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Effe
ts of Solid Aerosols on Partially Gla
iated Clouds. yInno
ent Kudzotsa�,a Vaughan. T. J. Phillips, b Steven Dobbie, 
aFinnish Meteorologi
al Institute, Atmospheri
 Resear
h Centre of Eastern Finland, Kuopio, FinlandbDepartment of Physi
al Geography and E
osystem S
ien
e, Sölvegatan 12, S-223 62 Lund, Sweden
S
hool of Earth and Environment, University of Leeds, Leeds, UK�Corresponden
e to: ikudzotsa�s
ien
e.uz.a
.zw: Finnish Meteorologi
al Institute, Atmospheri
 Resear
h Centre of Eastern Finland,P.O. Box 1627, 70211 Kuopio, FinlandSensitivity tests were 
ondu
ted using a state-of-the-art aerosol-
loud s
heme 
oupledto the Weather Resear
h and Fore
asting (WRF) model to investigate the keymi
rophysi
al and dynami
al me
hanisms by whi
h solid aerosols affe
t gla
iated
louds. The tests involved simulations of two 
ontrasting 
ases of deep 
onve
tion -a tropi
al maritime 
ase and a mid-latitude 
ontinental 
ase in whi
h solid aerosol
on
entrations were in
reased from their pre-industrial (1850) to their present-day (2010) levels. In the mid-latitude 
ontinental 
ase, the boosting of the number
on
entrations of solid aerosols weakened the updrafts in deep 
onve
tive 
loudsresulting in redu
ed snow and graupel produ
tion. Consequently, the 
loud fra
tion andthe 
loud opti
al thi
kness in
reased with in
reasing IN, 
ausing a negative radiative�ux 
hange at the top of the atmosphere (TOA), i.e. a 
ooling effe
t of -1.96 �0.29 Wm�2. On the other hand, in the tropi
al maritime 
ase, in
reased i
e nu
leiinvigorated upper-tropospheri
 updrafts in both deep 
onve
tive and stratiform 
louds
ausing 
loud tops to shift upwards. Snow produ
tion was also intensi�ed resultingin redu
ed 
loud fra
tion and 
loud opti
al thi
kness, hen
e, a positive radiative �ux
hange at the top of the atmosphere (TOA) - a warming effe
t of 1.02� 0.36Wm�2 waspredi
ted.Key Words: Aerosol-
loud intera
tions; Cloud mi
rophysi
s; Cloud-resolving models; Gla
iated 
louds; Indire
teffe
ts; Clouds.
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Quarterly Journal of the Royal Meteorologi
al So
iety Q. J. R. Meteorol. So
. 00: 2�19 (2018)1. Introdu
tionGla
iated 
louds are spatially ubiquitous and have long lifetimesin the atmosphere mostly in the form of 
irrus (Platt 1973)and mixed-phase or partially gla
iated 
louds (Verlinde et al.2007; Shupe et al. 2008). The average seasonal 
overage of
irrus is estimated to be around 50 % over the tropi
s(Prabhakara et al. 1993), while over 50 % of raining pre
ipitationin the tropi
s is attributed to systems that feature mixed-phase 
louds (Liu 2011). Cirrus 
louds are usually remnants ofdeep 
onve
tive 
louds (DCC), while mixed-phase 
louds area 
ommon feature in 
umulus 
ongestus 
louds (Shef�eld et al.2015) and DCCs (Storer and Van den Heever 2013; Saleeby et al.2016). Furthermore, DCCs are the atmosphere's 
onduit fortransporting heat and moisture from the surfa
e to the uppertroposphere in the tropi
s (Fan et al. 2010). It is therefore apparentthat gla
iated 
louds/DCCs are an integral part of the Earth'sradiation and hydrologi
al budgets.Aerosols, on the other hand, have a profound effe
t on our
limate system (Carslaw et al. 2013) through dire
tly affe
tingthe amount of radiation in the Earth-atmosphere system andalso through a
ting as 
loud 
ondensation nu
lei (CCN) ori
e nu
lei (IN). As a result, 
hanges in aerosol loading affe
tour 
limate dire
tly (Charlson et al. 1992; Haywood and Bou
her2000; Rap et al. 2013) and indire
tly through modifying 
loud'sradiative properties - an effe
t known as aerosol indire
t effe
t(AIE) (Lohmann and Fei
hter 2005). However, it is not presentlywell understood how the anthropogeni
 
hanges in aerosolloading affe
t the mi
rophysi
al and dynami
al properties of
louds (?) and this has been reported as the greatest sour
e ofun
ertainty in 
limate predi
tion Bou
her and Randall (2013);Solomon et al. (2007). Given this 
omplex interfa
e betweenaerosols and 
louds and their inherent importan
e to the Earth's
limate system, it is 
riti
al to improve our understanding of thefundamental pro
esses underpinning aerosol-
loud intera
tions inorder to improve 
limate predi
tion.In this study, we investigate the key me
hanisms by whi
h
hanges in solid aerosol loadings, 
ommonly known as IN modifythe mi
rophysi
al and dynami
al properties of gla
iated 
loudsy

in deep 
onve
tive 
louds. Most studies 
ondu
ted in the pasthave paid more attention to CCN and warm 
louds or CCNand deep 
onve
tive 
louds (e.g., Martin et al. 1994; Cui et al.2006) and (Tao et al. 2007; Hoeve et al. 2011; Lee et al. 2012;Costantino and Breon 2013), while the effe
t of solid aerosolshave re
eived little attention (Fan et al. 2010; Gettelman et al.2012). This de�
ien
y emanates largely from the largeun
ertainties asso
iated with the measurements and knowledgeof i
e nu
leating aerosols (Czi
zo et al. 2004; DeMott et al.2011) and our limited 
omprehension of me
hanisms of i
enu
leation (DeMott et al. 2010; Phillips et al. 2008, 2013) asopposed to 
loud droplet nu
leation (?Petters and Kreidenweis2007; Romakkaniemi et al. 2014). Traditionally, only insolublehydrophobi
 aerosols were known to nu
leate i
e parti
les(Meyers et al. 1992; Czi
zo et al. 2004; DeMott et al. 2011).However, re
ent laboratory studies by Murray et al. (2010)have shown that some aqueous solution droplets 
ontainingsolute organi
 
ompounds 
an be
ome glassy (amorphous, non-
rystalline solid) under very low temperatures, whi
h 
an thenenable them to nu
leate i
e parti
les. Therefore, a

ording tothis dis
overy, it is apparent that an aerosol must be solid or anamorphous solid in order to a
t as an IN but does not ne
essarilyhave to be insoluble.Some previous studies that have attempted to 
onsider INeffe
ts su
h as Van den Heever et al. (2006); Carrió et al. (2007);Fan et al. (2010) have either investigated single IN spe
ies (e.g.dust in Van den Heever et al. (2006)) or have 
ondu
ted theirsensitivities on isolated DCC as in (Fan et al. 2010) who infa
t simultaneously perturbed the CCN and IN loadings in theirsensitivity tests. As a result, there is 
urrently no 
onsensus onthe dire
tion or magnitude of the effe
ts of IN on gla
iated
louds, 
ommonly known as the gla
iation indire
t effe
t(Lohmann and Fei
hter 2005). For example, Fan et al. (2010)
on
luded that the gla
iation effe
t had a very small effe
ton the 
onve
tive strength of updrafts in isolated DCCs, this
orroborated the �ndings of Connolly et al. (2006) on similar
loud systems. However, Ekman et al. (2007) found that higher IN
on
entrations resulted in an intense gla
iation effe
t eviden
edby strong updraft velo
ities.This article is protected by copyright. All rights reserved.
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Effe
ts of Solid Aerosols on Partially Gla
iated Clouds. 3Our work differs from other previous studies in that we treatmore 
omponents of i
e nu
leating solid aerosols; these in
ludemineral dust (Twohy et al. 2009), soot, non-biologi
al organi
sand primary biologi
al aerosol parti
les (Jaeni
ke 2005). Here,we ex
lusively perturb the IN 
on
entrations in order to onlyisolate the salient me
hanisms by whi
h the gla
iation effe
tin�uen
es the mi
rophysi
s and dynami
s of deep 
onve
tive
louds, unlike in other studies (e.g., Fan et al. 2010) where bothCCN and IN were simultaneously perturbed. In addition, westudy multiple multi-
ell 
loud systems over longer durations andlarger domains allowing 
ell-to-
ell intera
tions and feedba
ksbetween 
louds and their environment as opposed to the isolated
louds typi
ally studied in the past (Lohmann 2002a; Khain et al.2005; Connolly et al. 2006; Lee et al. 2009; Fan et al. 2012).Furthermore, in the present paper, we 
ondu
t detailed sensitivitytests on several key mi
rophysi
al pro
esses that 
ause thegla
iation AIE, unlike in most studies where the only sensitivitytested was a 
hange in aerosol loadings and this is an importantingredient for the development of a

urate parameterizations foruse in general 
ir
ulation models (GCM). Finally, we quantifythe pro
ess-level gla
iation indire
t effe
t or the top of theatmosphere (TOA) radiative �ux 
hanges 
aused by the targetedmi
rophysi
al pro
ess.We use a state-of-the-art aerosol-
loud s
heme that en
ap-sulates a robust empiri
al parameterization for heterogeneousi
e nu
leation developed by Phillips et al. (2008, 2013), whi
htreats all the four known modes of heterogeneous i
e nu
le-ation (Diehl et al. 2001, 2002; Hoppel et al. 2002; Dymarska et al.2006). This s
heme is 
oupled to the Weather Resear
h andFore
asting (WRF) model (Mi
halakes et al. 2005) and it treatsthe mi
rophysi
s of 
loud droplets, i
e, rain, snow and graupel.Two 
ases of deep 
onve
tion were simulated in this study,the 
ontinental Cloud and LAnd-Surfa
e Intera
tion Campaign(CLASIC) (Miller 2007) and the maritime Tropi
al Warm PoolInternational Cloud Experiment (TWPICE) (May et al. 2008).The stru
ture of this arti
le is as follows. In the next se
tion,the model des
ription and validation are provided together with anexplanation of different numeri
al experiments 
ondu
ted in thisstudy to assess and quantify the different types of indire
t effe
tsof solid aerosols. The dynami
al and mi
rophysi
al responses of


louds to solid aerosol loading are presented and analyzed in Se
t.3, while the radiative responses of the 
louds are presented in Se
t.4. Finally, 
on
lusions will be presented in the last se
tion, Se
t.5.2. Model Des
ription and MethodologyThe work presented here on solid i
e-nu
leating aerosols is builtupon re
ent studies of the effe
ts of solute aerosols presentedin Kudzotsa et al. (2016b,a). The 
loud system resolving model(CSRM) used here is the Weather Resear
h and Fore
asting(WRF) model Version 3.6 with a unique aerosols and 
loudmi
rophysi
s s
heme 
oupled to it and its full validation waspresented in our previous paper (Kudzotsa et al. 2016a). Part ofthe methodology and some sensitivity tests used here to assess thesolid aerosol indire
t effe
ts are similar to those used in anotherpaper by Kudzotsa et al. (2016b), therefore in this se
tion, weprovide a brief des
ription of the model and methodology to allowa smooth �ow of the ideas, however the reader is refereed to thosetwo earlier papers for a detailed des
ription of the model, modelvalidation and sensitivity tests.2.1. Overview and Con�gurationThe aerosol-
loud mi
rophysi
s s
heme (Phillips et al. 2007,2009; Kudzotsa 2013; Kudzotsa et al. 2016b) is a bin-emulatingbulk s
heme with two-moment prognosis of sulphate aerosols,
loud i
e and 
loud droplets, while a single moment approa
hfor rain, snow and graupel is implemented in order to redu
e
omputational power and time. Morrison et al. (2009) 
ompared aone- and a two-moment bulk mi
rophysi
s s
hemes in the generalframework of the WRF model. This 
omparison was performedfor a two-dimensional squall line 
ase and it was 
on
ludedthat; although, there was redu
ed pre
ipitation evaporation, whi
hled to in
reased rain rate and surfa
e pre
ipitation in the twomoment s
heme, the overall morphology of the of the stormfeature was similar between the two models. Although, su
hdis
repan
ies may arise from our quasi one-moment assumptionfor the pre
ipitating spe
ies, we however, treat these spe
iesand their related pro
esses using a bin-emulating approa
h,whi
h should then 
ompensate for the drawba
ks and redu
e theun
ertainties asso
iated with the one-moment representation.This article is protected by copyright. All rights reserved.
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4 I. KudzotsaThe CSRM en
apsulates an intera
tive radiation s
hemefrom the geophysi
al �uid dynami
s laboratory (GFDL)(Freidenrei
h and Ramaswamy 1999). Turbulen
e in the model istreated using the Medium Range Fore
ast (MRF) model PlanetaryBoundary Layer (PBL) s
heme (?). This s
heme resolves theverti
al sub-grid s
ale �uxes 
aused by eddy transports and alsotreats horizontal and verti
al mixing of �uxes provided by thesurfa
e layer and the land surfa
e s
hemes. The simple soilthermal diffusion (STD) s
heme is used as the land-use model.The model has non-hydrostati
 and non-elasti
 �uid �ow withperiodi
 boundary 
onditions. Be
ause the 
ases we simulatedhere were of deep 
onve
tion, the model top was set at 20 kmaltitude and the horizontal domain was 170 km. The verti
al andhorizontal grid spa
ing were 500 m and 2 km, respe
tively. Thisspatial grid spa
ing is ideal in terms of 
omputational expense anda

ura
y for a CSRM that 
overs su
h a large spatial domain andlong duration simulations. The reliability and justi�
ation for thismodel grid spa
ing is provided in the model validation se
tion(Subse
t. 2.3). The integration time step was set at 10 se
ondswith prognosti
 variables being written out every �ve minutesfor analysis. Conve
tion in the model is triggered by the randomperturbation at the beginning of the simulation to the moisture�eld and maintained by tenden
ies of heat and moisture thatare derived from large-s
ale for
ing observed from a network ofthree hourly soundings from the 
ases studied (May et al. 2008).However, the random perturbation that initiates the 
onve
tionhas a negligible impa
t on the model outputs due to the fa
tthat they are driven by large s
ale for
ing. A two-dimensional
on�guration was 
hosen for this study in order to minimize
omputational expense sin
e a

ording to Tompkins (2000) and ?,two dimensional simulations are able to 
apture the key featuresof 
onve
tive systems.2.2. Mi
rophysi
sThe aerosol s
heme is intera
tive and 
omprises of a 
omplementof seven different aerosol types. The aerosol types are 
lassi�edinto two main 
ategories - the soluble and the solid aerosol groups.The soluble aerosol group in
ludes ammonium sulphate, sea-saltand soluble organi
s, while the solid aerosol group 
omprisesof dust, bla
k 
arbon, insoluble organi
s and biologi
al aerosols

as listed in Table 1, whi
h shows the lognormal distributionparameters assumed for the aerosol spei
ies. A 
-distribution isassumed for 
loud droplets and 
loud i
e in the model, whileother hydrometeor 
ategories are des
ribed using an exponentialdistribution.The mi
rophysi
s s
heme predi
ts the supersaturation anddiffusional growth of all the �ve 
ategories of hydro-meteorsbeing treated in the model using a linearized supersaturations
heme of Phillips et al. (2007). All the aerosol types in
luded inthis model 
an initiate 
loud droplets, while only solid aerosols
an nu
leate i
e 
rystals. The primary a
tivation of 
loud dropletsby soluble aerosols takes pla
e at the 
loud base using theMing et al. (2006) s
heme, while in-
loud a
tivation is predi
tedusing the �-Kohler theory of Petters and Kreidenweis (2007). Asfor the nu
leation of 
loud droplets by solid aerosols, the sames
heme of Petters and Kreidenweis (2007) is used for both 
loudbase and in-
loud droplet nu
leation.With regard to i
e nu
leation, the aerosol-
loud model en
ap-sulates a robust empiri
al parameterization s
heme for heteroge-neous i
e nu
leation developed by Phillips et al. (2008, 2013),whi
h treats all the four known modes of heterogeneous i
e nu
le-ation (deposition, 
ondensation, immersion and 
onta
t freez-ing) (Diehl et al. 2001, 2002; Hoppel et al. 2002; Dymarska et al.2006). The instant freezing of 
loud droplets near -40 ÆC andthe i
e multipli
ation by the Hallet-Mossop pro
ess are some ofthe se
ondary sour
es of 
loud i
e 
urrently being treated in themodel. The as
ent-dependent fra
tion of droplets that evaporatewithout freezing near -36 to -37 ÆC is resolved using a lookuptable 
reated by Phillips et al. (2007). This preferential evapora-tion of smaller droplets during homogeneous freezing is triggeredby larger droplets that freeze �rst and 
ause subsaturation andwas �rst modeled by Phillips et al. (2007) who found it 
ausingabout an order-of-magnitude impa
t on domain-wide average i
e
on
entrations in systems of deep 
onve
tion.For the initiation of other hydrometeor spe
ies; theauto
onversion of 
loud droplets to rain is predi
ted a

ordingto Khairoutdinov and Kogan (2000), while the 
onversion fromi
e to snow is parameterized following the modi�ed version ofFerrier (1994). The produ
tion of graupel from snow is rimingdependent and is predi
ted using Swann (1998). The growth ofThis article is protected by copyright. All rights reserved.
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Effe
ts of Solid Aerosols on Partially Gla
iated Clouds. 5Aerosol group Numberof Modes log10 of Standard deviationlog10(�x) Geometri
 mean, Rmx(�m) Solubility par-ameterSulphate (SO4) 2 0.30, 0.27; 0.049, 0.161 0.04, 0.08; 0.03, 0.18 -Sea-Salt (SS) 2;3 0.30, 0.33; 0.05, 0.16, 0.26 0.01, 0.50; 0.03, 0.18, 4.4 -Soluble Organi
s (SO) 2 0.30, 0.27; 0.049, 0.161 0.04, 0.08; 0.03, 0.18 -Dust/Metalli
 (DM) 2 0.28, 0.20 0.8, 3.0 0.15Bla
k Carbon (BC) 1 0.20 0.2 0.80Insoluble Organi
s (O) 1 0.20 0.2 0.80Biologi
al Aerosols (BIO) 2 0.40, 0.60 0.17, 0.47 0.80Table 1. Aerosol properties; the 
omma separates the modes, where different aerosol spe
i�
ations were applied for mid-latitude 
ontinental and tropi
almaritime 
ases, a semi
olon is used with the former representing CLASIC and the latter representing TWPICE.parti
les by 
oagulation, riming, aggregation and sedimentationare resolved by expli
it integration of the 
ontinuous 
olle
tionequation. This is done by 
reating temporary grids with 33bins in this 
ase upon whi
h the respe
tive bulk 
on
entrationsof the intera
ting spe
ies are de
omposed a

ording to theirassumed stati
al distributions. After the treatment of the targetedpro
ess is 
ompleted in this bin-emulating approa
h, the new bulk
on
entrations of the spe
ies are reassembled by summing up thedis
retized 
on
entrations in ea
h bin. The full details are givenin Kudzotsa (2013). This bin-emulating approa
h allows a bulkmi
rophysi
s model to represent mi
rophysi
s pro
esses morerealisti
ally without mu
h 
omputational expense asso
iated withfull se
tional mi
rophysi
s models (Saleeby et al. 2016).2.3. Cases Simulated and Model ValidationTwo 
ampaigns of relatively deep 
onve
tion were 
hosen forthis study: one is a tropi
al maritime 
ase and the other isa mid-latitude 
ontinental 
ase. In addition to their differentgeographi
al lo
ations, the 
ases had very different aerosolloadings and 
hemistry. They provide an ideal platform forassessing the effe
ts of solid aerosols on 
louds sin
e theyexhibited typi
al 
onve
tion that 
ould o

ur over any land andany o
ean and they represent the general response over these twodifferent surfa
e 
onditions and latitudes.The �rst 
ase was the Cloud and LAnd-Surfa
e Intera
tionCampaign (CLASIC) (Miller 2007), whi
h was a 3 week long
ontinental 
ase of deep 
onve
tion. It was 
arried out from the10th to the 30th of June in 2007 over the resear
h fa
ility ofthe U.S Department of Energy (DOE) 
alled the Atmospheri
Radiation Measurement-Climate Resear
h Fa
ility - SouthernGreat Plains (ARM-SGP). The site is in Oklahoma, U.S (lat =

36.61Æ and lon = 97.49Æ). The se
ond 
ase was the Tropi
al WarmPool International Cloud Experiment (TWPICE) of May et al.(2008), whi
h was a 3.5 week-long maritime 
ase of deep
onve
tion. The TWPICE 
ampaign stret
hed from the 17th ofJanuary to the 12th of February in 2006 over Darwin, north-westAustralia (lat = -12.425Æ and lon = 130.891Æ). In addition to thereferen
es given above about these 
ampaigns, a more detaileddes
ription was also given in Kudzotsa (2013); Kudzotsa et al.(2016a). The large s
ale for
ing and other related data for bothTWPICE and CLASIC are freely available to the publi
 andare downloadable from the Atmospheri
 Radiation Measurement(ARM) Program website (https://www.arm.gov).In order to 
ontrast the thermodynami
 environments of thesimulated 
ases, Fig. 1 shows the mixed-phase depths for boththe TWPICE and the CLASIC 
ases. The mixed-phase depthis de�ned by the altitudes 
orresponding to the homogeneousfreezing level isotherm (-40 ÆC) and the ÆC isotherm. Althoughthe mixed-phase depth of approximately 6 Km is roughly equalbetween the two 
ases, TWPICE is seen to have higher 0 ÆCand -40 ÆC than the CLASIC 
ase. In addition, the TWIPICE
ase maintained a somewhat 
onstant altitude for the twoisothermal levels throughout the simulation period, whereas, forthe CLASIC 
ase, the altitudes for the isotherms were �u
tuatingwith time. These tow thermodynami
 environments 
annot bedire
tly 
ontrasted mainly be
ause of their different latitudinaland geographi
al lo
ations in addition to the different seasons andyears the 
ampaigns were 
ondu
ted. Although the two 
ampaignswere both summer 
ampaigns, it is expe
ted for TWPICE to havea deeper higher freezing and homogeneous freezing level be
ausein addition to being 
loser to the equator than CLASIC, Februaryis 
hara
terized by warmest sea surfa
e temperatures (SSTs) inThis article is protected by copyright. All rights reserved.
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6 I. Kudzotsa
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Figure 1. The time-height plot for the domain averaged mixed-phase depth (i.e thehomogeneous freezing level (-40 deg C isotherms) and the freezing levels (0 degisotherms)) of both TWPICE and CLASIC.the southern hemisphere, whi
h normally triggers the southernhemisphere 
y
lone season.The simulations of both 
ases (TWPICE, CLASIC) wereinitialized with 
oin
ident observations of aerosol 
omposition,size and number 
on
entrations in addition to the standardthermodynami
 soundings. The large s
ale for
ings of tempera-ture, pressure, wind and moisture derived from the three hourlysoundings taken during the 
ampaigns were used to for
e themodel. The CLASIC and TWPICE 
ases were run for 3 and3.5 weeks, respe
tively. In the model validation, the predi
teddroplet and i
e number 
on
entrations were 
ompared with in-situ 
oin
ident air
raft measurements (Miller 2007; Allen et al.2008; May et al. 2008) and they fell satisfa
torily within onestandard deviation from observed average values as shown inKudzotsa et al. (2016b).The verti
al grid spa
ing used in this study (see Se
t. 2.1)is at least an order of magnitude �ner than the depth of thedeep 
onve
tion that was simulated. Exa
tly the same spatialgrid spa
ing of the aerosol-
loud model was used in the past byPhillips et al. (2007, 2009), who 
omprehensively validated the2-dimensional simulations of several 
ases of deep 
onve
tionagainst air
raft, satellite and ground-based measurements forquantities in
luding verti
al velo
ity histograms, 
loud-droplet
on
entrations, i
e 
on
entrations, 
loud 
over and surfa
epre
ipitation. Also, the peak supersaturation 
lose to 
loud-base(typi
ally about 10 meters above it) is parameterized with adedi
ated 
loud-base droplet a
tivation s
heme (Ming et al. 2006)

and is not resolved, so there is no need for a �ne verti
al gridspa
ing to represent it. Our re
ent paper (Phillips et al. 2017) alsovalidated a simulation of a mesos
ale 
onve
tive line over the USHigh Plains against observations of many quantities su
h as thosementioned above and the agreement was just as good with our 0.5km verti
al grid spa
ing of aerosol-
loud model as with HebrewUniversity Cloud Model (HUCM) (Khain et al. 2001) that uses a�ner verti
al grid spa
ing of 0.2 km.2.4. Methodology for Analysis of Solid Aerosol Indire
t Effe
tsAs mentioned above in Se
t. 2.2, the aerosol-
loud model
omprises seven aerosol types, some of whi
h are soluble andsome being insoluble, all of whi
h are able to a
tivate 
louddroplets. Only solid aerosols 
an a
t as i
e nu
lei (IN) to initiate
loud i
e.Therefore, in order to isolate the effe
t of solid aerosols on
louds, a 
ouple of sensitivity tests were performed in whi
honly the number and mass 
on
entrations of solid aerosols werealtered by 
hanging their present-day values to their pre-industrialestimates using the per
entage 
hanges given in Table 2. Theseper
entage 
hanges were adapted from a modeling study of theglobal aerosol distributions performed by Takemura (2012). Thesimulation with present-day (i.e. 2010) aerosol 
on
entrationwas designated as the 
ontrol run and is denoted PD-CTRL,while the simulation in whi
h the solid aerosol burden wasaltered to pre-industrial levels (i.e. 1850) was designated as pre-industrial simulation and is denoted PRE-IND. Both the presentand the pre-industrial simulations were initialized and for
edusing the present-day soundings and large-s
ale meteorologi
alfor
ing. Three key sensitivity tests were used here to isolate solidaerosol indire
ts on all 
louds and on targeted 
loud phases.Before the sensitivity tests were 
ondu
ted, two identi
al CLASICsimulations were performed to show that differen
es in the modeloutputs due to random perturbations of the moisture �eld or anyother pro
esses were negligible. Below, a brief des
ription ofthese tests is provided and the reader is referred to Kudzotsa(2013) and Kudzotsa et al. (2016a) for the full des
ription of thesensitivity tests.This article is protected by copyright. All rights reserved.
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Effe
ts of Solid Aerosols on Partially Gla
iated Clouds. 7Solid Aerosol material Per
entage In
rease (%)Dust/Metalli
 (DM) 89Bla
k 
arbon (Soot) (BC) 28Non-Biologi
al Organi
 (O) 67Biologi
al Aerosol (BIO) 67Table 2. Fra
tional 
hanges of solid aerosol s
enarios from pre-industrial(1850) to present-day (2000) for number and mass distributions (inferredfrom a global modelling study of the distribution of aerosols aerosol frompre-industrial to present-day s
enarios Takemura (2012)).2.4.1. Test A: The Total Aerosol Indire
t Effe
tsTest A was designed to estimate the effe
tive total indire
teffe
t, Feff due to solid aerosols by differen
ing the top of theatmosphere (TOA) radiative �uxes of the PD-CTRL and the PRE-IND simulations (i.e. TOAPD�CTRL - TOAPRE�IND). Thiseffe
tive total indire
t effe
t is assumed to be a simple arithmeti
summation of the albedo and the lifetime indire
t effe
ts.Although, there may exist some feedba
ks and 
ompensatoryresponses between the lifetime and albedo indire
t effe
tsLohmann and Fei
hter (2005), this assumption provides a generalindi
ation of the magnitudes and dire
tions of the responses.2.4.2. Test B: Albedo and Lifetime Aerosol Indire
t Effe
tsThe albedo-emissivity was estimated from this test by using two
alls to the radiation s
heme in both the PD-CTRL and the PRE-IND simulations. The differen
e between the two 
alls is thatin the �rst 
all, the radiation s
heme is allowed to fully 
ouplewith 
louds by dire
tly using droplet information being predi
tedin the simulation to 
al
ulate the radiative �uxes of 
louds.These TOA radiative �uxes 
an be denoted, TOA1PDCTRLand TOA1PRE�IND, respe
tively. In the se
ond 
all to theradiation s
heme, whi
h is for diagnosti
 purposes only, theradiation s
heme uses information on droplet sizes provided bylookup tables and is non-intera
ting with the 
loud mi
rophysi
s.These TOA radiative �uxes 
an be denoted, TOA2PDCTRL andTOA2PRE�IND , respe
tively. The 
loud droplet sizes in thelook-up tables are temperature and verti
al velo
ity dependent andwere 
reated of�ine using the present-day 
ontrol simulation.Subtra
ting the top of the atmosphere (TOA) radiative �uxes
al
ulated from the �rst 
alls of the radiation s
heme (i.e.TOA1PDCTRL - TOA1PRE�IND), gives the effe
tive totalaerosol indire
t effe
t, equal to Feff obtained in Test A. On theother hand, differen
ing the top of the atmosphere (TOA) radiative

�uxes 
al
ulated from the se
ond 
alls of the radiation s
heme(i.e TOA2PDCTRL - TOA2PRE�IND), gives a hypotheti
alaerosol indire
t effe
t, Fhyp, whi
h is equal to Feff but without
loud sizes responding to aerosol 
hanges. By subtra
ting Fhypfrom Feff , the 
loud albedo-emissivity effe
t, Falbedo is obtained.As explained in Test A, Feff is assumed to be an arithmeti
summation of the albedo and the lifetime indire
t effe
ts, thelifetime indire
t effe
t, Flifetime is �nally estimated from thedifferen
e between Feff and Falbedo .This te
hnique 
an be applied to any targeted 
loud type inorder to estimate their respe
tive 
ontributions to the albedo orlifetime indire
t effe
ts. For instan
e, if the droplet or 
rystal sizesare sele
tively �xed only in mixed-phase or i
e-only 
louds thenthe albedo-emissivity and the lifetime indire
t effe
ts of mixed-phase or i
e-only 
louds 
an be respe
tively estimated.2.4.3. Test C: Isolating Lifetime Indire
t Effe
ts for Gla
iatedCloudsTest C was designed to separate the aerosol indire
t effe
ts ofdifferent 
loud types su
h as water-only, mixed-phase or i
e-only 
louds. This 
an be a
hieved by �xing either the number
on
entrations or the sizes of 
loud parti
les in a targeted
loud type, e.g. in liquid-only or in i
e-only 
louds. The �xingwas done by using look-up tables of those 
loud sizes in allmi
rophysi
al pro
esses dependent on 
loud sizes in order toeliminate their sensitivity to aerosol 
hanges. These verti
alvelo
ity and temperature dependent look-up tables were the samelook-tables used in Test B.Therefore, in order to isolate the lifetime indire
t effe
ts ofwater-only 
louds, look-up tables are used in the auto-
onversion,
ollision-
oales
en
e, sedimentation and the radiation pro
essesonly for water-only 
louds in both PD-CTRL and PRE-IND runs.By differen
ing the TOA radiative �uxes from the present-dayand pre-industrial simulations, a hypotheti
al total indire
t effe
twithout the lifetime indire
t effe
t of water-only 
louds will beestimated. From this test, the lifetime indire
t effe
t of water-only 
louds is estimated and by subtra
ting this hypotheti
alindire
t effe
t from the lifetime indire
t effe
t derived from TestB. Finally, the gla
iated 
loud lifetime indire
t effe
t is obtainedby subtra
ting the water-only lifetime indire
t effe
t from the totalThis article is protected by copyright. All rights reserved.
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(
)CLASIC (d) TWPICEFigure 2. The verti
al pro�les of spatial and temporary averages of (a and b) 
loud droplet number 
on
entrations, (
 and d) i
e 
rystal number 
on
entrations in deep
onve
tive 
louds. The panel on the left is for the 
ontinental 
ase, CLASIC, while the panel on the right is for the maritime 
ase, TWPICE.lifetime indire
t effe
t, Flifetime obtained in Test B. Again, thereader is referred to Kudzotsa (2013) and Kudzotsa et al. (2016a)for further reading on these tests.3. Results for Response of Mi
rophysi
al and Dynami
alProperties to In
reased Solid AerosolsIn order to examine how the simulated 
louds respond to
hanges in solid aerosol loadings, a number of mi
rophysi
aland dynami
al quantities representative of 
loud 
hara
teristi
sare presented in this se
tion for the 
ases simulated. Some ofthese quantities are plotted as spatial and temporal bulk averagesrepresenting the whole system of simulated 
louds, while theother quantities are plotted as intrinsi
 averages. Intrinsi
 averagesare evaluated by 
onditional averaging depending on the quantitybeing analysed, whether it is over 
loudy regions, in whi
h 
ase,the 
ondition would be 
loud mixing ratios greater than 0.001gkg�1 or over deep 
onve
tive or stratiform 
louds, in whi
h 
asea threshold of updraft speeds greater than 1 ms�1 or less than 1ms�1 are applied. This threshold applied for the updraft speeds of

deep 
onve
tive 
louds is equal to what was previously used byother resear
hers, for example by Shef�eld et al. (2015), althoughit was mu
h slower than what was predi
ted by Saleeby et al.(2016) and Fan et al. (2010), who applied updraft speeds ofgreater than 3 and 7 ms�1, respe
tively. This is be
ause theyrespe
tively simulated isolated DCCs and a single life 
y
lemesos
ale 
onve
tive system. Most of the plots feature two
urves, the solid 
urve representing the PD-CTRL simulationwhile the dashed 
urve represents the PRE-IND simulation.3.1. Cloud DropletsDroplet properties su
h as the number 
on
entration and the meansize are important for both the mi
rophysi
s and the dynami
sof 
louds and they also di
tate the radiative 
hara
teristi
sof 
louds both in the short and longwave radiation bands(Twomey 1974, 1977). Figs. 2a and 2b, show the intrinsi
mean number 
on
entration of 
loud droplets averaged overdeep 
onve
tive 
louds for CLASIC and TWPICE, respe
tively.The maximum peak in droplet 
on
entration seen 
lose to theThis article is protected by copyright. All rights reserved.
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Figure 3. The i
e number budget from the simulation of CLASIC, DF = dropletsfrozen homogeneously, AF = aerosols frozen homogeneously, HM = H-M splinters,TH = total i
e from heterogeneous nu
leation, (DT, ST, BI) i
e from heterogeneousnu
leation of dust, soot and biologi
al organi
s respe
tively.
loud base, parti
ularly in CLASIC 
orresponds to the maximumsupersaturations 
hara
teristi
 of 
loud bases (Rogers and Yau1991) and the behavior above the 
loud bases depends on otherpro
esses su
h as in-
loud droplet a
tivation and pre
ipitationformation or growth.The 
loud droplet 
on
entration was marginally insensitive toIN in
reases in both 
ases, although a weak bias towards anin
rease in present-day droplet 
on
entration was noted in sub-zero temperatures for the CLASIC 
ase. This insensitivity wasattributed primarily to the fa
t that the fra
tional 
ontributionof anthropogeni
 solid aerosol to the total present-day aerosolloading was relatively small in both 
ases. Se
ondly, althoughsolid aerosols are able to a
tivate 
loud droplets in the modelowing to their internal mixing with soluble 
omponents, theirCCN a
tivity is still relatively low in 
omparison to that ofsolute aerosols. Consequently, the droplet sizes remained largelyun
hanged in both 
ases, although a slight redu
tion in the meandroplet sizes of about 1 �m (plots not shown) was predi
ted at the
orresponding heights where the in
rease in droplet numbers waspredi
ted in CLASIC.3.2. Cloud I
eOne of the hypotheses that we evaluated in this experimentwas whether solid aerosols redu
e the overall number of i
eparti
les aloft by suppressing the homogeneous freezing of 
louddroplets. This suppression is hypothesized to o

ur be
ause of

the gla
iation indire
t effe
t, a pro
ess by whi
h extra solidaerosol material nu
leates more i
e phase that enhan
e i
e-phase pre
ipitation via the i
e 
rystal pro
ess, a

reting more
loud-droplets so that fewer droplets freeze homogeneously aswas found in Connolly et al. (2006). However, Fan et al. (2010)found this to be strongly depended on humidity levels, espe
iallyin polluted 
louds; at higher humidities the effe
t was morepronoun
ed.Although this was not distin
tly pronoun
ed, there washowever a very weak eviden
e of this o

urring in CLASIC (Fig.2
), where a slight redu
tion in i
e number 
on
entrations, Ni atthe very top of the 
loud was predi
ted. Contrary to the marginallyinsensitive i
e in CLASIC, there was a marked in
rease ini
e 
on
entrations above the homogeneous freezing level in themaritime 
ase (Fig. 2d). In addition, a striking feature is shownFig. 4d where the upward shift of 
loud tops is shown in thepresent-day. This is attributed to the 
orresponding strengtheningof updrafts in the upper troposphere (Figs. 5d and 5e). AlthoughFan et al. (2010) did not dire
tly 
omment on the response of
loud-top heights to more IN, they reported an in
rease is uppertropospheri
 water vapour, whi
h we attribute to this upward shiftin 
loud top height predi
ted in this same maritime 
ase thatthey also simulated, although for an isolated DCC. Ekman et al.(2007) also showed a similar response with in
rease in IN loading.As for the mean sizes, there were no signi�
ant 
hanges to themean sizes of i
e in CLASIC, although in TWPICE, there wasa 
orresponding substantial redu
tion in upper tropospheri
 i
esizes.Fig. 3 presents the spatial and temporal averages of i
e sour
esin the CLASIC 
ase, the i
e number budget shows homogeneousdroplet and solute aerosol freezing dominating other i
e sour
es.This explains why there is a peak in Ni above the -40 ÆCaltitude - the homogeneous freezing level. This is also 
onsistentwith the �ndings of Ekman et al. (2007) for an isolated mid-latitude 
ontinental 
umulonimbus 
loud. As for the Hallet-Mossop splinters, a slight redu
tion in H-M splinters is shown inthe present-day. While there was generally a monotoni
 in
reasein heterogeneous i
e nu
leation resulting from in
reased IN, the
on
entrations of heterogeneously nu
leated i
e are about twoorders of magnitude lower than those from homogeneous freezing,This article is protected by copyright. All rights reserved.
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(e) TWPICE (f) TWPICEFigure 4. Intrinsi
 spatial and temporal averages of (a) i
e (b) snow and (
) graupel mixing ratios 
onditionally averaged over deep 
onve
tive 
louds. The upper panel isfor the CLASIC 
ase while the lower panel is for the TWPICE 
ase.as a result, the 
hanges in i
e 
on
entrations are small. The i
enumber budget for the maritime 
ases exhibited similar features.3.3. Water Contents and Pre
ipitation Produ
tionFig. 4a shows the pro�les of intrinsi
 i
e water mixing ratiosaveraged over deep 
onve
tive 
louds in CLASIC. A peak in thepro�le of i
e mixing ratios reminis
ent of homogeneous dropletand aerosol freezing is evident 
lose to the -40 ÆC level in boththe PD-CTRL and the PRE-IND simulations, while the se
ond

minor peak at near the -60 ÆC level, whi
h is more prominent inthe PRE-IND simulation is 
hara
teristi
 of 
umulonimbus anvils.A weak trend reversal in the manner in whi
h i
e water 
ontent(IWC) responded to IN loading is exhibited in the CLASIC 
ase;a signi�
ant loss of i
e with IN loading is predi
ted aloft, while asigni�
ant in
rease of IWC is predi
ted below the homogeneousfreezing level. The important 
on
lusion to derive from this �gureis that in
reased IN in this 
ontinental 
ase a
tually diminishesanvil i
e 
ontent. This was followed by a monotoni
 de
rease in
This article is protected by copyright. All rights reserved.
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Temperature bias (K)(e) TWPICE (f)TWPICEFigure 5. Spatial and temporal averages of updraft speeds in (a) deep 
onve
tive 
louds and (b) in stratiform 
louds and (
) is the temperature 
hanges. The upper panelis for the CLASIC 
ase while the lower panel is for the TWPICE 
ase.both present-day snow and graupel mixing ratios (Figs. 4b and4
).The 
lassi
al gla
iation effe
t enhan
es i
e pre
ipitation as inConnolly et al. (2006). Although there was no spe
i�
 referen
eto snow or graupel produ
tion in Fan et al. (2010), they reporteddrying in 
lear air due to extensive 
ondensation/deposition within
reasing IN loading, whi
h implies either more pre
ipitationor merely more 
loud or i
e 
ontent. This was however not the
ase here and we attribute this redu
tion in pre
ipitation to the

weakening of updrafts in deep 
onve
tion 
onve
tion that wepredi
ted (Figs. 5a).On the other hand, IWC in TWPICE was marginally insensitiveto 
hanges in IN loading, espe
ially below the -60 ÆC level,although there was a distin
t upward shift of the anvil tops 
learlyexhibited in Fig 4d. This agreed with the patterns predi
ted forupdraft velo
ities in whi
h the verti
al velo
ities were enhan
edin both stratiform and deep 
onve
tive 
louds, espe
ially inthe upper-troposphere (see the following se
tion). Both theThis article is protected by copyright. All rights reserved.



A
cc

ep
te

d
 A

rt
ic

le
12 I. Kudzotsaun
onditional and 
onditional averages of snow mixing ratiosexhibited huge in
reases in the present day (Fig. 4e) in dire
t
ontrast to the mid-latitude 
ontinental 
ase where all formsof pre
ipitation were suppressed. This in
rease in snow mixingratios was widespread in both 
loud types; although the dominantin
rease was noted in i
e-only 
louds as opposed to the mixed-phase 
louds.The dominant me
hanism by whi
h in
reased snow mixingratios were predi
ted in the solid aerosol pollution s
enario wasthe enhan
ement of the upper tropospheri
 number 
on
entrationsof i
e (Fig. 2d), whi
h also 
aused substantial warming and strongupper-tropospheri
 as
ent velo
ities that triggered the upwardshift of 
loud tops. The upward shifting of the 
loud tops alsoplayed an important role in the proliferation of snow by deepeningthe depth of the 
loud within whi
h i
e 
rystals 
ould intera
t andgrow to form snow. On the other hand, the mixing ratios of graupel(Fig. 4f) and rain (plot not shown) were hardly 
hanged mainlydue to their dependen
e on the mean diameters of hydrometeors,whi
h remained largely insensitive to solid aerosol pollution.3.4. Response of Cloud Dynami
s to In
reased Solid AerosolsFigs. 5a and 5b show how the gla
iation effe
t affe
ted thedynami
s of 
louds in CLASIC. Updrafts in deep 
onve
tive
louds were signi�
antly diminished by as mu
h as 25 %,espe
ially in the present-day upper troposphere, while the effe
tof IN loading on the intensity of updrafts in stratiform 
louds wasnot substantial, although there is a slight weakening between the0 ÆC and the -20 ÆC levels and a monotoni
ally weak in
reaseabove that altitude. Fig. 5
 shows the spatially and temporallyaveraged verti
al pro�le of the temperature bias resulting fromin
reasing IN loading. The pro�le shows a less than 0.1 ÆCwarming below the homogeneous freezing level. Although thisslight warming does not dire
tly explain the general weakeningof updrafts predi
ted over the same range of temperature levels,we attribute the strong upper-tropospheri
 
ooling to the strongredu
tion in updraft strengths in deep 
onve
tive 
louds. Althoughthis weakening of updrafts is in tandem with many other previousstudies su
h as Fan et al. (2010); Storer and van den Heever(2013) who attributed it to 
ondensate loading, there is noeviden
e of 
ondensate loading in this 
ontinental 
ase sin
e

i
e and all other forms of solid pre
ipitation where depletedby IN loading. These results and theirs 
an however not be
ompared dire
tly sin
e in Storer and van den Heever (2013)'s
ase for example, they only varied the CCN and not the INloadings and also Fan et al. (2010)'s 
ase was a maritime one.On the other hand, with in
reased solid aerosol loading,the strength of updrafts in
reased signi�
antly in the uppertroposphere of both stratiform and deep 
onve
tive 
louds inthe maritime 
ase (Figs. 5d and 5e). The altitudes withinwhi
h this strengthening of verti
al velo
ities was exhibited
orrespond with the altitudes where more i
e (Fig. 2d) andmore snow (Fig. 4e) were also predi
ted. This was 
aused bylatent heating released by extra i
e and snow during vapour
ondensational/depositional growth, whi
h is eviden
ed by theupper tropospheri
 warming exhibited in Fig. 5f. As a result ofthe strengthened updrafts, 
loud-tops were shifted upwards in thepresent-present-day. Stronger updrafts have higher momentum toovershoot 
loud-tops and detrain moisture and i
e in the uppertroposphere, whi
h is in keeping with Fan et al. (2010) who foundmoistening of the upper troposphere when CCN and IN loadingswere simultaneously in
reased. However, the mean velo
ities ofdeep 
onve
tive updrafts below the homogeneous freezing levelweakened signi�
antly with IN loading. This 
orresponded alsowith a 
ooling within the same altitude range and sin
e snowprodu
tion proliferated in the present day, 
ondensate loadingmay have 
ompounded the weakening of updrafts in the middletroposphere. There was however no sensitivity shown by verti
alvelo
ities in the middle tropospheri
 stratiform 
louds.3.5. Cloud CoverGenerally, the overall horizontal 
loud 
over averaged over thewhole domain in
reased by about 2 % due to IN pollution inCLASIC; although, different phases of 
louds in
reased withdifferent magnitudes of 
loud fra
tions (Fig. 6a). Mixed-phase
louds exhibited the largest in
rease in horizontal 
loud 
over. Themain driver of this overall in
rease in the total 
loud fra
tion wasthe suppression of pre
ipitation, espe
ially of snow and graupel,whi
h leeds to prolonged 
loud lifetimes. The volumetri
 
loudfra
tion, Fig. 6
, shows the 
hange in 
loudy grid-boxes when theloading of solid aerosols was in
reased. The values of the 
hangeThis article is protected by copyright. All rights reserved.
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loud fra
tions and volumetri
 
loud fra
tions are presented in (a) and (b), respe
tively. The upper panel is for the CLASIC 
ase whilethe lower panel is for the TWPICE 
ase. The volumetri
 
loud fra
tion represents the number of 
loudy grid-boxes.in volumetri
 
loud fra
tion are very small be
ause the totalnumber of grid boxes in the 2-D domain is over 4000 and all theseare written out every 5 minutes for three weeks, hen
e, a fra
tion
hange in the number of 
loudy grid boxes appears small, but it ismeaningful. The volumetri
 
loud fra
tion also exhibited similartrends of in
reasing 
loud 
over in the present day. It is noteworthythat the volumetri
 
loud fra
tion of i
e-only 
louds showed asigni�
ant weakening in the present-day simulation relative to thepreindustrial solid-aerosol run. This de
rease is mainly attributedto the predi
ted de
rease in upper tropospheri
 i
e water 
ontent(IWC) 4a. This �nding of an in
rease in horizontal 
loud fra
tionsexhibited by all 
louds in this mid-latitude 
ontinental 
ase is
ontrary to the widely a

epted understanding that, the gla
iationindire
t effe
t favours the i
e 
rystal pro
ess, whi
h in prin
iple,should diminish the liquid-phase 
omponents of the 
louds andin
rease pre
ipitation via the i
e-phase.Overall, there was a net redu
tion in 
loud 
over due tosolid aerosol pollution in TWPICE (Fig. 6
). The mixed-phase
louds re
orded the largest de
rease. This is in 
ontrast with

the 
ontinental 
ase where an in
rease in solid aerosol number
on
entration resulted in an in
rease in the 
loud fra
tion. Themain 
ause for this redu
tion in 
loud 
over is the predi
tedin
rease in snow produ
tion (Fig. 4e). Pre
ipitation produ
tionvia the i
e-phase is more ef�
ient than via the warm phase; hen
e,the 
loud lifetime diminishes qui
kly under su
h a s
enario. Thevolumetri
 
loud fra
tion was also severely depleted indi
atingthat the number of 
loudy grid-points was redu
ed in the presentday simulation. Overall, a net redu
tion of about 2% in 
loudfra
tion was 
aused by in
reased solid aerosol pollution.3.6. Response of Cloud Opti
al Properties to In
reased SolidAerosolsThe intrinsi
 and domain-wide 
hanges in the opti
al thi
knesses(� i) between the pre-industrial and the present-day s
enariosshown in Figs. 7a and 7b, respe
tively for the CLASIC 
aseshow very small 
hanges overall. In the present day however, theintrinsi
 opti
al thi
kness of all 
louds showed a slight redu
tion.This article is protected by copyright. All rights reserved.
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(
) TWPICE (d) TWPICEFigure 7. Changes in horizontal the intrinsi
 and un
onditionally averaged opti
al thi
knesses of 
louds are presented in (a) and (b), respe
tively. The upper panel is forthe CLASIC 
ase while the lower panel is for the TWPICE 
ase.While there was no signi�
ant 
hange evident in the � i of i
e-only and mixed phase 
louds, there was however a slight in
reasein � i for the liquid-only 
louds. This redu
tion in the present-day intrinsi
 opti
al thi
kness of all 
louds is reminis
ent of theredu
tion in the upper-tropospheri
 i
e water 
ontent (4a). As forthe un
onditional averages, the overall opti
al thi
knesses of all
louds was higher in the present-day run, mainly be
ause both thehorizontal and volumetri
 
loud fra
tions in
reased with in
reasedsolid aerosols. In other words, 
louds be
ame more extensive butopti
ally thinner due to solid aerosol pollution.On the other hand, in TWPICE, despite the signi�
ant in
reasesin snow produ
tion when solid aerosol loading was in
reased,the overall intrinsi
 opti
al thi
kness of all 
louds was hardlysensitive, although a very weak in
rease was seen. I
e-only 
loudsshowed a slight in
rease, while the mixed-phase phase and water-only 
louds exhibited a redu
tion in present day � i, with water-only 
louds showing the largest drop. Considering that moresnow was produ
ed in i
e-only 
louds and the IWC was a
tuallydepleted in the present-day upper troposphere, then this in
rease

of the opti
al thi
kness in i
e-only 
louds 
an only be attributedto a predi
ted present-day in
rease in the depth of 
louds and notto the intensi�
ation of the water 
ontents. Other types of 
loudsbe
ame slightly opti
ally thinner largely be
ause of the depletionof the volumetri
 
loud fra
tions 
aused by the in
rease in snow.The un
onditionally averaged opti
al thi
knesses of the 
loudswere de
reased in the present-day simulation mainly be
ause thehorizontal 
loud fra
tions de
reased in the present-day (Fig. 7d).4. Results for Response of Cloud Radiative Properties toIn
reased Solid Aerosols4.1. Responses from the Continental Case (CLASIC)Of the -1.96 Wm�2 radiative for
ing from all 
louds, the
ontribution from water-only 
louds, -1.22 � 0.18 Wm�2, washigher than the 
ontribution from gla
iated 
louds, -0.74 � 0.11Wm�2, both were resolved from Test C. The indire
t effe
tof water-only 
louds was stronger than that of i
e-only 
loudsdespite the fa
t that Fig. 6a exhibits an in
rease in the 
overage ofThis article is protected by copyright. All rights reserved.
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Figure 8. The gla
iation aerosol indire
t effe
t, arising from in
reasing solidaerosol 
on
entrations in CLASIC. Meanings of abbreviations: GC-AIE =Gla
iated Clouds AIE, GCL-AIE = Gla
iated Clouds Lifetime AIE, GCAE-AIE= Gla
iated Clouds Albedo-Emissivity AIE.gla
iated 
louds that is higher than that of the liquid-only 
louds.The in
rease in the gla
iated 
loud fra
tion being relatively higherthan that of liquid-only 
louds. On the other hand, mixed-phase
louds exhibited a mu
h higher 
hange in 
loud fra
tions, hen
eit is not intuitive to derive a 
on
lusion from this relationshipbetween radiative �ux 
hanges and domain-wide 
hanges in 
loudfra
tions. However, from Fig. 6b, it is shown that there was a slightnegative 
hange in the volumetri
 
loud 
overage of i
e-only
louds. This weak response by i
e-only volumetri
 
loud 
overexplains the smaller 
ontribution of gla
iated 
louds to the netradiative �ux 
hange of all 
louds relative to water-only 
louds.This is also 
orroborated by Fig. 7a, whi
h shows that only liquid-only 
louds had the intrinsi
 opti
al thi
kness that in
reased inthe present-day, while for the domain-wide opti
al thi
kness (Fig.7b), only mixed-phase 
louds exhibited a signi�
ant in
rease inthe opti
al thi
kness.From Fig. 8, it is shown that the net gla
iated 
louds lifetimeindire
t effe
t (GCL-AIE), estimated using the Test C is a
tuallypositive, i.e. 0.41 � 0.06 Wm�2 signifying a warming effe
t onthe 
limate system. This is despite the net in
rease in the domain-wide average of the 
loud fra
tion of i
e-only and mixed-phase
louds from solid aerosol pollution. This positive radiative for
ingis attributed to the redu
tion in the intrinsi
 opti
al thi
knessesof i
e-only 
louds. The limited drop in the volumetri
 
loud
over of i
e-only 
louds also indi
ates that they be
ame opti
allythinner in the present-day, making them re�e
t ba
k to spa
eless in
oming shortwave radiation, whi
h explains also why the
omponent of the gla
iated lifetime indire
t effe
t from i
e-only
louds was strongly positive (4.85 � 1.35 Wm�2). The redu
tion

in the opti
al thi
kness of i
e-only 
louds was also 
orroboratedby the upper troposphere redu
tion in i
e mixing ratios (Fig. 4a).On the other hand, the 
omponent of the gla
iated 
loud lifetimeindire
t effe
t from mixed-phase 
louds is strongly negative (-4.44� 1.33 Wm�2) mainly be
ause its opti
al thi
kness in
reasedwith in
reasing solid aerosols.Although there is no signi�
ant 
hange in the mean sizes of
loud parti
les shown, there was a weak bias towards smallersizes in the present-day and this might have had a bias towardsin
reasing the re�e
tan
e of 
loud parti
les, hen
e, a net 
oolingeffe
t from the albedo-emissivity effe
t of -1.15 � 0.11 Wm�2was predi
ted using the Test B.4.2. Responses from the Maritime Case (TWPICE)The 
lassi
al gla
iation effe
t, su
h as the one found byStorelvmo et al. (2011) in their global modelling study of INeffe
ts on mixed-phase 
louds was exhibited in this maritime
ase (Fig. 9). A positive radiative for
ing of about 1 Wm�2was predi
ted in the TWPICE 
ase, implying a warming effe
t.This positive for
ing was primarily 
aused by the distin
tdrop in 
loud 
over for both the domain-wide horizontal andvolumetri
 averages (Figs 6
 and 6d, respe
tively) owing to astrong in
rease in present-day snow produ
tion. The domain-wide opti
al thi
kness, Fig. 7d, shows that present-day 
loudswere generally opti
ally thinner, hen
e they allow more solarradiation into the atmosphere leading to this warming effe
t.The primary 
ause for these two responses was the predi
tedin
rease in snow produ
tion, whi
h was more distin
t in i
e-only 
louds. As a result, the 
ontributions to this warming effe
tby the gla
iation indire
t effe
t were dominated by gla
iated
louds, whi
h exhibited a strongly positive radiative for
ing ofabout 4.74 � 1.66 Wm�2, while the water-only 
louds a
tuallyhad a negative radiative �ux 
hange at the TOA (-3.72 � 1.3Wm�2). This is be
ause water-only 
louds were hardly sensitiveto the solid aerosol in
rease in their domain-wide 
loud 
overage(Fig. 6
), even their volumetri
 
loud fra
tions exhibited the least
hange among all other 
loud types. This is not surprising be
ausesolid aerosols are not the dominant sour
e of 
loud droplets in themodel or in the atmosphere.This article is protected by copyright. All rights reserved.
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Figure 9. The gla
iation aerosol indire
t effe
t, arising from in
reasing solidaerosol 
on
entrations in TWPICE. Meanings of abbreviations: GC-AIE =Gla
iated Clouds AIE, GCL-AIE = Gla
iated Clouds Lifetime AIE, GCAE-AIE= Gla
iated Clouds Albedo-Emissivity AIE.Of the net gla
iation effe
t of 4.74 � 1.66 Wm�2 from thegla
iated 
louds, the largest 
ontribution to this warming effe
twas from i
e-only 
louds, whi
h 
ontributed a for
ing of about8.51 � 2.98 Wm�2. The mixed-phase 
louds' 
ontribution to thisfor
ing was a
tually a negative radiative for
ing of about -3.77� 1.3 Wm�2. This is be
ause the largest notable in
rease in snowmixing ratio was predi
ted in i
e-only 
louds, while no substantial
hanges were simulated in mixed-phase 
louds.Finally, be
ause the mean sizes of 
loud parti
les were largelyun
hanged for both 
loud droplets and i
e 
rystals due to thein
rease in solid aerosols, the resultant albedo-emissivity indire
teffe
t was insigni�
ant in all 
loud types, implying that the warm-
loud albedo indire
t effe
t signature in maritime 
louds due tosolid aerosol pollution is quite faint. This is mainly be
ause, theba
kground solid aerosol 
on
entrations of marine 
louds arerelatively low 
ompared to their 
ontinental 
ounterparts, andalso the 
hange in the solid aerosol loading in this already 
leanmaritime air 
aused by anthropogeni
 a
tivities is very low when
ompared to the 
ontinental air. Hen
e, with good 
on�den
e,we 
an 
on
lude that the gla
iation effe
t is more distin
t in
lean maritime 
louds than in more polluted 
ontinental 
louds,while the warm-
loud albedo indire
t effe
t is more pronoun
edin 
ontinental 
louds.5. Con
lusionThis investigation examined the mi
rophysi
al and dynami
alme
hanisms by whi
h solid aerosols affe
t the radiative propertiesof 
louds. The simulations were 
ondu
ted using a state-of-the-art hybrid bin/bulk aerosol-
loud mi
rophysi
s s
heme 
oupled to

the Weather Resear
h and Fore
asting (WRF) model. The s
hemetreats �ve spe
ies of hydrometeors, i.e. 
loud, i
e, rain, snow andgraupel (TWPICE). Two 
ases of deep 
onve
tion were 
hosenfor this study, the �rst one was a 
ontinental mid-latide 
ase(CLASIC), while the other one was a tropi
al maritime 
ase. Themain differen
e between the two 
ases was in their ba
kgroundaerosol burdens, the 
ontinental 
ase was highly polluted, whilethe maritime 
ase was quite pristine.In the mid-latitude 
ontinental 
ase (CLASIC), the keymi
rophysi
al and dynami
al me
hanisms identi�ed were asfollows. Firstly, the in
rease in solid aerosols 
aused the
loud droplet number 
on
entrations to rise slightly, espe
iallyin sub-zero temperatures owing to the internal mixing andwettability assumed for solid aerosol whi
h allows them to a
tas extra CCN, while the i
e 
rystal number 
on
entrations wereessentially insensitive to aerosol 
hanges mainly be
ause primaryheterogeneous nu
leation of i
e 
rystals by solid aerosol is notthe dominant sour
e of i
e 
on
entrations. However, there wassigni�
ant suppression of pre
ipitation produ
tion in the present-day attributed to a signi�
ant redu
tion in the strength of deep
onve
tive updraft speeds. A 
orresponding redu
tion in present-day upper tropospheri
 i
e water 
ontents was also predi
ted. Theweakening of updraft velo
ities in 
onve
tive 
louds by as mu
has 25 % espe
ially in the upper troposphere was attributed mainlyto the predi
ted strong present-day upper-tropospheri
 
oolingand partly to 
ondensate loading in the middle troposphere.Consequently, weaker updrafts redu
ed upper tropospheri
 IWCand suppressed pre
ipitation produ
tion and anvil out�ow while
ausing in
reased 
loud 
over and prolonged 
loud lifetime -all of whi
h in
rease the re�e
tan
e of the 
loud. As su
h, thesimulations showed that solid aerosols had a net 
ooling effe
t(-1.96 � 0.29 Wm�2) in the 
ontinental 
ase (CLASIC).As for the maritime 
ase, the number 
on
entration of 
louddroplets was hardly sensitive to in
reased solid aerosol dueto the low fra
tional 
ontribution of solid aerosol to primary
loud a
tivation, but i
e 
rystal number 
on
entrations showeda substantial in
rease parti
ularly in the upper troposphere. Thisin
rease was driven primarily by an in
rease in the homogeneousfreezing of 
loud droplets fa
ilitated by strong verti
al velo
itiespredi
ted aloft and heterogeneous nu
leation of i
e by extraThis article is protected by copyright. All rights reserved.
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ed strengthening of updrafts in theupper-troposphere in both deep-
onve
tive and stratiform 
loudsresulted from the latent heating 
aused the proliferation of i
e
rystals. These strong updrafts also prompted a distin
t upwardshift of 
loud tops. The in
rease in i
e 
rystal 
on
entrationspromoted pre
ipitation produ
tion espe
ially of snow via the i
ephase pro
ess in regions of stratiform 
loud formed by 
onve
tiveout�ow, thereby depleting the 
loud 
over and opti
al thi
knessof 
loud parti
les. As a result of the depleted 
loud 
over andopti
al thi
kness, greater radiative �uxes were transmitted throughthe atmosphere, thereby 
ausing a net warming effe
t of 1 Wm�2for this maritime 
ase.In our previous study (Kudzotsa et al. 2016a), we investigatedhow 
hanges in solute aerosols affe
t the riming, aggregationand 
oales
en
e pro
esses in 
louds. We dis
overed that thesepro
esses are weakened by more solute aerosols in su
h a way thatthey 
ause a 
ooling effe
t on the 
limate. In this present study, thesame tests were 
ondu
ted to investigate the role of solid aerosolon these pro
esses. The effe
t of solid aerosols on these pro
esswas insigni�
ant. This was attributed to the fa
t that the in
reasesand the ba
kground amounts of solid aerosols were mu
h lowerin 
omparison to solute aerosols.In 
on
lusion, it has been noted that 
louds respondeddifferently, both mi
rophysi
ally and dynami
ally to in
reasingsolid aerosol loading between the 
ontinental and the maritimeatmospheres. The gla
iation indire
t effe
t was more pronoun
edin the maritime 
ase, where a strong warming effe
t was predi
tedthan in the 
ontinental 
ase where a 
ooling effe
t was noted.Although, the thermodynami
 environment has been shown toalso be different between the two 
ases (Fig. 1), this �ndingis in tandem with other previous studies e.g., Andreae et al.(2007) who dis
overed that for a given 
loud type, with thesame thermodynami
 environment, the aerosol indire
t effe
ts arelarger in 
leaner 
louds than in polluted 
louds. In other words,maritime 
louds would be expe
ted to be more sensitive to aerosol
hanges than 
ontinental 
louds.
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