteria and fungi are
higher than theother three groups d?BAP INPs (detritus, pollen, algalpy two orders of
magnitude in both convective as well as stratiform regidétsthat level in convective
regions, the average concentration of simulated aBf®&P INPs is about p 1™ cm?,
which is two orders of magnitude less than the maximum totablf active INPs (about
o p 1 cmd) in the whole simulationOverall, the predicted total INP concentration is
dominated by black carbon and dust. -A0°C, the Activated INPs from dust and black

carbon differ by an order of magnitude from the tEé8RP INPsin convection.
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Figure 4: The activated number concentration INPs from vari®eB&P groups along with
dust(DUST) and black carbo(BC) and total INR at various temperatures for (a) convective
and (b) stratiform regiondAll the vertical profiles shown here are averaged for the whole
domain.

The formation of ice in a cloud is a result of several primary and secondary processes.
It is important to undatand the relative importance of these processes in precipitation
formation. To that end,Figure 5a shows theice particles initiated from various sources
throughout the 3D domain of the entire simulatibhe primary homogeneous (PRIM_HOM)
dominates the total ice budget. Among all $hechanismsbreakup caused by collisien
between variousce particlesis the most important in determining total ice number
concentration. The ice production bgublimation breakupf graupel isslightly lower than
PRIM_HOM. However, the contribution of ice production via sublimation breakup of

dendritic ice crystals is negligible.
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PRIM_HETPrimary heterogeneous freezing;
PRIM_HOM primary homogeneous drop freezing;

HM- Hallet Mossop process;

RF Raindrop freezing;

ICEICE CB(G/M)Breakup due to collision between graupel/hail ;
ICEICE CB (S on GABreakup due to snow collision with graupel/hail ;
ICEICE CBc(yst Frag) Breakup due to collision between ice crystals;
ICEICE CB (S on-8reakup due to snowsnow collisions ;

ICEICE CBc(yst On S)Breakup due to crystal collision with snow;
DSB Sublimation breakup of dendritic ice crystals ;

GSB Sublimation breakup of graupel ;
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540 Figure 5: (a) Ice crystal budget for simulated MC3E case. The number of ice crystals
541 produced by various mechanisms (as showthéregend box) per 20 particles is shown.

542  Also shown isthe relative contributionof various SIP mechanismsuch as sublimation

543  bre&up, raindrop freezinggce-ice collision breakupand theHallettMossop proces® the

544  total icenumber concentration as a function of temperataveraged conditionally over only
545 (b) convective and (c) stratiform regiori&he relative contribution wasalculated based on
546 advective tagging tracers for the given procd@$ge convective and stratiform regions were
547 identified based on criterjsv| > 1 and|w| < 1, respectively.

548
549

550 Figure5b and5c depict therelative importance ate concentration fromarious SIP
551 mechanismg, as well as active INPm determining total ice number as a function of
552 temperaturdor convective and stratiform regianSach source of icdisplayedis tracked
553 with advectiveii t a g g i n ghroaghoatche simutatiorOverall, at temperatures warmer
554 than-15°C, thecontribution to thetotal ice number concentratidrom various SIPis 2-3
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