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Thesis abstract

Convective cloudsra key components of the global hydrological cycle with important roles

in atmospheric energy and heat transfer. Within the mplee region of convective clouds,

ice crystals can form when an aerosol particle, termed anuiceating particle (INP),
cdalyses the freezing of supercooled liquid droplets, or when existing ice hydrometeors
facilitate the formation of new ice crystals via secondary ice production mechanisms (SIP). A
large number of parameterisations of INP number concentrations are uagdospheric
models but the effect on convective cloud properties of INP parameterisation choice is not
known. Firstly, | test the effect of INP parameterisation choice on a tropical convective cloud
field in a regional model with advanced microphysics. dégime domain outgoing radiation

is sensitive to INP parameterisation choice and the differences between parameterisations can
be as large as the effect of removing INP altogether. In particular, the temperature dependence
of the INP parameterisation iimportant and determines cloud microphysical properties even

in the presence of SIP via the Hallbtbssop process. Next, | examine the effect of INP and
the HallettMossop process on the properties of an idealised deep convective cloud using a
Latin hypecube sampling method and statistical emulation. At high INP number
concentrations, the anvil ice crystal number concentration decreases sharply. At weak INP
temperature dependenciaghich increase INP number concentrations at warm mpkece
temperaturessignificantincreasesn anvil extentandanvil ice crystalsizeoccurasaresultof
enhancedHallettMossopice productionand more extensivecloud glaciation.Finally, INP
transportacrossthe tropical Atlantic, the region of interestfor this thesis,is found to be
overestimatedh a global aerosolmodel.Overall, the resultsfurtherour understandin@f the
effectsof INP in convectivecloudsand indicatethe importanceof quantifying INP number
concentrationsat all mixed-phasetemperaturesnd improving the representatiorof cloud

glaciationin climatemodels.
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Chapter 1: Motivation and background
Information

1.1. Weather and climate prediction

Understanding the Earthoés atambfatgédrmanneng ofs cr i
civilians, organisations and governments. Accurate weather forecasts are vital for issuing
advance warning o&nd ensuring safety duringxtreme weather events, mitigating the impact

of weather such as very heavy rainfalhd infaoaming civilians and economic sectors of
imminent weather conditions for planning of commercial and leisure actiyBaser et al.,

2015) Furthermore, accurate representation of the Earth System in climate models is important

for planning for future changes in climate that may require mitigagiaeh as sea level rise.

Models are theoretical representations of real or imaginary processes and systems. In the early
20" century it was proposed that the laws of physics could be used to predict the (ateer

1901; Bauer et al., 2015; Bjerknes, 190M)is suggestion prompted the bigthd subsequent
development of numerical weather prediction and in the 1950s, an electronic computer was
used for the first time to predict the weather in hindc@&sier et al., 2015; Charney et al.,
1950)and not long afterwards, the first remhe forecasts were produc@8auer et al., 2015;

Bolin, 1955)

Today, numerical modelsan simulate most components of the Earth System including the
atmosphere, ocean, sea ice and vegetdtitmumann et al., 2019Every day numerical
weather modelfNWPs) solve a complex system of ndinear differential equations at
approximagly half a billion points per timestep, allowing the prediction of the weather on
scales from 100s of metres to 1000s of kilometres in the immediate toitwesksor months

ahead(Bauer et al., 2015)Advances in weather modelling have typically been incremental



with steady advances in understangdand enhancing forecast accuracy and affordability over

time: for example todaybdés 6 day for dBawest i s
et al., 2015)
The complex systems of equations i n numeri ceé

encapsulate the full complexity of thhealworld atmosphere or Earth System due to, for
example, computational affordability restrictions, and therefosealmany simplifications

or parameterisations to represent processes that cannot be resolved withiignddoakes

(Bauer et al., 2015Deciding which atmospheric and Earth ®ystprocesses to parameterise

and to what extent is a major challenge for modellers, most significantly because finding the
opti mal bal ance between 6physical r(leopek,i s m, I
2007)is extremely difficult. This is particularly true when trying to represent processes and
systems for which there is a lack of fundama physical understanding or where observational

data is sparse or naxistent(Bauer et al., 2015)

Atmospheric processes operate at scales from the molecular to 1000s of kilometres so at all
grid resolutions, some processes will require parameterisation. As grid resolution increases, the
complexity of the model generally increases on the assumptiomtinatrealistic and complex
representations of all atmospheric processes will lead to greater accuracy in model predictive
power. However, where processes must be simplified in some way, the decisions about which
aspects of the reavorld complexity to repesent in detail are often made without a systematic

0i nvest ment (aeoiehadl., 2818)dhisylsadssto models representing huge
complexity in some processes with consequences for computatioaaruincost without this
additional complexity adding any value to the model forecast or predictive power compared to

a simple parameterisatigiano et al., 2018)

Addition of complexity to NWP models can justified if it leads to direct improvement in the

model predictive power or enhances our understanding of the climate and weather system



which can indirectly lead to forecasting improvement in the future. Making informed decisions
about the complexity mpiired for each process in numerical weather and climate models
requires both an understanding of the underlying physical process and the impact of different
representations of the process in question on the system of interest. This thesis examines the
effects of the parameterisation of Hoacleating particles (INP), aerosols with the ability to
catalyse ice formatiorfVali et al., 2015) on tropical convective closdwith the aim to
understand the potential benefits of an enhanced understanding of INP properties for the

representation of these climatically important clouds.

1.2. Clouds

1.2.1. Why do clouds matter?

Clouds are suspensions of liquid droplets and frozen crystalsei atmosphere. They are

essential components of the global hydrological cycle and play an important role in energy and
heat transfer in the atmosphere. They provid
of liquid or solid precipitation anédssuchar e vi tal to the planetds |
of our everyday life due to the role they play in weather, for example, in determining how much

sunlight and rain we experience.

Clouds are key aspects of the global radiative budget thrthegreflection and absorption of

incoming and outgoing radiation. Clouds reflect incoming shortwave radiation, i.e. from
sunlight, inducing coolinppnd absorb outgoing | ongwave radi
causing warming. The balance betweew mouch shortwave radiation is reflected by clouds

(cloud albedo), and how much clouds reduce outgoing longwave radiation (a greenhouse

effect) determines whether c¢clouds have an o



atmosphere and is the most ionfant cloud property for climate prediction. It is estimated that
overall the cloud albedo effect outweighs the cloud greenhouse effect and thus clouds cause a
net cooling of the E-dreldtieds claud fremasmodpleérelnkao f ~ 1 8

et al., 2017)

However, clouds present challenges for both numerical weather prediction in the present and
for prediction of future climates. For example, cloud processes operate across multiple scales,
from nanometres to areas spanning 1000s of kilborees acr oss t he Earthos
representing processes at all relevant scales is extremely challenging in any model and one has
to rely on simplified statistical representations of processes occurring at scales smaller than
those resolved by theodel numerics. Furthermore, our observational records of clouds
remains relatively scarce making validation of climate and numerical weather model
representations of clouds difficult. While forecasts produced by numerical weather models
have been asseskagainst observations for accuracy for decades, clouds are generally not
included in these assessments because their spatial and temporal heterogeneity makes
verification against observations challengi(®jncus et al., 2008)Where cloudiness and
precipitation are evaluated (e.g. by the ECMWF), performance remains much poorer than for

the "largerscale" dynamics variables, such as, for example, geopotential height.

Changes in atmospheric composition due to anthropogenic activithe form of global
warming due to enhanced carbon dioxide concentrations or changes in aerosol sources, can
cause changes in cloudiness and the amount of cooling they induce. The impact of
anthropogenic activity on clouds is very uncertain because thatheffect of warmer
atmospheric temperaturemnd the effect of altered aerosol concentrations and composition on
cloud propertiesare complicated and difficult to quantify. Cloud feedbacks, changes in cloud
properties due to rising global temperatubed can amplify or dampen the global temperature

increase, may be as large as 2.0 W@ (Zelinka et al., 2017)In idealised simulations of an



aqguaplanet, i.e. simulations that didndét hayv
ice, thebiosphere or aerosols, the uncertainties in the response of clouds to global warming
remained as large as they were in comprehensive Earth System \eeésros et al., 2008;

Stevens and Bony, 2013) The effect of aerosalloud interactions is currently the largest

source of uncertainty in the IPCC Assessment of the eventual magnitude of the atmospheric

temperature increase due to climate chgBgeicher et al., 2013)

1.2.2. Cloud phase

The balance of liquid and ice in mixg@thase clouds is important for cloud development,
precipitation, lifetime and radiative properties. Ice particles tend to be more efficient collectors
of liquid drops than cloud droplets, meaning frozen particles @mster than liquid particles
resulting in faster precipitation development in clouds with higher glaciation. Enhanced
precipitation formation can result in the faster dissipation of a cloud with more ice and thus a
shorter lifetime and lower overall cloadver. Clouds with higher ice fraction tend to be thinner
and to reflect less sunlight due to a reduction in the number of particles and an increase in

particle size relative to a clouds containing more supercooled liquid (Vateet al., 2016)

Tan et al. (2016Jound that accurate representation of cloud phase in GCMs is important for
constraining the equilifum climate sensitivity to climate change. Cloud phase is an important
component of potential O6cloud opacity feedba
shortwave or cloud absorption of outgoing longwave radiaiton due to global tempdsasire r
These cloud opacity f e ducherceka. 2@lB)ee inbparttg hl y u
difficulty repreenting cloud phase and cloud microphysics in climate mddelinka et al.,

2017)



Despite its climatic importance and its relevance for precipitation forecasts, cloud phase is not
well constrained in weather or climate models in part due a lack ofstadding of mixed

phase ice process@somurcu et al., 2014; Murray et al., 2028pmurcu et al. (2014fpund

that there were large differences in the representation of cloud phase in six global climate
models, and that all the models tested produced todn roocid glaciation at mixeghase
temperatures. Cloud phase is notoriously poorly represented in weather and climate models for
a number of reasons including a lack of physical understanding of ice formation, strongly
simplified representation of cloud giation in modelsand difficulties observing and therefore

validating mode representation of cloud phi@sg. Cesana et al., 2015; Komurcu et al., 2014)

1.2.3. Convective clouds in weather and climate models

Convetive clouds are formed by warrinuoyant air rising retave to its surroundingsJnequal

t her mal heating of the air at the Earthoés s
become warmer and less dense than its surrounds. As this less dense air rises, it\watds and

can form creating a cloud.h€ latent heat release from condensation, and freezing at higher
altitudes, can further increase the buoyancy of a rising air p&reep convective clouds in

the tropics can extend from temperature greater tha@ 36 temperatures lower thas0 °C,

i.e. from the boundary layer to beyond the tropopause, and can have horizontal radii greater
than 1000 kri Deep convective clouds are characterised by a convective core where air rises

in strong updraft®f up to 50 m 3 (Frank, 1977; Musil et al., 1986; Xu et al., 200ahd

powerful downdrafts at the edges of the convective cell caused by falling precipgation
evaporative coolig Somec | oud mas s may be OG6ovelbystheot 6 i r
momentum of the convective corebs vertical n

where the cloud hits the tropopause to form an optically thin layer of cloud called an anvil. At



the surface, air is pulled into the convective core due to displacement from the rising thermals,
while very strong surface wingsalled cold pool outflowscan occur where downdrafts hit the

surface(e.g.Trzeciak et al., 2017)

Stevens and Bony (2013 sser t t hat Afan I nadequate repr e
convection is the main |imitation in current
fact that these presses operate on scales well below the GCM spatial resolution. These
processes are particularly problematic in the tropics where they are especially dominant. The
tropics are the largest contributor to uncertainty between models in CMIP5 simulations of
global aquaplanet precipitation and radiation responses to climate ¢hatigeot only the

magnitude but the sign of precipitation responses differing between m@klieldeiros etl.,

2008; Stevens and Bony, 20138he accurate representation of tropical convection is important

for understanding weather and climate. For exantppjcal Atlanticdeep convective clouds

are important for the development of tropical storms amddames, and may play a role in the
modulation of sea surface temperatuf@amanathan and Collins, 199thanges to which

have been linked to changes in the African and Indian mor{gamharski et al., 2007, 2009)
precipitation over North Americg.g. Kushnir et al., 2010Antarctic sea ice distributiofii

et al., 2014)and Amazon rainfalfYoon and Zeng, 201@nd wildfire anomaliegFernandes

et al., 2011)

1.2.3.1. Unresolved convection

The dilemma of representing unresolved processes on the resolved scale is encapsulated by the
challenge of representing convective clouds in numerical weather prediction and climate
models. At grid spacings greater than 10 km, convection is represergea&lled convection
parameterisations because processes triggering convection as well as the dynamics of these

clouds occur at the micrdo mesoscaléPrein et al., 2015)In these cases, as many of the



governing processes occur in small fractions of the gridscale, it is assumed that all convection

is unresolvedBauer et al., 2015)However, these parameterisaton ar e r el at i vel
(Prein et al., 2015and involve strong sintification of processes that are highly variable in

space and tim@.opez, 2007)with implications br the physical properties, such as moisture

and momentum transport, precipitation generation and cloud cover, that the parameterisations

represent.

Uncertainty in convective representation has consequences for many aspects of weather and
climate predichn. Parameterisations of updraft triggering, entrainment and detrainment of
convective plumefde Rooy et al., 2013nd convective precipitation efficienfigenno et al.,

1994) cause some of the largest uncertainties in projected-smaje parameters such as
climate sensitivitfKnight et al., 2007; Rein et al., 2015; Sanderson et al., 2008; Sherwood et

al., 2014) Furthermore, they interact with other parameterisations of microphysical and
radiative processes causing further uncerta{ftsein et al., 2015)As a result, there is
increasing interest in moving towards operational weather prediction modelling at a gr
spacing of 1 km(Neumann et al., 2019; Prein et al., 20b8th globally and in regional
simulations, where parameterisation of convection becomes unnecessary as most of the

transient dynamics are resolvi@deumann et al., 2019)

1.2.3.2. Resolved convection

However, even at 1 km grid spacing, not all comivecprocesses, such as embedded small
scale convective plumes, are resolyBduer et al., 2015Furthermore, at 1 km grid spacing,

the parameterisation of cloud microphysical processes becomes critical to accurate
representation of cloud processes. The microphysics in convective clouds islgéyticu
complex relative to stratiform cloud®rein et al., 2015; Pruppacher and Klett, 19&8)d

therefore challenging to parameterise, due to stronger updratisvective clouds supporting



mixed-phase (ice and liquid) processes and a wide variety of hydrometeor types including ice

crystals, snow, graupel, cloud droplets, rain and(Faéin et al., 2015)

The microphysics of deep convective clouds are particularly difficult to accurately represent in
climate and weather models due to the amount, complexity and variety of scales of processes
occuring within them. Cloud droplets can form rapidly as the ainenconvective core rises

and cools. These cloud dropletentribute to the warm rain process whereby collision
coalescenskeetween cloud, rain and drizzle drops can rapidinforecipitationsized droplets.

Once formedand eleveated to colder altitudelsud droplets camndergo heterogeneous or
homogeneous freezing to form ice crystittswater subsaturated cloud regioeach as the
downdrafts of deep convective cloudse crystals can grow rapidly at the expen§eloud

droplets via the WegerBergeronFindeisen proceqg.g.Cui et al., 2006)

Ice crystals can grow rapidly to form graupel, where further riming of cloud droplets can cause
rime splintering and the production of more ice crystals. Ice crystaEsmooagulate to form

snow particles. Rain, graupel and snow particles are heavier and will precipitate more readily
than cloud or small ice particles producing sometimes very intese precipitation. Convective
clouds can have multiple regions of updraftieh can facilitate or enhance secondary ice
production. Falling graupel and large droplets are also important for enhancing secondary ice
production. Many microphysical processes parameterised in a global or convection permitting
model can add considerablincertainty to the simulated cloud state, and this uncertainty is
compounded by process interactiofRgrthermore, the accurate representation of dynamics is
critical for the accurate representation of cloud microphysics. For exawiplemann et al.
(2018) found very large differences in the contribution of various microphysical and
environmental parameters to the uncertainty in the development of an idealised deep
convective cloud depending on whether the cloud was initiated using a warm bubble, a cold

pool, or a mountain ridgd he relative importance of dynamics, environmental conditions and
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cloud microphysics, and their interactspim convective clouds is an ongoing area of research
(e.g. Fan et al., 2016; Miltenberger et al., 2018a, 2018b; Miltenberger and Field, 2020;

Wellmann et al., 2020)

1.3. Processes affecting the amount of ice in ceective

clouds

1.3.1. Aerosokcloud interactions

Aerosols are particles suspended in the atm
surface (primary aerosol) or formed in situ from precursor gases which can nucleate forming
new particles (secondary aeo)s(Pruppacher and Klett, 1978rimary aerosols can be
emitted naturally in the form pfor example, mineral dust from desdisippertz and Todd,

2012) ash and sulphates from volcanic erupti@dsirshall et al., 2019; Mills et al., 2016;
Sawyer et al., 201Dr organic matter and sea salt from sea s@fagnati et al., 201Q)Primary
aerosol particles can also be emitted from anthropogenic gdtivihe form of, for example,

black carbon from combustiofStreets et al., 200,lprganic carbon from biomass burning
(Bond et al., 2004)and sulphate and nitrate aerosols from shipfingtthias et al., 2010)

Fossil fuel burningHuang et al., 2015biogenic emissions of volatile organic compounds
such as isoprengarlton et al., 2009and volcanoeg§Cole-Dai, 2010)are important sources

of the precursor gases for secondary aerosol formation.

Aerosols are important drivers of climate. Aerosols can scatter and absorb incoming and
outgoing shorivave and longvave radiati on, affecting the
changing albed¢Carslaw et al., 2013; Twomey, 199The impact of aerosol scattering and

absorption on climate is known as the aerosol direct effect. For example, chamges he Ear t t



11

albedo due to increased sulphate aerosols following large volcanic eruptions has been cited as
a trigger for large scale climate change including periods of glaci@ktacdonald and

Wordsworth, 2017)

Aerosols can also affect climate by affecting cloud radiative properties which in turn alters the
Ear t h 6 gFeirgbldamdMcComiskey, 2016; Twomel991) These aerosol affects are
called adjustments to aerosmbud interactions (previously termed the indirect effect)
(Boucher et al., 2013Bpecifically, aerosols can act as cloud condensation nuclei (CCN) and
an increase in the number of aerosol particles in a cloud with no changes in the available
moisture for condensation will increase the cloud draplember concentration and decrease
cloud droplet size. A cloud with more smaller droplets will scatter and reflect incoming solar
radiation more effectively than a cloud with less larger droplets leading to a cooling effect
(Carslaw etal., 2013) Cloud lifetime can also be increased in clouds with more small cloud
droplets due to the suppression of the warm rain prgtessnann, 2006yvhich can prolong

this cooling effect.

Aerosols can also cause changes in atmospheric temperature and relative humidity which can
affect cloud formation in what are called cloud adjustments to aerosol radiative forcing
(previously termed the sefdirect effect)(Boucher et al., 2013For example, absorption of

solar radiation by soot particles and consequently reduced relative huradlityed daytime

cloud cover by trade cumulus clouds over the Indian Ocean by between 25 affck6fman

et al., 2000) The same effect has been demonstrated for marine stratocumulug dtudon

et al., 2004)

Aerosol cloud interactions via the indirect and the séingict effect are currently the largest
source of uncertainty in climate forcing estimates by the IEEoQcher et al., 2013and these
interactions become even more complicated than described above when we consider mixed

phase clods and the potential for aerosol to affect ice formation processes. As well as acting
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as CCN, aerosols can act as IjllBhmann et al., 2016aerosols that can initiate the freezing

of a cloud droplet between 0 ane38°C. Given the important implicatiornd aerosoicloud
interactions for climate and potentially also for weather prediction, understanding the role of
aerosols in controlling mixedhase cloud processes, including in ice formation, is an important
challenge for atmospheric scientists. Thissib focuses on understanding the impact of INP,

and particularly mineral dust, in determining the properties of tropical convective clouds.

1.3.1.1. Mineral dust

Mi neral dust from the worl doés (Chovsaeatdl.2014;s an
DeMott et al., 2003; Prosperth996; Tang et al., 201&)ith an atmospheric dust loading of
approximately 19.2 Tg, compared to 7.5 Tg for the next largest loading, sedTsprg)et al.,

2016; Textor et al., 2006)Dust uplift in summer is associated with a wide range of
meteorological conditions. Both dry (e.g. African Easterly Jet, Harmattags)yiand moist

wind systems (e.g. monsoon circulation, cold pools) are known to be impgéntéppertz and

Todd, 2012; Schwendike et al., 201.6aimmertime dust events tend to reach heights of 4 to

6 km due to a tall boundary layer, high insolation, and the upward shift of the Intertropical

Convergence Zone (ITCZlaser et al., 2015)

Thetropical Atlantic the region of intes in this thesis, is particularly influenced by high dust
loading from the Sahar&lorth Africa accounts for 55% of global dust emissi¢@soux et

al., 2012) Saharan dust contributes-80% of Caribbean summertime aerosol voly@eol}

et al., 2016)and has been observed acting as efficient INP over Fl{Did&lott et al., 2003)
demonstrating that dust can influence cloud properties thousands of kilometres from source

(Tang et al., 2016; VergaiBemprado et al., 2017)
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1.3.2. Cloud droplet formation

Atmospheric droplet formation relies on the presence of deliquesced soluble aerosol particles
(Lohmann et al., 2016)CCN are aerosol particlegpon which cloud droplets can form. CCN
particles provide a liquid surface upon which water vapour can condense removing the need
for formation of a liquid critical nucleus from the vapour phase, and thus reducing the
condensation energy barrier. Thesetipks take up liquid water in stgaturated conditions

via hygroscopic growth.

The potential for an aerosol to act as a CCN depends on both size and solute concentration.
The Kelvin effect states that the smaller the droplet, the larger the equilibrmppounaressure

due to increased surface tension associated with curved surfaces. The Raoult effect refers to
the decrease in equilibrium vapour pressure due to solute effects. Kohler Theory describes the

competing nature of these two effects.

Models use parameterisations to represent droplet activation. The primary determinant of these
schemes is generally updraft veloc{g.g. AbdulRazzak and Ghan, 2000; Fountoukis and
Nenes, 2005; Shipway and Abel, 2010; Twomey, 1939hygroscopicity parameter is used

to describe effect of particle composition via the solute effestters and Kreidenweis, 2007)
Completely insalble particles have a hygroscopicity parameter of 0, representing an inability

to grow in size via deliquescence.

1.3.2.1. Dust as CCN

In mixedphase clouds, most INP are expected to be subject to immersion freezing and
therefore activate as CCN prior to heterogeneous nucle@imsmann et al., 2008; De Boer

et al., 2011; Kaniji et al., 2017)herefore, for dust particles to be atmospherically relevant as
INP particles, tey should also act as CCN. In models, dust is normally assumed to be insoluble

but small fractions of soluble components can enhance the ability of dust particles to act as
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CCN by increasing their hygroscopicity parame(&ely et al., 2007)However, these &uble
components have been deemed insufficient explanation for the demonstrated ability of dust to
act as CCN(Karydis et al., 2012hand as a result<umar et al. (2009highlighted the
importance of including adsorption effects in consideration of CCN activity. Kumar et al.
(2011) developed a new activation parametrisatitat considers both Kohler Theory and
adsorption effects via the FrenkehlseyHill adsorption activation theory (FHH). Dry
generated dust samples, generally the larger of a bimodal dust size distribution, are expected
to follow activation by FHH, whiléhe smaller of the dust size modes, made up predominately

of wet generated clays and minerals, will be dominated by solute effects (Kumar et al., 2011)

The effects of dust on CCN concentration depends on both dust concentration and its impact
on other CCNspeciesKarydis et al. (2017)ound that dust particles increased cloud droplet
number concentratioflCDNC) by up to 20% over the Sahara, but decreased CDNC by a
comparable amount over areas with high anthropogenic aerosol loading. Dust particles with a
high FHH contribution to activation are less prevalent CCN in low saturation environments
(Karydis et al., 2012)because they are not subject to-saturated deliquescence on the same
scale as small soluble particles. Due to their large size, dust particles require more water
condensation onto their surface for activation than smaller droplets. Their preseace i
aerosol population can thus reduce supersaturation and cloud droplet number, particularly if
they take up considerable amounts of water but do not ac{Batahona et al., 2010)The

effect of dust on CCN concentratioten have implications for cloud properties. For example,
increased CCN number concentrations are unasaisto suppress the warm rain process by
reducing the size of cloud droplets.g. Campos Braga et al., 2017; Konwar et al., 2012)
However, if dust particles large enough to act as giant CCN are present in an aerosol population,
they can form large drizzle droplets and form precipitation eafflesselt and Lohmann,

2008)
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Karydis et al. (2017)eport that global average CDNC decreases by 10% when adsorption is

accounted for, while changes are less for particle solubility effiéet; et al. 007)found

that the impact of dust particle addition to CDNC in an airmass predominantly containing fine

ammonium sulphate varied depending on updraft speeds. Sulfate uptake on the surface of dust

particles increases CCN ability because of an incrieaselubility (e.g. Gibson et al., 2007)

but can reduce theverall CCN sized particles available due to a concurrent reduction in fine

sulfate(Manktelow et al., 2009)n deep convective clouds, updrafts are often high enough to

reduce water vapour competition

al., 2005; LeMone et al., 1980)

e
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Figure 1.1.Mechanisms of primary ice nucleation in clouds fi¢amji et al. (2017)Fig 1-1,

page 1.2, © American Meteorological Society. Used with permission).
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1.3.3. Homogeneous ice nucleation

Ice nucleation in the atmosphere can be homogeneous or heterogeneousgiehtmus
nucleation occurs below-33°C (Herbert et al., 2015)t involves the spontaneous growth of

an ice germ within a droplet that leads to instantaneous freezing of the entire droplet.
Nucleation of the initil cluster occurs when the thermodynamic conditions cause the Gibbs
free energy barrier to drop low enough for phase transition. In the case of homogeneous droplet
freezing, a thermodynamically stable cluster of ice forms within a metastable droplet. This

subsequently causes freezing of the whole dr@¢ptdtmann et al., 2016)

1.3.4. Heterogeneous ice nucleation

Heterogeneous ice nucleation occurs at temperatures between-3&id i the presence of

INP. INP are generally rare in aerosol populations. INR&I the energy barrier required for
critical cluster formation by providing a surface upon which ice embryos can form.
Theoretically, if an ice embryo forms on a solid surface, its shape will resemble that of a
spherical cap rather than a full sphererdéifiore its volume for the same radius is reduced, thus
reducing the number of water molecules needed to join the embryo before it reaches its critical
radius(Lohmann et al., 2016Lommonly known INPs are mineral dust parti¢lesg. DeMott

et al., 2003)bioaerosolge.g. Diehlet al., 2002and marine organiddVilson et al., 2015)

Heterogeneous ice nucleation can occur via immersion, contact, condensation, and deposition
freezing. Immersion freezing occurs when an INP is enclosed in a water droplet which then
freezes when ambient conditions change to allow it. In the atmospherersiomfreezing can

occur after an aerosol particle has been activated as a CCN. Contact freezing occurs when
collision of an INP with a water droplet initiates freezing at the -Weer interface.

Condensation freezing takes place when freezing occutdtamaously with the formation of
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liquid water on the surface of an INWali et al., 2015) Deposition nucleation occurs when
water vapour is directly depositedies on the surface of an INP. This does not generally occur

in mixed phase or low level clouds, and there is speculation as to the mechanism's existence.
Condensation of liquid in unobservable quantities may occur prior to ice formation, or liquid
may bepresent in cavities of the INf€ampbell ad Christenson, 2018; Marcolli, 2014; Vali

et al., 2015)Within mixed phase clouds, the majority of INP are expected to activate as CCN
prior to ice formation and be subject to immersion freegigsmann et al., 2008; De Boer et

al., 2011; Westbrook and lllingworth, 2018)echanisms of primary ice formation in mixed

phase cloudare illustrated in Figur&.1 (Kanji et al., 2017)

1.3.4.1. Variability in atmospheric INP humber concentrations

INP number concentrations in the atmosphere are extremely variable and difficult to predict.
The spread in INP number concentrations from observational measurements spans between
three and six orders of magnitude at any one temper@targ et al., 2017)Figurel.2), and

large variability persists even in measurements of individual regions or aerosol populations
(Boose et al., 2016b; Kanji et al., 2017; Lackeal., 2018) For example, measurements of
INP in the Saharan Air Layer aB3°C have 4 orders of magnitude variation in number
concentrationgBoose et al., 2016l@nd measurements of INP number concentration in cloud
and precipitation samples-&°C, i.e. a temperature very relevant for secondary ice production
by the HallettMossop process (SectidrB8.5), @n vary from 16to 0.1 L* (Kanji et al., 2017;
Petters and Wright, 2015)he large spread in observational INP data would not be problematic
if INP number concentrations were easy to predict based orcovedtrained atmospheric or
aerosol properties. However, specific INP concentrations show only limited predictability from
some aerosol size descriptors, such as aerosol surfadeackar et al., 2018and very little
predictability from meteorological variables such as pressure and tempdEdose et al.,

2016a; Lacher et al., 2018&nd aerosol composition descriptgksicher et al., 2018)INP
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number concentration of 1lhave been recorded in coastal and open oceantmisigh
latitudes at temperatures as cold-85°C and as warm a40°C (Murray et al., 202Q)i.e.

despite temperature being onetloé strongest predictors of INP number concentration that is
readily available in atmospheric models, similar INP number concentrations can occur at nearly

all mixedphase temperatures in remote locations with few aerosol sources.
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Figure 1.2.Variability in atmospheric icaucleating particle number concentrations from
Kanji et al. (2017)Fig 1-10, page 1.18, © American Meteorological Society. Used with

permission)
Even for materials of similar and known minerology, measurements of ice nucleating
efficiency can span several orders of magnitude: There is seven orders of magnitude variation
in laboratory measurements of ice nucleation active site densit)efor( different types of
feldspar at15°C (Atkinson et al., 2013; Harrison et al., 2016; Peckhawd.£2016) While
K-feldspar has been shown to more-é@tive than other feldspars explaining this variability

(Harrison et al., 2016)nost models do not contain detailed information about the composition
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of miner al dusts (in fact, many donét track
mineral dusts from for example, black carbon) megitirs variability in icenucleating ability

between aerosols of different composition cannoteriily be easily represented.

1.3.4.2. Characteristics of ice nucleating particles

INP are rarer in the atmosphere than CCN particles. The characteristics that raakesah
particle capable of or efficient at nucleating ice is not well understood. Most INP, including
mineral dustgDeMott et al., 2003; Niemand et al., 201@mponents of mineral dust such as
K-feldspar(Atkinson et al., 2013; Harrison et al., 2058 volcanic asfMaters et al., 2019)

are insoluble owing to the regmement for a solid surface on which an ice embryo can form
(Lohmann et al., 2016 here is growing evidence that ice nucleation on solid surfaces favours
imperfections or deformations on the particle surface. Locations on an aerosol particle where
ice nucleation is favoured are termed active sites. These sites have been theorised to be, for
example,surface pits(Holden et al., 2019)hydrophilic sites(Freedman2015) or lattice
mismatchegKulkarni et al., 2015jhat reduce the contact angle between the INP surface and
the spherical ice cap that must form for lnegeneous ice nucleation to oc§uohmann et al.,

2016)

It has also been theorised that the ability of an INP surface to hydrogen bond with water
molecules can enhance 4inacleating ability in, for example, aluminosilicate clay particles
(Freedman, 2015Particle structure is likely an important component driving the distribution
of active sites. For example, the crystallinity of tephra was foume tof importance for the
ice-nucleating activity of volcanic agMaters ¢ al., 2019)and surface defects in-t€ldspars

were found to be preferential locations for active s{teiselev et al., 2016)The exact

mechanism by which these sites facilitate ice nucleation is not understood limiting our ability
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to predict the icenucleating ability of specific aerosol types without explicit testing and

measurement.

It has recently been demonstrated that soluble particles in the form of small biological
macromolecules, for example, pollPummer et al., 2012brganics from sof ONjSul | i v an
al., 2015) and marine organic aerogdlicCluskey et al.2018; Wilson et al., 2015an be

efficient INP. This icenucleating ability may be attributed to hydrogen bonds between the
water molecules and the macromolecule functional groupsi @H.or amino groups)Kanji

et d.,, 2017) These macromolecules may also play a role in thewuckeating ability of

insoluble aerosols such as soil or dust particles via adsorption on the insoluble surface
(O6Sul I i vananaethe reslitant forrBafioh &f) an active site that facilitates ice

nucleation(Kanji et al., 2017)

1.3.4.3. Mineral dust as INP

The atmospheric importance of INP particles depends both on their ability to nucleate ice as
well as their prevalence in the atmosphere. Aerosols which comprise only a minor component
of atmospheric aerosols are unlikely to be atmospherically relevanmtiesga of their ice
nucleating ability. Mineral dust is an important INP due to both its demonstrated efficiency at
nucleating ice particularly at low temperatufes. Atkinson et al., 2013; Niemand et al., 2012)

and a dominant presence in the aspttere(Ginoux et al., 2012; VergatBemprado et al.,

2017)

The nucleation efficiency of dust has been related to surface characteristics, or active sites
(Harrison et al., 2016; Holden et al.,, 2019; Kiselev et al., 2@&®) varies between
mineralologiegAtkinson et al., 2013; Harrison et al., 201 nucleating ability can also be
affeded by atmospheric processing; the coating of dust with soluble material during processing

may obscure ice active sit@ddhler et al., 2008)Acid processing has been reported to both
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reduce(Sullivan et al., 2010band enhance INP efficiengpullivan et al., 2010aMaterial

can be accumulated on the surface of dust particles prior to emission, during transport or during
cloud processig. Such materialscan affect the particle i¢aucleating ability. If the
accumulated materials have higher-iegleating efficiency than dust, they can increase the
temperature at which heterogeneous freezing occurs, as has been sholodmal mateals

such agpollen, bacteria and funfAugustinBau di t z et al ., 2016; Chen

et al., 2016)These effects are not well understood and are often not represented in models.

Dust 6s i ce nucl e a tditohgve adiobal imgact onftlausl phbse with lessr g u e
supercooled liquid in dusty regimégan et al., 2014)Furthermore, everal studies suggest
convective invigoration due to dust acting as CCN and INP; the release of latent heat from
condensation or freezing increases buoyancy and updeadtsCorr et al., 2016; Van Den

Heever et al., 2011ading to deeper cloud@ltaratz et al., 2014)This invigoration can

increase cloud cover in the subtropical Atlaioren et al., 2005, 201Kishcha et al. (2016)

find that Saharan dust is responsible for an asymmetrical cloud cover with 20% higher values

in the Northerrtropical Atlanticthan in the Southermopical Atlantic

1.3.5. Secondary ice production and tropical cloud glaciation

Ice crystal concentrations in clouds have been recorded at much greater concentrations than the
concentrations of INP&ridlind et al., 2007; Heymsfield drWillis, 2014; Ladino et al., 2017;
Lawson et al., 2015; Mossop, 1985; Pruppacher and Klett, 19&8herTrapp et al. (2016)

found INP concentrations were three to four orders of magnitude lowar graupel
concentrations in tropical convective clouds betwegrand-8°C in the Westerrropical

Atlantic. In the same campaign (IEB some ice crystal concentrations exceeded 1GAL

sampling temperatures betwedhandi 10°C in multithermalklouds with tops of around
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14°C. This implies the existence of secondary ice production (Bi€l)l et al., 2017)A SIP
is 'a mechanism or process that produces new ice crystals in the presencesxistipggice
without requiring the action of an ice nucleatingtigée (or homogeneous freezinfield et

al., 2017)

The most welknown SIP is the Hallettlossop process, or rime splintering (H\#allett and
Mossop, 1974)HM occurs betweenr3 and-8°C. During riming of snowflakes or graupel
particles, splinters arproduced. Debated explanations for splintering include a thermal shock
induced by the temperature difference between the original drop and the rimed (faoticje

and Hallett, 1989; Field et al., 2010y the protrusion of liquid from the main droplet through

cracks caused by pressure builgl(Field et al., 2017; Mossop et al., 1974)

Other suggested SIP mechanisms include large droplet shattering, sublimation fragmentation,
the breakup of icecrystals following crystatrystal collisions, fragmentation due to thermal
shock ad activation of INPs in transient supersaturat{field et al., 2017; Korolev and
Leisner, 2020Q)A detailed description of all of these suggested mechanisms is beysedplee

of this thesis but a schematic showing their general theorised operation is shown il Bgure
(Korolev and Leisner, 2020Follision fragmentation has been demonstrated between needles
(Knight, 2012)and between graupel particlEgakahashi et al., 1995Droplet shattering via
bubble bursng, jetting, cracking, and breakup has been demonstrated in experiments where
droplets were levitated in an electrodynamic balance (EDB) and secondary ice production upon
contact with a small ice particle was observed with a-Bfgted camerd.auber et al., 2018)

These mechanisms are less understood than the Hatlefopprocess, and are only recently
beginning to be represented in a limited number of cloud resolving m@ldls/an et al.,

2018) Their representation may be important focurate representation of clouds in which

the conditions for the Halleossop process are not nii€brolev et al., 20209r where ICNC

exceed INP number concentrations at temperatures lower thgh&iker et al., 2018)
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Figure 1.3.Diagram of SIP mechanisms thought to be relevant for npkede clouds from
Korolev and Leisner (2020¥roplet fragnentation (a), the Halleftlossop process (b)

fragmentation icgice collisions (c), ice fragmentation due to thermal shock (d), sublimation

fragmentation(e), and activation of INPs in the transient supersaturation (f). Blue indicates

ice phase angink indicatesliquid phaseReproduced fronfKorolev and Leisner, 2020)
The relative importance of INP number concentrations and ice production by SIP is not well
guantified and likely varies between cloud types. The large discrepancy between observed
ICNC and INP number concentrations has led to the suggestion that INP en@aobant for
ice formation in tropical convective clouds or are only relevant up to a certain threshold needed
to initiate ice formatior(Beard, 1992; Crawford et al., 2012; Huang et al., 2017; Sullivan et
al., 2018) The concentration of INP needed mitiate SIP in tropical maritime clouds is not
certain. Very low concentrations of homogeneously or heterogeneously frozen crystals frozen
in-situ or sedimented from upper levels may be endBglard, 1992; Field et al., 201 An
ICNC as low as 0.01'Eand 0.002 i have been cited as enough to initiate the Hallletssop

procesgCrawford et al., 2012; Huang et al., 20and iceice collisional breakugSullivan et
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al., 2018)respectively. In deep convective clouds, these low thresholds may be reached by
sedimenting homogeneously frozen crystals in the absence of INP. Conv@udiehgn et al.
(2018)found that there was no meaningful threshold of ice needed for initiation of the Hallett
Mossop processraroplet shattering with CCN concentrations and thermodynamic conditions
being more important. However, the impact of INP may be more in deep convective clouds
where stronger updrafts limit the dominance of SIP mechanisms and the anvil is susceptible to
cold temperature INP number concentrati¢8sllivan et al., 2018)Owing to the difficuly
sampling deep convective clouds with updrafts strong enough to present diffituidércraft,

most of the observational data of the HalMtissop process was measured in comparatively
shallow convective clouds with cloud top temperatures a2 (e.g. LasheifTrapp et al.,

2016; Lloyd et al., 2019)

1.4. Parameterisation of icenucleating particles

1.4.1. Measurement and quantification of icenucleating particle

number concentrations

The representation of ice nucleation in models relies on parameterisations developed from
measurements of the itricleating ability of aerosols or materials relevant for atmospheric
aerosols. In order to measure INP number concentratiom® studies introduce an aerosol
sample to a water saturation in, for example, cloud chan{eeys DeMott et al., 2015;
Niemand et al., 2012)r continuouglow diffusion chambers (CFDC¢¢.g. Welti et al., 2009)

and then observe number concentration of ice crystals formed at each temperature. These types

of studies are advantageous because each cloud droplet contains a single aerosol particle
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meaning the instruments are efficient in detecting INP particles active at very low temperatures

(Kanji et al., 2017; Vergara Temprado, 2017)

Other studies suspend the aerosol sample in water, forming droptesnoay numerous
aerosol particles. These droplets are cooled down on a cold stage and the fraction of frozen
droplets at each temperature is used to calculate an INP number concentration for the aerosol
sample(Atkinson et al., 2013; Harrison et al., 2016, 20P8%ice et al., 2018; Wilson et al.,

2015) These suspension techniques are more effective at detecting low INP efficiencies at high
temperatures owing to the large amount of aerosol suspended in each (#tapjieet al.,

2017; Vergara Temprado, 2017)

INP parameterisations have been developed both from field samplesitaf aerosols and

also from components of aerosols with atmospheric relevance. For example, the behaviour of
mineral dusts as INP has begarameterised from samples of surface dust or soil particles

(Field et al., 2006; Kulkarni and Dobbie, 20B&dimented atmospheric d@stiemand et al.,

2012) dusty airmasses measureesitu (Price et al.,, 2018 s we | | as from dus
such as Arizona Test Du@ohler et al., 2006)and pure mineral dust components such as
kaolinite, montmorillonite or illit§Welti et al., 2009)Parameterisations can also be based on
multiple particle tpes; the parameterisation developedh®Mott et al. (2010)s based on

long-term INP insitu field measurements from predominately continental regions.

Representing the large variability in INP number concentrations (Sett®a.l.) is a
substantial challenge faveather and climate modellefBhe chosen parameterisation of ice
nucleation may impact cloud properties and resultant radiative forcing, even if aerosol
concentrations are unchanged (Eidhammer et al., 2009; Fan et al., 2010b; Liu et al., 2018;
Takeishi ad Storelvmo, 2018).The most commonly used parameterisations can be divided

into two categories based on whether they treat ice nucleation as-@efp@edent, stochastic
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process or as a tiriedependent, deterministic process. Table 1 summarises a feknae/n

parameterisations.

1.4.2. Time-dependent/stochastic heterogeneous freezing

parameterisations

Parameterisations that account for the tolependence of ice nucleation are stochastic and can

be based on classical nucleation theory (CNT). The stochastic approach attempts to account for
the dependence of ice nucleation on temperature, aerosol chatiasteand time. CNT was

originally developed to describe homogeneous ice nucleation and related the nucleation rate
coefficient, i.e. Othe probability, or obser
of supercooled liquid or supersatuite vapor wi thin a wunit of ti
supercooled water and the rate at which molecules were added to the ice dvialiyetsal.,

2015)

CNT has ben adapted to describe heterogeneous freezing by accounting for a contact angle
which describes the ability of the aerosol surface to nucleatelazse et al., 2010; Seinfeld

and Pandis, 2006; Vali et al., 2013he contact angle parameter allows the formation of ice

at warmer temperatures than those of homogeneous freezing by lowering ¢tfyebaneger for

the formation of a critical germ size by the addition of molecules to small agglomerates of ice
(subcritical germs) on the ice nucleus surfdeose et al., 2010)The smaller the contact
angle, the more efficient the aerosol sample at nucleating ice. CNT derived stochastic
parameterisations aée nucleation have been developed for multiple aerosol types to account
for differences in nucleating ability between samples. For examijmese et al. (2010)
developed CNT based parameterisations for mineral dust, soot, bacteria, and fungal spores
using different cont@ angles for each species and accounting for their different activation

energies required for critical germ formation. Mineral dust was assigned a contact angle of
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30.98°, while soot was assigned an angle of 40.17° in the immersion freezing paranugterisati

to represent the higher icricleating ability of mineral dugHoose et al., 2010)

Stochastic descriptions of ice nucleation using CNT representing single or multiple contact
angles have been developed. When parameterisations use a single contact angle, it is assumed
that droplets containing the same n@mbf particles from a sample of aerosol, each droplet
has the exact same probability of freezing in time if left long enough. A disadvantage of using
a single contact angle is an inability to account for differences-muckeating ability between
particles from the same sample. For example, there is mounting evidence thatleaing

ability of mineral dusts and insoluble aerosols is determined by randomly distributed sites, such
as surface pitHolden et al., 2019hydrophilic sitegFreedman, 2015pr lattice mismatches
(Kulkarni et al., 2015)on the aerosaturface(Hiranuma et al., 2014; Holden et al., 2019;
Kiselev et al., 2016)These ice active sites and their random, or at least not well understood or
guantified, distribution means thavo droplets containing the equal numbers of particles from
the same aerosol population can have very different probabilities of freezing based on their
particle specific concentration of active sit@gergara Temprado, 2017 he stochastic
approach using a single contact angle does not account for this difference in freezing

probabilities.

Multi-component stochastic models were developed to address this issue and use a frequency
distribution of contact angles to account for particigarticle variability in icenucleating

ability (Eidhammer et al., 2009; Maili et al., 2007; Niedermeier et al., 2015; Vali et al.,
2015) However these parameterisations typically add a large amount of computational expense

and complexity to model simulatiofisanji et al., 2017)
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1.4.3. Time independent/deterministic heterogeneous freezing

parameterisations

Most atmospheric models describe ice nucleation using a deterministic approach that neglect
the time dependence of nucleation. All simulations presented in this thesis were conducted
using deerministic parameterisations. Some widely employed parameterisations base the ice
nucleating particle concentration of an aerosol population on temperatu€onlyer, 1986;
Meyerset al., 1992)These solely temperature dependent parameterisations were developed by
fitting a function to INP or icerystal number concentrations and neglect any dependence on
aerosol number, surface area or surface characteristics when usedsiphatneanodels. Other
deterministic parameterisations account for the aerosol size distribution or aerosol properties
in their calculation of INP number concentrations. For exany@®)ott et al. (2010¢alculates

the INP number concentrations from the number of smrparticles with diameters greater

than 0.5 um using a parameterisation fitted to CFDC measurements. Most recently developed
parameterisations generally account for the site specificity of ice nucleation whereby there are
preferred locations (or activétess) on the surface of the ioeicleating aerosol with a higher
probability of inducing freezing than the rest of the surf#@itkinson et al., 2013; Holden et

al., 2019; Kiselev et al., 2016; Niemand et al., 2012; Vali et al., 2EHh site ggcific
deterministic parameterisations have been developed for, for example, féhikason et

al., 2013) desert dusfNiemand et al., 2012nd Arizona test dugNiedermeier et al., 2010)

The assumed active site density of these parameterisatioms imtlitiplied with the surface

area of the modelled aerosol population to obtain an INP number concentration.
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numerical weather prediction models.

Cooper, 1986 Literature data of Immersion, - Temperature a-51t0-30°C
in-cloud ice contact and
concentrations condensation
Meyers et al., Aircraft Deposition - Ice super saturation -7t0-20°C
1992 measurements, and - Temperature
CFDC condensation
DeMott et al., Aircraft and Immersion, - Temperature -9t0-35°C
2010 groundbased. deposition, - Aerosol number
CFDC condensation | concentration (d>0.5um)
Hoose et al., Classical Immersion, - Ambient parameters 0to-38°C
2010 Nucleation Theory | contact and - Temperature
deposition - Particle radius and
nucleation ability
- Activation energy
Niemand et al., Surfacedust Immersion - Temperature -12 to-36°C
2012 samples. - Aerosol number
AIDA chamber. concentration per size bin
- Particle surface area
Atkinson et al., Pure minerals. Immersion - Temperature (used to -5t0-25°C
2013 Droplet freezing calculatens in
and microscopy parametrisation)
- Aerosol size distribution.
Niedermeier et 1 pure feldspar Immersion - Particle surface area. -20 t0-40°C
al., 2015 sample, Leipzig - Average active sites per
Aerosol Cloud droplet
Interaction - Temperature
Simulator - Probability of a drop
being liquid.
- Time
- Material characteristics
Peckhaus et al., | Surface feldspar Immersion - Particle surface area -2t0-38°C
2016 samples, droplet - Temperature
freezing technique - Probability of a drop
(cooling ramp and being liquid.
isothermal - Time
experiments) - Material characteristics

*reported freezing mechanism may differ from measured freezing mechanism as understanding

of heterogeneous ice nucleation has improf¥é&li et al., 2015)

The sitespecific deterministic approach assumes that there is a surface density of active sites
on a particle that can initiate freezing below a characteristipegeature. Freezing will always
occur as soon as the patrticle is cooled to this characteristic temperature regardless of particle

history (Kanji et al., 2017) There is no time dependence. The simplicity of excludinga ti
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dependence means that such deterministic parameterisations are more common than stochastic
parameterisations in atmospheric models. However, when applied in atmospheric models,
extrapolation beyond their measured range from which they were calculatsliced for

many common deterministic parameterisations (Tablg¢ tb represent all altitudes and
temperatures, something which has been shown to produce unreliable (idsoke and

Mdhler, 2012)

Site-specific deterministic approaches also assume that site density remains constant over the
entire size distribution,e. small particles have the same probability of having an active site as
large particles. However, some materials with highnigeleating ability show variations in
composition with siz€Perlwitz et al., 2015bthat may affect the ability of the deterministic
approach to describe their site dengikgnji et al., 2017)Furthermore, while time is thought

to be of secondary importance relative to temperature and aerosol properties for nucleation
(Atkinson et al., 2013; Marcolli, 2014; Niemand et al., 2012; Wilson et al., 2Ri§kxnown

to play some role in determining when nucleation occurs sarstieh neglecting it completely

is undesirable.

There areother issues with commonly used deterministic parameterisations, the impact of
which is not understood. Parameterisations based on in cloudrygt@l number
concentrations, such aooper (1986)may be affected by ice precipitating from higher
altitudes or ice produced via secondary ice production mechanismSe(dem 1.3.5). This

would cause an overestimation of atmospheric INP number concentrations. The
parameterisation dfleyers et al. (1994} described as a deposition and condensation freezing
parameterisation and is often used ashsalongside an immersion freezing parameterisation

in modelling studiefDeng et al., 2018; Fan et al., 2010b, 2010a; Gibbons et al8).201
However, the method by which this parameterisation was derived, from aircraft continuous

flow diffusion chamber measuremeiiideyers et al., 1992)neans that there is no reason to
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believe the concentrations measured were from any particular mechanismajémteus ice
nucleation. As most ice crystals in convective clouds are generated from immersion freezing
(Ansmann et al., 2008; De Boer et al., 2011; Westbrook and lllingworth, , 20i3)kely that

the parameterisation actually describes immersion freezing. Studies that have dseyktise

et al. (192) parameterisation alongside another immersion freezing parameter{&xium et

al., 2018; Fan et al., 2010b, 2010a; Gibbons e2@l.8)may have inadvertently doubled their

INP concentrations.

1.5. Effect of INP in convective clouds

The effect of INP and changing INP number concentrations on convective clouds is poorly
guantified. Studies finding both only minor and also major impacts on convective clouds have
been reported. Some observational and modelling studies suggest thahtdRtiadions are

not a key determinant of convective cloud properties, and the influence of secondary and
homogeneous freezing far outweighs that of heterogeneous freezing. Observed ICNC has often
exceeded INP number concentrations by orders of magnitudeuds with warm (>16 °C)

cloud top temperaturébridlind etal., 2007; Heymsfield and Willis, 2014; Ladino et al., 2017;
Lawson et al., 2015)nplying that INP concentrations are not a key determinant of cloud ICNC
(Korolev et al., 2020; Ladino et al., 201Ty such cases secondary ice production has been
cited as the most l' i kely dominant i ce produ
whereby INP number concentrations are irrelevanbbdythe threshold needed to initiate

secondary freezin@Ladino et al., 2017; Phillips et al., 2007; Sullivan et al., 2018)

Some studies have shown that the cotreéion of primary ice needed to initiate the Hallett
Mossop procesg¢Hallett ard Mossop, 1974)the most welknown secondary production

mechanism, is as low as 0.0% (Crawford et al., 2012; Huang et al., 201&)concenttion
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that could be achieved via INP or homogeneous freezing. In deep convective clouds, where ice
production by homogeneous freezing domingRdsllips et al., 2005)secondary production

may be primarily initiated by sedimenting homogeneously frozen crystals. Many field
campaigns aiming to measure SIP target young conveciglxlwhere sedimenting ice
crystals are assumed not to be pregegt LasheiTrapp efal., 2016; Lloyd et al., 2018 the

extent to which INP are important for initiating SIP in deep convective clouds is not known.
Modelling bySullivan et al. (2018yvith a parcel model found that INP number concentration
were much less important than CCN concentrations and thermodynamic conditions for the
initiation of the HallettMossop process and the consequent multipboatf cloud ice number

concentrations.

On the other hand, some modelling studies indicate that changes in INP concentrations can
cause substantial changes to cloud propefesg et al., 2018; Fan et al., 2010b; Gibbons et

al., 2018) Heterogeneous freezing rates have been showmtadlage uncertainty to some

cloud microphysical properties including ICNC along with updraft sgdetinson et al.,
2015b)and precipitation rate@Vellmann et al., 2018)Where changes to INP concentrations
have been found to have a substantive impact on cloud properties, the results have frequently
been conflicting. For example, increases in INP concentration have been shown to both
increasg(Fan et al., 2010b; Gibbons et al., 20880 decreaséGibbons et al., 2018)Jeep
convective anvil extent, discrepancies which stem from INP having different microphysical

effects in differentase studies.

Increasing INP concentrations can lead to enhanced updrafts with greater freezing rates in the
mixed-phase regimé@-an et al., 2010b; Gibbons et al., 20ikt&yeasing transport of moisture

to the anvil region. Conversely, increased INP freezing can consume liquid at lower altitude
levels causing aduction in transport of liquid to the homogeneous temperature regime with

increased INP number concentrati@an den Heever et al., 2006; Phillips et al., 2005, 2007)



33

Similarly, increases in INP concentration iregeconvective clouds have been found to both
increase or decrease anvil ICNEan et al., 2010b; Gibbons et al., 2018; van den Heever et
al., 2006; Phillips et al., 2005, 20Q¢pnvective rainfal{Gibbons et al., 2018; Rosetdeet

al., 2011) the size and number of snow partic(€bbons et al., 20183and cloud radar

reflectivity (Gibbons et al., 2018; Min et al., 2009)

The effect of INP in deep conveati clouds can be dependent on other cl@un
environmentaproperties The CCN number concentration can affiecth the availability of
supercooled droplets fdweterogeneous freezingnd thé droplet size which affecs the
efficiency of heterogeneous freezingnd subsequently the riming efficiency of frozen
hydrometeorgAltaratz et al., 2014)Higher CCN number concentrations lead to a reduced
warm rain process and a subsequent reduction of rain drops available to become instant rimers
within the heterogeneous and HaHBtossop ice prodttion regimegPhillips et al., 2002)A

stronger warm rain process and the resultant enhancement in latent heatfreteasen
freezing, riming and ice depositional growth can also cause cloud invigoratibch can
increase rates of heterogeneous and homogeneousfre¢zipper cloud altitudéAltaratz et

al., 2014; Fan dl., 2007)

The interaction of cloud dynamics, microphysics and different freezing mechanisms can also
beimportant for deep convectively generated anedasingimplications for climatgdue to

the persistence of anvil clouds in the atmosphere &ftay the convective clouds that forms
them have decayed.uo and Rossow, 2004)For exampleHeymsfield et al(2005)found

that different ice pdicle size distributions exist in the anvil and convective core of a deep
convective cloud depending on whether cloud updrafts are low enough to allow the suppression
of homogeneous ice formation due to the diffusional and accretional growth of largelgraup

or ice crystals formed at mixggzhase temperatures.
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The global radiative effect of INP due to impacts on cloud phase has been estimated globally,
the results have been inconclusive with different results for different m¢aelott et al.,

2010; Komurcu et al., 2014; Shi and Liu, 2019; Storelvmo et al., 20iithe radiative impact

of changing INP nunmdr concentrations in convective clouds is not well understood. Analysis

of observational satellite data suggests that outgoing longwave radiation in the maritime tropics
may be reduced by up to 16 W?rdue to INP particles shifting cloud glaciation to lreg
temperatures, but this may not be the case in deep convective clouds with ice water paths

exceeding 40 g (Min and Li, 2010)

Furthermore, most studies of INP impacts on deep convective clouds have focused on the
impact of increasing INP number concentrations (Cagtial., 2007; Connolly et al., 2006;

Deng et al., 2018; Ekman et al., 2007; Fan et al., 2010a; Gibbons et al., 2018; van den Heever
et al., 2006; Phillips et al., 2005) but global simulations and experiments on Antarctic mixed
phase clouds indicate thdiiP parameterisation choice can have a large impact on cloud
radiative effectge.g. DeMott et al., 2010; Vergaff@mpradoet al., 2018) The differences
between parameterisations that use the same aerosol number concentrations are the intercept
term (the icenucleating ability or particle number at 0°C) and the temperature dependence of
the INP number concentrations, déogio[INP]/dT (referred throughout this thesis as the slope

of the INP parameterisation).

Aerosol type and efficiency determines the INP parameterisation slope: marine organic INP
are more efficient at warm temperatures than mineral dust INP and a#t Aage a shallower
slope(Atkinson et al., 2013; Niemand et al., 2012; Wilson et al., 20Qh% simulated cloud,
different temrature dependencies between INP parameterisations causes changes in the ice
crystal formation and droplet depletion with altitude with implication for cloud microphysical
response¢Takeishi and Storelvmo, 2018)he role of INP temperature dependenceeep

convective clouds is not well understood despite its potential importance for cloud properties.
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For example, INP with high efficiencies at warm temperatures (or shallow INP
parameterisation slopes), such as marine orgé\idson et al., 2015) may exert substantial
control over cloud properties via theale in initiating SIP mechanisng€rawford et al., 2012;
Huang et al., 207; Sullivan et al., 201&)espite these aerosol types having a lower atmospheric

prevalence than mineral dystergaraTemprado et al., 2017)

1.6. Research questions

1.6.1. Chapter 2: The effect of INP parameterisation choice on the

radiative properties of a complex deep convective cloud field

Firstly, this thesis will address the efteof INP and INP parameterisation choicetmpical
convection Convective cloud systems in the maritime tropics play a critical role in global
climate and weather, but accurately representing mpfease ice processes within these
clouds persists as aajor challenge for weather and climate modelling. In Chapter 2, | use a
regional model with an advanced doulbiement microphysics scheme to quantify the effect

of INP on the radiative properties of a comptespical Atlanticdeep convective cloud field.

This work aims to elucidate the relative importance of heterogeneous and secondary ice

production for tropical convective cloudghe specific questions addressed by Chapter 2 are:

a) What is the radiative effect of INP and INP parameterisation choicecwmgplex
tropical convective cloud field?

b) What is the effect of SIP (via the Halldftossop process) and its interaction with INP
parameterisation choice on the outgoing radiation of the cloud field?

c) What is the relative importance of INP and SIP (viaHh#éett-Mossop process) for

the radiative properties of a complex convective cloud field?
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1.6.2. Chapter 3: Influence of icenucleating particles and Hallett

Mossop ice production rates on anvil cirrus from deep convection

Secondly, this thesis will examine thelative importance of absolute INP number
concentration, the temperature dependency of INP number concentration (or INP
parameterisation slope), and the rate of splinter production by the Hiédlssiop process in
determining the anvil properties of an adised deep convective clou@ihe formation of ice
crystals in the mixed phase cloud region is important for deep convective cloud glaciation and
anvil propertiegDeng et al., 2018; Fan et al., 2013; Gibbons et al., 20d8¢h are crucial in
determining the overaflloud radiative effect of deep convective cloudsw icecrystals are
formedin the mixedphase cloud regiony heterogeneous ice nucleation &18, for example,

by theHallettMossop process he representation of these ice formation processes is highly
uncertainln this study, | use Latin hypercube sampling and statistical emulation to investigate
the joint impact of INP absolute numbmrncentration, INRemperature dependeneand the
Hallett-Mossop ice production rate for the anvil properties ofdmalised deep convective
cloud. This work aims to further our fundamental understanding of nuikade ice processes

in deep convective clouds and determine the potential importance of accurate representation of
these processes for cloud anvil and radeaproperties. The specific questions addressed by

Chapter 3 are:

a) How does INP number concentration, INP parameterisation slope, and-Hallett
Mossop splinter production rate affect the anvil properties of an idealised deep
convective cloud?

b) What is the rellve importance of INP number concentration, INP parameterisation
slope and HallettMossop splinter production rate for the development and resultant

anvil properties of an idealised deep convective cloud?
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c) Are statistical emulation and varianbased sensitivity analysis useful tools for the
assessment of uncertainty in parameterisations of agkade ice formation in deep

convective clouds?

1.6.3. Chapter 4: Simulation of dust and K-feldspar INP transport

acrossthe tropical Atlantic by a global aerosol model

Lastly, this thesis will examine the ability dhe Global Model of Aerosol Processes
(GLOMAP), a global aerosol modetio represent dust and INP transport acrosdrthzcal
Atlantic. The accurate represatibn of heterogeneous ice nucleation in global models relies
on accurate emission and transport ofriceleating aerosols such as mineral dust. In Chapter
4, INP number and dust mass concentratsinailated by GLOMAPare compared to field
measurementsnd possible sources of error within the model are explored. Specifically,

Chapter 4 will address the following questions:

a) How well does the GLOMAP aerosol model simulate the INP number concentrations
measured during the 20Barbados Icawucleating parti@d Concentration Experiment
field campaign at Ragged Point, Barbados?

b) Can discrepancies between measured@dMAP simulated INP number
concentrations be attributed to discrepancies between measured and simulated dust
export from North Africa over thizopical Atlantic?

c) Can discrepancies between measured@@MAP simulated INP number
concentrations be attributed to discrepancies between the measured and simulated

feldspar content of aerosol?



38



39

Chapter 2: The effect of INP parameterisation
choice on theradiative properties of a complex
deep convective cloud field

Chapter 2 is based on <col | abHawkart R.,vMiltenbeogerkA.,, f r om |
Wilkinson, J., Hill, A., Shipway, B., Cui, Z., Cotton, R., Carslaw, K., Field, P. and Murray,Hg.:

temperature dependence of-imgcleating particle concentrations affects the radiative properties of

tropical convective cloud systems, Atmos. Chem. Phys., 21(7)j 5489, doi:10.5194/aep1-5439

2021, 20210 wh ipablishedist he | ourpnhaelr i6cAtQroesmi stry and Physi

the lead author and the full author list is as follows:

Rachel E. Hawker*, Annette K. Miltenberger?, Jonathan M. Wilkinson®, Adrian A. Hill 3, Ben J.
Shipway?, Zhigiang Cui!, Richard J. Cotton®, Ken S. Carslaw!, Paul R. Field 3 Benjamin J.
Murray !

1. Institute for Climate and Atmospheric Science, University of Leeds, Leeds, LS2 9JT, United
Kingdom.

2. Ir?stitute for Atmospheric Physics, Johannes Gutenberg University Mainz, Mainz, 55128, Germany.
3. MetOffice, Exeter, EX1 3PBUnited Kingdom.

Author contributions:RachelE. Hawker,AnnetteK. Miltenberger,Ken S. Carslaw PaulR. Field and
BenJ. Murray contributedo thedesign developmenanddirectionof thestudy.RachelE. Hawkerand
AnnetteK. Miltenbergersetup andranthe UM-CASIM simulationspresentedn the paper.RachelE.
Hawker processedand analysedthe UM-CASIM datasetsand comparedthe simulation data to
observationsJonathamM. Wilkinson, Adrian A. Hill andBenJ. Shipwaybuilt andmaintainedheMet-
Office CASIM model usedto run the simulations.Zhigiang Cui and Richard J. Cotton provided
processeaircraft datafrom the ICE-D b933flight andhelpedwith the comparisorof modeldatawith
aircraftmeasurementfRachelE. Hawkerwrotethechaptemandtheassociate@aper RacheE. Hawker,
AnnetteK. Miltenberger Jonatham. Wilkinson, Adrian A. Hill, ZhigiangCui, RichardJ. Cotton,Ken

S.Carslaw,PaulR. Field andBenJ. Murray editedthe manuscript.



40

2.1. Abstract

Convective cloud systems in the maritime trgpptay a critical role in global climate, but
accurately representing aerosol interactions within these clouds persists as a major challenge
for weather and climate modelling. We quantify the effect ohieeleating particles (INP) on

the radiative propéies of a complexropical Atlanticdeep convective cloud field using a
regional model with an advanced doulblement microphysics scheme. Our results show that
the domaiamean daylight outgoing radiation varies by up to 18 Wdepending on the chosen

INP parameterisation. The key distinction between different pldfRmeterisationss the
temperature dependence of ice formation, which alters the vertical distribution of cloud
microphysical processes. The controlling effect of the INP temperature depenidenc
substantial even in the presenceédallett-Mossopsecondary ice production and the effects of
secondary ice formation depend strongly onctii@sen INP parameterisatidbur results have
implications for climate model simulations of tropical cloudd eadiation, which currently do

not consider a link between INP particle type and ice water content. The results also provide a
challenge to the INP measurement community, since we demonstrate that INP concentration
measurements are required over therfuilled-phase temperature regime, which covers around

10 orders of magnitude in INP concentration.
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2.2. Introduction

Deep convective clouds are important drivers of local, regional and global climate and weather
(Arakawa, 2004; Lohmann et al., 2018)hey produce substantial precipitatithrakawa,

2004) and the associated phase changes release latent heat that helps to drive global
atmospheric circulatiofFan et al., 2012)Convective clouds have a direct impact on climate
through interactions with incoming shortwave and outgoing longwave iad{abhmann et

al., 2016) for example by producing radiatively important leihged cirrus cloudgLuo and
Rossow, 2004)The clouds extend from the warmer lower levels of the atmosphere where only
liquid exists to the top of the troposphere where only ice gkistsmann et al., 2016Between

these levels is the mixgzhase region where both liquid and ice coexist atetant(Seinfeld

and Pandis, 2006)Within the mixedphase region, primary ice particles can form
heterogeneously thugh the freezing of cloud droplets by-icecleating particles (INP). The
importance and relative contribution of heterogeneous freezing to ice crystal number
concentrations (ICNC) and resultant cloud properties, such as cloud reflectivity, is very
uncetain (Cantrell and Heymsfield, 2005; Kaniji et al., 201This uncertainty stems from the
difficulty of predicting INP number concentratio(i€anji et al., 2017; Lacher et al., 2018

well as the difficulty of quantifying complex interactions between heterogeneous freezing and
other ice production mechanisr(Srawford et al., 2012; Huang et al., 2017; Phillips et al.,

2005)

Understanding the effects of INP on convective clouds presents substantial challenges.
Measurements indicate that INP number concentrations can vary by as much as sigforder
magnitude at any one temperature due to variations in, for example, aerosol source, chemical
or biological composition, surface morphology and degree of chemical weat(i2ekliptt et

al., 2010; Kanji et al.,, 2017) arge variability exists even in measurements of indididua

regions or aerosol populatio(@oose et al., 2016b; Kanji et al., 2017; Lacher et al., 2048)
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example, there are four orders of magnitude variation in summertime measurements of INP
number concentrations in the Saharan Air Layer3®°C (Boose et al., 2016bEven for
particles of similar and krvan mineralogy, measurements of-icecleation efficiency can span
several orders of magnitude: The spread in laboratory measurements of ice nucleation active
site densitiesr) for different types of feldspar spans seven orders of magnitudésa®
(Atkinson et al., 2013; Harrison et al.,, 2016, 2019; Peckhaus et al.,. 20a6)ability to
understand and quantify such variability in INP concentrations has improved as more
measurements have been made. AltholNfA concentrationslo not simply correlate with
meteorological variables such as pressure and tempe(Bugse et al., 2016a; Lacher et al.,
2018; Price et al., 20183erosol surface arébacher et al., 200)&and diamete(DeMott et al.,

2015) provide some prediability and global models based on known iBRive materials

show reasonable skill in simulating global INP concentrat{&@is and Liu, 2019; Vergara

Temprado et al., 2017)

It is known from model simulations that changes in INP number concentration affect the
microphysical properties and behaviour of deep convective ci@alyg et al., 2018; Fan et

al., 2010a, 2010b; Gibbons et al., 2018; Takeishi and Storelvmo,.28G®8gver, in these
model studies perturbations to INP number concentrations have predomimaotiyed
uniform increases in aerosol or INP concentrations with all simulations using the same INP
parameterisatiofCarrio et al., 2007; Connolly et al., 2006; Deng et al., 2018; Ekman et al.,
2007; Fan et al., 2010a; Gibbons et al., 2018; van den Heever et al., 2006; Phillips et al., 2005)
i.e. the temperature dependence of INP number concentrations has not been altered. Where
different INP parameterisations have been ((Egthammer et al., 2009; Fan et al., 2010b; Liu

et al., 2018; Takeishi and Storelvmo, 2Q1t8g results have in most cases been interpreted in
terms of the ovall increase in INP number concentrat(®@an et al., 2010b; Liutal., 2018;

Takeishi and Storelvmo, 2018)
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However, there are important structural differences between different INP parameterisations
that have not yet been explored in detail. For example, currently available and regularly used
parameterisations dNP vary substantially in the dependence of INP activity on temperature.
We hypothesise that the differende the temperature dependence of INP number
concentrationbetween parameterisations will be particularly important for deep convective
clouds becase heterogeneous ice formation occurs over a very wide temperature range from
just below 0 to aroune38°C in the mixedphase region of these clouds. For the same dust
particle concentration, predicted INP concentrations can increase by up to threeobrders
magnitude from15 to-20°C (corresponding to approximately 1 km altitude change) using an
INP parameterisation with a steep temperature dependence (lower INP concentrations at high
temperatures and higher INP concentrations at low temperaAt&s)son et al., 2013)but

by less than one order of magnitude using an INP parameterisation with a shallower
dependencgDeMott et al., 2010; Meyers et al., 1992)e hypothesise that such large
differences in ice production et between INP parameterisations are likely to affect cloud
properties. In simulations of deep convective clouds over North AméFiakeishi and
Storelvmo, 2018}here were differences in the magnitude and altitude of droplet depletion

depending on INParameterisation choi¢®igg, 19%; DeMott et al., 2010, 2015)

Uncertainty in mixegbhase cloud properties is compounded further by a lack of quantification
of the interaction of heterogeneous freezing with other ice production mechanisms. Ice crystals
in the mixedphase region carism be formed by secondary ice production (SIP) from existing
hydrometeorgField et al., 2017and droplets can freeze homogeneously below are@8f€C
(Herbert et al., 2015)In observations of convective clouds with relatively warm cltmd
temperaturegFridlind et al., 2007; Heymsfield and Willis, 2014; Ladino et al., 2017; Lasher
Trapp et al.,, 2016; Lawson et al., B)1LICNC has frequently exceeded INP number

concentrations by several orders of magnitude, suggesting that secondary ice production is the
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dominant smalice formation mechanism in mixgzhase regiongLadino et al., 2017)The
importance of heterogeneous ice protuctelative to secondary and homogeneous freezing
has therefore been question@ddino et al., 2017; Phillips et al., 200&hd it has been
proposed that INP concentrations may only be relevant up to a threshold needed to initiate SIP
(Ladino et al., 2017; Phillips et al., 200@)value that may be as low as 0.04(Crawford et

al., 2012; Huang et al., 201#r the Hallett-MossopprocesqHallett and Mossop, 1974)f

this is the case, in cloudgere SIP may also be initiated by the primary freezing of a few large
(~1 mm) droplets in a rising parcgtield et al., 2017)INP number concentrations may be
largely irrelevant to cloud ice properties. The effect of INP and INP parameterisation on
convective cloud properties must therefore be examined with consideration for the presence of,

and ineractions with, SIP.

Here we explore how the choice of INP parameterisation affects the properties of a large and
realistic cloud field containing clouds at all levels as well as deep convective systems in the
easterrtropical Atlanticwith a focus on the top of atmosphere (TOA) outgoing radiation. The
easterriropical Atlanticis an ideal location in which to examine the role of INP concentrations

in convective cloud systems because, owing to its position at the interface betwesdatiag S

Air Layer and the Inter Tropical Convergence Zone, it is subject to both high levels of
convective activity and high loadings of desert dust, a relativelydedihed INP typde.g.

DeMott et al., 2003; Niemand et al., 2012; Petal., 2018)

The chapter is structured as follows: Section 2.3 details our moelgb setd the case study
our simulations are based on. Section 2.4 presents our résidts.we determine how the
presence of INP alters the radiative propertieshef cloud field(Section 2.4.1)We then
examine how the properties of the simulated cloud field, including cloud shortwave reflectivity
(Section 2.4.2)cloud fraction(Section 2.4.3and anvil exten{Section 2.4.4)depend on the

choice of INP parameterisation. In particular, we examine the importance of the dependence
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of INP number concentration on temperature, referred to as INP parameterisation slope herein,
as a major factor that determines cloud properties.ade examine the effect on cloud
properties of the inclusion of SIP due to tHallettMossopprocesqSection 2.4.5)Section

2.5 details the limitations of this study and Section 2.6 discusses the study conclusions and the

outlook for the future.

2.3. Methods

2.3.1. Model setup

2.3.1.1. Regional domain and initial conditions

Simulations described in thchapterwere performed using the Unified Model (UM) version
10.8 (GA6 configurationjWalters et al., 2017)The UM is a numerical weather prediction
model deeloped by the UK Met Office. We use a regional nest within the global model
simulation (Figure 2.1a), which has a grid spacing of 1 km (900*700 grid points) and 70 vertical
levels. Meteorology of the driving global model is based on operational analtesid\dthin

the nested domain, the Cloud AeroSol Interacting Microphysics scheme (CASIM) is employed
to handle cloud microphysical properties. A global model simulation (UM vn 8.5, GA6
configuration, N512 resolutiofWalters et al., 201J)s used to initialise theested simulation

at 00:00 on the 21st of August 2015 and is used throughout the simulation for the boundary

conditions.
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(a.) Model domain
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Figure 2.1.Modelled domain location and resolution details (a), observed (black line) and
modelled (red lines) aerosobncentratios (b), and mean modelled domaurean
temperature and relative humidity profiles (c). The observed aerosol profile shown in b was
measured using the Passive Cavity Aerosol Spectrometer Probe (PCASP) which captures
aerosols between 0.1 and 3umsize. The insoluble aerosol profile shown in b is extracted
from a regional UM vn 10.3 simulation (8 km grid spacing, CLASSIC dust scheme). The
modelled aerosol profiles are applied throughout the regional domain shofapanthe
start of the simulatin (00:00 2% August 2015) and at the boundaries throughout. INP
concentrations in the D10, N12 and A13 simulations are linked to the insoluble aerosol
profile shown in b. The image shown in i@noderate resolution imaging
spectroradiometer (MODIS) Crrcted Reflectance imagery produced using the MODIS
Level 1B data and downloaded from the NASA Worldview website.

The 21st of August 2015 was chosen for simulation to coincide with flight b933 of the Ice in
Clouds Experimerit Dust (ICED) July-August 2015ield campaign that targeted convective
clouds extending to and beyond the freezing level. The aerosol profile measured during flight
b933 (Figure 2.1b) was used to derive the aerosol profiles prescribed over the nested domain
at the beginning of the sifation and are constantly applied at the boundaries. Model profiles
were calculated as follows: The UM vn 10.3 was used to simulate a domain comprising the

entiretropical Atlanticand West Africa. This simulation was initiated on th& A8gust 2015
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with a grid spacing of 8 km using the UM operational -arm@ment microphysics (i.e. not
CASIM) and the CLASSIC aerosol scheme with-bi® dust mode(Johnson et al., 2015a)

On the day of the b933 flight (2RAugust 2015), a dust layer was present between 3 &nul

altitude. Comparison to MODIS AOD data indicates agreement between the model and
observations (not shown). This UM vn 10.3 simulation was used to calculate the average dust
profile (mass and number concentration) over the CASIM domain on thef Aligust 2015

and these dust profiles are applied in the nested domain as the insoluble aerosol profiles (Figure
2.1b). The approximate difference between the dust aerosol profile provided by the UM
regional simulation and the observed aerosol profile medsiuring flight b933 (comprising

both insoluble and soluble particles) is used as the soluble aerosol profile (Figurd Relb).
profiles shown in Figure 2.1b and applied in our simulations represent our best estimate of the
aerosol environmenwithin which the clouds sampte during flight b933 of the ICID
campaignformed. However, as the atmosphere is heterogeneous with many coexisting air
masses, it is possible that the aerosol profiles were measured in a separate air mass to those in
which the cloudsdrmed. The inability to sample the exact air mass in which sampled clouds
formed, due to instrumental limitations and the fact that the aerosol environment is disturbed
by the cloud formation, is a key limitation of modelling studies linked to observhtiona

campaignsThe simulations are 24 hours in length.

2.3.1.2. CASIM microphysics

CASIM is a multtmoment bulk scheme, which is configured to be-tmament in this work.
Both number concentration and mass concentration for each of the five hydrometeor classes
(cloud droplets, rain droplets, ice crystals (or cloud ice), graupel, sn@vpragnostic

variables. The model sap is very similar to that used Miltenberger et al. (2018hcluding
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the parameter choices within CASIM. CASIM has been used and tested previously in
simulations of coastal mixeghase convective cloudbliltenberger et al., 2018pbFouthEast
Pacific stratocumulus cloud&rosvenor et al.,, A¥), Southern Ocean supercooled shallow
cumulus(VergaraTemprado et al., 2018)midlatitude cyclonegMcCoy et al., 2018nnd

CCNH-limited Arctic clouds(Stevens et al., 2018)

Cloud droplet activation is parameterised accordinglidul-Razzak and Gha(2000) The
soluble accumulation mode aerosol profile shown in Figure 2.1b is used for cloud droplet
activation and a simplistic ©N activation parameterisation is included for the insoluble
aerosol mod€Abdul-Razzak and Ghan, 200at assumes a 5% soluble fraction on dust.
Scavenging of CCN or INP is not represent@&dndensation is represented using saturation
adjustment meaning that where liquid is present at the end of a timestep, the specific humidity
is adjusted to be thequilibrium saturation over water and the grid box temperature and liquid
mass is adjusted eardingly. If only frozen hydrometeors are present in a grid baxratéon

is treated explicitlyCollision-coalescence, riming of ice crystals to graupel and aggregation of
ice crystals to snow is represented. Rain drop freezidgseribedusing the parameterisation

of Bigg (1953) Deposition onto ice is treated explicidlowing ice particles to grow in the
presence of liquid. Howevedue to the saturation adjustment treatment of condensation, the
WegeneiBergeronFindeisen process is not present in exactly the same way as one would
expect in a real cloudror referencethe modelled domatmean ouof-cloud temperature and

relative humidity are shown in Figure 2.1c. The model t&tep is 5 seconds.

Heterogeneous ice nucleation is represented using 5 different parameteri€atopes: (1986)
(C86),Meyers et al. (1992M92), DeMott et al. (2010b)jD10), Niemand et al. (2013N12)

and Atkinson et al.(2013) (A13) (Figure 2.2). C86 and M92 calate an INP number
concentrationbased on temperature and are independent of aerosol concentration. D10

calculates an INPlumberconcentration from temperature and themberconcentration of
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insoluble dust erosol with a diameter greater than 0.5 um. N12 and A13 calculate an INP
concentration from the temperature dependent active surface site density and the surface area
of insoluble dust aerosol (ns). For A13, a potasdielaispar fraction of 0.25 is assumdthis

is the upper recommended fractipitkinson et al., 2013Wwhich was deemed appropriate

because of the study regionébés exposure to Sa

8 | .
10% 42009-2013 Cape Verde, Welti et al. (2018) + C86 —
2016 Cape Verde, Welti et al. (2018) X M92 ——

107 1— ICE-D flight data, . D10
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Figure 2.2.The five heterogeneous freezing parameterisatiestedn this study (C86, M92,
D10, N12, A13) compared to INP number concentrations measured in the eaxieral
Atlantic (Price et al., 2018; Welti et al., 2018 arameterisations are shown for the aerosol
concentrations at approximately the first freezing level in our simulations (=°g &0,
N12 and A13 are dependent on aerosolcemtrations, while C86 and M92 are not

dependent on aerosol concentration.

M92 is described as a deposition and condensation freezing paramete(idatyens et al.,
1992)and is often used alongside an immersion freezing parameterisation in modelling studies

(Deng et al., 2018; Fan et al., 2010b, 2010a; Gibbons et al., .28b8)ever, the M92
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parameterisation is based on aircraft continuous fldffusion chamber measurements and
those measurements should capture all relevant nucleation mechggsrivali et al.2015)

To represent nucleation at conditions relevant for clouds with liquid water present, we have set
the saturation term in the M92 parameterisation to water saturation. One simulation is

conducted with no active heterogeneous ice nucleation repatise (NoINP).

The INP parameterisations inspect the conditions (temperature, cloud droplet number, ICNC)
and aerosol concentrations within a gridbox and use that information to predict an ice
production rate via heterogeneous freezing. The supercootgdets are depleted by the
freezing parameterisation, but scavengingN#?sis not represented. Homogeneous freezing

of cloud droplets is parameterised accordingléffery and Austin (1997)Secondary ice
production (SIP) is represented using an approximation dfiétlet-Mossopprocess which
occurs betweer2.5 and-7.5°C. The efficiency of thelallet-Mossopprocess increases from

-2.5 and-7.5°C to 100% at5°C. The ice splinters produced by the representation of the
HallettMossopprocess are the smallest allowasitee of ice in the model (i.e. 18kg, volume

radius ~0.11 um)Splinters are produced from rime mass of snow and graupel.

The rate of splinter production per rimed mass is prescribed with 350 new ice splinters
produced per milligram of rime &8°C. Ths rate of splinter production by tlhtallett-Mossop
process is based on the best available estimate of the efficacy of the medi@onisnily et

al., 2006; Hallett and Mossop, 1974; Mossop, 1985nhaximum splinter production rate of

350 per milligram of rimed material has been measured in a number of laboratory studies
(Hallett and Mossop, 1974; Mossop, 1986} has been applied as the best estinfaiallett
Mossopice productionn previous modelling studig€onnoly et al., 2006) although other

rates have also been measuieddymsfield and Mossop, 1984; Saunders and Hosseini, 2001)

In-situ cloud observations have frequently observed ICNC that could be explained by the

HallettMossopprocess, but the mechanism underlyingidadiett-Mossopprocess as well as
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the ice particle production rate remain uncertain and not well quantiietd etal., 2017)
Uncertainties regarding the rate of splinter productiorHajlet-Mossopare an important
consideration that will be investigated@hapter 3this chapter howevestudyonly explores

the structural uncertainty of the presence/absenteediallet-Mossopprocess as currently
understood. Other mechanisms of SIP such as collision fragmentation, droplet shattering and
sublimation fragmentation have been propa$eeld et al., 2017)but are not represented in
these simulations, in part because they are very poorly defined and it is not clear how important
they are. Other studies haattempted to model some of these additional SIP processes

(Phillips et al., 2018; Sullivan et al., 2018)t that was beyond the scope of this study.

2.3.1.3.Cloud radiation

The radiative processes aspresented by the Suite of Community RAdiative Transfer codes
based on Edwards and Slingo (SOCRATHER)wards and Slingo, 1996; Manners et al., 2017)
which considers cloud droplet number and mass, as well as ice crystal and snow water paths
for the calculation of cloud radiative properties. It does not explicitly consider changes in ice
crystal or snow number concentration or size (though changesribher and size will affect

mass concentrations which are considered), and does not consider any changes to rain or
graupel species. The cloud droplet single scattering properties are calculated from the cloud
droplet mass and effective radius in each gridbsing the equations detailedddwards and

Slingo (1996) Snow and ice are combined to form one ice category for the purposes of the
radiation calculations. The single scattering properties of this snow and ice category are
calculated from their combined mass and the ambient temperature. The parameterisation of

bulk optical properties of snow and ice used in the model is detaikalam et al. (2014)
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The radiative properties (shadve, longwave and total radiation) are calculated for daylight

hours only, i.e. 10:0Q7:00 UTC.This is because owing to the length of our simulation (24

hours), whenspiu p ti me i s excluded from -tinfe@eri@nal ysi
available. Therefore, we felt it was fairest to calculate the radiative effects from the simulation
period comprising the daylight hours onor all other modelled properties presented, except

when plotted against a corresponding radiative property, valueslatdated for the last 14

hours of the simulation, i.e. from 10:04:00. The sensitivity of analysis to time period

selection was tested and found to have little impact.

Changes to outgoing radiation from cloudy regions and changes in cloud fraction
contribute to the total overall change in outgoing radiation between two simulations. The
contributions from changes in outgoing radiation from cloudy regions and cloud fraction to the
overall radiative differences between simulations were calculsdpdrately as described
below. The cloudy regions contribution, i.e. the difference in outgoing radiation between two
cloudy regions due to changes in cloud albedo or thickness ignoring any changes in cloud
fraction, Y’ Y 0'Q  to a domain radiativeifference between a sensitivity simulation (s) and

a reference simulatiom)((s1 r) is calculated using Eq. (1).
YYOQ OQYYHQ (1)

where "® the cloud fraction of simulation r atl & Qis the change in outgoing ratin
from cloudy areas only between simulation$ . The reference run (r) in SectioBgt. 17
2.4.4 refers to thé&loINP simulation while the sensitivity run (s) are simulations which include
an INP @rameterisation. In Section Z4the reference rupm) refers to a simulation which has
no representation of SIP and the sensitivity rurtd$ simulation which includes SIP due to
the Hallett-Mossopprocess. The contributionof cloud fraction changes, i.e. the change in

radiation that can be attributdo an area of clear sky in simulation s becoming clandy
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simulation ror vice versa, to the total change in domain outgoing radiaohd{'Q is

calculated using Eq. (2).
YYOQ YOR YoOR YoQ 2)

Where'Y w'Q is the mean outgoing radiation from cloudy regions in simulation Nacd®
is the mean outgoing radiation from clear sky regions in simulation Yant the difference
in domaincloud fraction between simulations s and-r)(sThere is intera@in between the
outgoing radiation from cloudy regions and cloud fraction chan¥&sc{’Q which is
calculated in Eq (3).

YYHQ YYHQ YOQYY®HQ p &Q (3)

Where YY ®'Qis the change inmean outgoing radiation from clear sky areas between

simulations s and r and }‘(Ds the cloud fraction of simulation s.

The total outgoing radiation difference between simulations s affef t(Q is therefore

calculatedas shown in Eq. (4).
Y'Y YOQ YOQ YYHQ YYoQ YYoQ (4)

The interaction tern¥'Y &'Q was found to be negligible and was therefore ignored for the

purpose of this paper.

2.3.1.4. Model simulations
The conducted simulations are adws:

1 Five simulations with different heterogeneous ice nucleation parameterisations (C86,
M92, D10, N12 and A13|(Figure 2.2)with a representation of thidallettMossop

process (SIRctive).
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1 One simulation with no heterogeneous ice nucleation (NoINRYX, with a
representation of thdallett-Mossopprocess (SIRctive).

1 Five simulations with different heterogeneous ice nucleation parameterisations (C86,
M92, D10, N12 and Al3)Figure 2.2.without a representation tie Hallett-Mossop

process (Slfhadive).

The INP number concentration ([INP]) predicted by the five INP parameterisations (C86, M92,
D10, N12, A13) are compared with the available measurements from the study(Rrgien

et al., 2018; WIti et al., 2018)n Figure 2.2, including those taken during the {DHield
campaign(Price et al., 2018)All parameterisations are in reasonable agreement with the
measurements (and with each other) at arelidelC, but deviate strongly at higher and lower
temperatures. It should be noted that all parameterisatiorsd iasthis work were developed
between specific temperature ranges and extrapolation beyond tdmperaturesadds
uncertainty. However, for the purposes of this paper and to allow a direct comparison between
parameterisations, all parameterisations Hseen applied between 0 af87°C. Importantly,

the INP parameterisation slopes of the chosen parameterisations span the range used within
regional models (from a shallaflogio[INP (m))/dT(°C)=-0.07 in M92 (Meyers et al., 1992)

to a seep dlogdINP(m)])/dT (°C)=-0.45 in A13(Atkinson et al., 2013) For the correlation
analysis where model outputs were plotted agapetameterisation slope (dief(m
3)/dT(°C)), a straight line was fitted to the D10 parameterisation betw@emd-37°C to

obtain an approximate INP parameterisation slope. Other temperature ranges were tested and

were found to have no notable effectresults.

When analysing the simulation output, cloudy grid boxes were classed as those containing
more than 10 kg kg* condensed water from cloud droplets, ice crystals, graupel and snow.
Rain was not included to ensure analysis did not include arkag bleud base. Other cloud

thresholds were tested and found to have no notable effect on the results. For cloud



55

categorisation into low, mid and high clouds, model vertical columns containing cloudy grid
boxes were categorised by cloud altitude. Low clocclrs below 4km, mid cloud between 4

and 9 km and high cloud above 9 km. Columns with cloudy grid boxes in two or more cloud
categories were classified as mixed category columns according to the vertical placement of
the cloudy grid boxes, e.g. low/hifr columns containing cloud below 4 km and above 9 km.

4 and 9 km were chosen as the low/mid and mid/high division points because they are just
below two welldefined peaks in cloud base heights (not shown) and roughly correspond to the

beginning of the éterogeneous and homogeneous freezing regions, respectively.

(a.) MODIS Terra: 10:30 (b.) MODIS Aqua: 13:30
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Figure 2.3. Cloud field evolution. MODIS Terra (a) and Aqua (b) corrected reflectance
images of the modelled domain for the 21st of August 2015 and the corresponding simulated
top of atmosphere outgoing longwave radiation for the N12 simulation (c, d). Note that the
colour bar relates to panels ¢ and d only. Images shown in (a) and (b) are moderate
resolution imaging spectroradiometer (MODIS) Corrected Reflectance imagery produced
using the MODIS Level 1B data and downloaded from the NASA Worldview website.
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Figure 24. Comparison of observed conditions from the b933-LCkeld campaign flight on
the 21st August 2015 and the modelled conditions. Vertical wind speed from the model and
aircraft data (a), a 2D histogram of modelled vertical wind against cloud dropitoer
concentration (CDNC) (b) and altitude plotted against ice crystal number concentration
(ICNC) (c) with the aircraft data overlaid. Modelled values are selected from clouds between
10 and 150 kAin size from the N12 simulation.
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2.3.2. The observedase

MODIS visible images of the 21August 2015 are shown in Figure 2.3 (a, b) alongside
snapshots of the TOA outgoing longwave radiation in one of our simulations (c, d). The
simulated cloud field has more clofr@e areas than the satellite images lutgeneral
produces clouds similar to those shown in the satellite image and in approximately the correct
location. Overall the simulations produce a complex and realistic cloud field. Snapshots of the
simulated model TOA outgoing shortwave radiation amwshin FigureA2.1 of the appendix

(Section 2.7)

In-situ measurements of cloud and aerosol properties were made using the UK FAAM Bae
146 research aircraft, which was flown from Praia, Cape Verde Islands. An extensive suite of
in-situ aerosol and cloudapticle instruments were operated onboard the aircraft and are
described in detail ibloyd et al. (2019)The aircaft penetrated the growing convective clouds

at a range of altitudes from just below the freezing level upaAC. In order to show that the
model reproduces the observed conditions, the observational data were compared to the
conditions in modelled ouds of similar size to those the aircraft flew in (1160 knf) where

a comparison was thought appropriate.

Comparisons of a selection of simulated cloud properties with aircraft data are shown in Figure
2.4. Incloud measurements from the aircraft weetected using the same total water content
threshold as for the model data 1Ky kg?). Note that observational data only samples clouds

along the 1D flight path, while model results include all grid points inside the selected clouds.

The vertical wind and cloud droplet and ice number concentrations are shown Figure 2.4. The
vertical wind speeds from the model and aircraft measurements agree well (Figure 2.4a). The
aircraft data exhibit less measurements of vertical wind speeds above 1®um thatis

expected since the aircraft was purposefully not flown in very high updraft speeds. The aircraft
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cloud droplet number concentration (CDNC), measured using a Droplet Measurement
Technique (DMT) cloud droplet probe, falls predominantly in the regiopsuameter space

most highly populated by model data when plotted against vertical wind speed (Figure 2.4b).
Note that the simulated points in Figurdi2represent values of CDNC and updraft speed in

all cloudy gridboxes, not just those at cloud base.ugtaft speed is collocated with CDNC

and therefore does not necessarily represent the updraft speed at which the cloud droplets were
activated. The higher CDNC values exhibited in the model data may be due to the higher
updraft speeds which were not maaslby the aircraft. The observed ICNC was derived from
measurements using the DMT Cloud Imaging Probes-{GIBnd CIP100) and theéStratton

Park Engineering Compar8tereoscopic optical array probe covering a size range from 10 to
6200 um using the SODAGystem for OAP Data Analy3iprocessing code to reconstruct

ice particle images that are fully contained within the probe sample volume. Because of
uncertainties in the optical array probe sample volume for very small images, only ice particle
imagesgreater than 100 um were included. The aircraft ICNC fall almost entirely within the

range of the model values (Figure 2.4c).

2.4. Results

2.4.1. Effect of INP and INP parameterisation on outgoing radiation

We first examine the effect of INP parametatisn on the outgoing radiation relative to the
simulation where the only source of primary ice production was through homogeneous freezing
(NoINP). Ice crystals formed via homogeneous freezing, which have been sedimented to lower
levels canindirectly initiate ice productiovia theHallet-Mossopprocessonceconverted to

snow or graupelWhen contrasting the effect of different INP parameterisations ino§ect

2.4.1 to Section 2.4,%heHallet-Mossopprocess was always active including in tdelNP
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simulation As stated in Seidn 2.3.1.3, the radiation code is representedSQYCRATES
(Edwards and Slingo, 1996; Manners et al., 20am)l responds to changes in cloud droplet
number and cloud droplet, ice crystal and snow mass. The results detéoedelate to either

the domairwide properties or all Htloud regions within the domain. This means that the
results describe the direct and indirect changes, for example changebladie¢tteMossopice
production, occurring due to the presence NP lacross all cloud present in the domain,
including lowlevel liquid clouds, mixegbhase clouds without a convective anvil and very
deep convective clouds with an anvil. The effects of INP parameterisation and SIP on

convectiwe anvils are discussed in $en 2.4.4 and 2.4.5

Domainmean TOA outgoing radiation (daylight hours, shortwave plus longwave) is enhanced
by the inclusion of INP in all cases (Figure 2.5a). The enhancement in outgoing radiation
varies between 2.6 WAfor D10 and 20.8 W rafor A13 relative to the NoINP simulation.
There is a variation of up to 18.2 W-ndepending on the chosen representation of
heterogeneous ice nucleation, which shows that the INP parameterisation can affect outgoing

radiation as much as excluding or irdihg heterogeneous freezing altogether.

Bear n mind that SIP was active (S#etive) in the simulations summarised in Figure 2.5a,
including in theNoINP simulation in which théHallett-Mossopprocess can be initiated by
settling icephase hydrometeorseither by settling homogeneously frozen ice crystals
subsequently converted to snow or graupel, or by settling snow or graupel formed from
homogeneously frozen ice crystals at upper cloud levels), indicating that these cloud systems
are sensitive to INP ewn in the presence of SIP. This is consistent with a comparatively small
change in TOA radiation when SIP is active relative to when it is inactive (Figure 2.5b and 3c)

(we discuss the role &IP in more detail in Section 2.4.5
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5 (a.) Total outgoing radiation: INP impact
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Figure 2.5.Effect of INP and secondary production @A outgoing radiation. Effect of INP
parameterisation (a) and SIP (a representation oftiladiett-Mossopprocess) (b) on
domairmean daytime TOA outgoing radiation and total dorrragan daytime TOA

outgoing radation plotted against INP parameterisation slope (c). In (a), the change from
the NoINP simulation is shown (INPNoINP) with SIP actie. In (b), the change from SIP
active to SIP inactive is shown (SIP activBIPinactive). A positive value indicatere

TOAoutgoing radiation when INP or SIP are active. In (a) and (b), the relative contributions

of changes in outgoing radiation from cloudy regions (left) and cloud fraction (middle) to the

total radiativeeffect(right) are shown (calculation describé&u Section 2.3.1)3 In addition
to the simulated values, a regression line (n=10) is shown in (c) along with its associated

statistical descriptors.
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20 (a.) Outgoing shortwave: INP impact
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Figure 2.6.Effect of INP on domatmean daytime outgoing TOA shortwave and longwave
radiation. The change from the NoINP simulation is shown (INBINP). A positive value
indicates more outgoing radiation when INP are present. The contributions of changes in
outgoing radiation from cloudsegions (left) and cloud fraction (middle) to the total

radiative forcing (right) are also shown.

The slope of the INP parameterisation (i.e. the dependence of INP number concentration on
temperature dlogioINP]/dT) is a key determinant of the outgoingdration. There is a
statistically significant correlation between INP parameterisation slope and total TOA outgoing
radiation (2= 0.75,p < 0.01,n = 10) (Figure 2.5c). The difference in radiation between the
NoINP and the simulations where INP are gre@isare caused mainly by changes to outgoing
shortwave radiatio(Figure 2.6a)The inclusion of INP enhances outgoing shortwave radiation

by between 5.3 W rhfor D10 and 26.6 W rafor A13 (Figure 2.6a). Differences in outgoing
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longwave radiation are cquaratively small{2.7 W m? for D10 to-5.8 W m? for A13; Figure
2.6b) due to similar cloud top heights between simulations of these thermodynamically limited

clouds.

Changes in outgoing radiation due to the presence of INP are caused by a combination o
changes to the outgoing radiation from cloudy regions, caused by changes in cloud structure
and microphysical properties, and changes to domain cloud fraction, whose contributions to
the total radiative difference are shown in Figure 2.5a (left andedemtrorder to appreciate
the reasons for these trends, we will now take a closer look at the effect of INP on outgoing
radation from cloudy regions only (Section 2.4.2) and changes tdahmin cloud fraction

(Section 2.4.3)

2.4.2. Effect of INP and NP parameterisation on outgoing radiation from

cloudy regions

Here we discuss the changes in outgoing radiation from cloudy regions only due to INP
parameterisation choice. Daytime outgoing radiation from cloudy regions increases due to INP
for all but onelNP parameterisation (Figure 2.7a). The absolute change in outgoing radiation
from cloudy regions is betweé®.8 (D10) and +28.1 (A13) W ® and the larger values are

a result of large increases in reflected shortwave (up to +37.2°)\amd relativelymoderate
decreases in outgoing longwave radiation (tijpltb.1 W n¥) from cloudy regions. The above
absolute changes in outgoing radiation from cloudy regions contribute bét:@eand +11.4

W m? to the domairmean change in outgoing radiation duehe presence of INP (Figure

2.5a, cloudy regions contribution).

The enhancement of outgoing radiation from cloudy regions due to INP is caused primarily by

increases in cloud condensate relative to the NoINP simulation (Figure \B/@éh. INP are
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includedin a simulation, snow and cloud droplet water path are enhanced, causing increases in
total cloud condensate, despite decreases (in all except A13) in ice crystal water path due to a
reduction in ice crystal number and mass concentrations caused by #ioredacthe
availability of cloud droplets for homogeneous freezing. Snow, cloud droplets and ice crystals
are the hydrometeors that affect outgoing radiation in CASIM and the combined water path of
these three species is significantly positively correlatigh cloud shortwave reflectivity{=

0.62,p < 0.01,n = 11) (Figure 2.7c). In-cloud microphysical profiles of secondary and
homogeneous ice particle production, ICNC and ice crystal, snow and graupel mass
concentrations are shown in Figure 2gofiles of the difference in otdf-cloud temperature

and relative humidity, and in4cloud updraft speed, between simulations including INP and

the NoINP simulation are shown in Figure 2.9.

The mechanism for the INP induced increase in cloud condensateoasequently cloud
shortwave reflectivity shown in Figure 2.7 is as follows: When heterogeneous ice nucleation
is active, liquid is consumed in the warmer regions of mpleaise clouds because of increased
heterogeneous ice nucleation (Figure 2.2) and(Bifure 2.8a). The resultant additional ice
crystals in mixeegohase region@-igure 2.8c, djacilitate riming causing increases in snow and
graupel (Figure 26 1), increasing snow water path and reflectivity in mixgthise and ice
clouds. At the samenie, the enhanced production of relatively heavy snow and graupel
increases precipitation which on melting to form rain below the freezing level and subsequent
evaporation below 4 km, reduces -@fitcloud temperature and increases relative humidity
(Figure2.9a, b). This leads to increases in water path inlémel liquid clouds and thus an

enhancement in their shortwave reflectivity.
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Figure 2.7.INP and outgoing radiation from cloudy regions. Absolute change in outgoing
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crystals (IC) and cloud droplets (CD) relative to the NoINP simulation (b), and mean
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descriptors.
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(a.) Secondary freezing

(b.) Homogeneous freezing
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However,increases in total cloud condensate alone cannot account for the differences in
outgoing radiation from cloudy regions between simulations using different INP
parameterisations, which are caused by a combination of cloud microphysical responses. We
find that outgoing radiation from cloudy regions is significantly negatively correlated with INP
parameterisation slope?E 0.63,p < 0.01,n = 10) (Figure 2.10a), i.e. simulations using a steep

INP parameterisation have a higher outgoing radiation from cloeglgns. This result makes

sense when we consider the relationships between INP parameterisation slope and a multitude

of cloud microphysical properties affecting cloud radiative properties.

In particular, a steep INP parameterisation results in a AplRade cloud region characterised

by a higher ice crystal water path alaft£ 0.80,p < 0.01,n = 10; Figure 2.10b) and higher
cloud droplet number concentrations at the bottom of the npkede regionrf = 0.89,p <

0.01,n = 10; Figure 2.10c) when cqrared to shallower parameterisations. A steeper INP
parameterisation slope allows increased transport of liquid to upper cloud levels due to lower
rates of heterogeneous freezing at the-battom region of the mixeghase cloud (lower
supercooling Figure2.2) and SIP at high temperatures (Figure 2.8a). This, combined with
higher INP concentrations at low temperatures (Figure 2.2), increasesdf@NiCe crystal

mass concentratiorag upper mixegbhase altitudes, as well as enhancing the lifetime of liquid
cloud droplets at lower altitudes in the mixglolase region when compared to shallower INP

parameterisations.
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(a.) Outgoing radiation
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Figure 2.10.0utgoing radiation from cloudy regions and INP parameterisation slope.
Scatter plots of INP parametsation slope and total daytime outgoing radiation from cloudy
regions (a), incloud mean ice crystal (cloud ice only) water path (b), arcland cloud
droplet number concentrations at the start of the mipiegase region (5 km) (c). Also shown

are the espective regression lines (n=10) and associated statistical descriptors.
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2.4.3. Effect of INP and INP parameterisation on cloud fraction

Overall cloud fraction is increased by INP for all INP parameterisations and these increases in
cloud fraction contribte about as much to changes in dormaegan radiation as the changes

in outgoing radiation from cloudy regions (Figure 2.5a, cloud fraction contribution). Increases
in domain cloud fraction due to INP are driven by cloud cover increases in the warm add mix
phase regions of the cloud (~8tkm), offset somewhat by decreases in the cloud fraction due

to reduced homogeneous freezing in the ~ 149 km regime (Figure 2.11a).

Cloud fraction increases at rrielvels (4-9 km) occur because heterogeneous iceleation

induces an increase in precipitatiszed particles (snow and graupel) which sediment to lower
levels and moisten the atmosphere by evaporation (Figure 2.9a, b). This increases new cloud
formation and may prolong the lifetime of existing cloutiscédditionally, increased droplet
freezing and riming in the mixgohase cloud region releases latent heat and invigorates cloud
development with increases in updraft speed just above 4 km (Figure 2.9¢). The increased cloud
fraction at midlevels due tdNP are partially offset by a reduced cloud fraction above 10 km
(Figure 2.11a) which is caused by an INP induced enhancement in freezing and riming in the
mixed-phase region reducing moisture transport to the homogeneous freezing aegime

consequentlyCNC (Figure 2.9¢)

The effects of INP on the altitude profile of cloud fraction are strongest for shallow INP
parameterisation slopes, which have a freezing profile most different to that of the NoINP
simulation (Figure 2.11a). At 5 km, the shallowestpagterisation (M92) causes the largest
increase in cloud fraction, while the steepest parameterisation (A13) causes the srhallest (
0.83,p< 0.05,n=5). At 12 km, the order is reversed, and steep parameterisations exhibit the

highest cloud fractioof simulations with active INRr?= 0.94,p < 0.01,n = 5).



70

(a.) Cloud fraction
16 T T

T
14 - - i

12 [— cse w A i
— M92 /
10+ D10 .

5
X
T sl N12 i
o — Al13
£ 6F[— NoINp ) 4
4 = o p
2 ,
O | | 1 1
0 5 10 15 20 25
Cloud fraction (%)
(b.) ICNC at 10 km
2.5 T T
o= ® ® S|P active
': % SIPinactive
o201
=1
c ~
S 15} . 4
=
© ~
2 ° ..
S 10} .
c ~
O ~
(S .
= y =-4.12x +-0.23 NN
2 05} r=-0.88 g~ 0B .
£ 2= 0.77 o %,
z p = 0.00085 o0 -
39}
00 | | 1 1
-0.5 -0.4 -0.3 -0.2 -0.1 0.0
INP parameterisation slope (dlogo[INF/ d1)
(c.) Ice/(snow + graupel) at 12 km
T 1 T 1
_ y =-9.37x + -0.33
> gL ® r=-0.76 i
g r=0.58
w5l p =0.011
~
g - T
& 3t T .
° B
E 2 - ) s 53 |
" . ®
& 1L T
= o 8. %
0 ‘ ‘ °° "%
-0.5 -0.4 -0.3 -0.2 -0.1 0.0

INP parameterisation slope (dlog,o[INP}/ dT)

Figure 2.11.Cloud fraction and INP parameterisation slope. Dormaiaan cloud fraction
profile (a), INP parameterisation slope plotted against ice crystal number concentration at
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and (c) are the respective regression lines (n=10) and associated statistical descriptors.
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The largest cloud fractiemduced increases in outgoing radiation relative to the NoINP
simulation (Figure 2.5a) are seen in simulations using steeper INRgiarsations because
these simulations exhibit higher cloud fractions at high altitudes (~12 km), translating into the
higher total cloud fraction. These slope dependent changes in cloud fraction are explained by
a relationship between cloud fraction aseleral microphysical properties affecting cloud
fraction. For example, steeper INP parameterisations produce higher ICNC at the top of the
mixed-phase region (10 km) as well as higher ratios of ice crystal mass to snow and graupel
mass within the homogeaoes freezing region (12 km) (Figure 2.11b, c). A higher number and
mass of ice crystals relative to those of larger precipitatioed hydrometeors with the
steepest parameterisations results in lower frozen hydrometeor sedimentation, a longer cloud

lifetime and a higher cloud fraction.

2.4.4. Effect of INP and INP parameterisation on cirrus anvils

Our results show that the INP parameterisation affects the properties and spatial extent of cirrus
anvils. We define cirrus anvils to be regions where cloymasent above 9 km only (further
details available in Sect.21.4. 2D aerial images of cloud categorisation (Figure 2f]2a
show weltdefined regions of anvil cloud (light bluél) surrounding a large convective system
containing clouds at a rangeaifitudes from <4 km to >9 km. There are clearly differences in

the extent and position of cloud categories between simulations (Figueef2.12
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Figure 2.12.Vertical composition of cloud. 2D distribution of ctbtype at 20:00 for all six
SIPactivesimulations (af), as well as anvil and domain cloud fraction change due to INP

(g) and due to SIP (h). Clouds are categorised according to their altitude into low (L, <4

km), mid (M, 49 km) and high (H, >9 km) levels and mixed category columns if cloud
(containing more than 10kg kg' condensed water from cloud droplets, ice crystals, snow
and graupel) was present in more than one of these levels (a more detailed description can be
found in Sect. 2.1.4). A positive value in (g) or (h) indicates highleles when INP (g) or
SIP (h) are active.
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The presence of INP reduces convective anvil extent by between 2.1 and 4.1% of the domain
area depending on the choice of INP parameterisation (Figure 2.12 g), corresponding to a
decrease in anvil cloud of betwe2h and 53% relative to the NoINP simulation (not shown).

The reduction in anvil extent in the presence of INP is caused by increased liquid consumption
at all mixedphase levels, due to heterogeneous freezing, enhanced SIP and increased graupel
and snow pduction, reducing the availability of cloud droplets for homogeneous freezing
(Figure 2.8b), reducing ICNC at cloddp, and reducingloud fraction at high altitudes (Figure

2.11a) anctloud anvil extent (Figure 2.129).

Reductions in anvil extent caukby INP are somewhat offset by the overall increases in cloud
fraction across the domain (Figure 2.12g). However, it is possible that the effect of INP and
INP parameterisation choice on anvil cloud fraction, and the contribution of anvil cloud to
overall cloud fraction and radiative changes, would become larger with a longer analysis
period. This is because detrained convective anvils can persist longer in the atmosphere than
the convective core that creates th@ng.Luo and Rossow, 2004; Mace et al., 2Q@hit this

is beyond the scope of the current study.

2.4.5.Importance of secondary ice production

It has been argued that the observed (or derived) primary ice particle production rate is
unimportant for convective cloud properties when secondary ice production (SIP) igeagtive
Fridlind et al., 2007; Heymsfield and Willis, 2014; Ladino et al., 2017; Lawson et al., 2015)
because primary ice crystal concentrations are often overwhelmed by ice crystals formed via
SIP (Field et al., 2017)However, the results shown in Figure 2.5a (in which the simulations

included SIP) do not support this argument. We find thatntfeophysical and radiative
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properties of the cloud field depend strongly on the properties of the INP even when SIP due
to the Hallet-Mossop processccurs. Furthermore, the effect of including SIP on daylight
domainmean outgoing radiation varies betwée.0 W m? and +6.6 W rit (Figure 2.5b),
showing that the presence of tHallet-Mossopprocess has a smaller effect than the INP
parameterisation and that the sign and magnitude of this effect depends on the INP
parameterisation. The mean effect onldgyy domainrmean outgoing radiation of including

INP is +9.8 W n? whereas the mean effect of including SIP viakiadlett-Mossopprocess is

+2.9 W m?. Therefore, rather than primary ice being simply overwhelmed by SIP, it actually
determines how SIP affects cloud microphysi€ee changes in domamean outgoing
shortwave and longwave due to the inclusion of the Halledsop process can be seen in
Figure A2.2 in the append({$ection 2.7)Other mechanisms of SIP have been prop¢siedd

et al., 2017; Korolev and Leisner, 2020; Lauber et al., 2a848)the impact of INP on cloud
properties in the presence of these mechanisms, particularly phesent at temperatures
below 10C such as droplet shatterifigauber et al., 2018should be tested in future but was

beyond the scope of the present study.

The effect of SIP on the radiative properties of the cloud field is dependent on INP
parameterig#on choice, both in magnitude and sign of change (Figuig) 2P makes the
clouds more reflective independent of the chosen parameteridationg 2.5b, cloudy regions
contribution) due to increases in snow and cloud droplet water path. N12 anchye ghb

largest overall radiative response to SIP because changes to the radiative forcing from cloudy
regions and cloud fraction contributions act to increase outgoing radiation (Figure 2.5b).
However, the cloud fraction response to SIP is opposite f6r 82 and D10 meaning the
cloudy regions and cloud fraction contributions act in opposite directions, reducing the total

radiative forcing.
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The different response of the domain cloud fraction to the presence of SIP is caused by
substantial variation betwa simulations in the anvil cloud extent (Figure 2.12h), from an
increase of 10% (+0.9% of the domain area) in N12 to a decrease 0f316% (f the domain

area) in M92 (Figure 2.12h). These mamform changes in cloud fraction and outgoing
radiation carbe explained by differences in the response of cloud freezing profiles to SIP due
to variations in INP parameterisation slope. For all INP parameterisatiendallettMossop

process consumes liquid in the Halktbssop cloud region and thereforedues the
availability of liquid at higher altitudes. For shallower parameterisations such as M92 this
causes a reduction in the amount of cloud droplets reaching the homogeneous freezing regime

and thereby reduces ICNC and cloud anvil spatial extent.

Howeva, in simulations using a steep parameterisation, almost all available droplets are frozen
heterogeneously before they reach the homogeneous regime (see reduced homogeneous ice
production rates in N12 and A13 in Figure 2.8b). Therefore, in simulationg assteeper
parameterisation, such as N12, a reduction in liquid availability due to SIP occurs at the top of
the heterogeneous freezing regime, reducing the availability of liquid for riming, causing a
reduction in frozen hydrometeor size at high altigyde@ reduction in hydrometeor

sedimentation and an increase in anvil extent.

The effects of INP parameterisation slope andHh#ett-Mossopprocess on the simulated
cloud field properties are summarised in Figure 2.13. Overall, our simulations shdiNRhat
parameterisation choiceand particularly the temperature dependence of the INP
parameterisation, arémportant determinast of cloud field micre and macrophysical
propeties, even when SIP is active. We also fimatthechoice of INP parameterisanh affects

the cloud field response to SIP.
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Hallett-Mossop process on the simulated cloud fie)d

2.5. Limitations of this modelling study

The lack of consideration of ice and snow particle number by the SOCRATES radiation scheme

is an important limitation of the results presented here. Changes to(Fi§iCe 2.8c)without

a coeoccurring change in ice crystal mass concentratiamiisnot be reflected in modelled

radiative fluxes. However, our results are still very relevant for climate model simulations as

climate models do not typically account for ICNC in their radiation calculations and have

frequently been shown to poorly regent ice crystal mass concentratif®aran et al., 2014;
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Waliser et al., 2009)The SOCRATES representation of radiatwith a dependence on ice

mass is a more accurate and realistic representation of radiation than is seen in many climate
models which ofterderive bulk optical properties using empirically derived deterministic
relationships betweedne patrticle sizand environmental temperature and/or ice water content
(Baran et al., 2014; Edwards et al., 2007; Fu et al., 1999; Gu et al., Plagver, the effect

of INP parameterisation on deep convective clouds radiative properties using a radiation code
that considers ice particle nuetbshould be explored in future studies. The sensitivity of the
cloud field to the chosen INP parameterisation and SIP indicates the importance of accurately
representing ice water content in climate models and linking this ice water content to ice

nucleaing particle type.

Another limitation of the SOCRATES radiation code is its lack of consideration of rain and
graupelparticles. The effects of these hydrometeors are expected to be less than that of ice,
snow and cloud droplets as they precipitate faster and therefore have a shorter lifetime.
Furthermore, the effect of graupel on the tropical longwave radiative effediden found to

be negligible and dwarfed by that of sné@hen et al., 2018)The global radiative effect of

rain has also been found to be small in the vast majority of casesekigh temporal and
spatial resolutiorfHill et al., 2018) The effect of the incorporation of these hydrometeors into

radiative transfer parameterisations should however be tested in future studies.

Future work should also conduct a similar experiment including the-tinghtradiative flixes

in the analysis. This would enhance the importance of changes in the longwave outgoing
radiation relative to the shortwave radiation. Our simulation length prohibited us from
including all nighttime hours in our analysis once spip was excluded, antherefore the
radiative effects of INP and SIP presented apply only to the daytime hours. The effect of
including the nightime hours in the calculation of the effect of INP and SIP on outgoing

longwave radiation was tested and found to cause no naliffielences.
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The use of both aerosdependent (D10, N12, A13) and soléiynperature dependent (C86,

M92) parameterisations in this study means that we have examined the radiative sensitivity of
a complex cloud field to a larger variety of INP params#tions used in weather and climate
models than if we had exclusively used parameterisations that consider aerosol concentration.
However, this experimental design has limitations. For example, due to the lack of aerosol
dependence of the C86 and M92 schsrapresumedd@st concentration is implicitly present

in these two cases and remains uniform throughout the simulation period. The effect of INP
parameterisation choice on convective cloud field properties should also be examined with the

inclusion of &rosol scavenging but this was beyond the scope of this study.

Raindrop freezing was parameterised according to Bigg (1953). This parameterisation is
volume and temperature based, and is therefore inconsistent with the changes in the
heterogeneous freezipgrameterisation of cloud droplets detailed in this chajiteally the
treatment of raindrops would be consistent with that of cloud droplets and this should be
addressed in future studida. studies such as thiswhere processing is inactive, theeraf
raindrop freezing should be linked ttee interstial aerosol concentration. Where processing

is active, raindrop freezing would ideally take into account the accumulation of INP in large
droplets due to the collision and accumulation of multiplesahcontaining cloud droplets.

For examplePaukert et al2017)developed a twanoment microphysical scheme that allows

for the aerosol dependent heterogeneous freezing of raindrops by tracking the number of
aerosol particles accumulated in raindrops by accretioncslidfction, and autgonversion.
This was beyond the scope of the current stu

future studies.

Our results showed that an enhancement in cloud updraft strength due to increased freezing
was partly responsible for cloud fraction reasesin the mixedphase region Cloud

invigoration due to aerosols has been documented previglyan et al., 2010a, 2010Db,
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2012; van den Heever et al., 2006; Tao et al., 284@)s most frequently discussed in relation

to increased CCN concentrations or an overall aerosol increase (i.e. affecting both CCN and
INP concentrationqe.g.Altaratz et al., 2014; Fan et al., 2012; Lerach et al., 2008; Seifert and
Beheng, 2006; Wang, 200%Jowever, cloud invigoration due to enhanced INP concentrations
and the associadl increased latent heat release of heterogeneous freezing has also been
documentedAltaratz et al., 2014; Fan et al., 2010a, 2010b; van den Heever et al., 126G8)

we see an invigoration effect due to changes in the altitude of ice formation with different
heterogeneous ice formation parameterisatidihe relative importance and strength of this
invigoration relative to changes that would be induced from CCN changes should be examined

in future studies.

This study utilised our best estimate of ice production bitiket-MossopprocesgConnolly

et al., 2006; Hallett and Mossop, 1974; Mossop, 1988)most welktudied SIP mechanism,

to try and understand the effect of the preces currently understood, on deep convective
cloud properties. The work indicates that INP concentrations at all mixed phase temperatures
can be important for cloud properties even in the presence bliatlett-Mossopprocess, and

that the impact of thélallettMossopprocess depends on INP number concentrations. The
dependence of the rate of ice production by ltadlet-Mossopprocess on INP number
concentrations (Figure &) in particular highlights that the role of SIP in clouds may be
dependent ofNP. However, the rate of ice production by thallett-Mossopprocess is very
uncertain and other mechanisms of SIP have also been proffoskbtet al., 2017)We
recommend that similar studies examining the effect of INP should be conducted with the
inclusion of other proposed SIP mechanisinsparticular,Lloyd et al. 019)suggests that
droplet shattering may be occurring in the clouds sampled during th® iEd campaign.
However, this was beyond theope of the present study due in part to the lack of quantification

and parameterisations for these other mechan(iBrakl et al., 2017)The work presented in
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Chapter 3will attempt to overcomsome ofthe above caveats by using statistical emulation
(Johnson et al., 201510 examine the interacting effects of dust number concentration, INP

parameterisation slope and SIP in an idealised deep comveldud.

2.6. Conclusions

We quantified the effect of INP parameterisation choice on the radiative properties of a deep
convective cloud field using a regiomabdel with advanced doubteoment capabilities. The
simulated domain exceeds 600,000%kand therefore captures the effects of INP and INP
parameterisation on a typical large, complex and heterogeneous convective cloud field. The
presence of INP increasdemainmean daylight TOA outgoing radiation by between 2.6 and
20.8 W n¥ and the choice of INP parameterisation can have as large an effect on cloud field
properties as the inclusion or exclusion of INP. These effects are evident even in the presence
of SIP due to théHallett-Mossopprocess, refuting the hypothesis that INP is irrelevant beyond

a minimum concentration needed to initiatefatlet-MossopprocesgCrawford et al., 2012;
Ladino et al., 2017; Phillips et al., 200Rurthermore, the effects of SIP on the cloud field
properties are stronglgependent on INP parameterisation choice. Both the magnitude and
direction of change in cloud fraction and total outgoing radiation due to SIP varies according
to INP parameterisation choice. Microphysical alterations to cloud properties are important
cortributors to radiative differences between simulations, in agreement with previous studies
documenting the effect of aerosdbud interactions to the radiative forcing by deep convective
clouds(Fan et al., 2013)For example, increasing cloud condensation nuclei concentrations,
with no perturbations to INP, was shown to increase cloud albedo and cloud fraction, deepen
clouds and increase TOA outgoing radiation by &/ m? (Fan et al., 2013Here we find that

even for the same aerosol and CCN concentrations, just altering the relationship between
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aerosol concentration and ioecleating ability can cause changeslaylight TOA outgoing

radiation of up to 18.2 W rhin our domain.

Our results indicate that the slope of the INP parameterisation with respect to temperature
(dlogi[INP]/dT) is particularly important: Outgoing total radiation, along with many cloud
field and microphysical properties affecting radiation, were significantly correlated with INP
parameterisation slope. Best practise for accurately representing INP number concentrations
based on current knowledge is to utilise parameterisations that fmdohaumber and particle

size to INP number concentration (e.g. D10, N12, A13) but that is not enough without also
using a parameterisation in which the temperature dependence of the INP number
concentrations matches reality; the largest differencesnraniooutgoing radiation existed in

this study between simulations using aerosol dependent parameterisations (D10 and A13).
These large variations in outgoing radiation between simulations using different aerosol
dependent INP parameterisations justifiegeBiment in observational campaigns to more
effectively constrain the range of expected INP concentrations and parameterisation slopes in
the Saharan dust outflow region, and other regions dominated by maritime deep convective

activity.

The significancef the slope of the INP parameterisation indicates the potential importance of
accounting for differences in aerosol composition in modelling studies. For example, INP
derived from marine organig€sVilson et al., 2015have a shallower slope than mineral dust

INP (Atkinson et al., 2013; Niemand et al., 201R)rthermore, realorld INP concentrations

are known to have complexntgerature dependencies with biological INP, such as soil borne
fungus and plant related bacteria, making significant contributions at the warmest temperatures
and mineral components being more important at lower temperé&tasiisan ket al., 2018)

The icenucleatingtemperature dependenceEmineral dus{and other aerosol typesan also

be substantially altered by the adsorbtion of biological material such asigtzEating
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macromolecules from fungi, pollen and bacterigparticle surfacesomplicating the picture
further(AugustinrBaudi t z et al ., 2016 ; Chen. Teetvasta | . ,
majority of models do not account for the complex redimponent composition of aerosol
populations andndividual aerosol particles which determines the real worlehiggeating
temperature dependendée work here suggests that the presence of biological INP might be
to reduce liquid water transport to the upper levels of the cloud, reducing cirrugxdemnt,

but also to increase low cloud fraction. Nevertheless, measurements in the eastern tropical
Atlantic indicate that biological INP in the Saharan dust plumes is at most a minor contribution
and that the parameterisations with shallow sdpeFigure 2.2likely produce too much

glaciation at warm temperatur@sg.Price et al., 2018)

The results presented here also present a new framework for understanding the effect of SIP
by identifying a potential relationship between the effect ofHh#ett-Mossopprocess aah

INP parameterisation slope. The significance of INP parameterisation slope also highlights the
importance of characterising the INP concentration across the entirety of thephass
temperature range rather than just at one temperature, or in a temperature range, as is
common in many field campaigns. For example, in the-DCHeld campaign, INP
concentrations at temperatures abeVeand below-27°C were not measurable due to
experimental and sampling constraints (Price et al., 2018). Meadittih@ver the entire
mixed-phase temperature range, throughout which deep convective clouds extend, conceivably
covering around 10 orders of magnitude in INP number concentration, represents a major
experimental challenge. This issue is compounded byattatfat INP spectra cannot reliably

be extrapolated to higher or lower temperatures since our underpinning physical understanding
of what makes an effective nucleation site is lack@gluzza et al., 2017; Holden et al., 2019;
Kaniji et al., 2017; Kiselev et al., 2016)his work demonstrates the importance of solving

these problems and measuring INP number concentrations across the entirety of the mixed
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phase temperature spectruas,has been demonstrated in previous e Liu et al., 2018;

Takeishi and Storelvmo, 2018)

2.7. Appendix
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Figure A2.1. The cloud field. Simulated top of atmosphere outgoing stvertadiation for
the N12 simulation at 10:30 (a) and 13:30 (b).
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(a.) Outgoing shortwave: SIP impact
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Figure A2.2 Effect ofthe HallettMossop processn domairmean daytime outgoing TOA
shortwave and longwave radiation. The change fronBlReinactivesimulation is shown
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Hallett-Mossop process is activ€he contributions of changes in outgoing radiation from
cloudy regions (left) and cloud fraction (middle) to the total radiative forcing (riglet)edso
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Chapter 3: Influence of ice-nucleating particles
and Hallett-Mossopice production rates onanvil
cirrus from deep convecton
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3.1. Abstract

Theformation of ice crystalsin themixed-phaseregionof deepconvectivecloudsis important

for cloudglaciationandanvil propertieswhichin turn affectcloud radiativeproperties. Small
icecrystalsin themixed-phasecloudregioncanbeformedby two mechanismsheterogeneous
ice nucleationby ice-nucleatingparticles(INP) and secadaryice production(SIP) by, for
example the HallettMossopprocess The representationf theseice formationprocesse
cloud and numerical weatherprediction modelsis highly uncertain We we use a Latin
hypercubesamplingmethodand statisticalemulationto quantify the effect of varying INP
number concentratiofiNP parameterisation slopied. the temperature dependence of the INP
number concentration in the mixgthase temperature regjoend the HalletMossop splinter
production rate on the anvil properties of dedlised deep convective cloud. Overall, the anvil
ICNC is substantially reduced at higiiP number concentratiormwving to a reduction in
homogeneous ice production when heterogeneous freezing becomes the dominant mechanism
for primary ice production. Fthrermore, at shalloNP parameterisation slopethere is a
sharp transition to a cloud regime with larger anvil ice crystals and a more extensive anvil. This
regime shift is driven by more extensive cloud glaciatiorctvis in part caused by higher INP
number concentrations at warm mixgldlase temperatures in simulations with shallow INP
parameterisations slopeshancing the ice particle production by the Halldtissop process
These enhanced ice particle production rates by the Hisltestsop procesgausemore
extensivecloudglaciationand an invigoration effectiue to enhanced latent heat release from
Hallett-Mossop freezing and the resultant enhancementrimg, deposition, and snow and
graupel formationThis enhanceghe vertical massflux and condensatalivergenceat the
outflow level. This work highlightsthe importanceof quantifyingthe full spectrumof INP
numberconcentrationacrossall mixed-phasealtitudes,andfurthersour understandingf the

interactionsof INP with secondaryce productionmechanisms.
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3.2. Introduction

Deep convective clouds asn important component of the global hydrological cycle and
radiative budge{Lohmann et al., 2016; Massie et,a&002) The anvil cirrus cloud they
produce can persist in the atmosphfereseveral hours to a few daged therefore impact
outgoing radiation fofong after the deep convection has decaflaab and Rossow, 2004)
However, acurately representindhé spatial and temporatomplexity of large convective
systemsand thereforeconvectively generated cirrupresers extensive challenges for

atmospheric modellin¢Prein et al., 2015)

Deep convective cloud systeragtendvertically from the boundary layer to the tropopause
andcan have a horizontahdius of over 1000 knirheyare dynamicand powerful systems
with updraft speeds of up &0 m s! (Frank, 1977; Musil et al., 1986; Xu et al., 200M)
addition,a multitude oflifferentthermodynamic andhicrophysicaktonditionscan existithin

the same systenthere is ascarcity of measurements of these climatjcatiportant clouds
particularly profile measurements within the convective ¢ et al., 2016)and thus a

scarcity of data with which to validate representations of deep convective clouds in models.

The myriad of competing microphysicalggesses operating within deep convective clpuds
along with the difficulty in validating model simulations against observations, cause the
simulation of deep convective cloud® be subject ta large number of parametric and
structural uncertaintie€lohnson et al., 2015b; Wellmann et al., 2018)particular, nixed-
phasemicrophysicspresers a challengdor cloud modellingbecauset is critical for deep

convective cloud pragties and very poorly understo@®rein et al., 2015)

One of thelargest uncertaintiegr quantifying aerosolcloud interactionsand the resultant
climate impactss the amount gfand balance betweglquid and ice in mixegbhase clouds

In particular, therepresentation of microphysical procesa#fiecting cloud phasin tropical



89

convectioncontributes substantial uncertainty to the simulatihate response to global
warming in climate model§Medeiros et al.,, 2008; Stevens and Bony, 20I@)e
representation of the amount of ice within deep convective clouds is also important for the
representation of the amount and intensity of precipitation, the prediction of which is one of
the most socially and economically important roles of numieneaather forecasting

(Arakawa,2004; Prein et al., 2015)

Within the mixedphase region of deep convective cloutig, region between 0 and38°C
where both liquid and ice can coexiste hypothesise thahree variablescontrolling ice
productionstrongly influencethe partitioning of condensate into cloud liquid acel These
are the total numbeoncentration of potenti@iNP (aerosolparticleswith the ability to initiate
the freezing of cloud droplets at temperasubetween 0 and38°C), the temperature
dependace of INP number concentratiofthe rate of increase in ambient INP number
concentrations aemperaturelecreases from0to ~38°C) and the presentabsencer rate

of ice production by secondary ice production mechan{8t3, whereby small ice parted

are produced from existing hydrometeors)

The number concentration of potentifMlP in the atmosphere is extremely variable and
depends omseveralinteracting factes. For example, the export of Saharan dust, an efficient
INP at temperatuiebelow -15°C, and the largest component by mass of the global aerosol
budget(Tang et al., 2016; Textor et al., 200&cross the Atlantic Oceavaries hugely
depending offiactors such aseasor(Ridley et al., 2012)desert soil moistur@Laurent et al.,
2008) local wind speed(Grini et al., 2005; Laurent et al., 2008hd the occurrence and
intensity of convectin (Bou Karam et al., 2014; Marsham et al., 2011; Provod et al., 2016)
both in sourcgHeinold et al., 2013and transport regionSauter et al., 2019; Twohy and

Twohy, 2015) As a result of variations in dust emission and transparfjnsertime INP
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number concentrations in the Saharan Air Layer can vary by up to fars ofanagnitude at

-33°C(Boose et al., 2016b)

Variations in INP number concentrations can impact cloud pliepeaindcloud radiative
forcing (Shi and Liu, 2019; Solomon et al., 2018pwever, he reporteaffectof changes to

INP number concentrations on cloud properties can belinear, counterintuitive or
conflicting depending othe environmental conditions, magnitude of the tested perturhation
or study methodologyDeng et al., 2018; Fan et al., 2010b, 2010a; Gibbons et al., 2018;

Hawker et al., 2021; van den Heever et al., 2006; Phillips et al., 2005, 2007)

A large number of aerosol types have been shown to have the ability to act as INP, including
mineral dus(Atkinson et al., 2013; Niemand et al., 2012; Price et al., 2018; Welti et al., 2018),
organic material in sea spray (McCluskey et al., 2018; Wilson et al., 2015), baGteria ¢ |
Temkiv et al., 2015)and pollen (Diehl et al., 2002)The temperature deendence of INP
number concentratiornwhich determines the concentration of INP at lower mipbdse
altitudesdependsamongst other factorsn the aerosol type providing INP in a given scenario.
For example, INP comprised of marine orgaeigcstted wit sea spray tend taveashallower
temperature dependeniten INP comprised of mineral dusthich means they havehigher
ice-nucleating abilityat warm temperaturesbut lower icenucleating ability at colder
temperature¢DeMott et al., 2016; McCluskey et al., 2018; Wilson et al., 20A&Kinson

al., 2013; Niemand et al., 2012; Vergdramprado et al., 2017)

In numericalweather and climate models, which represent heterogeneous ice nucleation using
parameterisations, themperature dependenceldP number concentratisican bedescribed
by the slope of the INP parameterisati@e. d(logi.o[INP])/dT as described ifawker et al.
(2021). The INP parameterisatioslope depends on aerosol tyg®eMott et al., 2010;
Harrison et al., 2016, 201@)nd any agingthe aerosol has been subjectedBoose et al.,

2016b; Brooks et al., 2014k well as aerosol properties yet tofbdy understood, such as
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surface morphologyHolden et al., 2019)The INP slope of any one aerosol population
(composed of different INP type® extremely uncertaiand difficult to accurately predict
without specificmeasurementd/ariation in ice nucleation active site densitieg f even
materials of similar mineralogy can span several orders of magratudey one temperature
(Atkinson et al., 2013; Harrisoet al., 2016, 2019)Also, variations in the temperature
dependence of INP number concentratian affecthe cloud development and the altitude at
which liquid depletion occuras was noted bjakeishi and Storelvm@018) This difference

in liquid depletion altitude has been shown to cause differences in hail amount, insercity
size(Liu et al., 2018)anvil ice crystal number concentratilCNC) (Takeishi and Storelvmo,

2018) andradiative forcingHawker et al., 20219f convective clouds

The formation of ice crystaisithin the mixedphase regions ideep convective clouds occurs
not only via heterogeneous freezing but alsoSiR whereby ice is produced from processes
operating on existing ice particléBield et al., 2017)Observational campaigns have long
documented the existenceioé crystalsat concentrations vastly exceeding the concentration
of INP in clouds with relatively warm cloudp temperaturesndicating the presence of SIP
mechanismg¢Crawford et al., 2012; Field et al., 2017; Huang et al., 2017; Ladino et al., 2017;
LasherTrapp et al., 20165IPcan occur vigprocesses such ame splinteringi.e.the Hallett
Mossop procegsdroplet shadring, collision fragmentatigrand sublimation fragmentation

(Field et al., 2017; Korolev et al., 2020)

The most webstudied SIP mechanisnis the HallettMossop process by which small ice
splinters are produced durirtge riming of liquid drops onto existing frozen hydrometeors
(Crawford et al., 2012; Field et al., 2017; Hallett and Mossop, 1974; Ladino et al., 2017;
Manton et al., 2008; Phillips et al., 200However,even theHallett-Mossop process is
relatively poorly defined and its importance disput@drecent laboratory study failed to

observe rimesplintering in conditionsdesigned to stimulate thEallet-Mossop process
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(Emersic and Connolly, 201,7and some recent literature suggests that previous observations
of ICNC attributed to thélallet-Mossopprocess may have been indicative of other secondary
ice formation mechanisn{Korolev et al., 2020)Nevertheless, as it is the only Sifechanism

that iscurrentlyrepresented imostnumerical weather predictidbNWP) models, we focus on

the uncertainty associated with tHallettMossopprocessn this study

In additionto the individual uncertainiesin INP number concentration, icricleating ability
temperature dependena@nd SIP rates, these three variables @dso interact causingon
linear or counterintuitive changes in cloud propertfagher motivating the exploratiomf
their combined effectsere For example,he hghestice crystalproductionratewasshown to
occur at intermediate INP coeatrationsand Hallet-Mossoprates(Crawford et al., 2012;

Sullivan et al., 2017)

We use Latin fipercube samplingndan idealisealoud model coupled to a doubleoment
microphysics schem investigate the individual and interacting effeatshe INP number
concentrationthe temperature dependence of INP number concentration across the full
spectrum of mixegbhase temperatuseand the HallettMossopice production rateon the
micro- and macrephysical proprties of an idealised deep conwveetcloud.We use statistical
emulation where appropriate to investigate the importance of tinesetain input parameters

and their interactions with one anotherttog anvilpropertieof thesimulateddeep convective
cloud. Statistical emulation is a powerful tool for anahgsand understanding the behaviour

of complexsystemgJohnson et al., 2015b; Lee et al., 2011; Marshall et al., 2019; Wellmann
et al., 2018pecause it enables dansampling over a defined parameter uncertainty space,

leading to detailed response surfaces of system behaviour

This chapter is structured as follov&ection3.3 describes the idealised cloud model and the
simulation seup, as well as the methods als@ our analysisin Sectiorn3.4, we examine the

role of the uncertain input parameters in determining the ice crystal number concentration, ice
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crystal sizeand the cloud fraction of the simulated deep cotive anvil cirrus. In Section
3.5, we detailthe limitations of our studySection 3.6summariseshe main findings and

implicationsof this study.

3.3. Methods

3.3.1. Model setup and simulation design

This work utilised the Met Office NERC Cloud Model (MONC) which rmsidealisedcloud
model developedrom the Met Office Large Eddy Model (LEM(Gray et al., 2001)Here,
MONC is coupled to the Met Office Cloud AeroSol Interacting Microphysics (CASIM)
module which is a mulimoment bulk scheméhat allowssimulations of aerosol cloud
interactions with advanced microphysical capabilitiBBONC-CASIM has been used to
investigate aerosol cloud interactions in nocturnal(Raku et al., 20199nd lowlevel clouds
during the West African monsoon seagbearden et al., 2018CASIM has also been used
with the Met Office Unified Model in regional simulations of coastal mighdse convective
clouds (Miltenberger et al.,, 2018b, 2018apouthEast Pacific stratocumulus clouds
(Grosvenor et al., 2017¥outhern Ocean supercooled shallow cum(MesrgaraTemprado et
al., 2018) midlatitude cyclone@icCoy et al., 2018)and CCNlimited Arctic cloudgStevens

et al., 2018)

The simulations @sented in this chapter usgral box spacing of 256 (500*500 grid boxes)
and 138 vertical levelS.he model diagnostics are output every 5 minutes and the timestep is
flexible to maintain model stability with a maximum value of 2 seconds and a minimum value

of 0.01 secondMIONC has a number of prognostiariables including u, v and w velocity
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scalars, potential temperature and water vapour coMEINC-CASIM is configured to be
two-moment in this work. The number and mass concentrations for cloud droplets, rain
droplets, ice crystak®r cloud ice), grapel, and snow are prognostic variablgse prognostic
aerosol variables utilised in this work are the soluble accumulatae aerosol mass and
number concentrations and the coarse dust mass and number concentilaéi@esosol can

be advected arourtalit is not scavenged@he model boundary conditions are cyclical and as

such scavenging the aerosol would result in a rapid removal of all aerosol from the simulation.

16 4 (a) 16 - (b)
14 14
12 A 12
£ 10- 10 -
4]
S 8- 8 -
< 5 6
4 4 -
2 2 A
0 T T T 0 - T T
300 350 400 0 10 20
Potential temperature (K) Wind speed (m s—1)
T T T T T
0.00 0.01 0.02 80 100
Specific humidity (kg kg~1) Wind direction (°)

Figure 3.1.Initial conditions. The potential temperature and specific humidityafa,wind
speed and direction (b) profiles used to initiate the model. The profiles shown were extracted
from a MetOffice Unified Model simulation of a large deep convective cloud field in the
maritime tropical Atlantic (described iHawker et al. 2021). The profiles were averaged
over outof-cloud areas between 1200 ab800 UTC.
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Figure 3.2.Cloud evolution. The cloud base height (CBH, a, c, ) and cloud top height (CTH,
b, d, f) of the simulated convective cloud for the base case simulation.
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The CASIM model configuration is very similar the that of Chapter 2Mitténberger et al.
(2018a) Cloud droplet activation is parameterisecc@aling to Abdul-Razzak and Ghan,
(2000) The soluble accumulation mode aerosol is used for cloud droplet activation and a
simplistic CCN actration parameterisation is included for the insoluble aerosol i@dmbiul-

Razzak and Ghan, 200that assumes a 5% soluble fraction on dust.

Condensation is represented using saturation aagngtmeaning that where liquid is present

at the end of a timestep, the specific humidity is adjusted to be the equilibrium saturation over
water and the grid box temperature and liquid mass is adjusted accordingly. If only frozen
hydrometeors are presenta grid box, saturation is treated expliciti@ollision-coalescence,
riming of ice crystals to graupel and aggregation of ice crystals to snow is represented. Rain
drop freezing iglescribedusing the parameterisation Bfgg (1953) Deposition onto ice is
treated explicitly allowing ice particles to grow in the presence of liquid. Memdue to the
saturation adjustment treatment of condensation, the WegengeronFindeisen process is

not present in exactly the same way as one would expect in a real cloud.

We simulate a single deep convective cloud using the M@XRGSIM model. Thecloud
formation is initiated using a single warm bubble with a radius of 20 km, a height of 500 m and

a temperature perturbation of 4 The model was initiated using mean profiles (u, v, w,
theta, qv, and soluble accumulation aerosol number and mass concentration) extracted from a
Met-Office Unified Model simulation of a deep convective cloud field sampled during the Ice

in CloudsDustflight campaign on the 21st of August 2015 (out of cloud values between 12:00
and 15:00)(Hawker et al., 2021)Details of this simulation including comparisons to
observations are available Hawker et al. 2021) The environmental conditions used to

initiate the model are shown kgure 31.
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Figure 3.3.Simulated cloud properties. Evolution of surface precipitation (a) and maximum
cloud top height (b) over time for all sifations included in this analysis. The convective

and anvil cloud stages defined for the purposes of analysis are highlighted.

The simulation produces a large convective cloud with an extensive Riguité 32). Figure

3.3 shows that the cloud evolutifor all simulations is similar with a large increase in surface
precipitation Figure 33a) from 60 minutes to up to 90 minutes and a decline that begins
between 70 and 90 minutes. Similarly, the maximum cloud top height for most simulations
peaks at arcud 120 minutes after which is declines slightly indicating a reduction in
convective strength after this tim&igure 33b). It is important for statistical emulation
(Section 3.3.5 where one value for each cloud response is extracted from the mod#letha
clouds in each simulation undergo similar lifecycles. We can seeRrgane 33 that this is

the case for the simulated deep convective cloud.
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Table 3.1Target output variabled.ist of target output variables discussed in this study and
the criteria used to extract their values from thawation output.

Output variables Criteria

Anvil cloud | Anvil ICNC, anvil ice crystal Cloud condensate 2x10° kg'kg* (i.e.in-
stage effective radius cloud)

Ice water path > 0.04 kgfn
Cloud base height > 9 km,

Time period in simulation: 150240

minutes

Cloud fraction Mean peak in cloud fraction profile whe
cloud is where loud condensate $x10°
kgtlkg?,
Time period in simulation: 150240
minutes

Convective | Ice particle production rate{ Cloud condensate 2x10° kgtkg! (i.e.in-
cloud stage | accretion rates, hydromete| cloud),
water paths and column numkb

. Time period insimulation:60-180 minutes
concentrations, updraft speed

When extracting the diagnostic variables and single values to be used for analysis, results from
60 minutes to 180 minutes into the simulatawa used to represent the convective cloud state.
Sixty minutes is approximately théme when the cloudirst reaches thenixed-phase cloud

level where freezing can first ocoi4 km,Figure 32b) and therefore where the perturbations

to the chosen uncertain input parameters (Se@&i8r® start to cause divergence between
simulations When isolating the anvil stages of cloud development, we use the results from
between 150 and 240 minutes into the simulafiable 31 lists the target output response

variableghat are investigateaind the time period from which they are extracted.
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3.3.2. Input parametersand their uncertainty ranges

In this work, we investigatehe effectof variationsin absolutepotentiallNP numberconcentration
INP parameterisatioslopeandtherateof ice productionby the Hallett-MossopprocessFor the
purpose®f this study,the magnitudeof thesethreevariablesarevariedusingthefollowing uncertain

input parameters:

1 AbsolutepotentiallNP numberconcentratioror the total numberof aerosolcapableof
nucleatingceis variedusing[INP] max . [INP]maxis thefactorby which the profile of INP

concentratiorat-38°C in the basecases multiplied.

1 INP parameterisatiorlope,termedanne; hereinis thechangdn thelogie of the INP number
concentratiorperdegreeCelsiusincreasen temperaturdetween38and-3°C, i.e.

d(logio[INP (M) 1)/dT( °C) whichis shortenedo unitsof °C? herein.

1 Rateof ice productionby the HallettMossopprocesstermedHM -rate herein Thisis the
numberof secondaryce splintersproducedy the Hallet-Mossopprocesdor every

milligram of rimedmaterial shortenedo unitsof mg* herein

Therepresentationf theseuncertainnput parametesin MONC andtheirrangeof potentialvaluesare
describedn thefollowing Sections3.3.2.1to 3.3.2.3 The basecase minimumandmaximumvalues
of apnp) andthe NP concentratiorachievedy varying[INP]uax canbeseernin Figure3.4a, alongwith

the basecaselNP numberconcentratiorprofile whichis perturbedusing[INP]uax (Figure3.4b). The
combinedperturbationof [INP]max andapne; producean INP parameterisatiothatis appliedin the

cloudmodel.

3.3.2.1. Absolute potential INP concentrationi [INP]max

The base case coarse dust number aerosol profile applied in MONC is sheiyaren34b.

In the MONC model, the coarse dust aerosol can act asailNPfor the purposes of these
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simulationsthe ambient concentration of these particles is fixed as the INP concentration at
38°C. The profile shown in Figure 3.4l the mean daily aerosol camdration, assumed to be
predominately dust, in Cape Verdgtractedrom a 2015Global Model of Aerosol Processes
model(GLOMAP-mode (Mann et al., 2010Q)imulationrun scaled to be approximately equal

to the mean daily Keldspar INP concentration from the same simulafiéergaraTemprado

et al., 2017) We use thescaledmean daily aerosol profile rather than the IN&m the
GLOMAP-modeitself, because the aerosol profile has both mass and number concentration
informationand this is noavailable for theGLOMAP-modeINP profile. The absolute INP
number concentration is perturbed by multiplying the profileigure 34b by [INPMax values
between1x10* and 200 to vary the potential INP number concentration. The minimum and
maximum INP mmber concentration$i¢ choserfINP]uax valuesproducefor the height of
maximum aerosol concentrations in theese casé~3 km Figure 34b) are shown irFigure

3.4a (black triangles) and correspond to the minimum and maximum values of observed INP

from numerous collated field and laboratory measuren{&atsji et al., 2017)

3.3.2.2. INP parameterisation slopei agunrj

aunp) IS perturbedoy varying the exponent (P) in equation (1) below, which determines the
number of active sitesd) per unit area of an aerosol population at temperature T,-ft@n

and-0.1.For this study, we define the number of active sitega

ns = €T+ (1)
where i is the intercept of the natural logngfat 0°C and T is the ambient temperature in
degrees Celciug.he equation is a basic formmfbased INP parameterisations and is adapted
from Niemand et al. (2012)n theNiemand et al. (2012)arameterisation, P €.517 and
resul tye ofi~0.228C'sshown as t hng in Biguse 84a.dtae aninimam

(steepest) value cdune; is -0.5646°Ct (P=1.3) which is slightly stgeer than that of the
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Atkinson et al. (2013parameterisation based orf&ldspar. The maximum (shallowest) value
of axnpy is-0.0434°C1 (P=-0.1) which is slightly shallower than that of tieyers et al. (1992)
parameterisation. The minimufsteepestand maximun{shallowestslopes simulated in this
work are shown irFigure 34afor an insoluble aerosol concentration of 1-twith a mean

radius of 1 pum.

In addition to varying the exponent, the origiliemand et al. (2012)arameterisation was
altered to allow the INP number concentratior8&C (determined by [INRjax) to be exactly

eqgual to the insoluble aerosol number concentration. This avd@idependence between the
[INP]max @ n @npy &hich can occur at low temperatures where the INP concentration plateaus
at low temperatures at the aerosol concentration. This plateau can be seddiemitred et

al. (2012) line in Figure 34a. Modification of the originalNiemand et al. (2012)
parameterisation allows the intercept (i in Equation 1) of the INP parameterisation to be

calculated as follows:

i=(InNTInS)T (Px(-38)) (2)

WhereN is thenumberof potentiallNP in m™ andS is the surfaceareaof the availableINP in

m2. TheINP concentratiorattemperaturd is therefore:

INP=nsx S (3)

Heterogeneoufeezingis activebetween-38 and-3°C in the MONC-CASIM modelusedin

this work.
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Figure 3.4.INP parameteria t i o n mr) cpdeatent{alaNP profile (varied using
[INP] max). The base case (black solid line), minimamsteepestblack dashdotted line) and
maximuror shallowest (black dashed linggrturbationsto ayne; are shown in (a) for an
aerosol oncentration of 1crt and a radius of um, and the Niemand et al. (2012)
parameterisatior{light green solid line) The INP parameterisations are overlain [eigure
1-10 fromKanji et al. (2017Y© American Meteorological Society. Used with permission).
showing observed INP concentrations along with some recent measurements from Cape
Verde in greyPrice et al., 2018; Welti et al., 201&igure 31b shows the base case INP
number concentration (at a temperature 38°C) perturbed in this study. Also shown in
Figure 31a is the maximum and minimum INP concentrasit/38°C, achieved by
perturbing the profile shown iRigure 31b using [INPjax (up- and downward pointing

black triangles).

3.3.2.3. The Hallett-Mossopprocess ice production ratéHM -rate

TheHM-ratein themodelis variedfrom 1 to 1000splinterspermilligram of rimedliquid. The
defaultvalueof ice productionfrom the Hallet-Mossopprocessn MONC-CASIM is 350mg
! Thisvalueis thebestestimateof ice productionbasecn anumberof laboratorystudies and
wasfrequentlyusedin previousmodellingstudies (Connollyetal., 2006;HallettandMossop,
1974;Mossop,1985) However,otherrateshavebeenreported An upperlimit of 1000mg?

aligns with previousmodellingstudieswheretherateof ice productionby the Hallet-Mossop
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processvasvaried(Connollyetal.,2006) Thisupperimit alsoallowsusto accounsomewhat
for the possibilitythatthe Hallett-Mossopproces operatingn realcloudsis strongerthanthat

observedn laboratorystudiegField etal., 2017;Korolev etal., 2020; Takahashetal., 1995)

3.3.4Selection ofuncertain input parameter combinations

MONC wasrun with combinationof valuesof [INP]max, 8ine; andHM-ratefrom within the
rangesshownin Table 3.2. These combinationsof uncertaininput parametersnput into the
cloudmodelwereselectedisingamaximinLatin hypercubealesignalgorithm Latin hypercube
samplings basedntheLatin Squareandensursoptimum spacdilling (Johnsoretal.,2015b;
Leeetal., 2011;Mckay et al., 2000) by maximising the minimum distancebetweernpointsin
thecube(Leeetal.,2011) Thevaluesof theuncertainnput parametersisedin everyMONC
simulationareshownin Figure3.5. In total 73 simulationsof the deepconvectivecloud were
carriedout. The valuesof ainre; andHM-rateareselectedoy samplingon a linear scalewhile
the valuesof [INP]uax aresekctedby samplingon a logarithmicscale.This is becausdNP
numberconcentrationvary over multiple ordersof magnitude(Figure 3.4a) and sampling

[INP]max onalinearscalewould biasthe designto higherINP numberconcentrations.

The INP parameterisationsput to the cloud model as a result of the perturbationgo the
[INP]max andamne) areshownin Figure3.5d.As aresultof notrepresentinghe plateauingof
the parameterisatiofascanbe seenin the Niemandet al. (2012)line in Figure3.4a)in order
to avoid codependencbetweenarine) and[INP]vax, we havelarge coverageof a region of
parametespacevith unrealisticallyjow INP concentrationglight greyandpink dotsin Figure
3.5aand light grey and pink lines in Figure 3.5d). Additional simulationsin the6r eal i st i ¢

regionsof parametespacgshownby theredandblackdotsin Figure3.5aandredandblack
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linesin Figure 3.5d)wereconductedo compensatéor this, andthe valuesof the additional
simulationswereselectedy augmentingpointsinto thelargestgapsin therealisticsectionof

theoriginal design.

Table3.2.Experiment degh. The base case, minimum and maximum values of the variables

perturbed in this study.

Uncertain parameter Estimated Minimum Maximum Perturbed on
base case value of | value of | a log or linear
perturbation | perturbation | scale?

one) (d(logu[INP  (mr | -0.2245 | | -0.5646 [1.3] | -0.0434 [0.1] | Linear
)T (°C)) [value of P|0.517]

in EQ. 1]
[INP]max [approximate | 1[0.82] le4 200[164] Log (base 10)

concentration at peak
aerosol layer (cm?)]

HM -rate (splinters | 350 1 1000 Linear
produced per milligram
rimed)

The use of a maximin Latin hypercubeto designthe parametercombinationsfor the
simulationscoverthe 3-d parametespacean anoptimummannerAs aresultwe canevaluate
thefull effectsof the parametergindividual andinteracting)usingtraditionalanalysison just
thesimulationdataitself, aswell asemployingstatisticalemulation(describedn Section3.3.5

to analysea moredensesamplingof the uncertaintyspace.
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3.3.5.Statistical emulation of the model output

Statistical emulation is 8process by which the computer model is replaced by a statistical
surrogate model that can be run more efficien(lyee et al., 2011)This approach has
previouslybeen used to look at deep conveettloud microphysical properties in a 3D model
(Johnson et al., 2015), hail formation (Wellmann et al., 20@8yturnal stratocumulus
(Glassmeier et al., 2019nd aerosol forcing from volcanic eruptions (Marshall et al., 2019).
In this study, as well as using traditional methods of analysis, we explore the usetflnes
statistical emulation as a tool to understand the interacting effects of -pheseé ice

production mechanisms.

Statistical emulation involvesreaing a mapping from the input spaf&here the inputs have
been sampletb ensure good coverage of thmellti-dimensional parameter spatelnoutput
variable of interesso that the values difie output variablen questioncan be estimateat all
regions of parameter spaegthin the input parameter rang@ésee & al., 2011). In this study,
we use daussian process as the basis for the emylidbnson et al., 2015; Lee et al., 2011,

Marshall et al., 2019).
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Figure 3.5.Experiment design. Values of the uncertain input parameter combinations used in

the cloud model for the three uncertain input parameters ([INRR n @ne; 6 a Jinp) ane
HM-rate (b) and [INPMax and HMrate (c)). Shown in (d) is the resultant INP

parame t er
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sing due

tune) and ffiNP]vgxo mb i na't

overlain onFigure 1-10 of Kanji et al. (2017§© American Meteorological Society. Used

with permission)The parameterisations shown in (d) are calculated for an INP aumb

concentration of 0.82 ciwhich is the peak INP number concentration for the base case

([INP] max =1) profile shown inFigure 34d. Output from the simulations shown in red, pink

and orange are used to build the emulator while output from the simwdaimwn in black

or grey are used to validate the emulator results.
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Statistical emulation has advantages over traditionabtadime tests (where one variable is
varied atpredidable values from a control or base case while all other variablefedde
constant). Firstly, iallows the exploration of the effectssimultaneously perturbingpultiple
uncertain input parameters on output variables of interest across the entirety of reasonable
parameter spader a much reduced number of complex siatigns.Secondly, énse sampling

via datistical emulatiorenables techniques such as varialpased sensitivity analysis to be
applied,throughwhich we canidentify the input parameters that are contributing the most
uncertainty to important outpuespmses This subsequently allows for the direction of
resources towardguantifying and accurately representthgsekeyparameterghatcontribute

large amounts of uncertainty doitput variables of interest.

An underlying assumption of the Gaussian precasulator ighat the output of the cloud
model varies smoothly and continubudased on this assumption, the emulatorditsnooth
response surface that passes dirdbtlgugh eaclrainingpoint. To test whether the emulator
can accurately predithe output of the cloud model, it is necessary to validate the prediction
against output from simulatisithat hare not been used tinainthe emulatorThe simulations
used to train and validate the emulator are shoviaguare 35 (ac). Fifty-two simulaions are

used to traireachemulator This is well in excess of the thirty simulatiomcommendd by
Loeppky et al. (2009Wwho stateshat10 times the number of variable parameters is required.
Eighteenadditional simulations are used to validate the emulator.nTbed edutpus from
these 8 simulations iscompared with the mean and 95% confidence interval predicted by the

emulatoratthosecombinationf the uncertain input parameters.

Variancebased sensitivity analysis is used to measure the sensitivity of the rolodel
outpus to the three uncertain input parameters and their interaction effettason et al.,
2015b; Saltelli et al., 2000The overall variance attributed to each input can be separated into

the individual or main effect index of each input parameter and the total effect index which
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comprises the variation attributeld the input parameter in question including due to
interactions with other input parameté¢8altelli et al., 2000)The main effect index tells us

the proportion of variance in the value of an output variable that could be minimized if the
value of each individual input parameter vkaswn exactly. The difference between the total
and main effect indes of aparametetells us how much variance in the output variable is
determined by the inpglarametem question interacting with other input parametéohnson

et al., 2015h) In this work, the varianebased sensitivity analysis is carried out using the

extende@AST (Fourier Amplitude Sensitivity Tesapproacldetailed inSaltelli et al. (1999)

3.4. Results

3.4.1 Anvil cloud properties

We first examine theeffect of variations inMINP]vax, ane; and HM-rate onanvil cloud
propertiesWe focus on the anvil ice propertissSections3.4.11 and 34.1.2 becausanvil

cloud can persist in the atmosphere longer than the deep convective cloud that (ands it
beyond the simulation period hera)d is thereforelimatically more importantfor cloud
radiation interactionslropical convectively produced cirrus cpersist in the atmosphere for

1-2 days(Luo and Rossow, 2004¥hile the convective stage of the deep convective cloud
simulated here hatecayd after 3 hours. An anvil with more numerous, smaller crystals will
persist longer in the atmosphere than one with fewer, larger cryst@®ction3.4.13, we
examine the simulated anvil clddraction and the microphysical properties coninglit. The

anvil region of the cloud is defined as the cloudy regime occurring between 150 and 240
minutes in the simulations with a cloud base height greater than 9 km and an ice water path

less than 0.04 kg ¥a Other thresholds were tested and did not change the resbétmantially.
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3.4.1.1. Anvil ice crystal number concentration

The integrated anvil ICNC (defined as the mean ICN€landy columnccurring between

150 and 240 minutes with a cloud base heighkm and an ice water patt0.04 kg n¥) from

all simulationds shown inFigure 36 (a-c). Figure 36d shows the associategeananvil ICNC

profile in eachsimulation Anvil ICNCs are predminately controlled byhevalue of[INP]max

(Figure 36 a-d), with ahigher [INP]max causinglower anvil ICNCs Figure 36 b, d). Figure

3.6 d shows that the higher ti®P]max, the lower the anvil ICNC at all anvil altitudéghis

is because the high#re [INP]max, the higher the rate of heterogeneous freezing at the top of
the mixed phase cloudigure 36 e-h) which redu@shomogeneous freezinmgtes(Figure 36

i-1).

The homogeneous and heterogeneous ice particle production rates shegureén36 (el)

are the mean values from cloudy columng,(€k) or cloudy grid boxes (h, I) between 60 and

180 minutes of the simulation. Homogeneous freezing is a stronger mechanism of ice crystal
production than heterogeneous freezing with peak ice partmtiigtion rates of ~14 10* mv

3 st (Figure 36 I) compared to ~3.% 10* m3 s by heterogeneous freezingigure 36 h).

Note that these rates are occurring in different simulations so the peak rates of heterogeneous
and homogeneous ice particle prodlue do not occur concurrently in the parameter

uncertainty space.

INP parameterisation slop@e), plays a very minor secondary role in controlling anvil ICNC
(Figure 36 a). Simulations with a highNP]max (more yellow markers ifrigure 36a) have
slightly lower anvil ICNC at shallowsne;. The chosen Halletlossop splinter production rate

has no nableimpact on anvil ICNC regardless of the valugIbifP]max O r npe
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(a.) Emulator validation (d.) Sensitivity analysis
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Figure 3.7.Emulator validation and uncertain input contributiotosoutput uncertainty.
Validation of emulator results (ac) and results of the variandssed sensitivity analysis (d
- f) for anvil ICNC (a, b), ice particle production by heterogeneous freezing (c, d), and ice
particle production by hongeneous freezg(e, f). In (@) (c), the dots show the value of the
validation run on thesaxis and the corresponding emulator mean prediction on-easy
95% confidence intervals on the emulator predictions are also shown. An emulator that

validates well will havelots close to the 1:1 line and small error bars.
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We now use statistical emulation to further examine the effects of our three uncertain input
parameterséetiney, [INP]wax, HM-rate) on anvil ICNC and convective heterogeneous and
homogeneous ice particlegotuction.Figure 37 (a- c) shows a comparison of the output from

the validation simulations (shown in black and greligure 35 a- d) with the corresponding
emulator predictions at the same location in parameter space for anvil ICNC and convective
heterogeneous and homogeneous ice crystal number production, along with 95% confidence
intervals on the emulator predictions. All three outputs validate well with points close to or on
the 1:1 line and small 95% confidence intervals that overlap tHaé&:host of the time. This
indicates that the emulator can capture the variability in the idealised cloud model well for the

output variables in question.

Figure 37 (d - f) showsthe results of varianelkased sensitivity analysis amticatesthe
relative importance of the uncertain inpatrametere controlling thevariance in the value of

the output variable in questioAs was inferred fronfigure 36, [INP]umax is the dominant

input parameter controlling thearianceof anvil ICNC and h&erogeneous and homogeneous

ice particle production ratewhile apney and interaction effectontributeanon-negligible but
secondaramount to the variance anvil ICNC.Figure 37d indicates thgtNP]uax is the key
parameter driving the uncertaynin the anvil ICNC of the simulated deep convective cloud,
contributing to over 60% of this outputds un
could be significantly reduced if the value[6fIP]uax was to be known exactly. Similarly,

this paameter is almost completely controlling the uncertainty in the column integrated
heterogeneous ice particle productiéig(re 37¢), with no real contribution from the other
parameters herelhe interaction effects are relatively smédl all three output variables
accounting for only 30% of the variance in the anvil ICNC and less than 10% for the ice particle

production by heterogeneous and homogeneous freezing.
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(a.) Homogeneous freezing

(b.) Homogeneous freezing and [INP]uax
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Figure 3.8.Emulator response surfaces. Prediction of ice particle production by

homogeneous freezing (a, b, ¢), heterogeneous freezing (d, e, f), and anvil ICNC (g, h, i) by

the emulator. Shown in (a), (d), and (g) are emulated response surfaces at a fixxateHiV
350 splinters mgrimed. The colours indicate output values and are the same range and
units as the-axis. The line plots show the variation in predicted output vahaig) from
t hese r espons emnrs (brefhpancefiged iNRJx (cffii)x e d o

Figure 38 (a, d, g) shows the emulator surfaces for homogeneous (a) and heterogeneous (d)
ice particle production and anvil ICNC (g) at a fixed Hade of 350 mg. We hold the HM
rate constant because it had a minimal effect on the variartbe ioutput variabled=i{gure

3.70f) and as such variations in its value do not alter the shape of the emulated surface

substantially. It is important to note that the emulator response surface tracks through each

cloud model point exactly and as suctedon 6t al |l ow for &édnoised due



114

the cloud model output. As a result the emulator surfaces should be interpreted by examining
the general smoothly varying trends rather than individual bumps which may be an artefact of

the emulator fting around a particular point.

Homogeneous freezing ice particle production is high and relatively constant between an
[INP]max of 10“ and 1 before decreasing rapidiyhen [INP]uax increases furtherF{gure

3.8a). Theemulatorresponsesurface shows very little dependence on INP parameterisation
slope apart from a slight decrease in homogeneous freezing rates sttaltwslopes above

aannp of -0.2°C. Heterogeneous ice particle production increases relatively uniformly with
increasingINP]max. At low [INP]max, the heterogeneous ice particle production is highest for
shallowernp) values while at high[INP]max, the heterogeneous ice particle production rates
are highest atteepernnre; values The emulated anvil ICNC surfadédure 38g) is very similar

to that of homogeneous ice particle productieigire 38a) with relatively uniform ad high
concentrations giNP]max values below Jand sharp decreasas it moves towardkigher

[INP]max .

Figure 38 (b, € h) shows theaverage fiear) emulator responsacross the uncertainty range

of [INP]max of homogeneous (b) and heterogeneous (e) ice particle production ar Biavil

(h) for different settings oémney Values(distinguished by line colourshn each line, the point
where the rates of ice particle production by heterogeneous freezing first exceeds that of
homogeneous freezing is marked. Homogeneous freezing is the dominant mechanism of cloud
ice crystal production §tNP]max valuesbelow1 (Figure 38b) correspondingo an absolute

INP number concentration of ~0.82 érm the peak aerosol layer (Figure 3.4pve which
heterogeneous freezing becomes the dominant mechanism of ice crystal producti@migr all

values(Figure 38e).

Homogeneous freezing is essentially completely shut off 4tN#P]max betweenl and 2

(Figure 38 b) meaning that at very highNP]max valuesall primary icecrystalsin the
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simulated deep convective clowate formed via heterogeneous freezing. This ecduse
heterogeneous freezirmnd subsequent processes in the mplegise region of the cloud
significantly reduce thamount ofcloud liquidreachingthe homogeneous freezing altitude.
Anvil ICNC decreases sharply as INP concentration increases as sdmieBsyeneous
freezing becomes the dominant mechanism of primary cloud ice produEtgure 38h).
Based on the value of the peak INP number concentration shdviguire 34b and assuming
that the dust at 3 km of the applied profile is lifted to aléls of the simulated deep convective
cloud, an INP number concentration of 1-tat any upper mixephase level may be enough

to shut down homogeneous freezing.

Figure 38 (c, f, i) shows theaveragerfiear) emulator responsacross the uncertainty range
amne) Of homogeneous] and heterogeneouf (ce particle production and anW@NC (i) for
different settings ofINP]max (distinguished by line coloursTheice particle production by
homogeneous freezing is sensitivexar only at intermediahigh [INP]max valuesbetween
1 and10 (Figure 38c). Ice particle production by heterogeneous freemnmsensitive to
changingernp) values except for a slight increase in heterogeneous freazlog [INP]max
valueswhere the rate of ice production is highesttallowamne; (Figure 38f). Anvil ICNC is
relatively insensitiveto aunpy values, except at highNP]max (>10) where the highest anvil

ICNCs occur asteeperne; values(Figure 38i).

Overall anvil ICNCis controlled predominately NP number concentratiqfiNP]max ) with

a minor effectfomthe INP parameterisation slonp;). The higher th¢iINP]uax, the lower

the anvil ICNC. A shallovexnr; can further reduce anvil ICNC, particularly at higP]max

values. The anvil ICNC is reduced substantially when the number of heterogeneously frozen
ice crystals exceeds the number of homogeneously frozen ice crystals dueetficibet
consumption of liquid at upper mixgzhase cloud levels before dtefs can be frozen

homogeneously.
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Figure 3.9.Anvil ice crystal size andriving processes. Dependence of anvil ice crystal

effective radius (&), ice particle production by heterogeneous freezing between 5 and 7.5

km altitude (éf), ice particle prodation by the HalleMossop process {g, and the
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rightmost column, the colour of the markers indicate [IN&]and the marker size indicates
aune]. Panels (ac) are the average of the cloud property between 150 and 240 minutes (anvil
stage) in the simulation, while panetslj are the average of the relevant cloud property

between 60 and 180 minutes (convecitage) in the simulations.

3.4.1.2. Anvil ice crystal size

We now examine the impact ahcertainty in[INP]max, aine; andHM-rate onthe anvil ice
crystal effective radiugdefined here as the ratio of the third to the second moments of the ice
crystal size distbution). A larger ice crystal effective radius indicates that anvil ice particles
will have a higher falspeed and lower lifetime, theoretically reducing the lifetime of the anvil
cloud and reducing its radiative effehe simulated ice crystal efféat radius in the anvil
cloud region at 14 km can be seerfigure 39 (a-c). We used the effective radius bt km

because it is the altitude of peak ICNC showFigure 36d.

Anvil ice crystal size exhibits two distinct regimes depending owahee ofexne; Which can

be seen irFigure 39 (a-b). Simulations witha aine; shallowerthanapproximately-0.3 °C?
(Figure 39a) exhibit a large jump in ice crystal effective radius from under 25 um to between
27 and45 pm In simulations with a shiw smnpy and consequent jump in ice crystal sibe,
value of theeffective radiusis dependent on thENP]max, with simulations with larger
[INP]max values having a larger ice crystal siggg(re 39b). This indicates that while anvil
ICNC was determined predominately HyNP]uax, ice crystal size is determined
predominately byrne with [INP]max having a secondary role. This is because ice crystal size
is more strongly affected than ICNC by the altéuaf ice formationthe amount of liquid
available for rimingand the time available for deposition growdind therefore is affected by

thethe INP number concentration at warm temperatwigsh isdetermined bygne).
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The mechanism fatheincreased ie crystal size ahallowenne; and high[INP]umax valuesis

as follows: te crystals in clouds withigher[INP]max and shalloweerne) valueshave larger
numbers of heterogeneously frozen crystalgarm mixeebhase temperatur¢sigure 39 d-

f). This increasen heterogeneously frozen ice crystalghe HallettMossop regiorieads to

an increase in ice particle production by itredlett MossopprocessKigure 39 g-i). We see a
large increasef approximately one order of magnitude ice particle production by the
Hallet-Mossop process ahallowspne) (Figure 39g) and a bifurcation in the data because of
this enhancementhe output data is split into two populatidmssed orthe auney Value, with
eachpopulation or regime having linear degendence omiM-rate Figure 39i). Within the
warmer temperatunmixed-phase cloud region liquid is still available when crystals are frozen
for riming. Thereforewith more heterogeneously frozen ice crystlsower cloud altitude
levels, there arehigher riming ratesKigure 39 j-1), moreice crystal growth and larger ice

crystal sizes.

Figure 39 (a,gj)i I l ustr at e a r e gienvalues vith largeencraasesimh al | ¢
anvil ice crystal size (a), HalleMossop ice particle productidig) and accretion of water by

ice (j) at values ofnp) above approximatel0.3°C?. This regime change is further illustrated

in Figure 310 which shows the variation in anvil ice crystal effective radius (a), convective
Hallett-Mossop ice particlerpduction (b) and accretion of water by ice (c) with changjrg
and[INP]max values. The value of all three output variables substantially increases in the upper
right corner of parameter space which indicates simulations with shafiew and high
[INP]max values. TheINP]uax determines at whaine the regime change occurs: At an
[INP]max of 104, aune; must be greater tha.1 °C* for the regime change to occur. At an
[INP]max greater than FQthe regime change occurs whene is greater thar0.3°C:. The
regime change occurs in the same location of parameter space in all three véfighles

3.10) Simulations in the shalloaine) regime with a HMrate above 600 migare highlighted
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with a black outline and the lack ofstinction in colour between simulations with a high HM

rate in the lowINP]uax and steeprne) regions indicate that a high Hk&te does not have the
same effect in the cloud as a shallawe;. However, simulations on the border of the regime
transiton seem more likely to have elevated ice effective radius and thus be in the shallow

aune] regime if they have a high Hivate.

(a.) Anvil ice crystal effective radius
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Figure 3.10.Regime change in anvil ice crystal effective radius and driving processes.
Variation in anvil ice crystal effeate radius (a), ice particle production by the HaHett
Mossop process (b), and the accretipgen of wa
and [INP]uax. Marker coloursndicate the value of anvil ice crystal effective radius (a), ice
particle production by the Halletlossop process (b), and the accretion of water by ice
crystals (c). Circular markers indicate an ice crystal effective radius above 25 uym (a), an ice
particle production rate by HalletMossop over 2 x fon2s? (b), and a rate of water
accretion by ice over 1 x P& kg m? s? (c). Simulations with a HMate above 600 splinters

mg? are indicated with a black outline.
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Statistical emulation of anvil icerystal effective radius at 14 krHallet-Mossopice particle
production and accretion of water by ice crystals was attemipigaare 311 (a- ¢) shows the
validation of the emulator surface against the cloud model validation points. In all three cases
the emulator does not validate as well as was seEigime 37 with larger 95% confidence
intervals Applying a nugget, or noise term, to allow the emulator to pass nearby to, rather than
directly through, the training poin(dohnson et al., 201d/as tested as a means to improve the
validation. However, because the poorer validation oaniaigly as a result of the emulator
struggling with the sharp transitions at shallaw; values seen iRigure 39 (a, g, j), a nugget

term did not change the resuldevertheless most cases the points are relatively close to the
1:1 line indicating that the emulator has sa@k#l in predicting ice crystal size and the cloud

development properties that control ice crystal size.

Figure 311 (d- f) shows the results of varianbased sensitivity analysis and indicates that for

all three output variables hemgnp; accounts for a large proportion of the variance with a main
effect index of 30 to 60%. Interaction effects betweersthg and theINP]uax account for
around 20%of the uncertainty or variance in the anvil ice crystal size. This is in contrast to the
emulated outputs shown liigure 38 for anvil ICNC and heterogeneous and homogeneous ice
particle production rates, in whigiNP]max accounted for nearly all of thencertainty in the
output value. The uncertainty in the anvil ice crystal size and the accretion of water by ice of
the simulated cloud would be substantially reduced by knowing the valuasispfand
[INP]max exactly, while the uncertainty in the icerpele production rate by the Hallett
Mossop process would be substantially reduced by knowing the valeggpnd HMrate

exactly.
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Figure 3.11 Emulator validation and uncertain input contributions to output uncertainty.
Validation of emulator radts (a- c) and results of the variandssed sensitivity analysis (d

- f) for anvil effective radius at 14 km (a, b), ice particle production by the HMlesisop

process (c, d), and water accretion by ice (e, f). )i (&) the dots show the valuetbe
validation run on the-axis and the corresponding emulator mean prediction on-teasy
95% confidence intervals of the emulator mean predictions are also shown. An emulator that

validates well will have dots close to the 1:1 line and small eraps.b
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Figure 312 showsemulatorresponsesurface for anvil ice crystal effective radius at 14 km
(a), ice particle production by theallet-Mossopprocess (b) and accretion of water by ice
crystals (c)In (a) and(c), theHallettMossopsplinter production rate is held constant at 350
splinters m¢f rimed. In(b), the[INP]uax is held constant at 1. The emulatesponsesurfaces
are noisier with more bumps than those showkigire 38. This is expected due to the larger
95% confidencéntervals on the emulator predict®shown inFigure 311 (ai ¢). Emulation
using a Gaussian process assumes that the uncertain input parameters cause changes in output
variables that vary smoothly over the parameter space. This is not the case tfoe¢he
variables emulated iRigure 312. For examplgethe ice particle production rate by the Hallett
Mossop process shows a distinct regime change at shalieywalues with a sharp upwards
bend in the emulator surface occurring &) of approximately -0.2 °C* (Figure 311b).
However, in general theesponsesurfaces represent the trends seen in FigdiBeand3.10
reasonably well. For example, the emulatedponsesurfaces show increases with high

[INP]max and shallowenne) values thatire asoevident in Figure8.9 and3.10.
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are the emulated response surfacea fiked HMrate of 350 splinters mgrimed. Shown in

(b) is the emulated response surface at a fixed [MWR]of 1. The colours indicate output

values and are the same range and units as-thesz
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3.4.1.3. Anvil cloud fraction

Figure 313 shows the dependence abserved anvitloud fraction (ad), in-cloud updraft
speed (en) and total cloud condensate amour) @n the uncertain input parametefgvil
cloud fraction is the mean of the peak cloud fraction that occurs between 18Mamihgtes
of the simulations (i.e. the peak of the profile showRigure 313d).A similar regime shift at
shallowarnp) values as was seen in the anvil ice crystal size is segitimee of these output
variables(Figure 313a d, g with simulatiors with a shallowsxne; having an elevated cloud
fraction A small secondary dependence of cloud fraction [tMP]uax is eviden with
simulations in the shallowane) regime exhibiting reductions in cloud fractidrom ~32% at
low [INP]max valuesto ~28%at higher[INP]uax values.The regime shift to high cloud
fractions, updraft speed and cloud condensate occurs in the same shaHlpand high
[INP]max region of parameter spadeigure 314) as was seen in anvil ice crystal size, Hallett

Mossop ice prticle production and ice accretion rategy(ire 310).

Anvil cloud fraction is enhanced ahallowanne; valuesdue to an invigoration effect caused

by enhanced heterogeneo{iggure 39, d-f) and secondary freezin@-igure 39, gi) and
increased riming(Figure 39, j-I) in the mixed phase cloud region, and the resultant
enhancement in latent heat release, updraft seeglse 313, e, h) andvertical condensate

mass transpoitFigure 3131, I). The enhancement in convective afgth and the resultant
increase in anvil size at shalloawe) values is large enough to compensate for the effect of
increased ice crystal sizes (which would be expected to reduce anvil size due to increased ice
fall speed) at shallowrne; values withn the simulated time period. The importance of the
anvil ice properties relative to the convective invigoration effect for anvil cloud fraction may
change with a longer simulation period owing to the persistence of the anvil cloud after the

decay of the aavection that forms it.
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Figure 3.13 Anvil cloud fraction and driving processes. Dependence of anvil cloud fraction
(a-d), in-cloud updraft speed at 7 km-l¢¢, and total cloud condensatel)ion the three

uncertain i njpwt, epalNRIvaxdbt fe))r and HMeate (c, g, k). Ircloud

profiles of anvil cloud fraction (d), in cloud updraft speed (h), and total cloud condensate (l)
in all si mul at inne.Ferpanelsga), ¢ep and (), rthe dololr gf the-markers
indicate[INP] max and the marker size indicates the H#te. For panels (b), (f), and (j), the

col our of t hepnrread theenarker size iddicates Hidte. Bor panels (c),

(9), and (k), the colour of the markers indicate [INRland t he mar kegnp. Si ze i
Panels (ad) are the average of the cloud property between 150 and 240 minutes (anvil stage)
in the simulation, while panels-(gare the average of the relevant cloud property between

60 and 180 minutes (convectstage) in the simulations.



