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Abstract

A comprehensive ice nucleation parameterization (Barahona and Nenes, 2009b, hereafter
BN09) has been implemented in the global chemistry-climate model EMAC (ECHAMS5/MESSy
Atmospheric Chemistry) in order to improve the representation of ice crystal number concen-
tration (ICNC). This parameterization takes into account the competition for water vapour
between homogeneous and heterogeneous nucleation in cirrus clouds and the influence of dif-
ferent aerosol components on heterogeneous nucleation. Furthermore, the effect of pre-existing
ice crystals, which deplete water vapour through their diffusional growth, has been included in
the new algorithm. Thus, the implementation of BN09 allows one to simulate processes which

are neglected by the standard configuration of EMAC used so far.

The modelled ICNCs obtained by using BN09 in the cirrus regime agree with the obser-
vations, as BN09 strongly reduces the ICNCs in the upper troposphere with respect to the
standard model configuration. We found that the effect of pre-existing ice crystals is the main
cause of such reduction. On the other hand, the ICNC reduction due to the water vapour com-
petition between the ice nucleation mechanisms is very weak, thus, homogeneous ice nucleation

is the dominant nucleation mechanism in cirrus clouds.

Focusing on the contributions of different aerosol components to immersion/condensation
and deposition nucleation simulated via a parameterization included in BN09 (Phillips et al.,
2013), we found that most of the new ice crystals in the cirrus regime derive from soluble
organic compounds and in the mixed-phase regime from black carbon. Dust is on average less
important than black carbon, and bioaerosols contribute by ~ 20% to form new ice crystals

in the lower troposphere.

Finally, the analysis of the relative importance of the physical processes which produce and
remove ice crystals shows that ice nucleation is the most important source in the upper tropo-
sphere, while convective detrainment and instantaneous freezing are more important at lower
altitudes, at temperatures lower than —35°C. Sedimentation, which is the most important sink

of ice crystals in the upper troposphere, is the main source in the mixed-phase regime.
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Zusammenfassung

Eine umfassende Parametrisierung der Eiskeimbildung (Barahona and Nenes, 2009b, von hier
an BN09) wurde in das globale Chemie-Klima-Modell EMAC (ECHAMS5/MESSy Atmospheric
Chemistry) implementiert, um die Berechnung der Anzahlkonzentration von Eiskristallen
(ICNC) zu verbessern. Diese Parameterisierung berticksichtigt den Wettbewerb um Wasser-
dampf zwischen der homogenen und heterogenen Keimbildung in Zirruswolken und den Fin-
fluss verschiedener Aerosolkomponenten auf die heterogene Keimbildung. Des Weiteren wird
der Effekt von vorhandenen Eiskristallen, welche den Wasserdampfgehalt durch Diffusion-
swachstum verringern, im neuen Algorithmus beriicksichtigt. Die Implementierung von BN09

erlaubt daher die Simulation von Prozessen, welche bislang in EMAC vernachléssigt wurden.

Mit BN0O9 modellierte ICNCs im Zirrus-Regime stimmen mit Beobachtungen iiberein,
da BN09 die ICNCs in der oberen Troposphéire, relativ zum bisherigen EMAC model, re-
duziert. Der Effekt vorhandener Eiskristalle ist der Hauptgrund fiir diese Reduktion. An-
dererseits ist die ICNC-Reduzierung durch den Wettbewerb um Wasserdampf zwischen den
Fiskeimbildungs-Mechanismen sehr schwach, daher ist die homogene Eiskeimbildung der dom-
inante Mechanismus der Keimbildung in Zirruswolken.

Die Untersuchung der Beitréige verschiedener Aerosolkomponenten zur Immersions-/Kon-
densations- und Depositionsnukleation unter Verwendung der in BN09 enthaltenen Parame-
terisierung (Phillips et al., 2013) ergab, dass die meisten neuen Eiskristalle im Zirrus-Regime
von loslichen organischen Stoffen und im Regime gemischter Phasen von Rufspartikeln her-
rithren. Staubpartikel sind im Durchschnitt weniger wichtig als Ruffpartikel. Der Beitrag von
Bioaerosolen zur Bildung neuer Eiskristalle liegt bei ~ 20% in der unteren Troposphére.

Die Analyse der Bedeutung der verschiedenen physikalischen Prozesse, die Eiskristalle pro-
duzieren und entfernen, zeigt, dass Eiskeimbildung die wichtigste Quelle in der oberen Tro-
posphére ist, wihrend konvektiver Entzug und instantanes Gefrieren in niedrigeren Hohen
bei Temperaturen unter —35°C wichtiger sind. Sedimentierung, die wichtigste Senke fiir

Fiskristalle in der oberen Troposphire, ist die Hauptquelle im Regime gemischter Phasen.
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Introduction

Clouds cover about 70% of the terrestrial surface and play a fundamental role in the Earth
System. They modulate the radiative fluxes in the atmosphere affecting the global energy
budget: they reflect shortwave solar radiation back to space (cloud albedo effect) and absorb
and re-emit at lower temperature the longwave radiation emitted by the Earth’s surface and
atmosphere (greenhouse effect). Different types of clouds have different impacts on the global
energy budget, since factors such as temperature, size distribution and shape of cloud particles,
and cloud phase change the reflectivity and the absorption-emission properties of clouds. Being
the cloud albedo effect globally larger than the greenhouse effect, clouds cause a net cooling of
the Earth System. In addition, clouds are part of the hydrological cycle, remove gaseous and
particulate substances by scavenging, provide a medium for aqueous-phase chemical reactions,
and influence the vertical redistribution of trace species, temperature, and moisture (Seinfeld
and Pandis, 2006; Lohmann et al., 2016).

Further, aerosol—cloud interactions are also important for the atmosphere. In fact, aerosol
particles can modify microphysical properties of clouds with effects on cloud albedo and cloud
lifetime, and so on the global energy budget. On the other hand, clouds interact with aerosol
particles removing them from the atmosphere by scavenging or changing their chemical com-

position when they are incorporated into cloud droplets.

Finally, clouds are thought to respond with different feedback mechanisms in a global
warming scenario. For instance, high clouds are expected to rise in altitude exerting a stronger
greenhouse effect, and storm tracks should move poleward causing a net shift of cloud cover
towards latitudes that receive less solar radiation. The net cloud feedback is suggested to be
positive, but its quantification remains difficult and cannot be confirmed neither by models
nor by observations (IPCC, 2013).

Despite the great relevance of clouds, their understanding is still challenging and affected
by large uncertainties (IPCC, 2013).

During the last two decades, significant improvements in sensors, instruments, measure-
ment techniques, and post-processing algorithms have contributed to increase the knowledge of
clouds. Nevertheless, some measurements are still not enough precise, and the interpretation

of the observations can be ambiguous.

Moreover, cloud representation in atmospheric models has improved, also thanks to the

increasing computer power, but many cloud processes are still poorly represented. In fact, the
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numerical representation of clouds must contend with the poor understanding of the funda-
mental details of microphysical processes as well as the fact that cloud processes span several
order of magnitudes, from nanometres to thousands of kilometres. Therefore, modelling of
clouds remains a weak point in all atmospheric models, regardless of their resolution, and has
been recognised as one of the dominant sources of uncertainty in climate studies (IPCC, 2013;
Seinfeld et al., 2016).

Compared to warm (liquid) clouds, the microphysics of cold clouds is much more compli-
cated because of the greater complexity of ice processes. Some examples are heterogeneous
ice nucleation, which depends on particular aerosols and occurs in several ways, the secondary
mechanisms of ice crystal formation, the competition for water vapour among different ice
particles, and the thermodynamic instabilities when both liquid and ice phases coexist. As
a result, processes in cold clouds and aerosol-cold cloud interactions are poorly understood
and affected by large uncertainties (Cantrell and Heymsfield, 2005; Heymsfield et al., 2017;
Korolev et al., 2017; IPCC, 2013).

This thesis is devoted to the study of cold clouds, with a particular focus on the ice
nucleation mechanisms. The aim of the thesis is twofold. First, to improve the representation
of ice nucleation and in turn of ice crystal number concentration in the global chemistry-climate
model EMAC by implementing a comprehensive ice nucleation parameterization. Second, to

enhance the understanding of cold cloud microphysics by analysing of the following points:

1. the competition for water vapour between homogeneous and heterogeneous nucleation

in the cirrus regime and the effect of pre-existing ice crystals;
2. the contributions of different aerosol types on heterogeneous nucleation;

3. the relative importance of the physical processes which are sources and sinks of ice

crystals in cold clouds.

The thesis is structured as follows. Chapter 1 provides the general background regarding
the theory of cold cloud microphysics and an overview about cloud modelling and measure-
ment techniques. Chapter 2 describes the EMAC model in general and those modules and
parameterizations which concern clouds and ice nucleation more specifically. Chapter 3 de-
scribes the comprehensive ice nucleation parameterization of Barahona and Nenes (2009Db)
and its implementation in EMAC. The analyses of the model results and the evaluation of
the model are given in Chapter 4. In Chapter 5, the water vapour competition between the
ice nucleation mechanisms and the effect of pre-existing ice crystals are studied. Chapter 6
focuses on the contributions of different aerosol types on heterogeneous nucleation. Chapter
7 investigates the tendencies related to physical and microphysical processes of cold clouds.

Finally, Chapter 8 summarises the results and presents the possible outlook.

The content of Chapters 3 and 4 closely follows Bacer et al. (2018).



Chapter 1

Cold clouds

Clouds can be divided in two main categories: warm clouds and cold clouds. Warm clouds
are purely made of liquid water and their temperature is typically above 0°C, while cold
clouds extend to altitudes where temperatures are below 0°C (subfreezing temperatures). Tt
is common to observe water which is still liquid in clouds at low subfreezing temperatures,
although common experience indicates that water freezes when the temperature falls below
0°C. While our experience is based on observations of bulk water in which a single ice nucleation
event is sufficient to freeze the entire liquid water mass, clouds are an agglomeration of small
liquid drops which must individually experience a nucleation event before the entire cloud is
frozen (glaciated) (Rogers and Yau, 1989).

Cold clouds are classified as:

e cirrus clouds, consisting of purely ice crystals, at temperatures generally lower than
—35°C,

e and mized-phase clouds, including both ice crystals and supercooled liquid cloud droplets.

Cirrus clouds strongly impact the transport of water vapour entering the stratosphere, which
in turn has a strong effect on radiation (Jensen et al., 2013), and play an important role in
the global energy budget: differing from other types of clouds, they produce a positive net
radiative effect at the top of the atmosphere (TOA) (Chen et al., 2000; Hong et al., 2016;
Matus and L’Ecuyer, 2017). On the other hand, mixed-phase clouds exert a negative net
radiative effect at TOA, although the estimates of their radiative effects are complicated by
the coexistence of both ice and liquid cloud phases (Chen et al., 2000; Hong et al., 2016;
Matus and L’Ecuyer, 2017). Mixed-phase clouds are thermodynamically unstable due to the
difference between the vapour pressures over water and over ice, so ice crystals grow at the
expense of water droplets ( Wegener—Bergeron—Findeisen process) and clouds can convert into
glaciated clouds (e.g. Korolev, 2007; Korolev et al., 2017). Precipitation is mainly formed in
mixed-phase clouds, where ice crystals can grow quickly to precipitation-sized particles, while
precipitation from cirrus clouds does not usually reach the surface (Lohmann, 2017).

At subfreezing temperatures, formation of new ice crystals takes place via homogeneous and
heterogeneous nucleation. Ice crystals grow by water vapour deposition and other processes of

collision-coalescence and can be removed from the atmosphere by sedimentation, sublimation,
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Figure 1.1: General picture for the two cloud regimes and ice nucleation mechanisms.

and melting. Ice crystal size ranges from few nanometres to few millimetres (Khain and
Pinsky, 2018), and the number concentrations span from few crystals per litre of air (e.g in
thin tropical tropopause layer — T'TL cirrus) (Jensen et al., 2013) to several hundreds per cubic
centimetre (e.g. in tropical convective updraughts) (Heymsfield et al., 2009), depending on
the cloud type and geographical location. Generally, ice crystal concentrations are lower than

typical aerosol concentrations by a factor of 10 — 10* (Khain and Pinsky, 2018).
Two different cloud regimes are distinguished at subfreezing temperatures (Figure 1.1):
e the cirrus regime at temperatures lower than —35°C, where ice crystals originate via
heterogeneous and homogeneous nucleation to form cirrus clouds;
e the mized-phase regime at temperatures between —35°C and —0°C, where ice crystals
exclusively form via heterogeneous nucleation and alter the phase composition of the

mixed-phase clouds.

This chapter provides much of the background necessary for the understanding of what is
next in this thesis. Section 1.1 theoretically describes how ice crystals form and grow in cold
clouds. Section 1.2 introduces the numerical representation of clouds, and in particular of ice
nucleation, in global models, while Section 1.3 gives some brief information regarding different

types of observations.

1.1 Cold cloud microphysics

1.1.1 Ice nucleation

At subfreezing temperatures, water molecules can exist in the vapour phase and liquid phase

(supercooled water), in a thermodynamically metastable state, and in the solid phase (ice),
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Figure 1.2: (Left) Gibbs free energy and the transition from the metastable state (super-
cooled liquid water) to the absolutely stable state (solid ice). (Right) Dependence of energy
barrier (AG*), interfacial energy (AGsyrs), and volume energy (AG,,;) on embryo radius
(adapted from Khain and Pinsky, 2018).

which is absolutely stable. Each phase is characterized by its own Gibbs free energy (G) such
that the higher the stability, the lower the free energy (Khain and Pinsky, 2018). Thus, at
subfreezing temperatures, vapour and liquid phases tend to move to the ice phase, having a
lower G (Figure 1.2, left). The term nucleation denotes the initiation of a new thermody-
namically stable phase which grows within the surrounding metastable parent phase, so ice
nucleation indicates the formation of ice crystals through the initiation of the ice phase within

the liquid or vapour phase (Lohmann et al., 2016).

The transition to the new (stable) phase, however, is not spontaneous but is hindered by an
intermediate maximum of G, called energy barrier (Figure 1.2, left). Statistical fluctuations
of water molecular arrangement in the parent phase due to thermal vibrations can lead to
the spontaneous formation of ordered solid molecule clusters of the new phase with an ice-like
structure (ice embryo). This results in fluctuations of G. When the amplitude of G is equal
to or higher than the energy barrier, nucleation of ice occurs. In this way, the ice embryo has
reached a critical size (critical ice embryo or ice germ) and has become thermodynamically
favoured so that water molecules bind to the crystal lattice rapidly, initiating the spontaneous
freezing of the entire parent phase. The stochastic nature of this theory is described by the
so-called classical nucleation theory (CNT), which employs critical radii of ice germs, free en-

ergies, and nucleation rates as functions of both temperature and saturation ratios.

In the atmosphere, ice nucleation depends on environmental conditions (e.g. relative hu-
midity, temperature, and pressure) and aerosol population (i.e. aerosol number concentrations
and physicochemical characteristics, such as composition, shape, and surface tension) (Prup-
pacher and Klett, 1997; Kanji et al., 2017; Heymsfield et al., 2017). Of fundamental importance
are the vertical air motions: the cooling (and the generation of ice supersaturation) associated

to lifted air parcels depends on the strength of updraught velocities (e.g. 1 — 10 em s~! in

synoptic motions, 10 — 100 cm s~! in gravity waves, 100 — 1000 cm s~

(Kércher and Lohmann, 2002b).

in convective clouds)
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Two types of ice nucleation mechanisms are possible in the atmosphere (Figure 1.1): ho-
mogeneous ice nucleation from liquid phase and heterogeneous ice nucleation, which occurs
thanks to particular foreign aerosols called ice nucleating particles (INPs). Homogeneous ice
nucleation from vapour phase is theoretically possible but requires very high relative humidi-
ties which are not observed in nature, therefore, only homogeneous ice nucleation from liquid

water is described below.

1.1.1.1 Homogeneous ice nucleation

Homogeneous ice nucleation occurs at low temperatures (below —35°C) and high ice satura-
tion ratios (140% —160%). It is related to the number of cloud condensation nuclei (CCN) due
to the freezing of supercooled cloud droplets (i.e. droplets with a negligible amount of solute,
approximated to droplets of pure water) and aqueous solution droplets (i.e. liquid aerosols,
like sulfuric acid, which have undergone hygroscopic growth) (Koop et al., 2000). While ho-
mogeneous nucleation of cloud droplets occurs mostly in deep convective clouds, homogeneous
nucleation of solution droplets occurs in cirrus clouds which form in-situ (Lohmann et al.,
2016).

The CNT defines the Gibbs free energy change associated to homogeneous nucleation from
(pure) liquid water to ice phase (AG;,,, which will be indicated as AG for simplicity) as
(Pruppacher and Klett, 1997; Ickes et al., 2015):

AG AG(vol + ACTYsurf
4r3kT
= TR, Sew + 4711204 4
3a; €s,i ’

where r is the radius of the ice embryo, k is the Boltzmann constant, T is the temperature,
es,w and eg; are the saturation vapour pressures over water and over ice, respectively, «; is the
specific volume of ice, and o; 4, is the surface tension of ice in water. The volume term (AGyq)
is proportional to the embryo volume and represents the difference in free energies between
ice and supercooled liquid water. The surface term (AGgy,f) is proportional to the embryo
surface area and identifies the energy required to form a curved interface between liquid water
and ice. Both terms are sketched in Figure 1.2 (right). The maximum of AG (AG*) occurs
at the critical radius of the ice embryo (determined by the condition dAG/dr = 0):

20’1'711,011'

- kKT In(esw/esi)

,r_*

which defines the energy barrier to form a critical ice embryo from (pure) liquid water:

1 aio},
AG = 167 v
3 [kTIn(esw/es,:)]

The lower the temperature, the larger the ratio es /€5, (see Figure 1.12 in Subsection 1.1.3),

the lower the energy barrier to form a critical ice embryo.
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The energy barrier AG* describes the thermodynamic part of ice nucleation in supercooled
water, however, also the kinetic part describing the water molecules which can potentially be
incorporated into the ice germ must be taken into account. Thus, the energy required for ice
nucleation in supercooled water must actually overcome two energy barriers: AG* and the
energy activation barrier (AG®), which is the minimum energy required to transfer a water
molecule across the water—ice boundary and trigger the nucleation process (Pruppacher and
Klett, 1997; Ickes et al., 2015; Khain and Pinsky, 2018).

An important quantity defined by the CNT is the nucleation rate J (in m™3 s~1), which
describes the number of nucleation events (i.e. production of ice embryos with r > 7*) per unit
volume of the parent phase and per unit time. Its formulation combines the termodynamic

and the kinetic parts:

AG* A act
Jham = Ahom(T) €xp <_G+G> )

kT

where the factor Apem(T) incorporates different parameters and constants and varies with
temperature (see Pruppacher and Klett, 1997, for more details). Jpop, is highly sensitive to
temperature and a threshold value (T}) for the onset of homogeneous nucleation is introduced.
Empirical measurements show that clouds do not contain liquid droplets once temperatures
around —40°C-+—35°C are attained, so Ty, is associated to a value within this interval (Rogers
and Yau, 1989).

As the growth velocity of ice is high at T < Ty, it is often assumed that, once the ice
embryo reaches its critical size, its spontaneous growth within a droplet leads to the instan-
taneous freezing of the entire droplet. Therefore, one nucleation event per drop is enough
to form an ice crystal. In this way, the nucleation rate is associated with the rate of ice
crystal formation (Pruppacher and Klett, 1997). Additionally, it can be assumed that any
nucleation event is independent from that in other droplets. Under these conditions, ice
crystal formation is a stochastic process which can be described through the Poisson dis-
tribution. The probability that no nucleation event takes place in a time interval (At) is:
P(0,At) = exp (—VgJhomAt), where Vy = %m"g is the droplet volume. Hence, the freezing
probability of a droplet is [1 — exp (—VyJpomAt)], and the number concentration of ice crystals
(ICNCs) formed in At from droplets with radius ry is (Khain and Pinsky, 2018):

AICNC,, = CDNC,, [1 — exp (—VaJhomAt)] |

where CDNC,., is the number concentration of cloud droplets with radius rg. Since it is usually
assumed that the bulk radius of an ice crystal is equal to the droplet radius, for a multidisperse
population of cloud droplets the total concentration of ice crystals formed in At is (Khain and
Pinsky, 2018):

AICNC = [ F(ra) 1 = exp (~Vihom A0 dr
0
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Figure 1.3: Nucleation mechanisms as functions of temperature (7') and ice saturation ratio
(Si) (adapted from Lohmann et al., 2016). The sloping dotted line (which starts at 235 K)
marks the minimum S; for solution droplets to freeze homogeneously, according to Koop
et al. (2000).

where f(rq) is the size distribution of cloud droplets. The formula shows that the larger
the volume of a droplet or the larger the time interval, the higher the probability of water
molecules to change orientation in the supercooled droplet, and the higher the probability for

an ice germ to be produced.

The CNT for pure water described so far can be extended to solution droplets, taking into
account the fact that homogeneous ice nucleation from supercooled aqueous solutions depends
on the water activity of the solution (Koop et al., 2000). Due to the freezing point depression
of solution droplets, they freeze at lower temperatures than pure water droplets, hence, the
higher the solute concentration, the lower the T3, associated to solution droplets. Additionally,
thanks to the Raoult’s effect which predicts the reduction of ey, over a solution with respect
to esq Over pure water, homogeneous nucleation can be extended to relative humidities with

respect to water lower than 100% (Figure 1.3).

1.1.1.2 Heterogeneous ice nucleation

Heterogeneous ice nucleation refers to the formation of ice germs on foreign aerosol surfaces
which, reducing the energy barrier for ice nucleation, let ice crystals form at lower ice supersat-
uration and/or higher (subfreezing) temperature than homogeneous nucleation. This means
that supercooled water droplets can freeze with the aid of a suitable subset of atmospheric
aerosols (i.e. INPs) also at temperatures higher than Tj,. Therefore, heterogeneous nucle-
ation occurs in both cloud regimes, causing a competition for water vapour with homogeneous
nucleation in the cirrus regime. While homogeneous nucleation occurs at values of ice super-

saturation and temperature which are restricted in a narrow interval and primarily depend on
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Figure 1.4: Contact angle () in case of a planar surface of INP. o p; is the surface tension
between INP and ice embryo, oynp., and oryp, between INP and parent phase (liquid
water or vapour), ;. and o;, between ice embryo and parent phase.

the water activity in the liquid phase (Koop et al., 2000), heterogeneous nucleation exhibits a
broad range of freezing thresholds (Pruppacher and Klett, 1997).

The CNT applied to heterogeneous nucleation predicts the decrease of the energy barrier to
form an ice embryo due to the smaller number of water molecules required to join the embryo
before it reaches its critical radius with respect to the case of homogeneous nucleation. The
theory is based on the concept of surface “wettability”, which is represented by the so-called
contact angle (0). As illustrated in Figure 1.4, the ice embryos form a spherical cap on the INP
surface. The interactions among ice embryo, INP, and parent phase (liquid water or vapour)
are described via the surface tensions (JIpri, OINPw OF O[NPy, and o;,, or oip) and are
incorporated in the contact angle as follows: cosf = (o;npw — OINP;i)/0iw- This gives the
measure of the wettability of the surface; for instance, when o;npw = 044 and ornp; = 0,
cosf = 1, and the INP is perfectly hydrophilic. The bigger the difference between o;,, and
ornp,i (where o;,, > ornp;), the smaller the 6, the more hydrophilic the INP surface, the
lower the barrier AG* (Figure 1.5).

The resulting reduction in the energy barrier to form an ice embryo on an INP surface, i.e.
the energy barrier for heterogeneous nucleation, can be approximated as follows (Lohmann
et al., 2016):

AGy}, = f(cosO)AG™,

where f(cos ) is a geometric factor which depends on the contact angle and is limited by the
extremes f = 0 when # = 0° and f = 1 when § = 180° (associated to homogeneous nucleation),
so that AGT ., < AG™. In reality, the INP surface is not planar but has different shapes, so
the geometric factor is also a function of the equivalent radius of the insoluble fraction in INP
(rinsor) and r*. Additionally, AG* in the equation above should be slightly modified including
a factor which characterises the misfit between the lattice of the INP and that of the ice germ
(Khain and Pinsky, 2018).

The nucleation rate associated to heterogeneous nucleation has a similar form to Jpe,, and
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Figure 1.5: Gibbs free energy changes (AG) for homogeneous and heterogeneous nucleation
and schematic illustration of various contact angles (from Lohmann et al., 2016).

can be expressed as (Pruppacher and Klett, 1997; Khain and Pinsky, 2018):

AGE,, + AGe!
Jhet = Anet (T7 Tinsol) exp <_ het > )

kT

where the factor Apet (T, Tinsor) incorporates different parameters and constants and varies with
T and 1,50 (see Pruppacher and Klett, 1997, for more details). It must be mentioned that the
values of the contact angles and their distributions are poorly known, introducing significant

uncertainties in the quantification of Jpe; (Kanji et al., 2017).

Heterogeneous nucleation occurs via different mechanisms called nucleation modes (Prup-
pacher and Klett, 1997; Kanji et al., 2017; Khain and Pinsky, 2018), which are listed below
and schematically illustrated in Figure 1.6. (The symbols S, and S; will be used to indicate
the saturation ratios over water and over ice, respectively; they will be defined in Subsection
1.1.3))

e Contact nucleation mode.
The collision between an INP and a spercooled cloud droplet causes the freezing of the
droplet. The requirement of the droplet presence implies that relative humidities are
near water saturation (S, = 1). When INPs are large enough (> 0.1 pm), the inertial
effects are not negligible and the hydrodynamic effects dominate; when INPs are smaller
than 0.1 pm and move randomly, the collision mechanism is dominated by the Brownian

diffusion.

e (Condensation nucleation mode.
As INPs usually contain some soluble material in addition to the insoluble part, they
can act firstly as CCN and then as INP to initiate the freezing of the droplet.
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Figure 1.6: Schematic representation of the different ice nucleation mechanisms. The cubes
represent INPs, the spheres droplets, the hexagons ice crystals (adapted from Lohmann
et al., 2016).

o Immersion nucleation mode.
The INP already immersed in the cloud or solution droplet initiates the freezing of the
droplet upon its cooling. The prior existence of droplets imply that S, = 1 for the
freezing of cloud droplets, while there can be subsaturation (S, < 1) for the freezing of

solution droplets.

e Deposition nucleation mode.
Water vapour can directly deposit onto the INP surface at ice supersaturation conditions
(S; > 1), although the minimum value of S; is uncertain and could be higher than the
unity (Lohmann et al., 2016).

This theoretical distinction of the ice nucleation modes is affected by large uncertainties be-
cause, in practice, it is challenging to differentiate all of them, especially the condensation
mode which is often joined to the immersion mode. The relative importance of the differ-
ent modes in the atmosphere is also not well established. The immersion and contact modes
are suggested to be important in mixed-phase clouds, while the deposition mode might be

important in the cirrus clouds (Kanji et al., 2017).

1.1.1.3 Ice nucleating particles

Besides temperature and ice supersaturation, which are the main environmental factors that
determine ice nucleation, the physicochemical properties of INPs play a significant role in
the heterogeneous nucleation initiation. Whereas in warm clouds the droplet concentration
is directly related to the CCN number, in cold clouds the relationship between ice crystal
concentration and INP number is more complicated and nonlinear. INPs are a subset of
aerosols with physicochemical characteristics which facilitate the adsorption of water molecules

and the formation of ice-like structures, so that ice crystals can form heterogeneously at lower

11
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Figure 1.7: Changes in cloud radiative effects due to INP perturbations, in cirrus and mixed-
phase clouds.

ice supersaturation and/or higher temperature than homogeneous nucleation (as remarked
before).

INP concentrations are lower than CCN concentrations by orders of magnitude (Storelvmo,
2017), nevertheless, their perturbations strongly alter the optical properties of both mixed-
phase and cirrus clouds, and so their cloud radiative effects (Figure 1.7). INP perturbations
influence the liquid-ice phase partitioning in mixed-phase clouds: since ice crystals are approx-
imately one order of magnitude larger than liquid droplets, a liquid cloud is optically thicker
than an ice cloud for the same condensed water content (Korolev et al., 2017). Additionally,
changes in INP concentrations modify the ice crystal size distribution in cirrus clouds: in the
case of few INPs, homogeneous nucleation can still occur and cirrus clouds are formed by many
small ice crystals; in the case of more INPs, cirrus clouds include fewer and larger ice crystals,

so they are optically thinner (Heymsfield et al., 2017).

It is still not known with enough detail which properties make an aerosol particle an INP
nor the main responsible aerosol types for the ice initiation (Kanji et al., 2017). Historically,

the following requirements have been suggested (Pruppacher and Klett, 1997):

e insolubility;

large size (typically > 0.1 pm);

similar hydrogen bonds at surface (to facilitate the formation of ice crystal lattice);

crystallographic lattice;
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Figure 1.8: (Left) Summary of INP concentrations taken from studies of field measurmenets
(from Khain and Pinsky, 2018). (Right) Overview of ice nucelation onset temperatures and
saturation ratios (from Hoose and Mdhler, 2012).

e active sites on surface (i.e. localised features, such as cracks or chemical impurities,

which are more likely to adsorb water molecules and initiate ice nucleation).

However, recent observations have shown that biological macromolecules with diameters
~ 10 nm can be ice nucleating active, against the conventional requirement that INPs need to
be insoluble or large (Khain and Pinsky, 2018). Also, solid ammonium sulfate aerosols have
been recently observed to be involved in ice heterogeneous nucleation (Abbatt et al., 2006),

questioning the insolubility requirement.

So far, several aerosol types have been identified as more or less efficient INPs (Figure 1.8,
left): mineral dust from deserts, soil dust from grazed and agricultural lands, metals generated
by anthropogenic activities, organic material, glassy organics, biomass burning particles, soot,
bioaerosols, sea salt, and volcanic ash particles (Hoose and Mohler, 2012; Khain and Pinsky,
2018). Figure 1.8 (left) clearly shows an exponential increase of INP concentrations with
decreasing temperatures, as expected from the CN'T. However, the spread of the concentrations
is several orders of magnitude large at any temperature. Below, more information is provided

for the four aerosol components analysed in this thesis and shown in Figure 1.8 (right).

e Mineral dust (DU).

Mineral dust particles derive from arid soils and deserts and are considered the most im-
portant INPs because of their high efficiency in ice initiation and their large abundance
in the atmosphere. Dust particles can generally form ice crystals at T" < —15°C, depend-
ing on their size (larger particles tend to nucleate ice at higher temperatures) and their
mineral composition (montmorillonite, kaolinite, and illite are the most abundant clay
minerals, but the studies concerning their ice nucleation ability have lead to contrasting
results) (Hoose et al., 2008b; Hoose and Maohler, 2012). Mineral dust is important at
regional scale but also at global scale, as it can be transported far away from its sources
(Khain and Pinsky, 2018).
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e Black carbon (BC).
Black carbon is emitted as primary particle from incomplete combustion processes of
fossil fuels (soot) and biomass burning sources (ash), such as forest and agricultural fires,
wood stoves, heating, and industrial activities. Given their high emission rates, ash and
soot may influence ice formation in clouds, however, their importance is still unclear
because observational studies are contradictory. Additionally, the determination of ice
nucleation ability of black carbon is complicated by the fact that it varies in composition
depending on its combustible source and mixing state (chemical aging and coatings
decrease the INP efficiency). Overall, the BC ability to nucleate ice in the atmosphere

is still uncertain, especially at cirrus temperatures (Hoose and Mohler, 2012).

e Organic compounds (OC).
Aqueous solution droplets containing a range of soluble oxygenated organic compounds
are expected to be liquid at high temperatures, but they can covert to a highly viscous,
semisolid amorphous state, named glassy, at very low temperatures. Glassy organics
can form ice crystals heterogeneously in the cirrus regime, especially in the TTL at
T < —70°C in the deposition mode or at slightly elevated temperatures in the immersion
mode. The temperature at which they are able to nucleate ice is strongly related to their

glass transition temperature (Murray et al., 2010; Wilson et al., 2012).

e Bioaerosols (BIO).

Primary biological aerosol particles (PBAPs or bioaerosols) are emitted by biogenic
sources, such as vegetation, oceans, soils, and living organisms. Some example are bac-
teria, fungal spores, pollen, viruses, lichens, phytoplankton, and plant fragments. Their
emission rates are orders of magnitude smaller than dust and their residence time can be
very short (even less than one day) due to their large size (up to hundreds micrometers)
and the resulting high settling velocity, hindering their lift up to cloud levels. Neverthe-
less, bacteria, fungal spores, and pollen have been identified as good INPs. As visible
in Figure 1.8, bioaerosols have the ability to nucleate ice at high subzero temperatures,
and some species only need T' < —2°C. Thus, due to their high ice nucleation onset
temperatures, bioaerosols can have an important role in the formation of ice at regional
scale, especially over vegetative areas (e.g. the Amazon) where they are abundant. Ad-
ditionally, they can reach high altitudes and be transported over long distances when
they are associated to dust particles (Pratt et al., 2009; Prenni et al., 2009; Després
et al., 2012).

The actual contribution of INPs to ice nucleation is an interplay between INP abundances
and INP efficiencies, quantities which are highly variable and difficult to be determined.
Measured concentrations of ice crystals in clouds range from the lower limit of detectabil-
ity (0.01 L=! or 0.1 L™!) to about 100 L~!. Additionally, a large discrepancy between ICNCs
and INP concentrations has been observed, up to a factor of 10* at high subfreezing tempera-

tures (Rogers and Yau, 1989; Kanji et al., 2017). Initially, it was suggested that the shattering
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Figure 1.9: Schematic of competition for water vapour between homogeneous and hetero-
geneous nucleation. Circles are supercooled liquid cloud droplets, hexagons are ice crystals,
and squares are INPs.

of ice crystals caused by the probe inlets could artificially increase the ICNC measurements,
but the discrepancies have persisted also after the employment of antishattering inlets. Now,
the most likely explanation for the high ICNCs is the existence of another mechanism named
“secondary ice production”, which produces new ice crystals through the “multiplication” of

the primary ice crystals (see Subsection 1.1.2).

1.1.1.4 Competition for water vapour

While in the mixed-phase regime only heterogeneous ice nucleation is possible, in the cirrus
regime both homogeneous and heterogeneous nucleation can occur simultaneously (Figure
1.1). The competition for water vapour between homogeneous and heterogeneous nucleation
is schematised in Figure 1.9, where a lifted air parcel at T' < —35°C is analysed in three
different situations. In the absence of INPs, the ice saturation ratio reaches the homogeneous
nucleation threshold (Shom), so homogeneous nucleation occurs and produces high number
concentrations of small ice crystals (Figure 1.9a). Since INPs become active at lower ice
supersaturation (e.g. ~ 30%) than homogeneous nucleation, the available water vapour and
the degree of supersaturation decrease in the presence of INPs, reducing the formation of ice
crystals via homogeneous nucleation (Figure 1.9b). If INPs are sufficiently numerous to prevent

the ice saturation ratio from even reaching Shom, homogeneous nucleation is inhibited, and

15
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ice crystals are formed only heterogeneously (Figure 1.9¢). The final number of ice particles
is lower than the clean air case (i.e. Figure 1.9a) as not all supercooled liquid droplets have

been converted to ice.

It has been shown that the competition between the ice nucleation mechanisms drastically
affects the ICNC in the cirrus regime, even at low INP concentrations (Kércher and Lohmann,
2003; Spichtinger and Cziczo, 2010), and so the cloud optical properties. However, it is cur-
rently a matter of debate whether cirrus clouds are mainly formed homogeneously or whether
sufficient INPs exist to cause widespread heterogeneous nucleation. Homogeneous nucleation
has been considered the dominant process for cirrus formation in several modelling studies
(e.g. Hendricks et al., 2011; Gettelman et al., 2012; Spichtinger and Krdmer, 2013; Barahona
et al., 2014), because the concentration of liquid droplets is higher than that of INPs in the
upper troposphere, and observational studies (e.g. Krdmer et al., 2016; Voigt et al., 2017).
However, Barahona et al. (2017) have shown that heterogeneous nucleation is dominant in
cirrus formation, in agreement with other field measurements (e.g. Cziczo et al., 2013; Jensen
et al., 2013).

Furthermore, both in the cirrus regime and in the mixed-phase regime, water vapour can
also be reduced by depositional growth onto pre-existing ice crystals and ice crystals carried
into the cloud via convective detrainment and advective transport. Thus, the pre-existing
ice crystal effect (PREICE) can inhibit ice nucleation as well. The PREICE can be especially
important in cirrus clouds when ice crystals are of small size and have low sedimentation rates,
on the other hand, it can be weak where temperatures are low and vertical velocities are high

(Shi et al., 2015), like in tropical convections.

1.1.2 Secondary ice production

Secondary ice production (or ice multiplication) is a secondary process which leads to the
production of new ice crystals through the multiplication of pre-existing (primary) ice crystals.
It has received less attention than primary ice nucleation but is potentially important for
controlling ICNCs. The following secondary mechanisms (illustrated in Figure 1.10) have been
recognised (Rogers and Yau, 1989; Lohmann et al., 2016; Field et al., 2017), although some of

them have been little quantified because of the challenging observations and measurements.

e Rime splintering (or Hallet-Mossop process), i.e. the ejection of small ice crystals (splin-
ters) consequent from the capture of supercooled droplets by large ice particles (e.g.
graupels) between —3°C and —8°C (Figure 1.10a). When supercooled droplets (larger
than 25 pm in diameter) collide with graupels, they freeze from the surface towards
the inner part which expands against the frozen surface producing cracks and ejecting
ice splinters (Hallett and Mossp, 1974). The narrow temperature range is explained as
follows: when T' > —3°C, droplets tend to spread over the graupel surface loosing their
discrete entity, when T' < —8°C, droplets freeze so rapidly that the outer ice shell is too
thick to be cracked.
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Figure 1.10: Ice multiplication mechanisms (the schematics for rime splintering and colli-

sional break-up are adapted from Lohmann et al., 2016).

e Collisional break-up (or collisional fragmentation), i.e. small ice particles produced from
the break-up of fragile slower-falling dendritic crystals which collide with dense graupel
particles (Figure 1.10b).

e Droplet shattering, when large cloud droplets freeze and then shatter, producing splinters
(Figure 1.10c) (Brownscombe and Thorndike, 1968). This process still needs to be
explored in detail but seems to be efficient especially between —10°C and —15°C.

e Sublimation fragmentation, when ice particles break from parent ice particles after the
sublimation of “ice bridges” at subfreezing temperatures (until —30°C) and ice subsatu-
rated conditions (Figure 1.10d). The break-up probability is strongly dependent on the
particle shape and is higher for irregular particles (Bacon et al., 1998).

1.1.3 Ice crystal growth

Although the CNT assumes that newly formed ice crystals are spherical, in reality ice crystals
have complicated shapes (habits). Indeed, the surface energy required to create a new surface
for a given volume is minimised only if the shape of the ice crystal has a hexagonal lattice
structure (equilibrium shape) made of water molecules arranged in a tetrahedral manner via
the hydrogen bonds (e.g. columns and plates). When molecules do not have enough time to
arrange themselves in the thermodinamically favored way, habits deviate from the equilibrium
shape forming, for example, dendrites, needles, and stellar plates. Ice crystal habits are deter-
mined by temperature and ambient supersaturation (Figure 1.11) and have a strong impact
on radiative properties and fall velocities of ice particles. Nevertheless, ambient conditions

determine not only ice crystal habits, but also the ice crystal growth.

17
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Figure 1.11: Ice crystal habits as a function of temperature and ice saturation ratio (from
Lohmann et al., 2016, while the photographs are taken from www.snowcrystals.com).

As already visible in Figure 1.3, air can be supersaturated with respect to both water and
ice. When an air parcel rises in the atmosphere, it undergoes an adiabatic cooling expan-
sion which reduces the saturation vapour pressure over water (es,,), while the ambient water
vapour pressure (e) decreases in proportion to the decreasing air pressure. As a result, the
relative humidity with respect to water, named also water saturation ratio (S, = e/esw),
increases even over 100% promoting condensation and cloud droplet formation until S, is
back to the equilibrium state (S, = 1). At the same time, also the saturation vapour pressure
over ice (es;) decreases. As the intermolecular bonding energy is higher in ice than in liquid
water, the flux of water molecules needed to compensate sublimation of molecules from ice
is lower than the flux required to balance the evaporation from liquid water, i.e. es; < €54
at subfreezing temperatures (Figure 1.12, left). This means that an environment which is
saturated with respect to liquid water is always supersaturated with respect to ice, i.e. the ice
saturation ratio (S; = e/es ;) is greater than one. Thus, at any temperature below freezing, ice
is not in equilibrium with liquid water: whenever both phases coexist, the imbalance causes a

continuous flux of water molecules from liquid to ice.

In the atmosphere, water supersaturation (i.e. water saturation ratio above the equilib-
rium: s, = Sy — 1) of only 1% — 2% is observed, while very large ice supersaturation (i.e.
ice saturation ratio above the equilibrium: s; = S; — 1) is possible (and necessary for ice
crystal formation as seen in Subsection 1.1.1). The difference between ey ,, and e,; implies
that mixed-phase clouds are thermodynamically unstable and offer a favourable environment
for ice crystals to grow by diffusion at the expense of water droplets via the so-called Wegener-
Bergeron-Findeisen (WBF) process (Pruppacher and Klett, 1997). The WBF process occurs
when both water phases (liquid and ice) coexist and es; < e < eg,, (Korolev, 2007). The
diffusional growth of ice crystals is faster when the absolute difference between the saturation

vapour pressures is larger (i.e. at T ~ —12°C, see Figure 1.12, right). The WBF process is



Cold cloud microphysics

410

E Lo B e B B R s A B T B e o o 0 N o IBELAL N e e e e e e o e
E- 3 E ]
600 : wof =
E 80 o
500 - —_~ ]
- & F E
< 0F 3
E = T0F :
= E - ]
00 T 60 4
R) E —~ F ]
= — 2 2
El E | SOF —
o 300F - E ]
E & a0f 3
E ~ E g
200 % 30F 3
E S E g
E S ]
E 20 =
100 E ]

E 10
—t e ' iy i . . I e QZUAI P T v eelvazalle el vpae
220 230 240 250 260 270 200 210 220 230 240 250 260 270
Temperature (K) Temperature (K)

Figure 1.12: (Left) Saturation water vapour pressure over liquid water (es,,) and over ice
(es;) as a function of subfreezing temperature (from Storelvmo and Tan, 2015). (Right)
Differences between e, ., and e, ; as functions of subfreezing temperatures: absolute differ-
ence (red line), with maximum around —12°C, and relative difference (black line), which is
exacerbated with decreasing temperature (from Storelvimo and Tan, 2015).

schematically shown in Figure 1.13. Given an environment where the ambient vapour pressure
is saturated with respect to liquid droplets, water molecules diffuse from droplets and deposit
on ice crystals surface, reducing S,, below the saturation value. In order for the liquid droplets
to restore the equilibrium, water molecules evaporate from the liquid surface to increase again
the ambient vapour pressure and maintain the equilibrium (S, = 1). In this way, ice crystals
grow by deposition at the expense of the liquid droplets, which instead shrink. When liquid
droplets are completely evaporated, air is subsaturated with respect to water and ice crystals
can have reached sufficiently large sizes to precipitate out of the cloud (Storelvmo and Tan,
2015). Therefore, the WBF process can convert mixed-phase clouds into ice-only clouds and is
an important mechanism of ice crystal growth and precipitation formation in the mixed-phase
regime (e.g. Korolev, 2007; Korolev et al., 2017).

Nevertheless, ice crystals grow also by diffusion (Vapor + IC — IC, when e, ; < e) without
the presence of liquid droplets (Figure 1.14a). The diffusional growth rate is expressed in
terms of a mass growth rather than a radius growth, given the non-spherical shapes of ice
crystals, and includes an accommodation coefficient which takes into account the fact that not
all attempts of water molecules to stick the ice surface are successful (as water molecules can

stick only if they are oriented correctly in order to maintain the crystal lattice).

Another mechanism of growth for ice crystals is the collision-coalescence process (named
also collection or aggregation) between ice particles as well as between ice particles and other
hydrometeors, leading to the formation of hydrometeors which belong to either the type of
the colliding particles or a third type (e.g. snow, graupel, and hail). Hence, collection is also
a sink for ICNCs, in addition to being a growth mechanism for ice crystals. The process is
characterised by the collection efficiency. It is the product of the collision efficiency (which

depends on the mass and shape of the particles), the coalescence efficiency (which depends on
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Figure 1.13: (Left) Schematic of the WBF process. (Right) Photo by R. Pitter of the WBF
process.

the surface properties and shape of the particles, and the temperature, as ice crystals are more
likely to stick together at higher temperatures), and the relative fall velocity of the colliding

particles.

Several types of collection involving ice crystals have been defined (Rogers and Yau, 1989;
Lohmann et al., 2016; Khain and Pinsky, 2018).

e Self-collection (IC 4+ 1C — IC).
It consists in the collision-coalescence between hydrometeors of the same type, in this
case ice crystals, and the production of hydrometeors of the same type but larger size.

This process reduces ICNCs but does not change the mass content of ice.

e Aggregation (IC 4+ IC — Snow).
It is a combination of self-collection and auto-conversion processes: the ice crystals collide
and clump together to form an aggregated snowflake (Figure 1.14b). Observations have
shown that aggregation is mainly limited to temperatures higher than —10°C; due to

the higher values of the temperature-dependent coalescence efficiency.

o Accretion (Snow + IC — Snow).
Growth by accretion indicates the collection between two different hydrometeors, in this

case between ice crystals and snowflakes (Figure 1.14b).

e Riming (Liquid + IC — IC).
This process refers to the collision of ice crystals with supercooled liquid droplets which
freeze upon the contact; the coalescence coefficient in this case is approximately unity
(Figure 1.14c¢).

Growing ice crystals can sediment with different fall velocities. Sedimentation is an impor-

tant process which affects the vertical profile of ICNCs. For instance, heterogeneously-formed



Numerical representations in GCMs

Growth by collision-coalescence

a)  Growth by diffusion b) I Accretion c) Riming
LT R DU S o 00 5°
"t < I b d . @ o o
- 4y R ° ° o
< e - = ° o o ©
Y v > ,é ) ¢ o ° led
] T A ” < ° o gSupercoole
v v ¢ 3 ° o . quid
& ¢ < droplets
~ v < ¢ 5  /
water vapour ¢ ¥
molecules il
ice
crystal o
v W
v < o oo ,°©
< °
~ o © @c °°
h\ d o o ° o
~ < ° ° ° o°
< ° ° o ° o

Figure 1.14: Schematic of ice crystal growth mechanisms (adapted from Lohmann et al.,
2016).

ice crystals (which are usually bigger than those formed homogeneously) can sediment fast,
before reaching the level where homogeneous nucleation takes place, thus, preventing any influ-
ence on this ice nucleation mechanism. Finally, growing ice crystals can reach a precipitation

size and initiate precipitation.

1.2 Numerical representations in GCMs

Cloud processes cover a wide range of spatial and temporal scales, from nanometres to thou-
sands of kilometres and from milliseconds to weeks (Figure 1.15). Even high resolution models
cannot resolve the processes occurring at the smallest scales, hence, parameterizations must

be used to represent subgrid unresolved processes.

In order to build physically-based parameterizations, cloud parcel models (CPMs) can be
used (Khain and Pinsky, 2018). Parcel model equations encode the theoretical understanding
of the physics controlling the evolution of cloud particles (e.g. aerosol activation and particle
growth) in an individual volume of air. Thus, CPMs simulate the smallest scales relevant
for clouds via a closed system of ordinary differential equations, which can be numerically
integrated in time, and allow changes of various physical and chemical properties of cloud
particles (Chen and Lamb, 1994, 1999).

Models which resolve turbulent motions within deep convective clouds (cloud-resolving
model -~ CRM) or even turbulent eddies in the boundary layer (large-eddy simulation — LES)
make use of parameterizations. They are important tools to interpret observations, to reveal
features at the microscale which should be parameterized, and to test and improve parame-

terizations. However, these models are computationally demanding and are suitable only for

21



22  Cold clouds

Typical scales of:

years atmospheric motions

AT = atmospheric turbulence
CV = convection

MP = mesoscale processes
SP = synoptic-scale processes
PW = planetary waves

months —}

weeks

SRS S

P particles

AER = aerosol particles

ICE = ice crystals

SDC = single detached clouds
CCF = cirrus cloud fields

day

. microphysical processes

NUC = ice nucleation
DEP = depositional growth
AGG = aggregation

SED = sedimentation.

min

temporal dimension

Typical resolution and domain sizes

ms of different modeling approaches:

‘ - < . . . - CPM = Cloud Parcel Model

LES = Large Eddy Simulation
um mm m km 1000 km  planetary CRM = Cloud Resolving Model

| | GCM = General Circulation Model
spatial dimension

Figure 1.15: Typical scales of atmospheric motions (light orange), clouds (white), micro-
physical processes (dark gray) relevant for the formation and developments of ice clouds
(adapted from Burkhardt and Sélch, 2012).

small domains, so that they cannot simulate cloud interactions with large scale dynamics nor
quantify global radiative effects of clouds. For global estimates and climate studies, general

circulation models (GCMs) must be used.

GCMs typically have a horizontal resolution of the order of hundred kilometres and rep-
resent all the subgrid processes via several parameterizations, for instance, convective clouds
and large-scale (stratiform) clouds are handled by different parameterizations. Parameterising
subgrid processes means to express smaller scale variabilities in terms of large-scale variables
which are resolved by the model (Lohmann et al., 2007a). As this thesis concerns stratiform

clouds, some general information about their parameterizations is provided below.

1.2.1 Stratiform cloud microphysics parameterizations

Different quantities characterising cloud properties can be described through specific moments
of the particle size distribution (PSD) (Khain and Pinsky, 2018):

where m is the cloud particle mass, f(m) is the PSD as a function of m, f(m)dm is the
number of particles (per unit of volume) with mass ranging from m to m + dm, and ¢ is the
order of the moment. For example, the zero-order moment of the PSD is the particle number

concentration:

N o
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the first-order moment describes the mass contents (e.g. mixing ratio), and the second-order

moment describes the radar reflectivity.

PSDs are represented differently in numerical models according to the approach used to

simulate the cloud microphysics (Khain and Pinsky, 2018).

e Spectral bin parameterizations aim to simulate cloud microphysics as accurate as possible,
and PSDs are defined for every type of hydrometeor on a discrete mass grid containing
from tens to hundreds mass bins (where each j-bin contains particles of mass m;). No
PSD shape is assumed, and PSDs are computed (prognostically) by solving explicit

microphysical equations.

e Bulk parameterizations aim to represent the most general microphysical cloud proper-
ties (or bulk properties) using semiempirical descriptions of PSDs. Some schemes use
only one moment of the distribution (usually the mass content of the hydrometeor,
i =1) and are called one-moment (bulk) schemes, others use two moments (usually the
number concentration and the mass content, ¢ = 0,1) and are named two-moment (bulk)
schemes. PSDs are represented by specific mathematical functions which are determined
by few parameters and whose relations between moments are known. Several mathemat-
ical functions have been used for ice particles, for example, exponential functions, the
lognormal distribution, and the Gamma function. Prognostic equations are solved for
each moment and for each hydrometeor type. The number of equations solved in bulk
parameterizations is lower (normally by one order of magnitude) than that in spectral

schemes.

1.2.2 Ice nucleation parameterizations

Ice nucleation parameterizations can be theoretically based or empirically derived. The key
parameter to be parameterized in homogeneous nucleation schemes is the nucleation rate (see
Subsection 1.1.1). It can be obtained from the CNT (e.g. in Barahona and Nenes, 2008) or

from laboratory measurements (e.g. Koop et al., 2000).

On the other hand, parameterizations which simulate heterogeneous nucleation starting
from an INP population (called “INP parameterizations”) follow two different approaches which
are based on two main hypothesis (Kanji et al., 2017; Lohmann et al., 2016; Pruppacher and
Klett, 1997).

e The stochastic hypothesis assumes that the freezing process is stochastic and time de-
pendent. Given an ensemble of identical ice embryos formed on the surface of identical
supercooled liquid droplets at a certain temperature, the ice embryos have the same
probability per unit time of reaching the critical size, thanks to random fluctuations
among water molecules (so at fixed ambient conditions, the probability increases with
time). The presence of INPs enhances the efficiency of the random fluctuations with-
out disturbing the stochastic nature of the process, hence, the theory is equivalent for

both homogeneous and heterogeneous nucleation. The CNT follows this approach and
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describes ice nucleation through the nucleation rate prognostic variable. This theory has
as drawback the fact that it tends to overpredict ICNCs.

e The singular (deterministic) hypothesis assumes that ice nucleation is a deterministic
and time independent process. This approach assumes that each INP is characterised
by a distinct freezing temperature/ice saturation ratio below /above which ice nucleation
is triggered. Consequently, heterogeneous nucleation is fully determined by the ambient
conditions and does not depend on time. The parameterizations of this category are
empirically developed from fits obtained with INP measurements as a function of ice su-
persaturation (e.g. Meyers et al., 1992), temperature (e.g. Fletcher, 1962), temperature
and aerosol concentrations (e.g. DeMott et al., 2010), temperature, ice supersaturation,
and aerosol numbers (e.g. Phillips et al., 2008, 2013). Some parameterizations have been
developed by using atmospheric INP observations (e.g. DeMott et al., 2010; Phillips et al.,
2008, 2013), others by using laboratory measurements (Lohmann and Diehl, 2006). The
number of new ice crystals is expressed in terms of the site density (i.e. the number of
active sites per unit surface area), assuming that one active site corresponds to the freez-
ing of a single ice crystal, and the INP surface area. The first parameter is empirically
derived, while the second one is provided by the model in which the parameterization is
implemented. Being explicitly temperature dependent, the drawback of these parame-
terizations is their limited use in large-scale models, which require a wide temperature

range.

Experimental studies have shown that heterogeneous nucleation has both a stochastic and a
deterministic component, although stochastic effects are less important because of the domi-
nance of specific active sites which promote ice nucleation (Kanji et al., 2017). Current models
use either the stochastic or the singular approach (Khain and Pinsky, 2018). Information about

the parameterizations used in this thesis is included in Sections 2.3 and 3.1.

1.2.3 State-of-the-art of numerical models

Currently, state-of-the-art GCMs use two-moment schemes, for example ECHAMS5 (Lohmann
et al., 2007b), CAM5 (Gettelman et al., 2012), and GEOS-5 (Barahona et al., 2014). The
advantage of using a two-moment scheme is that it enables the simulation of aerosol—cloud in-
teractions and, therefore, allows for a more realistic representation of cloud-radiation feedbacks
(Burkhardt and Sélch, 2012). Cloud schemes in atmospheric and climate models have evolved
from using only macrophysical properties, like cloud cover, to representing the microphysics
explicitly, e.g. formation, evolution, and removal of cloud droplets and ice crystals (Gettelman
et al., 2010; Barahona et al., 2014). Including in GCMs sophisticated schemes which solve
physically-based equations allows for a more realistic description of clouds, variability in cloud
properties and cloud radiative effects, improving the climate predictions (Lohmann and Fe-
ichter, 2005; Kanji et al., 2017). The use of an accurate aerosol model for the representation
of INPs is also of fundamental importance (Kanji et al., 2017). Nevertheless, some processes
are still not included in most of the standard model versions (e.g. the PREICE and the WBF
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process) or are poorly represented (e.g. chemical aging and coatings of INPs). Additionally,
the vertical velocity is usually highly simplified in GCMs, despite its fundamental role in ice

nucleation (Donner et al., 2016).

Recently, sophisticated ice nucleation parameterizations have been developed, taking into
account the aerosol influence on ice formation and the different modes of heterogeneous nu-
cleation. These schemes also allow for the simulation of ice supersaturation (e.g. Kércher
and Lohmann, 2002a), reached for example when growth rates of ice crystals are too slow to
drop S; to the equilibrium within one model time step. (Previously, the saturation adjust-
ment hypothesis was applied, i.e. it was assumed that air in clouds could be only saturated
and any supersaturation was instantaneously removed by transforming water vapour to cloud

condensate.)

Liu and Penner (2005) presented an ice nucleation scheme based on the numerical solutions
of a parcel model and considered the competition between homogeneous and heterogeneous
nucleation following the CNT. Kércher et al. (2006) developed a physically-based parameteri-
zation for ice initiation and ice crystal initial growth in cirrus clouds, considering the PREICE
and allowing for the competition between the ice nucleation mechanisms. Barahona and Nenes
(2009b) introduced an ice cloud formation parameterization based on the analytical solution of
the cloud parcel model equations. Their scheme calculates the competition for water vapour
between homogeneous and heterogeneous nucleation and takes into account the variability
(in size and chemical composition) of different aerosol components through a variety of INP

parameterizations.

Since then, these parameterizations have been included in GCMs in order to better predict
ICNCs and cloud phase partitioning. Hendricks et al. (2011) and Kuebbeler et al. (2014)
implemented the parameterization of Karcher et al. (2006) into the ECHAM4 and ECHAMS5-
HAM models, respectively. The parameterization of Liu and Penner (2005) was implemented
into the CAM3 and CAMb models by Liu et al. (2007) and Liu et al. (2012), respectively.
Also, Liu et al. (2012) and Barahona et al. (2014) implemented the scheme of Barahona and
Nenes (2009b) in CAM5 and GEOS-5, respectively. In this thesis, the scheme of Barahona
and Nenes (2009b) has been implemented in EMAC (as described in Section 3.2).

1.3 Observations

Measurements of quantities related to cold clouds are carried out in three different ways: in
laboratories, in the field (in-situ measurements), and by remote (remote sensing). In-situ
measurements are performed exactly at the measurement location, by means of a sensor which
is in direct contact with the quantity of interest, and are discrete in space; remote sensing
observations are taken from a distance and offer a larger (even global) coverage. Merging all
types of measurements is crucial to get a global and deep insight of atmospheric phenomena.
Different kinds of measurements will be mentioned along this thesis, so a short overview about

the observation techniques is now provided.
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1.3.1 Laboratory measurements

Laboratory studies are focused on the microscale. They concern, for instance, INPs (e.g. their
physical properties, chemical composition, efficiency to nucleate ice, and possible coatings),
nucleation modes (e.g. the required thermodynamic conditions), ice crystal habits and their
reflectivity properties, and growth processes. The samples analysed in laboratory in order
to study ice nucleation can have different origin. They can be samples collected directly
from the atmosphere (natural particles), the remaining part of a hydrometeor after evapora-

tion/sublimation of water (ice residuals), or particles produced artificially (artificial particles).

Ice nucleation mechanisms and ICNCs are investigated in laboratories via the so-called
“cloud chambers” or continuous flow diffusion chambers (CFDCs). CFDCs provide controlled
water vapour content and temperature at which aerosols can nucleate ice; then, some ice crystal
detection methods (e.g. optical particle counter) are used to count the number of crystals as a
function of supercooling (Rogers and Yau, 1989). Each cloud chamber is built to study specific
ice nucleation mechanisms at certain ranges of temperature. Some of the chambers vary only
the temperature, others only the relative humidity, others can vary both parameters (e.g. the
aerosol interaction and dynamics in the atmosphere — AIDA chamber). The cloud chambers in
laboratories are large, but they can be also smaller to be installed onboard aircraft for in-situ

measurements (Cziczo et al., 2017).

1.3.2 In-situ measurements

Observations in the field can be airborne (performed from aircraft) or ground-based (performed

at stations located at high altitudes).

Numerous flight campaigns have been carried out in the last couple of decades, nevertheless,
their measurements remain very discrete in space. Flight campaigns can have mixed-phase
clouds (e.g. ICE-L, 2011) or cirrus clouds (e.g. ML-CIRRUS; Voigt et al., 2017) as targets.
In the first case, the coverage is limited to the Northern Hemisphere (NH) and in particular
over North America and the surrounding oceanic regions; in the second case, the coverage
is global, although more field campaigns have been conducted in the NH (Storelvmo, 2017).
Recently, aircraft measurements of different campaigns have been collected in a unified larger
(in space and time) data set which provides a sort of climatology, suitable for evaluations of
global simulations and satellite observations (e.g. Kriamer et al., 2009, Kriamer et al., 2016,
and the JUeLich In-situ Airborne — JULIA database by Kramer (personal communication)
for cirrus clouds). Additionally, global observations of atmospheric trace gases, aerosols, and
cloud properties (such as cloud particle size distributions) have being collected from passenger
aircraft (e.g. In-service Aircraft for a Global Observing System — IAGOS).

Examples of instruments installed on aircraft are the following ones (Storelvmo, 2017;
Crziczo et al., 2017; Baumgardner et al., 2017).

e The portable version of the CFDC and the forward scattering spectrometer probe (FSSP)

are both used to measure number concentrations of INPs and ice crystals. The FSSP is
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an optical particle counter which detects the particles by measuring the intensity of the
scattering when they pass through a light beam. The two versions of FSSP, FSSP100 and
FSSP300, measure particles in the size ranges 1.5 — 15 ym and 0.3 — 20 pum, respectively,
and are generally able to detect ~ 90% of the total ICNCs in cirrus clouds (Kramer
et al., 2009).

e The counterflow virtual impactor (CVI) is used to measure ice residuals. It separates
small particles from larger cloud particles which can overcome the counterflow and sub-
limates the condensed phase of the collected particles, releasing the residuals. However,
only crystals up to a size of 50 um can be stopped and sublimated, so only a smaller

fraction of the total ice crystals can be sampled.

e The single-particle mass spectrometer (SPMS) determines the chemical composition of
single particles (e.g. ice residuals). It detects and sizes particles using the scattered light
as they pass through one or two laser beams set at a fixed distance. Then, another laser
(typically in the near UV) is used to evaporate the particles and ionize the components;
the extracted ions are detected by a time-of-flight mass spectrometer (TOFMS) which

produces a complete mass spectrum on a single-particle basis.

e The imaging probe is an imaging spectrometer which use imaging to reconstruct cloud

particle shape and size.

Meteorological variables (e.g. temperature and relative humidity) are measured from aircfraft
as well, so that indications of what ice nucleation mechanism is likely to dominate are inferred.
Observed ICNCs can be artificially high due to the ice crystal shattering caused by the impact
with the inlet (see Subsection 1.1.1). Recently, new instruments and post-processing techniques

have been developed to avoid this artifact, and previous data sets have been revised.

Ground-based stations typically operates in the mixed-phase regime due to their lower
altitudes with respect to the flight heights (e.g. the research station Jungfraujoch in the Swiss
Alps). No ground-based observations will be used in this thesis.

1.3.3 Remote sensing

Remote sensing is mainly based on the measurement of electromagnetic radiation. It can be
performed by active sensors, which emit radiation towards atmospheric targets, and the part
which is scattered back is detected by a receiving sensor, and passive sensors, which detect the
natural radiation emitted or scattered by the targets (reflected sunlight is the most common
external source of radiation sensed by passive sensors, such as the radiometer). In general,
remote sensors do not perform direct measurements of the target, but the measurements must
be “interpreted” and converted into the desired observation (which is named retrieval). The
synergy of different remote sensing systems considerably improve the insight into the physics

of clouds and precipitation.

Two common active sensors in meteorology are the radar and the lidar.
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e The weather RADAR (RAdio Detection And Ranging) transmits a short pulse of high
power electromagnetic waves through a directional antenna and records the reflected
signal with high spatial (100 — 1000 m) and temporal (2 — 10 min) resolution. Radar
retrieves the information and provides insights of three-dimensional structures of clouds
and precipitation systems. The wavelength is selected according to the target of interest.
Cloud radars use short wavelengths (between 8 mm and 3 mm) to enable the detection
of cloud droplets and ice crystals (down to diameters of 10 um). They are used to inves-
tigate various cloud parameters: size and amount of cloud particles (which are related
to the reflectivity), types of hydrometeors (their different fall velocities are responsible

for different Doppler frequencies), liquid and ice water contents (Hagen et al., 2012).

e The atmospheric LIDAR (Light Detection And Ranging) transmits a light pulse through
a laser and detects the reflected light with a receiving sensor. Differences in laser return
times and wavelengths are used also in this case to provide a three-dimensional represen-
tation of the targets, such as aerosols, clouds, and other constituents of the atmosphere.

The lidar is also employed to discriminate liquid and ice particles in mixed-phase clouds.

Remote sensors can work from ground-based stations, aircraft, and satellites. Satellites
have the advantage of providing a global coverage and are of crucial importance for the evalu-
ation and improvement of weather forecasting and climate models. They are differentiated in
geostationary satellites and polar orbiting satellites. Geostationary satellites orbit ~ 35800 km
directly above the Equator with an orbital period which matches the Earth’s rotational pe-
riod, keeping so a fixed location above the Equator. Due to their position, they do not offer a
good view of high latitudes. By contrast, polar orbiting satellites (and nearly-polar orbiting
satellites) orbit at much lower altitudes (~ 850 km) above (or nearly above) both poles of
the Earth. Since the Earth rotates beneath, they cover the entire globe at least once per
day and provide detailed images even at high latitudes. Nearly-polar orbiting satellites are
sun-synchronous when they orbit over any location of the Earth’s surface at the same local

time.

Some satellites which provide vertically-resolved observations concerning clouds are em-
bedded into the NASA’s “Afternoon Satellite Constellation” (named A-Train), which includes
five polar-orbiting satellites. Among these, CloudSat has a Cloud Profiling Radar (CPR) on-
board, and CALIPSO (Cloud—Aerosol Lidar and Infrared Pathfinder Satellite Observations)
uses a Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP). While CALIOP operates
at short wavelengths (532 nm and 1064 nm) and is sensitive to small cloud particles, CPR
operates at higher wavelengths (~ 3 mm) and is sensitive to larger and precipitating parti-
cles. Therefore, CALIOP detects thin cirrus clouds and cloud tops, while CPR probes thicker
clouds and precipitation systems which cannot be penetrated by lidars (Biihl et al., 2017).
Some algorithms have been developed taking the advantage of the CALIOP-CPR synergy to
produce advanced products, like the cloud retrievals of the iDAR-raDAR (DARDAR) data
set (Delanoé and Hogan, 2010). DARDAR has been recently used by Sourdeval et al. (2018)

to retrieve ICNCs, providing a new observational data set useful for model evaluations.



Chapter 2

The EMAC model

This chapter presents the chemistry-climate model EMAC (ECHAMS5/MESSy Atmospheric
Chemistry). It is a general circulation model which includes a dynamical core, ECHAMS5, and
the MESSY interface, which links a variety of submodels designed for the representation of

tropospheric and middle atmosphere processes and their feedback with radiation.

The first two sections describe the ECHAMS model (Section 2.1) and the MESSY interface
(Section 2.2), including an overview of all the submodels used for this thesis. Section 2.3 focuses
on the submodel which has been mostly modified and used during this study: the CLOUD

submodel.

2.1 ECHAM>5

ECHAMS is the atmospheric GCM developed at the Max Planck Institute for Meteorology in
Hamburg. Its original form comes from the weather prediction model of the European Centre
for Medium-range Weather Forecasting (ECMWEF), but it has been evolved in order to perform
climate experiments. ECHAMS version 5.3.02 has been used for this thesis. Its description
below follows Roeckner et al. (2004).

The basic equations of atmospheric dynamics and thermodynamics are solved for the fol-
lowing prognostic variables: divergence (D), vorticity (§), temperature ('), mixing ratios (q)
of different water species (water vapour, cloud liquid water, cloud ice), and the natural loga-
rithm of the surface pressure (Inpg). While the mixing ratios are represented in a grid-point

space, the other variables are represented in a spherical space.

Being the equations non-linear, they are horizontally discretized by applying the trans-
form method, which computes space derivatives in spectral space, whereas non-linear products
(including parameterizations) are evaluated in grid-point space. The basis functions for the
spectral representation are the spherical harmonics (Y,'"), i.e. the eigenfunctions of the Laplace
equation in spherical coordinates which are used to describe any function on a sphere. They
are a combination of sine and cosine functions (i.e. Fourier series) along the zonal direction and

Legendre polynomials along the meridional direction. A triangular truncation (T) is applied to
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Spectral Latg x Long Resolution Resolution Time step

resolution [# grid points] [degrees] [km] [s] (Jmin])
T21 32 x 64 5.62 x 5.62 626 x 626 2400 (40)
T31 48 x 96 3.75 x 3.75 417 x 417 1800 (30)
T42 64 x 128 2.81 x 2.81 313 x 313 1200 (20)
T63 96 x 192 1.87 x 1.87 209 x 209 720 (12)
T58 128 x 256 1.41 x 1.41 156 x 156 480 (8)
T106 160 x 320 1.12 x 1.12 125 x 125 360 (6)
T159 240 x 480 0.75 x 0.75 83 x 83 180 (3)

Table 2.1: Triangular truncations and associated Gaussian latitudes (and longitudes) with
the corresponding horizontal resolutions and the maximum time step.

the superposition of spherical harmonics, with the advantage of making the horizontal spatial
resolution uniform throughout the sphere. The horizontal resolutions possibly employed by
ECHAMS are (Table 2.1): T21, T31, T42, T63, T85, T106, and T159, where the number (M)
is the truncation level (i.e. the maximum zonal wave number). The number of independent
spherical harmonics is M?/2 (Satoh, 2014).

On the other hand, the grid-point space is represented by a Gaussian grid. The Gaussian
latitudes (Lat) associated to different spectral resolutions must fulfill the condition: Latg =
(3- M+ 1)/2, while the Gaussian longitudes (Long) are usually twice Latg (Table 2.1).

Hybrid coordinates are used for the vertical discretization. They are defined by the pres-
sures of the “half-levels” (i.e. the interface between the layer) which follow the terrain profile in
the lower atmosphere and become pressure constant in the upper troposphere and stratosphere.
Many vertical resolutions are possible. The standard one which focuses on the troposphere
consists of 19 or 31 vertical layers (up to 10 hPa), while the one which extends to the middle-
atmosphere has 39 or 90 layers (up to 0.01 hPa).

Time integration is performed by applying the leapfrog scheme, a semi-implicit time-centred
integration scheme which has three time levels, i.e. it connects the values of a variable at three
different time steps, t — 1, ¢, and ¢t + 1 (Kalnay, 2002). This scheme is simple and accurate but
produces an additional spurious solution (called “numerical mode”), thus, the Robert-Asselin
time filter (Asselin, 1972) is applied. In order to garantee the stability of the solution (i.e. the
solution must remain bounded as the time step tends to zero), the Courant—Friedrichs—Lewy
(CFL) condition must be satisfied, so that a signal cannot travel more than one grid size in
one time step (Courant et al., 1928). The flux form semi-Lagrangian scheme developed by Lin
and Rockel (1996) is used for the advection of passive tracers, i.e. for the water components

(vapour, liquid, solid) and chemical substances.
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Figure 2.1: Process-oriented approach of MESSy and its four layers (BML, BMIL, SMIL,
and SMCL) with some examples of submodels.

2.2 MESSy

The Modular Earth Submodel System (MESSy) is a modular interface structure which con-
nects a base model to its submodels describing tropospheric and middle atmosphere processes
and their interactions with ocean, land, and human influences (Jockel et al., 2005). The funda-
mental idea is to realise a comprehensive Earth System Model (ESM) to simulate the couplings
among different domains (i.e. atmosphere, hydrophere, cryosphere, lithosphere, pedosphere,
biosphere, and anthroposphere) and their feedback mechanisms in a highly modularised way.
MESSy can be implemented into any kind of model (box, regional, or global). In this thesis,
MESSY (version 2.53) has been used in connection with ECHAMS5, extending the GCM to a
fully coupled chemistry-climate model: the EMAC model.

2.2.1 MESSy structure

MESSy adopts a process-oriented approach where each process is coded as a singular, inde-
pendent entity (i.e. the submodel) and connected to a base model via a standard interface
which allows to exchange information online (Jockel et al., 2005). The modularity of MESSy
allows to switch on/off each submodel individually and is particularly useful for the analysis

of feedback mechanisms.

The structure of MESSy comprises four layers (Figure 2.1).

1. The Base Model Layer (BML) consists of a base model with all the modularised parts
removed. ECHAMS is the base model in EMAC.

2. The Base Model Interface Layer (BMIL) has three functionalities: (a) to allow the base

model to control (i.e. to switch and call) the submodels, (b) to organise the data transfer
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Figure 2.2: Operator splitting concept. Py, P2 ...Py are different processes (or submodels).

between the submodels and the base model and among different submodels, and (¢) to

import gridded initial and time dependent boundary conditions.

3. The Submodel Interface Layer (SMIL) transfers information from the BMIL to the core
routines in the SMCL (see below) via parameter lists and, vice versa, distributes the
calculated results back to the BMIL. SMIL also performs the couplings between different

submodels.

4. The Submodel Core Layer (SMCL) includes the representation of the individual pro-
cesses, i.e. the core routines of the submodels. The routines are self-consistent (i.e. the

output is exclusively defined by its numerical input) and independent of the base model.

The fundamental method which enables the combination of individual processes (i.e. the
coupling of different submodels) into one simulation is the so-called operator splitting concept
(Jockel, 2012; Eichinger and Jockel, 2014). Following this method, the processes which modify
a specific prognostic variable (X) occur in sequence: each process adds its individual contri-
bution (individual tendency) to the overall change of X, which becomes the total tendency of
X at the end of each integration time. As shown in Figure 2.2, the total tendency depends
on (a) the sum of the individual tendencies determined by the previous processes which have
operated in the same time step and (b) the initial value of X, X (¢ = 0), or the state of X
at one (or more) previous time step(s), X (¢ — 1), according to the applied time integration

scheme. At the end of the time step, the total tendency is given by the sum of all individual
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Submodel Function Reference
AEROPT Aerosol optical properties Dietmiiller et al. (2016)
AIRSEA Air-sea exchanges of chemical species Pozzer et al. (2006)
CLOUD Large-scale clouds Roeckner et al. (2004)

CLOUDOPT Cloud optical properties Dietmiiller et al. (2016)
CONVECT Convective clouds Tost et al. (2006b)
CVTRANS Convective transport of tracers Tost et al. (2010)

DDEP Dry deposition of gases and aerosols Kerkweg et al. (2006a)
E5VDIFF Turbulent vertical diffusion Roeckner et al. (2004)
GMXe Aerosol microphysics and gas/aerosol partitioning Pringle et al. (2010)
JVAL Photolysis rate coefficients Sander et al. (2014)
LNOX Lighting NOy production Tost et al. (2007)
MECCA Tropospheric chemistry Sander et al. (2011)

OFFEMIS Offline emissions Kerkweg et al. (2006b)

ONEMIS Online emissions Kerkweg et al. (2006b)

ORBIT Orbital parameters Dietmiiller et al. (2016)

PTRAC Prognostic tracers Jockel et al. (2008)
RAD Radiative transfer Dietmiiller et al. (2016)
SCAV Scavenging of gases and aerosol Tost et al. (2006a)
SEDI Aerosol sedimentation Kerkweg et al. (2006a)

SURFACE Surface processes Jockel et al. (2016)
TNUDGE Tracer nudging Kerkweg et al. (2006b)
TROPOP Tropopause pressure Jockel et al. (2006)

Table 2.2: The MESSy submodels used in this thesis.

tendencies and it is added to the initial value of X. Then, the time integration scheme cal-
culates the initial value of the prognostic variable for the next time step and resets the total
tendency to zero. Mathematically, the individual tendency of X due to a particular process
P is the partial time derivative of X and is indicated as (0;X)p,. The total tendency, i.e. the
total time derivative of X, is approximated by the sum of all partial derivatives: »p; (0:X)p..
In this way, the temporal evolution of the prognostic variables is computed sequentially in

several steps, and each step is determined by a submodel attributed to a specific process.

2.2.2 MESSy submodels
The MESSy submodels used in this thesis are listed in Table 2.2 and briefly described below.
AEROPT computes the optical properties of aerosols by using aerosol climatologies (offline

mode) or concentrations and size distributions of aerosols simulated via an aerosol model, e.g.
GMXe (online mode) (Lauer et al., 2007; Pozzer et al., 2012; Dietmiiller et al., 2016). The
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optical properties are: aerosol optical thickness (i.e. total extinction by scattering and absorp-
tion of aerosol particles in each grid box), single-scattering albedo (i.e. ratio of scattering over
absorption by the aerosols), and asymmetry factor (which describes the angular distribution
of scattering intensity). Aerosol property information is a necessary input for the radiation

scheme.

AIRSEA computes the exchange of chemical constituents between ocean and atmosphere
(Pozzer et al., 2006).

CLOUD describes large-scale (stratiform) clouds via cloud microphysical and cloud cover
schemes. The original ones used in ECHAMS5 are from Lohmann and Roeckner (1996) and
Tompkins (2002), respectively. A more detailed description of CLOUD is presented in Section
2.3.

CLOUDOPT computes the optical properties of clouds (cloud optical depth, single scat-
tering albedo, and asymmetry factor) in different solar spectral bands (four in the shortwave
spectrum, sixteen in the longwave spectrum) to account for their wavelenght dependency (Di-

etmiiller et al., 2016). Cloud property information is an input for the radiation scheme.

CONVECT includes multiple parameterizations to simulate convective clouds (Tost et al.,
2006b). Convective cloud microphysics is solely based on temperature and updraught strength
and does not take into account influences from aerosols in cloud droplet and ice crystal forma-
tion. The parameterisations mainly address the influence of the convective activity on larger
circulation: the detrained water vapour is added to the large-scale water vapour field, while
the detrained cloud condensate is used as a source term for the cloud condensate treated by
the CLOUD submodel.

In this thesis, the scheme of Tiedtke (1989) with modifications by Nordeng (1994) has been
used, which is the default for ECHAMS.

CVTRANS addresses the transport of tracers within convective clouds. It follows the bulk
formulation of Lawrence and Rasch (2005) and collects the required updraught and down-

draught air mass fluxes and the respective entrainment and detrainment rates from CON-
VECT (Tost et al., 2010).

DDEP calculates the process of dry deposition, i.e. the removal of gas molecules and aerosol
particles from the atmosphere by means of turbulent transfers or uptake processes onto the
terrestrial surface, in absence of precipitation or clouds (Kerkweg et al., 2006a). Dry depo-
sition is a sink process which is applied at the lowermost model layer. Dry deposition fluxes
(expressed in kg m~2 s™!) for each species X (in the gas or aerosol phase) are computed online
as:

Myx Ap

My gAz e

Fdep,X =dgx -
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where ¢x is the mixing ratio of X, Mx and My are the molar masses of X and dry air,
respectively, g is the gravitational acceleration, Ap and Az are the layer thickness in Pa and
m, and vg x is the dry deposition velocity of X.

Dry deposition velocities are computed according to the “big leaf approach” (Ganzeveld et al.,
2006), i.e. considering the canopy or other surfaces as a bulk substrate (neglecting the different
removal processes at different levels in the canopy). vq x depends on the aerodynamic resis-
tance (which is a function of the physical state of the atmosphere), the quasi-laminar boundary
layer resistance (which is controlled by molecular diffusion), and the surface resistance (which
depends on the chemical, physical, and biological properties of the surface). Given the in-
fluences of different surface properties, vq x is actually the sum of individual dry deposition

velocities defined for various types of surface.

E5VDIFF computes the vertical diffusion by turbulent motions of the following prognos-
tic variables X: temperature, meridional wind, zonal wind, humidity, cloud liquid water,
cloud ice, and tracers. Vertical turbulent fluxes (w’X’) at the surface are derived from a
bulk transfer relation, whose transfer coefficients are obtained from the Monin-Obukhov sim-
ilarity theory. Above the surface, the eddy diffusion method is applied, i.e. w'X"’ is related
to the vertical gradient of X through vertical eddy diffusion coefficients (Roeckner et al., 2004).

GMXe (Global Modal-aerosol eXtension) is an aerosol microphysics and gas/aerosol par-
titioning model (Pringle et al., 2010). It is a two-moment aerosol model which prognostically
predicts the number concentration and the mass mixing ratio of the aerosol modes.

Aerosol microphysics is treated using an extended version of M7 (Vignati et al., 2004), which
describes the aerosol size distribution (n(lnr), where r is the aerosol radius) using seven in-
teracting lognormal aerosol modes. Therefore, n(Inr) is given by the sum of seven lognormal

distributions:
7 _
N, (Inr — In7;)?
1 :E ——J A Sl VA
n(lar) = V2rlno; eXp( 2(Inoj)? > ’

where IV; is the total number concentration, 7; is number mean radius, and o; is the geomet-
ric standard deviation of the jth lognormal aerosol mode. Soluble aerosols are distributed in
four hydrophilic modes which cover the aerosol size spectrum of nucleation (NS, r < 5 nm),
Aitken (KS, 5 nm < r < 50 nm), accumulation (AS, 50 nm < r < 500 nm), and coarse (CS,
r > 500 nm) modes. Insoluble aerosols are assigned to three hydrophobic modes (KI, Al, CI)
which have the same size range, excluding the nucleation mode. The standard deviations are
constant values, 1.59 and 2.0 only for CS and CI. The aerosol composition within each mode
is uniform (internally mized) but it varies among the modes (externally mized).

GMXe simulates the microphysical aerosol processes of nucleation and coagulation. Nucleation
of new particles is calculated as a function of temperature, relative humidity, and concentra-
tion of sulfuric acid (H2SOy4) via two possible parameterizations (i.e. Kulmala et al., 1998, and
Vehkamiki et al., 2002). Coagulation is determined for Brownian motion via the coagulation
coefficients defined in Fuchs (1964). It can be intramodal (e.g. KS + KS — KS) or intermodal,
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i.e. moving aerosols from smaller to larger modes (e.g. KS + AS — AS) or from hydrophobic
to hydrophilic modes (e.g. Al + KS — AS).

The thermodynamic treatment of the gas/aerosol partitioning of semi-volatile inorganic species
is performed in two stages. Firstly, GMXe calculates the amount of gas phase kinetically able
to condense onto each aerosol mode (within a model time step), according to the volatility of
the gas species. Secondly, the partitioning model (e.g. the thermodynamic equilibrium model
of Fountoukis and Nenes, 2007, ISORROPIA-II) re-distributes the mass between the gas and
the aerosol phases.

Other processes described in GMXe are: changes from hydrophobic to hydrophilic of aged
aerosols (due to coagulation with soluble material or condensation of sulfuric acid), uptake of
water vapour by hydrophilic aerosols, aerosol growth, and aerosol re-distribution between the
modes (this is the final step of GMXe at each model time step).

Additionally, GMXe offers the flexibility to consider the emitted aerosols as bulk species, i.e.
the aerosol chemical composition is unresolved (e.g. dust — DU, black carbon — BC, organic
compound — OC, and sea salt — SS), or speciated species, i.e. the individual ions that compose

an aerosol are simulated and then transported as tracers (e.g. C1~, Na™, SOi_ for SS).

JVAL computes online the rate coefficients of different photolysis reactions in the atmo-
sphere (Sander et al., 2014), according to the algorithm of Landgraf and Crutzen (1998).

LNOX calculates the production of NOy resulting from lightning activity. It includes multiple
parameterizations to compute the flash frequency (Tost et al., 2007). Since there are large
uncertainties in the amount of NOy produced by lightning, a scale factor is used to adjust the
calculated amount within the expected range 2 — 8 Tg N yr—!.

In this thesis, the parameterization of Grewe et al. (2001) has been used, which links up-
draught velocity (indicator of the convective strength) and the associated cloud electrification

with flash frequency.

MECCA (Module Efficiently Calculating the Chemistry of the Atmosphere) describes tro-
pospheric and stratospheric chemistry (Sander et al., 2005, 2011). MECCA computes the
rate coefficients of all the chemical reactions considered in the simulation, according to mete-
orological and chemical parameters, such as temperature, pressure, and tracer concentrations.
Additionally, it uses the photolysis rates calculated by JVAL and the heterogeneous rate coeffi-
cients calculated by the HETCHEM submodel (Jockel et al., 2006) for heterogeneous chemistry
on aerosol surfaces. The ordinary differential equations associated to different chemical reac-
tions are integrated by the KPP (Kinetic Preprocessor) software (Sandu and Sander, 2006) to
determine the evolution of the atmospheric chemical components.

In this thesis, the stratosphere is excluded from the vertical domain, so only tropospheric
chemistry is computed. The same chemical mechanisms to the base simulations in Jockel
et al. (2016) have been considered (see “CCMI-base-02.bat” in the supplement material of

Jockel et al., 2016), while aerosol climatologies have been used for heterogeneous chemistry.
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OFFEMIS (OFFline EMISsions) manages the files which store pre-calculated emission fluxes
of gas phase and aerosol species (Kerkweg et al., 2006b). It distinguishes three types of emis-

sion:

1. surface emissions (2-D, in molecules m~2 s=!), which occur at the interface between

land /ocean and atmosphere;

2. multilayer emissions (Nx2-D, in molecules m~2 s71), i.e. emissions which occur at the

specific N-heights (defined in the namelist-file “import.nml”) above the surface;

3. wvolume emissions (3-D, in molecules m~3 s™1), which are vertically distributed along

the vertical hybrid pressure levels (e.g. aircraft and volcanic emissions).

The offline emissions can be used by other submodels, not directly influencing the atmospheric
chemical species (method 0), to compute the tracer tendency to be applied to the corresponding
tracer field (method 1), or to compute the lower boundary conditions for the vertical diffusive
fluxes of tracers (method 2, applicable only to 2-D fields).

By using the climatologies described in Section 4.1, the emissions of the following species have
been offline simulated in this thesis: NO, CO, CoHy, CoHg, C3Hg, C3Hg, NC4H;yo, CH3CHO,
CH3COCH3, CH3CO2H, CH3OH, HCHO, HCOOH, MEK, SO2, NHj3 (from biomass burning,
anthropogenic sources, aircraft emissions, biogenic sources, volcanic eruptions), DMS, NHs,
CHsl, and halocarbons.

ONEMIS (ONline EMISsions) calculates the emissions of gas phase and aerosol tracers which
depend on the actual state of the model (e.g. meteorological conditions and soil characteris-
tics) at each model time step (Kerkweg et al., 2006b).

Emissions of soil-biogenic NOy and the volatile organic compounds (i.e. isoprene and mono-

terpene) have been computed online in this thesis.

ORBIT computes the orbital variations which affect the total solar radiation incident the
Earth and the temporal and spatial distribution of terrestrial insolation. The orbital varia-
tions, identified by Milankovitch (1941), are the obliquity of the Earth’s axis, the eccentricity
of the Earth’s orbit around the Sun, and the precession of the equinoxes. Their representation
can be based on precise orbit determination principles, to simulate short term variations of
today’s climate, or the Kepler’s laws, for paleoclimate studies (Roeckner et al., 2004). Orbital
parameters, such as distance of the Sun to the Earth, cosines of the zenith angle, and day

length, are used by the radiation scheme (Dietmiiller et al., 2016).

PTRAC enables the definition of additional prognostic tracers, in the gas or aerosol phase.
Such tracers are defined in the namelist-file “ptrac.nml”, on the contrary, usual tracers are de-
fined in the TRACER submodel, and any change in their definition requires the recompilation
of the code (Jockel et al., 2008). Additionally, PTRAC can serve as a highly simplified aerosol

model with aerosol properties constant in time and space. In this case, aerosols do not interact
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with each other (as when they are described by GMXe) but behave as passive tracers which
are transported and removed by physical sinks. The bioaerosols simulated in this thesis have

been defined in this way.

RAD is largely based on the original ECHAMSb radiation code (Roeckner et al., 2004) and
provides the temperature tendencies due to radiation. Shortwave and longwave radiative fluxes
depend on scattering and absorption by radiatively active species (i.e. COgz, O3z, CHy, N2O,
CFCls, CFyCly), water vapour, cloud optical properties, cloud cover, aerosol optical proper-
ties, and orbital parameters (Dietmiiller et al., 2016). The computations are solved for four
spectral bands in the solar shorwave spectrum and sixteen bands in the terrestrial longwave
spectrum. RAD can work using online computed tracers and online input variables (from the
submodels AEROPT, CLOUDOPT, and ORBIT) or offline input variables (from IMPORT).
As it is computationally expensive, RAD is called less frequently than the dynamics (i.e not
at each model time step).

In this study, the original ECHAMS5 aerosol climatology (Tanre et al., 1984) has been ap-
plied in combination with the climatology provided by the Chemistry—Cimate Model Initiative
(CCMLI, ftp://iacftp.ethz.ch/pub_read/luo/ccmi). Additionally, the radiatively active species

have been nudged following the CCMI recommendations.

SCAYV simulates the wet removal of trace gases and aerosol particles by large-scale and con-
vective clouds and precipitation events (Tost et al., 2006a). Additionally, SCAV computes the
aqueous phase chemistry in cloud droplets.

SCAV distinguishes two types of scavenging. Nucleation scavenging (NS) dissolves soluble
species during the nucleation and growth of cloud droplets, while impaction scavenging (IS)
removes both soluble and insoluble species after their impact with falling rain/cloud droplets
and their uptake. In the uppermost layer where a cloud occurs, scavenging starts as NS. In
the layer below, firstly IS due to the incoming precipitation flux is computed, then NS (in the
same layer). Both processes are computed as long as there are clouds in the layers beneath;
then, only IS is calculated until the ground level. In this way, the species incorporated in cloud
droplets via NS can be removed from the atmosphere through precipitation, but they can be
also released back into the atmosphere after cloud evaporation. Only the cloud covered /rainy
part of the grid box contributes to the scavenging.

Scavenging can be computed via two different approaches: (i) using empirically determined,
fixed scavenging coefficients (with the advantage of being computationally efficient), or (7i)
solving a system of ordinary differential equations (taking into account feedback mechanisms
between multiphase chemistry and transport processes).

The process of uptake and release of gases from cloud or rain droplets is formulated following
the Henry’s equilibrium law and a correction for gas phase diffusion limitation and accommo-
dation coefficients. Scavenging of aerosols depends on Brownian motion (and on impaction in
IS) and rainfall intensity. It is characterised by a minimum scavenging efficiency for aerosols

with radius near 0.1 pm (called “scavenging gap” or “Greenfield gap” by Greenfield, 1957).
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SEDI treats the sedimentation, i.e. the settling process due to gravity, of aerosol parti-
cles. Sedimentation takes place within the entire vertical model domain and is negligible for
trace gases (Kerkweg et al., 2006a). SEDI computes the changes in aerosol concentration due
to sedimentation according to the sedimentation theory presented in Pruppacher and Klett

(1997), who defined the terminal sedimentation velocity (vt seq) for each mode (or bin) as:

Vt,sed = UStokes * Jounn + fstinn

where vgiores 18 the sedimentation velocity for spherical particles, founn is the Cunningham-
slip-flow factor which corrects the aerodynamic differences due to non-spherical shapes, and
fspinn 1s a correction applied when the modal aerosol representation is used, as the mean
settling velocity of all particles of a lognormal mode is larger than the settling velocity of a

particle with the mean radius (the correction is one for bin aerosol models).

SURFACE computes heat and water budgets of soil, water temperature, ice thickness and

ice temperature of lakes, as described in Roeckner et al. (2004).

TNUDGE performs the nudging of user-defined tracers with (imported) prescribed fields.
It is especially used when emission fluxes of specific tracers are highly uncertain or the tracer
lifetime is sufficiently long (e.g. CHy), so that the mixing ratios are well known (Kerkweg
et al., 2006b).

In this thesis, the lower boundary conditions of the following tracers have been prescribed:
N20O, CHy, CO9, COS, CFCs, HCFCs, Halons, and Hy using the AGAGE database (Prinn
et al., 2000). Additionally, the radiatively active species have been nudged within the entire

atmosphere.

TROPOP computes the tropopause height diagnostically according to various definitions
(Jockel et al., 2006). Additionally, TROPOP diagnoses the height of the planetary boundary
layer.

In this thesis, the tropopause pressure is derived from the definition of the World Meteorologi-
cal Organisation (WMO, 1992), based on the temperature lapse rate for latitudes equatorward
of 30° and the potential vorticity iso-surface of 3.5 PVU for latitudes poleward of 30°.

2.3 The CLOUD submodel

The standard stratiform cloud scheme of ECHAMS solves the governing equations for three
prognostic variables (in kg kg™!): specific humidity (g,), cloud liquid water mixing ratio (g, ),
and cloud ice mixing ratio (¢;). Cloud droplet number concentration (i.e. CDNC) and ice
crystal number concentration (i.e. ICNC) are prescribed or determined by simple empirical
functions, while rain and snow are treated diagnostically (Roeckner et al., 2004). Nevertheless,

ECHAM developments have led to the introduction of a new prognostic equation for CDNC,
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allowing for cloud droplet nucleation, advection, evaporation, and collision-coalescence and
a more realistic estimation of CDNC (Lohmann et al., 1999). Later, Lohmann (2002) intro-
duced a new prognostic equation for ICNC as well. Currently, the CLOUD submodel uses a
double-moment stratiform cloud microphysics scheme (Lohmann et al., 1999; Lohmann, 2002;
Lohmann et al., 2007b) which defines prognostic equations for the in-cloud variables ¢, ¢y,
g, CDNC, and ICNC. The usage of a two-moment scheme has the advantage of allowing
for aerosol-cloud interactions, improving calculations of cloud microphysical processes and

radiative transfer.

In the CLOUD submodel, ice crystals form via homogeneous nucleation in the cirrus regime
and via immersion and contact nucleation in the mixed-phase regime (more details about ice
nucleation are given in Subsection 2.3.2). The WBF process at subfreezing temperatures is
parameterized, so liquid water is forced to evaporate from cloud droplets and deposit onto
existing ice crystals. The cloud condensate detrained from convection (source term provided
from the CONVECT submodel) is considered either liquid or ice depending on the temperature
(if T'< —35°C the phase is ice) and the updraught velocity. The number of detrained ice
crystals is estimated from the detrained ice condensate by assuming an only temperature

dependent radius.

Cloud droplet formation is parameterized by the “unified activation framework” (UAF)
(Kumar et al., 2011; Karydis et al., 2011). It is an advanced physically-based parameterization
which merges two theories: the k-Kdhler theory (Petters and Kreidenweis, 2007), which governs
the activation of soluble aerosols, and the Frenkel-Halsey-Hill adsorption activation theory
(Kumar et al.; 2009), which describes the droplet activation due to water adsorption onto
insoluble aerosols (e.g. mineral dust). Aerosol modes that consist of only soluble material
follow the x-Kohler theory, and the required effective hygroscopicity (k) is calculated on the
basis of the chemical composition of the aerosol mode. Aerosol modes that consist of an
insoluble core with soluble coating follow the UAF scheme, which takes into account the
effects of adsorption and absorption on the CCN activity of the mixed aerosol. More details
about the UAF scheme and its implementation in the EMAC model can be found in Karydis
et al. (2017).

The diagnostic cloud cover scheme of Sundqvist et al. (1989) based on the grid-mean rel-
ative humidity is used. Such scheme assumes that a grid box is partially covered by clouds
when the relative humidity exceeds a threshold and is totally covered when water saturation
is reached. Other microphysical processes, such as phase transitions, autoconversion, aggre-
gation, and accretion, are also taken into account by the CLOUD submodel (further details

about ice crystal related processes are given in Subsection 2.3.1).

In the CLOUD submodel, a single updraught velocity (w) is used for the whole grid cell,
although w can strongly vary in reality within the cell horizontal dimension (e.g. Guo et al.,
2008). This is a simplification which is commonly used by GCMs. In EMAC, the subgrid-scale
variability of vertical velocity (wgyp) is introduced by a turbulent component which depends on
the subgrid-scale turbulent kinetic energy (T'K E) described by Brinkop and Roeckner (1995),
such that wey, = 0.7V TKE. Hence, the vertical velocity is given by the sum of the grid-mean
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vertical velocity resolved by the model (w) and the turbulent contribution: w = W + wgyp
(Lohmann and Kércher, 2002). Kéarcher and Strém (2003) and Joos et al. (2008) showed that
such a representation of w is in good agreement with vertical velocity observations. Zhou
et al. (2016) analysed the effects of different updraught velocity representations and showed
that using wg,, overestimates the ICNCs at temperatures below —70°C, but agrees better with

the observations at higher temperatures.

An evaluation of the double-moment cloud microphysics scheme of ECHAM5 was pre-
sented in Lohmann et al. (2007b), Lohmann et al. (2008), and Lohmann and Hoose (2009),
applying the two-moment aerosol microphysics scheme HAM (Stier et al., 2005). Lauer et al.
(2007) and Righi et al. (2016) evaluated the CLOUD submodel in conjunction with the aerosol
microphysics submodel MADE (Ackermann et al., 1998), while Tost (2017) evaluated it in
combination with the GMXe submodel. The comparison of CLOUD with observations will be
extended in Chapter 4.

2.3.1 The ICNC prognostic variable

As far as the ice phase is concerned, the EMAC model solves the prognostic equations for ¢;
as well as ICNC, so the first two moments of the ice crystal size distribution are predicted (see
Subsection 1.2.1).

According to Lohmann (2002) and Roeckner et al. (2004), the prognostic equation for
ICNC is:

OICNC
ot

= Rtmmsp + Rsedi + Rnci'r + anzz + Rsecp - (Rself + Raggr + Raccr + Rmelt + Rsubl) (2 . 1)

where the R-terms represent the rates of advective, turbulent, and convective transport (R¢ransp),
sedimentation (Rgeq;), ice nucleation in the cirrus regime (Ry.;), ice nucleation in the mixed-
phase regime (Rymiz), secondary ice production (Rgecp), self-colletion (Rseif), aggregation
(Raggr), accretion (Rgcer), melting (Rpeit), and sublimation (R ) of ice crystals (ICs). Trans-
port as well as sedimentation are computed from grid-mean values (ICNC), while the other
terms are calculated from in-cloud values (ICNCj, ciouq). The latter ones are related to the

grid-mean values via the fractional cloud cover (fc): ICNCiy-clouda = ICNC/ fe.
The CLOUD submodel computes the rates associated to the physical and microphysical

processes. Sedimentation is formally treated like vertical advection, while all the microphysical
processes are computed with different parameterizations. Secondary ice production occurs via
the Hallet-Mossop process (or rime splintering) as described in Levkov et al. (1992). Self-
collection, aggregation, and accretion of ICs follow Lin et al. (1983) and Levkov et al. (1992).
(It must be noted that the self-collection influences ICNCs but does not affect the cloud mass,
so it would not be considered in one-moment schemes.) Sublimation of ice is computed like in
Lin et al. (1983), while it is assumed that ICs melt as soon as T' > 0°C. More information can
be found in the cited works and references therein, while the ice nucleation parameterizations

are described in the next subsection.
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2.3.2 Ice nucleation parameterizations

In the CLOUD submodel, ice nucleation is computed via independent parameterizations in the
two cloud regimes. In the cirrus regime, it is assumed that cirrus clouds form exclusively ho-
mogeneously using the parameterization of Karcher and Lohmann (2002b) (hereafter referred
to as K102). In the mixed-phase regime, heterogeneous nucleation occurs via immersion and
contact nucleation as described in Lohmann and Diehl (2006) (hereafter referred to as LD06).

KLO02 is a physically-based parameterization which analytically solves the parcel model
equations governing ice nucleation and ice crystal growth. KL02 parameterizes homogeneous
nucleation of supercooled aerosols in an adiabatically rising air parcel at T" < —38°C on the
basis of the experimental studies of Koop et al. (2000), so it is applicable to a wide class
of aqueous solutions relevant to homogeneous nucleation in the atmosphere. KL02 treats

Thom) as a function of updraught velocity,

the number of new ICs formed homogeneously (
temperature, and aerosol size distribution. Indeed, higher vertical velocities create higher
ice supersaturation, allowing more particles to freeze before the supersaturation is depleted.
The lower the temperature, the more particles freeze, as the growth rate decreases when
temperature decreases (Pruppacher and Klett, 1997) and water vapour depletion is slower.
Finally, aerosol size effects are important when the timescale of nucleation is fast compared
to the timescale of depositional growth. Thus, KL0O2 includes two different regimes: the fast
growth regime and the slow growth regime. In the first regime, the growth of ICs is fast so
that the memory about the initial size of aerosol particles is lost and the number of new ICs
is insensitive to the aerosol size distribution. In this case, the freezing of new ICs occurs over
an extended period of time. Vice versa, in the slow growth regime the 1C growth is slow,
the aerosol size effects are taken into account, and all particles freeze suddenly and almost

simultaneously.

KLO02 abandons the saturation adjustment scheme (see Subsection 1.2.3) to obtain a more
realistic description of ice crystal formation. In fact, differently to cloud droplet activation,
ice nucleation requires high levels of ice supersaturation. Moreover, the growth rate can be
quite long (e.g. many hours) at very low temperatures (T" < —70°C), therefore, equilibrium

may not be reached within the model time step and ice supersaturation can persist.

KL02 needs the following variables as input: ice saturation ratio, updraught velocity, tem-
perature, pressure, and number concentration and radius of soluble aerosols. The output
variables of KL0O2 are the number concentration and radius of the newly-formed ICs. It must
be mentioned that the influence of the pre-existing ice particles is not taken into account; the
number of aerosol particles available for ice nucleation in the cirrus regime is simply reduced

by the existing ice particle number.

In the mixed-phase regime, the concentration of the new ICs formed via immersion (N}\EIVXI)

and contact (N; ¢

) nucleation are computed following LD06. It is an empirical parameteri-

zation derived from laboratory observations of artificial drops. Both black carbon and mineral
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dust, assumed to be composed of either kaolinite or montmorillonite, are considered INPs.
Insoluble aerosols can initiate contact nucleation, while soluble aerosols are responsible for
immersion nucleation. Contact nucleation follows Levkov et al. (1992) and depends on the
concentration and radius of supercooled liquid droplets, the concentration of contact nuclei,
and the Brownian aerosol diffusivity (which is temperature dependent). Immersion nucleation
is parameterized according to Diehl and Wurzler (2004) and depends on the number of im-
mersion nuclei and temperature (exponentially). The dependency of ice nucleating ability on
aerosol size is neglected in both parameterizations.

In the current operational version of EMAC, it is assumed that dust is only composed
by montmorillonite, representing a more efficient INP than a kaolinite dust particle. More-
over, contact nucleation by black carbon is excluded. Thus, black carbon takes part only in

immersion nucleation, while dust both in immersion and contact nucleation.
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Chapter 3

The newly-implemented ice nucleation

parameterization

The ice nucleation parameterization of Barahona and Nenes (2009b) has been implemented in
the EMAC model in order to improve the representation of the ice nucleation mechanisms in
the cirrus and in the mixed-phase regimes. This chapter describes the BN09 parameterization

in Section 3.1 and its implementation in Section 3.2.

3.1 Parameterization of Barahona and Nenes (2009)

The parameterization of Barahona and Nenes (2009b) (hereafter referred to as BN09) is a
comprehensive, physically-based parameterization of new ice crystal formation. It provides an
analytical solution of the cloud parcel model equations and is computationally efficient and
suitable for large-scale atmospheric models. BN09 resolves the dependency of ice nucleation
on ambient conditions (i.e. temperature, pressure, relative humidity, and vertical updraught)
and chemically-heterogeneous, polydisperse aerosols acting as INPs. Additionally, it explicitly
considers the competition for water vapour between homogeneous and heterogeneous nucle-
ation in the cirrus regime. BNO09 builds upon the schemes of Barahona and Nenes (2008)
(hereafter called BN0O8) for homogeneous nucleation and Barahona and Nenes (2009a) for the
competition between homogeneous and heterogeneous nucleation given a monodisperse aerosol

population.

BNO09 allows for the use of five different heterogeneous nucleation parameterizations, de-
fined by Meyers et al. (1992), Phillips et al. (2007), Phillips et al. (2008), Phillips et al. (2013),
and Barahona and Nenes (2009b). They are all empirically based except the latter one, which
is derived from the CNT. The sensitivity studies in Barahona et al. (2010) and Sullivan et al.
(2016) have shown that global means of ICNCs vary up to a factor twenty according to the
INP parameterization used (when the competition between homogeneous and heterogeneous
nucleation is taken into account). Moreover, empirically-based parameterizations better agree

with the observations, while the CNT overestimates the number of ice crystals. Phillips et al.
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(2008) showed that their parameterization (hereafter referred to as PDA08) is closer to the
observations than the other schemes considered in their study (e.g. Meyers et al., 1992, and
LD06). The simulations run for this thesis use the parameterization of Phillips et al. (2013)
(hereafter referred to as P13) to simulate heterogeneous nucleation, as P13 is a development

of PDAO8 and well agrees with the observations (as remarked in Subsection 3.1.2).

Overall, BN0O9 takes into account processes which are neglected by the parameterizations
KL02 and LDO06, i.e. the water vapour competition in the cirrus regime, the influence of poly-
disperse aerosols (up to four different components using P13), and the PREICE. Additionally,
P13 simulates both immersion/condensation and deposition nucleation and is built on field
measurements of natural samples, not on laboratory experiments like LD06. Homogeneous
nucleation and water vapour competition between the ice nucleation mechanisms is described

in the next subsection, while P13 is described in Subsection 3.1.2.

3.1.1 Homogeneous nucleation

Homogeneous ice nucleation in BNQ9 is treated as a stochastic process and described via the
CNT (see Subsection 1.1.1). The theory implies that freezing of a perfectly monodisperse
droplet population results in a polydisperse ice crystal population, thus, extending the case to
a polydisperse droplet population, the overall ice crystal distribution is given by the superpo-
sition of all ice crystal distributions.

As predicted by the physically-based parameterizations derived from CPMs (e.g. Kércher
and Lohmann, 2002a), the evolution of the ice crystals within an adiabatically rising air parcel

is governed by the following supersaturation balance equation:

ds; dg;
= Asw - B (3.1)

where w is the updraught velocity, dg;/dt is the rate of water vapour deposition on ice crystals

(g; is the ice mixing ratio of the parcel), A and B are two temperature-pressure dependent
parameters. The equation describes the competition between the S; generation because of the
cooling of the parcel rising with w (first term on the right-hand side of the equation) and the
S; reduction due to depositional growth of ice crystals (second term on the right-hand side).

The maximum ice supersaturation (Smqq) is derived from the condition d.S;/dt = 0.

The BN09 algorithm operates differently at temperatures below or above the threshold of
—35°C (Figure 3.1). When T' < —35°C, the algorithm can be divided in three subsequent

parts.

Step 1 The limiting number of active INPs needed to inhibit homogeneous nucleation (Ny,)
is computed. Indeed, at temperatures below —35°C, homogeneous and heterogeneous
nucleation compete for water vapour, decreasing the ice supersaturation. When the
number of active INPs exceeds Ny, and Spq. is less than the threshold for homogeneous
nucleation (Spom), homogeneous nucleation is suppressed, and ice crystals are formed
only heterogeneously. Ny, is determined by computing the number of INPs required to

keep Smaz below Spom.
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Step 2 The number concentration of ice crystals nucleated heterogeneously (N; per) is computed
via the selected INP parameterization at spom; then, two cases can follow.
If the condition N; pet(Shom) = Niim is satisfied, ice crystals are formed only heteroge-
neously at spmaz (i-e. Njpet(Smaz)), as homogeneous nucleation is suppressed. Spqq is
determined using a bisection method to balance the supersaturation within the air parcel
(equation 3.1).
If Ni het(Shom) < Niim, the competition for water vapour between homogeneous and het-
erogeneous nucleation is simulated. The concentration of the new ice crystals nucleated
homogeneously (N; pom) is determined via the homogeneous nucleation parameterization
of Barahona and Nenes (2008, 2009b) (hereafter called BNhom):

foo = fen [1_(]\WW>3/2]3/2

Nihom = Nee e(1—e o)

where N, is the number concentration of activated liquid cloud droplets, f. (from Bara-
hona and Nenes, 2009b) and f; pom (from Barahona and Nenes, 2008) are the fractions

of frozen droplets at spom with and without the presence of INPs, respectively.

Step 3 The total concentration of the new ice crystals formed in the cirrus regime (N%\I(EXHS) is
determined by the contribution of both heterogeneous and homogeneous nucleation, i.e.
NNEW = Ni,het + Ni,hom-

i,cirrus
On the other hand, when T" > —35°C, the algorithm uses the INP parameterization to
compute Nj pet(Smaz) (see the next subsection). Therefore, the number concentration of the
new ice crystals in the cirrus regime is:

NEW Ni,het(shom) + Ni,hom Ni,het(shom) < Nlim7 Smax = Shom

i,cirrus —

N
Ni,het(smax) Ni,het(shom) 2 Nlim7 Smaz < Shom

while the concentration of the new ice crystals in the mixed-phase regime is:

N}\,IIEI\QI = Ni,het(smax) .

As mentioned before, P13 has been used to compute Nj je;. Since P13 simulates the new ice
crystals formed via deposition and immersion/condensation nucleation modes, Nj pe is also
indicated as N?Elw (like in Figure 3.2 and equation 3.3).

m

In order to account for subgrid-scale variabilities, the output variables of BN09 which de-
pend on the vertical velocity (f(w)) are weighted over a Gaussian probability density function
of updraught velocities (P(w), with mean 0.1 cm s~! and standard deviation equal to wgy)

by numerically calculating the integral (Morales and Nenes, 2010; Sullivan et al., 2016):

I () P(w)dw
f( ) - fooo P(w’)dw’

(3.2)
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BNO09 algorithm

Input: 7, p, w, number concentration and diameter
of cloud droplets and aerosol particles

Mixed-phase
YES regime

T>-35°C? - >

Heterogeneous nucleation
NNEW = Ni,het

2, MIT

NO | Cirrus regime

Computation of Niyim and Nj pet

YES Pure heterogeneous nucleation

Nihet >Niim? NNEW _ A
i,cirrus — +Vi,het

Computation of Ni,hom

Water vapour competition

> NEW _
N; - Ni,hom + Ni,het

1,CiTTUS

Figure 3.1: Algorithm of BN09.

3.1.2 Heterogeneous nucleation (Phillips et al. 2013)

The P13 parameterization for heterogeneous ice nucleation is empirically derived and depends
on the chemistry and surface area of multiple aerosol types. P13 computes ice nucleation in
immersion /condensation and deposition mode and contact mode and assumes that each active
INP can nucleate ice either by one or the other mode depending on local temperature and
relative humidity. Four basic groups of INPs are defined: insoluble dust (DU), black carbon
(BC), and primary biological aerosol particles (PBAPs), and soluble organics (OC). PBAPs
(or BIO) are assumed not to be diversified in individual species, like bacteria, fungal spores,

and pollen.

The parameterization is based on the singular hypothesis (see Subsection 1.2.2), so the
active INPs freeze instantaneously as soon as they reach their characteristic freezing tem-
perature. P13 relies on the fundamental assumption that the number of active INPs of one
particular aerosol group is proportional to the total aerosol surface area of that group, at any
given value of ice supersaturation. Such assumption, which is observational supported, derives
from a strong theoretical basis. Surface active sites have a certain probability of occurrence
per unit area within a given INP species. They depend on the particle history and chemical
composition (Pruppacher and Klett, 1997) and form ice embryos at specific onset tempera-
tures. It is assumed that larger INPs have more and better active sites than smaller ones

and, thus, a higher nucleation efficiency. Therefore, the aerosol freezing fraction is related
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to the density of active nucleation sites and to the surface area and number concentration of
the aerosol population. More specifically, the concentrations of the new ice crystals from each
aerosol group are based on INP measurements at reference conditions which are then adjusted
by the simulated aerosol surface area, temperature, and ice supersaturation to account for

regional and seasonal variations.

P13 has been validated against laboratory and field observations (Phillips et al., 2013).
The comparison with flight measurements showed a net dominance of black carbon as active
INP predicted by P13 in two out of five flights, while dust was the dominant INP in the other
three flights. The active INPs derived from PBAPs were predicted to be ~ 5%, in agreement
with the observations. In the comparison with other INP parameterizations, Phillips et al.
(2008) showed that their empirical parameterization PDAOS predicts active INP concentrations
always lower of (about) two orders of magnitude than L.D06 at T' < —15°C.

The advantages of using P13 are multiple. P13 (a) reflects the diversity of INP chemistry
(it is not a merely function of temperature and ice supersaturation like most of the previous pa-
rameterizations), (b) is based on natural INPs sampled from the background free troposphere
(it is not derived from laboratory observations or the CNT), (¢) represents the scarcity of
heterogeneous nucleation at humidities well below water saturation for warm subzero temper-
atures (i.e. T'> —40°C), and (d) represents all known modes of heterogeneous ice nucleation.
Actually, the P13 algorithm implemented in EMAC does not include contact nucleation. It
simulates only the immersion /condensation and deposition mode (described below), so contact

nucleation is simulated via LD06 (see Subsection 2.3.2).

Immersion/condensation and deposition ice nucleation.

A reference activity spectrum (nynps) is defined as the average number concentration of active
INPs at water saturation associated to a background-troposphere scenario, i.e. it is assumed
to be representative of the background state of the free troposphere. n;yps is constructed
from field observations of aerosols with (dry) diameters less than 1 pm performed with the
CFEFDC. It grows exponentially with the ice saturation ratio and receives the contributions
from the four aerosol groups: ninpx = Y x ninpx« where X =DU, BC, OC, BIO. The
scarcity of heterogeneous ice nucleation in substantially subsaturated conditions is empirically
determined and described through the fraction term Hx(S;,T). This satisfies the condition
0 < Hy <1 (Hx =1 at water saturation) and its values depend on certain thresholds of
temperature (79 x,min) and ice saturation ratio (S;o,x min), see Table 3.1. Another impor-
tant quantity is the mean number of activated ice embryos per insoluble aerosol particle with

diameter Dx:
px(Dx,S;,T) = Hx(S;, T)§(T) <

where:

o {(T) (with 0 < ¢ < 1) is a factor which takes into account the observation that drops
containing INPs are not seen to freeze at temperature higher than a certain threshold
(T'x maz); thus, E(T'x maz) = 0 and §(T'x maex — ATx) = 1, with a cubic interpolation in
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between.

e ay is the fractional contribution of X to the active INP concentrations in the background-
troposphere scenario (when Hy = 1), i.e. the portion of aerosol number belonging to X
within n;yp s inferred from CFDC data. The fractions ax are assumed to be constant

(see Table 3.1), although they could depend on temperature and humidity.

e {1y, is the total surface area of all aerosols with dry diameters between 0.1 pm and

1 pm in the background-troposphere scenario in the group X.

e D% = Qx is the total surface area of all aerosols with dry diameters > 0.1 ym in the

group X.

The number concentration of active INPs derived from the groups X = DU, BC, BIO is defined

as:

oo
log(0.1pm)

where nx (log Dx) is the aerosol size distribution of the group X. The concentration of active

INPs derived from soluble organics (X = OC) is computed differently and only in the cirrus

regime:

Hoc(Si,T) gglass niNPoCx Qoc
Qoc,«

NINPOC =~

9

where:

® gglass is the maximum fraction of soluble organic aerosols that can be glassy (it is fixed
at 0.5 according to Murray et al., 2010);

® niNpoC, is the reference activity spectrum for soluble organics defined with AIDA

chamber experiments;

e Qoc« is the baseline surface area of all soluble organic aerosols with dry diameters
> 0.1 pm defined with AIDA chamber experiments;

e (o is the total surface area of all soluble organic aerosols with dry diameters > 0.1 pm.

In the end, the number concentration of the new ice crystals formed heterogeneously through

immersion/condensation and deposition nucleation is given by the sum of all groups X:

Ni et (= Niiom) Z NINP,X (3-3)

For the sake of clarity, it must be said that the P13 code implemented in EMAC does not
include all the developments done for the BC group in Phillips et al. (2013), with respect to
Phillips et al. (2008). Indeed, the effect of organic coatings on BC particles, which smother
the INP activity, is neglected in the definition of S; o Bcmin- Moreover, it is assumed that all
BC particles have the same propensity for ice nucleation and apc is kept constant (like in
Phillips et al., 2008), although Phillips et al. (2013) introduced a factor to take into account

the fact that ice nucleation ability of BC greatly varies with its source.
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Variable DU BC ocC BIO Description
To,x,min [°C] —40 —50 —75 —20 Lower thresholds of T in Hx
ATy x [°C] 5 10 10 5 T-interval in Hx: To,x,min + ATo,x = T0,x,max
S4,0,X,min [—] 1+ 10 1.3 1.2 1.15 Lower threshold of S; in Hx
AS;0,x [—] 0.1 0.1 0.1 0.2 Si-interval in Hx: Si,0,x,min + ASi0,x = 5i,0,X,max
Tx min [°C] -30 —25 / -5 Lower thresholds of 7" in &
ATx [°C| 20 10 / 3 T -interval in & Tx min + ATx = TX max
ax 2/3 1/3 —0.03 / 0.03 Fractional contribution of X to ninp,«
Surface area of aerosols with dry diameters
Qx,» [m*/kg] | 20-107° | 1.0-1077 | 56-107° | 8.9-107" 0.1 gm =1 pm for X = DU, BC, BIO
and > 0.1 pm for X = OC

Table 3.1: Some parameters defined in the P13 parameterization (see Phillips et al., 2008,
and Phillips et al., 2013, for a complete list).

3.2 Implementation

The BN09 parameterization has been implemented within the MESSy framework in order to
compute the newly-formed ice crystals. The BN09 code constitutes a new Fortran95 module in
SMCL (named “messy cloud ice BN09.f90”) which can be called by the CLOUD submodel
(i.e. the file “messy cloud lohmann10.f90”) twice, to operate in the cirrus regime and/or in
the mixed-phase regime. As shown in Figure 3.2, BN09 computes the new ice crystals nucle-
ated in the cirrus regime when “nicnc=3" and in the mixed-phase regime when “limm_BNQ09 =
.TRUE.” (where nicnc and limm_BNO09 are variables defined in the namelist-file “cloud.nml”).
CLOUD in SMIL has been modified in order to compute also the number concentrations of OC
and BIO, besides DU and BC, following the approximations of Hoose et al. (2008b), necessary

because aerosols are an external mixture of internally mixed modes.

The output variables of BN09 are the number concentration and the radius of the new ice

crystals. The input variables are:
e temperature (7' [K]);

e pressure (P [Pa));

1

e width of the vertical velocity distribution (wgyp [m sfl]), with upper limit 3 m s™ and

lower limit 0.001 m s_l;

e number concentrations of activated cloud droplets (N, [m™?]);
e diameters (D, [m]) and standard deviations (o.) of aerosols in the soluble Aitken mode;

e number concentrations (Nx [m™3]), geometric mean dry diameters (Dys [m]), and log-

normal standard deviations (o) of interstitial aerosols of the species X (which can be
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DU, BC, OC, BIO, depending on the choice of the INP parameterization in BN09) in
the aerosol modes M (Aitken (K'), accumulation (A), coarse (C), i.e. M = K, A,C).

The original BN09 algorithm computes N, starting from the number concentration of sulfate
aerosols in the Aitken mode. However, this option has been removed since the EMAC model
can compute N, via other parameterizations (Abdul-Razzak and Ghan, 2000; Lin and Leaitch,
1997; Karydis et al., 2017), hence, BN09 has been provided with such variable. Nevertheless,
these parameterizations do not compute the diameter of the new cloud droplets, therefore,
BNO09 still computes D, using the diameter of aerosols in the soluble Aitken mode. Given the
internally mixed representation of aerosols in EMAC, the diameters Dy are not distinguished
among aerosol types but only among the modes which the aerosol belong to. Similarly, the
standard deviations oy are constant and depend only on the mode (in GMXe, o = 04 = 1.59
and o¢c = 2.0).

During the implementation, the PREICE has been included in the BN09 code. Pre-existing
ice crystals act to decrease relative humidity by consuming any water vapour above ice satura-
tion and compete with the updraught velocity, which acts to increase the relative humidity by
cooling the air parcel through adiabatic expansion. Therefore, the PREICE can be parame-
terized by reducing the vertical velocity for ice nucleation (i.e. wgyp) by a factor depending on
the pre-existing ice crystal number concentration (ICNCpye), so limiting the expansion cooling.
Such “corrected” vertical velocity (wgyppre) has been computed as defined in Barahona et al.
(2014):

ICNCpre

Wsub

A(T)B(Shom)c§ 0],

Wsyub,pre = Wsyp * MaX 1-

where A(T) is a temperature-dependent parameter, B(Spom) 1S @ Spom-dependent factor, and
C is a constant.

Additionally, since the CLOUD submodel uses the value —35°C as temperature threshold
between the two cloud regimes, the original threshold of BN09 (which was —38°C) has been

converted to the value —35°C for consistency.
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Figure 3.2: Scheme of the new ice crystal formation in the CLOUD submodel. Red parts
are new (after the implementation of BN09); three dots indicate other processes coded in
CLOUD.
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Chapter 4

Model results and evaluation

The BN09 parameterization improves the ice nucleation representation in EMAC by taking
into account processes which were previously neglected by KL02 and LD06 (i.e. competition
for water vapour between homogeneous and heterogeneous nucleation, influence of polydisperse
aerosols, and PREICE). This chapter analyses the model performance obtained using BN09

in different cloud regimes in comparison with the EMAC standard configuration used so far.

The numerical experiments designed for this purpose are specified in Section 4.1. Section
4.2 describes the model results, while Section 4.3 presents the evaluation of the model. The

conclusions are given in Section 4.4.

4.1 Simulation setups

All the simulations have been performed at T42L31ECMWF resolution, which corresponds to
a spherical truncation of T42 (i.e. quadratic Gaussian grid of approximately 2.8° x 2.8°, in
latitude and longitude) and 31 vertical hybrid pressure levels up to 10 hPa (about 25 km), as
described in Section 2.1. The simulations are 6 years long (with a model time step of 20 mi-
nutes), and the last 5 years have been used for the analysis (the first year has been considered
spin-up time). Prescribed climatologies (30 years, from 1980 to 2009) of sea surface temper-
atures (SST) and sea-ice concentrations (SIC) from AMIP have been applied as boundary

conditions (Hurrell et al., 2008). Different databases have been used for the emissions.

e (Gas emissions.
Biomass burning emissions have been taken from GFEDv3.1 (van der Werf et al., 2010),
anthropogenic and aircraft emissions from CMIP5-RCP4.5 (Clarke et al., 2007), volcanic
emissions from AEROCOM (Dentener et al., 2006), and natural ammonia emissions from
GETA (Bouwman et al., 1997). Also, the emissions of halocarbons (Kerkweg et al., 2008),
dimethyl sulfide (Kettle et al., 1999), and methyl iodide (Bell et al., 2002) have been

used. Instead, soil-biogenic NOy and VOCs have been computed online.

e Acrosol emissions.

Like in Pozzer et al. (2012), mineral dust has been emitted offline using monthly emis-

55



56 Model results and evaluation

Ice nucleation schemes

Simulations
Cirrus regime Mixed-phase regime
KL+LD (DEF) | KL02: pure homogeneous nucleation
LDO06: immersion nucleation
BN+LD BNO09: competition and PREICE
KL+BN KLO02: pure homogeneous nucleation | BNQ09: immersion/condensation
BN+BN BNO09: competition and PREICE and deposition nucleation via P13

Table 4.1: Simulations analysed in this chapter. It must be remembered that contact nucle-
ation is always computed in the mixed-phase regime via LDO06.

sion files based on the AEROCOM data set. AEROCOM has been used for secondary
organic aerosol and sea salt emissions as well. GFEDv3.1 and CMIP5-RCP4.5 have been
employed for the emissions of black carbon and organic carbons with biomass burning
and anthropogenic origins, respectively. Aerosol climatologies have been also used for
heterogeneous chemistry (Aquila et al., 2011) and interactions with radiation (Tanre
et al., 1984).

Radiatively active species have been nudged following the CCMI recommendations (see Sub-
section 2.2.2).

Cloud droplet formation has been parameterized via the UAF scheme (see Section 2.3),
like in Karydis et al. (2017). Contact nucleation has been always computed according to LD06
(see Subsection 2.3.2). Among the INP parameterizations available in the BN0O9 code, the
P13 parameterization has been selected to simulate deposition and immersion/condensation

nucleation whenever BN09 is called (see Subsection 3.1.2).

In order to analyse the performance of the model using BN09 in different cloud regimes, four
numerical experiments have been carried out (Table 4.1). The default simulation (KL+LD
or DEF) is performed with the standard configuration of the EMAC model, i.e. using the
parameterizations KLO02 in the cirrus regime and LDO06 for immersion nucleation in the mixed-
phase regime. Other three simulations have been run in such a way that BN09 computes the
new ice crystals only in the cirrus regime (BN-+LD), only in the mixed-phase regime (KL-+BN),
and in both cloud regimes (BN-+BN).

Since LDO06 takes into account only dust and soot for immersion nucleation, the same
aerosol components have been considered also in P13, neglecting the potential contribution of

bioaerosols and organics.

4.2 Model results

4.2.1 Annual zonal means

The annual zonal means of ICNC and ice water content (IWC) are shown as functions of lati-

tude and pressure in Figure 4.1, where the isolines at 0°C and —35°C indicate the approximate
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bounds of the cirrus and mixed-phase regimes. ICNCs show similar patterns in all simulations
despite their different setups, indicating the important role of atmospheric dynamics. ICNCs
decrease towards lower altitudes (Figure 4.1a) because the ice nucleation rate reduces with
increasing temperature. They are much higher over the mid-latitudes in the NH because of
larger INP concentrations and the influence of big mountain chains, e.g. Rocky Mountains

and the Himalayas, which generate strong updraughts and so high relative humidities.

The relative changes show that the ICNCs computed using BN09 in the cirrus regime are
much lower (by ~ 60%) than the default case in the upper troposphere and at high latitudes
in the SH (Figure 4.1b). According to the absolute changes of ICNC annual zonal means
computed as functions of latitude and temperature (Figure A.1 in Appendix A.2), the ICNCs
in BN+ KL are lower than the default case at least by 100 L~! at temperatures below —50°C.
In particular, the globally averaged absolute changes reach a minimum of about —200 L~!
between —60°C and —70°C when comparing BN+LD with KL+LD (Figure A.1, last row in
Appendix A.2). It has been demonstrated that homogeneous nucleation dominates in the
upper troposphere in the tropics and in the SH (Haag et al., 2003; Liu et al., 2012; Bara-
hona et al., 2017), while heterogeneous nucleation is important in the NH (Liu et al., 2012;
Kuebbeler et al., 2014; Storelvmo and Tan, 2015; Shi et al., 2015; Gasparini and Lohmann,
2016; Barahona et al., 2017) where cirrus clouds are originated by a combination of homoge-
neous and heterogeneous nucleation processes. As BNO8 and KL02 produce similar orders of
magnitude of ICNCs (Barahona and Nenes, 2008), the negative bias in Figure 4.1b is likely due
to the newly-introduced PREICE (see Section 3.2). Interestingly, ICNCs at lower altitudes
are also influenced by the ice nucleation parameterization used in the cirrus regime. In fact,
there is an increase of ICNCs due to a faster sedimentation of the larger ice crystals produced
by BN09 in cirrus clouds, especially in the NH where there are larger sources of INPs. In the
mixed-phase, the changes are very small (mostly within £20%). Overall, the total ICNC in
BN+LD globally decreases in comparison with KL+LD.

The ICNC changes obtained by comparing KL+BN with KL+LD (Figure 4.1c) are espe-
cially evident in the NH (more than 40%). As P13 produces fewer new ice crystals than LD06
(as remarked in Subsection 3.1.2), the positive biases in the mixed-phase regime are likely due
to influences from the cirrus regime (e.g. ice crystal sedimentation) and convective detrain-
ment. Overall, changing the nucleation scheme in the mixed-phase regime produces smaller
deviations (mostly within +£20%) than replacing BN09 with KL02 in the cirrus regime. Possi-
bly, the rates of new ICs formed via heterogeneous nucleation in the mixed-phase regime are
masked by other processes (e.g. sedimentation) which also influence ICNCs in this regime (this
will be discussed in Chapter 7). Finally, the simulation using BN09 in both regimes combines
the effects described so far (Figure 4.1d).

The ICNC seasonal zonal means for summer (June-July-August, JJA) and winter (December-
January-February, DJF) have been also computed (Figure 4.2). The seasonal analysis helps
us to associate the ICNCs to the corresponding cloud regimes, as the ICNC patterns better

follow the isotherms.
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Figure 4.1: Annual zonal means of (grid-averaged) ICNCs and non-precipitable IWC for the
default simulation KL+LD and the relative percentage changes of BN+LD, KL+BN, and
BN-+BN with respect to it (i.e. (test—DEF)/DEF-100), computed where ICNCPEF > 1 =1
and IWCPFF > 0.1 mg kg™!.
crossed pattern indicates areas with a significance level of 95%.

The isotherms at 0°C and —35°C are annual means; the
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Figure 4.2: Seasonal (summer-left and winter-right) zonal means of (grid-averaged) ICNCs
for the default simulation KL+LD. The isotherms at 0°C and —35°C are seasonal means.

The IWC pattern (Figure 4.1le) qualitatively follows the ICNC distribution. It is quite
symmetrical between the two hemispheres except at high latitudes in the NH, where IWC is
slightly higher because of the higher values of ICNC. Particularly, IWC exhibits three local
maxima: two over the mid-latitudes in both hemispheres and one in the tropics, associated to
storm tracks and deep convections, respectively (Li et al., 2012), in agreement with satellite
observations (e.g. Waliser et al., 2009; Li et al., 2012). The IWC relative changes in Figure
4.1f show a pattern very similar to Figure 4.1b, therefore, IWC decreases where ICNC reduces
(and vice versa) when BN09 is used in the cirrus regime. On the other hand, IWC in KL+BN
is slightly reduced (up to 20%) in the mixed-phase regime in areas where ICNC increases,
especially in the NH at high latitudes (Figure 4.1g), due to the different size of ice crystals.
However, the areas with significant differences are rather small. Finally, BN+BN in Figure
4.1h simulates an overall reduction of IWC, except in the three areas with higher values of
IWC described for Figure 4.1e.

4.2.2 Global distributions

Figure 4.3 shows the global distributions of ICNC annual means at two different altitudes:
200 hPa (where temperatures vary between —75°C and —55°C) to represent the cirrus regime
and 600 hPa (where temperatures are approximately between —35°C and —15°C) to represent

the mixed-phase regime.

ICNCs in the cirrus regime (Figure 4.3a) present high values over land in correspondence
with mountainous regions, e.g. the Rocky Mountains, Andes, and Tibetan Plateau with I[CNCs
> 500 L~!. Such a pattern is strongly related to the turbulent contribution of the vertical
velocity (i.e. wgyp) and in agreement with Gryspeerdt et al. (2018a), who detected in these
areas mostly orographic cirrus clouds. Figure 4.3a also shows higher ICNCs around the edge
of the Antarctic ice sheet and over those regions which experience a strong convective activity,
i.e. the Inter Tropical Convergence Zone (ITCZ) and the Tropical Warm Pool (TWP), as
observed in Sourdeval et al. (2018). The annual global mean of ICNC at 200 hPa is about
200 L' (~ 390 Lt over land and ~ 124 L~! over ocean). The fact that concentrations
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are higher over continents (~ 48 - 108 m~2), where vertical updrafts are stronger and aerosol
concentrations more abundant, than over oceans (~ 11 -10%® m~2) is also confirmed by the
vertically integrated ice crystal number concentrations (ICNCpyrden, Figure A.2 in Appendix
A2).

The ICNC relative changes clearly show that BN09 used in the cirrus regime (Figure 4.3b)
reduces ICNC (up to 60%) worldwide with respect to the default experiment, and the ICNC
annual global mean drops to 137 L=! (i.e. more than 30%). Such a reduction is probably
due to the PREICE and possibly to the differences between BNhom and KL02. Nevertheless,
there are some positive biases along the ITCZ and over the TWP area. As the concentrations
of new ice crystals produced by BN(09 are not particularly remarkable in these regions (not
shown), convective detrainment is likely to play a role. Indeed, there is a certain response of the
convective activity to the choice of the ice nucleation scheme used in the cirrus regime. On the
contrary, KL+BN is characterised by a general increase of ICNC (Figure 4.3¢). However, most
of the areas with strong positive changes (larger than 60%) correspond to regions characterised
by low ICNC (< 30 L~1), thus, the annual global mean increases just up to 218 L= (i.e. +9%).

At 600 hPa, ICNCs increase towards high latitudes, in particular over Greenland (up to
2000 L=1) and Antarctica (mostly > 2000 L) (Figure 4.3e). It must be said that, due to
the very low temperatures in the latter region, even at 600 hPa the conditions are typical of
the cirrus regime, and the high ICNCs can be related to the high values of both wg,, and
S;. Gryspeerdt et al. (2018a) found that cirrus clouds over Antarctica have primarily synop-
tic origin and partially orographic origin. Differently from Figure 4.3e, observations do not
present such a high peak of ICNC over Antarctica (Gryspeerdt et al., 2018b; Sourdeval et al.,
2018). The ICNC annual global mean is about 53 L™, which means about one quarter of the
global mean computed at 200 hPa for KL+LD. Figure 4.3f confirms what already noticed in
Figure 4.1b, that is the ice nucleation scheme used in the cirrus regime affects the ICNC in the
mixed-phase regime, predicting higher ICNCs especially in the NH. Nevertheless, the largest
differences occur in areas where ICNCs are very low, and the annual global mean actually
decreases to 47 L~! because of the negative contributions in the SH. Figure 4.3g also shows
strong positive biases, but ICNCs do not change globally (52 L~!). Thus, we can reiterate
that the ICNC is more sensitive to ice nucleation scheme changes in the cirrus regime than in

the mixed-phase regime.

IWC at 200 hPa and 600 hPa (Figure 4.4) present patterns qualitatively similar to the
ICNCs at the corresponding pressures. Nevertheless, high IWC values (> 10 mg kg™!) at
200 hPa are evident over the TWP, where ICNCs are not particularly high. This is probably
caused by the larger radius of ice crystals simulated in this area. The relative changes of IWC
with respect to the default simulation (Figure A.3 in Appendix A.2) approximately follow the

changes obtained for ICNC, i.e. IWC reduces where ICNC decreases and vice versa.
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Figure 4.3: Annual means of (grid-averaged) ICNCs at 200 hPa and 600 hPa for the default
simulation KL+LD and the relative percentage changes of BN+LD, KL+BN, and BN+BN
with respect to it (i.e. (test — DEF)/DEF - 100), computed where ICNCPEF > 1 L,=1. The
crossed pattern indicates areas with a significance level of 95%.
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Figure 4.4: Annual means of (grid-averaged) IWC at 200 hPa and 600 hPa for the default
simulation KL+LD.

4.3 Comparisons with observations

4.3.1 Annual global means

Table 4.2 shows an overview of the annual global means of cloud microphysical variables and
radiative fluxes computed with the model results and satellite observations; the percentage

changes with respect to the default simulation are also included.

ICNCpyrden changes considerably depending on the ice scheme used in the cirrus regime.
When BN09 operates in the cirrus regime, ICNCpygen decreases by 10% due to the compe-
tition between homogeneous and heterogeneous nucleation and the PREICE (a similar result
has been found also by Liu et al., 2012, Kuebbeler et al., 2014, and Shi et al., 2015). On
the other hand, ICNCyyrden increases by almost 7% when BNOQ9 is used in the mixed-phase
regime, probably because of sedimentation from cirrus clouds and convective detrainment (as
remarked in Subsection 4.2.1). On a large scale, these effects offset each other in BN-+BN,
where the annual global mean is basically unchanged with respect to the default simulation.
Overall, the ICNCypyden values are very close to the annual global means found by Lohmann
et al. (2008) and Kuebbeler et al. (2014), while they are one order of magnitude higher com-
pared to the results of Wang and Penner (2010) and Shi et al. (2015). ICNChurden,cirri and
ICNCpurden,mixed are vertically integrated ICNCs in the cirrus regime and in the mixed-phase
regime, respectively. It is interesting to see quantitatively the different contributions to the
total ICNCpyrden: ICNCs in the cirrus regime are about 6 times larger than the ICNCs in the
mixed-phase regime when KL02 is used and about 5 times when BN09 is applied in the cirrus
regime. In general, the variability of ICNC increases when BN09 is used. Vertically integrated
cloud droplet number concentrations (CDNCpyden) are basically not influenced by the choice
of the ice nucleation scheme. The values are comparable with previous modelling studies (e.g.
Lohmann et al., 2007b; Hoose et al., 2008a; Salzmann et al., 2010; Wang and Penner, 2010;
Kuebbeler et al., 2014; Shi et al., 2015) and observations, although satellite observations are
still affected by strong uncertainties (Bennartz and Rausch, 2017).

The ice water path (IWP) decreases by almost 7% when BN(9 is used in the cirrus regime,

similarly to what has been found in Kuebbeler et al. (2014), who compared simulations as-
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suming pure homogeneous nucleation against simulations including water vapour competition.
Overall, the EMAC underestimates the IWP, also found in other studies that applied the same
GCM (e.g. Lohmann et al., 2008; Lohmann and Hoose, 2009; Kuebbeler et al., 2014; Gasparini
et al., 2018). However, there are still large discrepancies among observational data sets which
make problematic the validation of the models (Duncan and Eriksson, 2018). The liquid water
path (LWP) estimates derived from satellite observations vary substantially, between 23 g m~2
and 87 ¢ m~2 (Liu et al., 2012; Han et al., 1994), and the model results lie within this range.

The LWP variations among the experiments are much smaller than the IWP variations.

The absolute values of the shortwave cloud radiative effect (SCRE) and longwave cloud
radiative effect (LCRE) are higher than those derived from satellite data, especially when
KLO02 is employed in the cirrus regime. However, when the net cloud radiative effect (NCRE)
is computed, the simulations using KL02 in the cirrus regime are closer to the observations.
It is evident that the cloud radiative effects are sensitive to the ice nucleation scheme used for
cirrus clouds. Indeed, SCRE with in BN+LD becomes weaker (more than 5%) because of the
less efficient scattering of shortwave radiation by fewer and larger crystals. More importantly,
LCRE decreases up to 15% because cirrus clouds, at the same, can trap less longwave radiation
in the Earth-atmosphere system. As a result, NCRE becomes more negative using BN09 in the
cirrus regime, with statistically significance over some areas in the tropics and high latitudes

(Figure A4 in Appendix A.2), so the cooling effect is enhanced.

The total cloud cover (TCC) is slightly overestimated by the model (likely explaining why
the cloud radiative forcing is high despite IWP being half of the observed values). The changes
with respect to the default simulation are very low (below 2%). The largest one is in BN+LD,
where TCC reduces by 1.39% since the larger IC radii produced by BN09 in comparison with
KLO02 lead to higher sedimentation rates.

Finally, the model tends to overestimate the total precipitation (Pyot), i.e. the sum of large
scale and convective precipitations, but this has also been found with other global models (e.g.
Barahona et al. (2014) with GEOS-5, Shi et al. (2015) with CAM5, and Lohmann et al. (2008)
and Kuebbeler et al. (2014) with ECHAM-HAM as well). When BN09 is used in the cirrus
regime, Pyt grows by 4% especially because of the increase of the convective precipitation,
due to some feedback mechanisms on the convective activity generated by the different ice

nucleation schemes used, as mentioned in Subsection 4.2.2.

Overall, the model performs well with respect to the observations and literature. Mostly,
the experiments do not yield evident differences among each other at the global scale, as
regional variations may cancel out. In particular, the simulations using the same ice nucleation
scheme in the cirrus regime are very close to each other, i.e. KL+LD and KL+BN, and
BN+LD and BN+BN (Figure A.5 in Appendix A.2). However, there are clear effects on
SCRE and LCRE from changing the ice nucleation scheme for cirrus clouds. As there is
not a clear indication which simulation performs better, a statistical comparison with aircraft

measurements has been performed in the next subsection.
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Figure 4.5: In-cloud ice crystal number concentrations versus temperature. Medians
are computed for model results (using daily means between 25°S and 75°N, masking
ICNCiy_cloud < 0.1 L71, i.e. the minimum observed value) and observations, for each tem-
perature bin of 1°C. Darker gray/red colours indicate the observations/BN+BN between the
25th and 75th percentiles, while lighter gray/red colours indicate the observations/BN+BN
between the 5th and 95th. (Left) Cirrus regime: the modelled medians are computed approx-
imately in the range of 4 — 20 km height; the observations come from the JULIA database
by Kramer (personal communication). (Right) Mixed-phase regime: the modelled medians
are computed approximately in the range of 0 — 20 km height; the observations belong to
the projects WISP-94 (solid line) and ICE-L (dashed line) and concern INP concentrations.

4.3.2 Comparison with aircraft measurements

The validation of climate models with in-situ measurements is always limited by the fact that
observations are restricted in time and in space and the models have difficulties to capture
individual meteorological events. Nevertheless, a large collection of aircraft measurements has
been used here for the comparison with modelled in-cloud ICNC (ICNC;,_clouq) in the cirrus
regime. The measurements belong to the JULTA database by Krdmer (personal communica-
tion) and were collected in 15 years, between 1999 and 2014. 18 field campaigns (in total, 113
flights with about 127 hours in cirrus clouds) covered Europe, Australia, Africa, Seychelles,
Brazil, USA, Costa Rica, and tropical Pacific between 25°S and 75°N in the temperature range
of —88°C + —30°C. Instead, only two data sets of flight measurements over North America
have been used in the mixed-phase regime. The data sets come from the projects Winter Icing
Storms Project (WISP-94, 2011) and Ice in Clouds Experiment-Layer Clouds (ICE-L, 2011),
which consider about 99 and 46 flight hours, respectively.

Figure 4.5 (left) highlights, once again, the similarities between the simulations using the
same ice nucleation scheme in the cirrus regime. For most of the temperature range, the
simulations which use KL02 in the cirrus regime overestimate the observed ICNCs (although
they mostly remain below the 75th percentile). The overestimation of ICNCs is common to
other modelling studies (e.g. Wang and Penner, 2010; Liu et al., 2012; Shi et al., 2015) and
especially in cold cirrus clouds (at T' < —68°C).
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On the other hand, the simulations which use BN09 in the cirrus regime are very close to
the observations at temperatures below —73°C and between —53°C and —43°C, while they
underestimate ICNCs between —73°C and —53°C. In this temperature range the simulations
can exceed the observed 25th percentile (although remaining within the 5th percentile), likely
because of an overestimation of the water vapour competition effect and the PREICE. Bara-
hona et al. (2010) showed that the competition between the ice nucleation mechanisms is
small using P13. Also, Liu et al. (2012) found that BN09 (using PDA08 for heterogeneous
nucleation) and BNhom produced very similar results in the cirrus regime, suggesting that the
water vapour competition was small because of the few ice crystals formed heterogeneously.
Thus, the PREICE is the process which is likely overestimated in BN+LD and BN+BN.

Overall, BN-+LD and BN+BN always predict lower ICNCs at temperatures below —43°C
in comparison with the other two simulations, as expected because of the water vapour compe-
tition and the PREICE. All four simulations overestimate the ICNC by one order of magnitude
in the temperature range —43°C + — 33°C.

Interestingly, the modelled ICNCs in Figure 4.5 (left) do not show any particular trend
with respect to temperature, like Kuebbeler et al. (2014) who also used ECHAMS5 for the at-
mospheric dynamics. Disagreeing, other studies found that ICNCs are inversely proportional
with temperature, e.g. Liu et al. (2012) and Shi et al. (2015) with CAM5 (using both the
ice nucleation scheme of Liu and Penner (2005) and BN09) and Barahona et al. (2010) with
GEOS-5 and BN09. Such distinct behaviours are likely derived from the wide model vari-
abilities in reproducing subgrid-scale processes, like vertical velocity, which play a role in ice

nucleation.

Figure 4.5 (right) shows the modelled ICNCjy,_¢jouq in the mixed-phase regime, considering
the same latitudes as the case before (i.e. 25°S — 75°N). The simulations do not show significant
differences among each other. The distinctive features are the ICNC decrease with increasing
temperatures and a positive “bulge” between —8°C and —3°C caused by the secondary ice
production (i.e. rime splintering). The modelled ICNCs are in quite good agreement with the
two data sets of flight measurements. It is important to stress that this comparison is less
accurate than the previous one because the observations here are much more limited both in
time and in space than the extensive observational database used for the cirrus regime. It
should be also noted that the measurements actually concern INPs. When the INP number
is not high enough to deplete the ambient supersaturation, INP concentrations and ICNCs
can correspond, however, it is well known that the two concentrations show discrepancies with
increasing temperature because of the secondary ice formation (see Subsection 1.1.1). Fur-
thermore, ICNCs in Figure 4.5 (right) are in good agreement with the results of Heymsfield
et al. (2013), also based on flight campaigns. They found that ICNCs decrease as temperature

increases and are within the range 5 — 50 L™! in the mixed-phase regime.

Besides the flight measurements, the recent ICNC retrievals from lidar-radar satellite mea-

surements (e.g. Sourdeval et al., 2018; Gryspeerdt et al., 2018b) must be considered. In par-
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ticular, Gryspeerdt et al. (2018b) analysed the behaviour of ICNCs within clouds as a function
of temperature. Differently from Figure 4.5 (left), they showed that there is a weak tempera-
ture dependence of ICNC, which increases with decreasing temperature. On the other hand,
similarly to Figure 4.5, they found a small increase of ICNC around —5°C and, interestingly,
a small peak at about —40°C due to orographic and frontal regimes, which could explain the
higher modelled ICNCs obtained between —45°C and —35°C.

4.4 Summary and discussion

In this chapter, three simulations have been run using the newly-implemented BN09 param-
eterization in the cirrus and/or in the mixed-phase regimes and have been compared with
the default simulation obtained with the standard configuration of EMAC. Additionally, the

model results have been compared with observations.

The main effect resulted from the application of BN09 is a strong reduction of the ICNCs
in the upper troposphere (at temperatures below —50°C) when BN(9 operates in the cirrus
regime. ICNCs reduce by up to 300 L~! (i.e. more than 60%) with respect to the default
case. Such reduction is ascribed to the water vapour competition between homogeneous and
heterogeneous nucleation and, more likely, to the PREICE (this will be proved in the next
chapter). By contrast, when BN(09 operates in the mixed-phase regime, ICNCs slightly in-
crease, especially in the NH. Nevertheless, the increment is mostly limited to 10 L™! (i.e. 20%)
and is probably due to influences from cirrus clouds (e.g. ice crystal sedimentation) and con-
vective detrainment, as P13 actually produces fewer new ice crystals than LD06 (as remarked
in Subsection 3.1.2).

In general, we found that changing the ice nucleation scheme in the cirrus regime generates
larger differences of ICNC and IWC than changing the parameterization in the mixed-phase
regime. Interestingly, it has been observed a certain dependence of ICNC and IWC in the
mixed-phase regime on the parameterization used in the cirrus regime, likely due to a faster

sedimentation of the larger ice crystals produced by BN09 in cirrus clouds at higher altitudes.

Overall, the model results agree well with global observations and the literature data. The
comparison made with a large collection of flight measurements in the cirrus regime (i.e. the
JULIA database) has pointed out that ICNCs are overestimated when KL02 is applied. The
simulations using BN09 in the cirrus regime well agree with the observations in cold cirrus
clouds, however, the PREICE is overestimated causing an underestimation of ICNCs between
—73°C and —53°C. In the mixed-phase regime, the simulations are between the observations
taken from two airfcraft campaigns (from the projects WISP-94 and ICE-L) and are compa-
rable with other databases in the literature (e.g. Heymsfield et al., 2013). Additionally, the
ICNC seasonal zonal means (Figure 4.2) and the ICNC profiles against temperature (Figure
4.5) are qualitatively in agreement with the ICNCs recently retrieved from the DARDAR data
set by Sourdeval et al. (2018) and Gryspeerdt et al. (2018b).
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Model results and evaluation

As BNO09 takes into account processes which were previously neglected by the standard
version of the model (i.e. competition for water vapour between the ice nucleation mech-
anisms, influence of polydisperse aerosols, and PREICE), without additional computational
resources, its application is recommended for EMAC simulations. Among the INP parameter-
izations available in BNQ9, the selection of P13 is preferred since it simulates both deposition
and immersion/condensation nucleation modes and incorporates the ice-nucleating ability of
different aerosol types, i.e. dust, soot, bioaerosols, and glassy organics (their influence on
heterogeneous nucleation will be discussed in Chapter 6). Therefore, the new configuration
BN+BN makes the EMAC model one of the few GCMs which take into account the complexity

of ice nucleation in a detailed manner.



Chapter 5

Competition for water vapour in cold

clouds

This chapter analyses the competition for water vapour between homogeneous and heteroge-
neous nucleation and the effect of pre-existing ice crystals. These processes have been already
studied by means of different GCMs, for instance, Kuebbeler et al. (2014) used ECHAMS5-
HAM with the parameterization of Karcher et al. (2006), Barahona et al. (2014) used GEOS-5
and BN09 (with the CNT), and Shi et al. (2015) used CAM5 and BN09 (with the CNT) or the
ice nucleation schemes of Kéarcher et al. (2006) and Liu and Penner (2005). Now, thanks to
the new configuration BN+BN, the competition for water vapour between the ice nucleation
mechanisms and the water vapour depletion by pre-existing ice crystals can be investigated
also by means of the EMAC model.

The simulations used in this chapter are described in Section 5.1, their analysis is presented

in Section 5.2, while Section 5.3 contains the final discussion of the results.

5.1 Simulation setups

The simulations designed for the analysis of the water vapour competition between the ice nu-
cleation mechanisms and the PREICE apply the new configuration BN+BN, as recommended
in Section 4.4. Four numerical experiments have been performed (Table 5.1). The simulation
which includes homogeneous nucleation, heterogeneous nucleation, their competition for water
vapour, and the PREICE is named PRECOM and represents the state-of-the-art case. The
simulation neglecting the PREICE is named COMP, the HOM simulation assumes pure ho-
mogeneous nucleation in the cirrus regime, while HET assumes pure heterogeneous nucleation
in the cirrus regime. The simulations have been run for 6 years, and the last 5 years have been

used for the analysis (the first year has been considered spin-up time).

Differently from the simulations of Chapter 4, the simulations of Table 5.1 consider all the
aerosol groups of P13 (i.e. DU, BC, OC, and BIO) for immersion/condensation and deposition

nucleation. As this chapter considers only the total ICs produced via heterogeneous nucleation,
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Ice nucleation schemes
Simulations
Cirrus regime ‘ Mixed-phase regime
HET P13 (i.e. pure heterogeneous nucleation) P13
HOM BNO8 (i.e. pure homogeneous nucleation) P13
CcoMP BNO9 (i.e. water vapour competition) P13
PRECOM BN09 with the PREICE P13

Table 5.1: Simulations analysed in this chapter. It must be remembered that contact nucle-
ation is always computed in the mixed-phase regime via LD06.

the description of the bioaerosol emissions is included in the next chapter, which instead focuses
on the individual contributions of aerosol components to heterogeneous nucleation. Moreover,
it must be mentioned that the mean of the Gaussian probability density function of updraught
velocities in equation 3.2 has been changed in the BN(09 algorithm used for the simulations

L (see

of Table 5.1. While the mean was previously assumed constant, fixed at 0.1 cm s~
Subsection 3.1.1), it is now equal to the grid-mean vertical velocity resolved by the model (i.e.

w).

5.2 Model results

5.2.1 In-cloud ICNCs

The annual zonal means of in-cloud ICNCs computed for the COMP simulation and the
absolute changes with respect to the other three simulations are presented in Figure 5.1. The
annual zonal means (Figure 5.1a) show a pattern similar to the one already observed in Figure
4.1a. By comparing the simulations PRECOM and COMP (Figure 5.1b), it is evident that
the PREICE has a significant impact in the cirrus regime, as found in Barahona et al. (2014),
Kuebbeler et al. (2014), Shi et al. (2015), and Zhou et al. (2016). In fact, ICNCs are reduced
by more than 100 L~ (i.e. > 60%) in the upper troposphere and at high latitudes, confirming
what found in Section 4.2. Differently, the PREICE has a minor effect on ICNCs in the mixed-
phase regime, mostly varying within 10 L=! (Figure 5.1b). Indeed, the PREICE significantly
reduces the formation of new ICs from homogeneous nucleation but decreases only slightly the
production of new ICs from heterogeneous nucleation (Shi et al., 2015). The ICNC increment
in the NH is likely due to different feedback mechanisms generated in the two simulations,
PRECOM and COMP, rather than being a direct influence of the PREICE.

There are no evident changes between HOM and COMP (Figure 5.1c), meaning that het-
erogeneous nucleation in COMP rarely inhibits homogeneous nucleation, like observed by Liu
et al. (2012), Kuebbeler et al. (2014) and Zhou et al. (2016). By contrast, the comparison
between HET and COMP (Figure 5.1d) shows wide and significant negative biases in the
upper troposphere and at high latitudes. The strong ICNC reduction proves the important

role of homogeneous nucleation in producing new ICs in COMP. Thus, it can be inferred that
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Figure 5.1: Annual zonal means of ICNC;,,_cjouq for the simulation COMP and the absolute
changes of PRECOM, HOM, and HET with respect to it. The number on the top right of
the plot is the global mean (in L™1!); the isotherms at 0°C and —35°C are annual means;

the crossed pattern indicates areas with a significance level of 95%.

homogeneous nucleation is the dominant ice nucleation mechanism in simulations applying the
BN-+BN configuration, in line with Haag et al. (2003), Heymsfield et al. (2013), Spichtinger
and Kramer (2013), Gettelman et al. (2012), and Barahona et al. (2014).

In-cloud ICNCs have been also presented as functions of temperature in Figure 5.2. These
results are not directly comparable with the ones in Figure 4.5 because the former are medians
computed with 5-hour means (and not with daily means which can smooth the profiles) and
include the latitudes from 90°S to 90°N (and not only the interval 25°S-75°N). Furthermore,
the simulations in Figure 5.2 include the effects due to the change of the mean value considered
for the Gaussian distribution of updraught velocities from 0.1 cm s™! to @, as described in
Section 5.1.

The profiles in the cirrus regime (Figure 5.2, left) corroborate the previous observations.
The PREICE causes a continuous reduction of ICNC, so that the concentrations in PRECOM
are constantly lower than in COMP, like in Barahona et al. (2014). This is also in line with
the studies of Shi et al. (2015) and Zhou et al. (2016), although their simulations excluding
the PREICE gave much higher ICNCs (close to 103 L™!) than COMP, and the difference with

the simulations including the PREICE was more pronounced (up to a factor of 10).

The weak role of the water vapour competition between homogeneous and heterogeneous
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Figure 5.2: In-cloud ice crystal number concentrations versus temperature. Medians
for model results are computed using 5-hour means between 90°S and 90°N, masking
ICNCiy_cloud < 0.1 L™, for each temperature bin of 1°C. Darker gray/red colours indicate
the observations/PRECOM between the 25th and 75th percentiles, while lighter gray/red
colours indicate the observations/PRECOM between the 5th and 95th. (Left) Cirrus regime:
the modelled medians are computed approximately in the range of 4 — 20 km height; the
observations come from the JULIA database by Krédmer (personal communication). (Right)
Mixed-phase regime: the modelled medians are computed approximately in the range of
0 — 20 km height; the observations belong to the projects WISP-94 (solid line) and ICE-L
(dashed line) and concern INP concentrations.

nucleation is confirmed by the fact that the profiles associated to COMP and HOM overlap
along the all temperature interval (like in Zhou et al., 2016).

The in-cloud ICNC profile predicted by HET is the one which detaches the most from the
other profiles. The concentrations are very low in cold cirrus clouds (at T' < —68°C), between
0.2 and 0.4 L=, i.e. about two orders of magnitude lower than the ICNCs resulting from the
other simulations. Then, the concentrations undergo a big increase up to values even higher
than the ones predicted by the other simulations. The difference between HET and COMP
at low temperatures definitely highlights the predominance of homogeneous nucleation over
heterogeneous nucleation, associated to very high altitudes (below 350 hPa, see Figure A.6 in
Appendix A.3) or polar latitudes (see Figure 5.1d). It has to be noted the unexpected high
concentrations at 7' > —68°C, despite the lower formation of new ICs in HET (see Figure 5.3,
last row). Therefore, other sources of ICs are responsible for the high ITCNCs. The analysis of
the tendencies of the physical processes in COMP and HET (not shown) points out that the
instantaneous freezing and convective detrainment, two important sources of ICs (as explained
in Chapter 7), are more important in HET than in COMP at pressures higher than 350 hPa.

In the mixed-phase regime (Figure 5.2, right), the simulations HOM, COMP, and PRE-
COM generate similar ICNCs, although it can be inferred a weak influence of the PREICE in
the ICNCs predicted by PRECOM. Also in this regime, the ICNCs of HET are the highest
(at least until 7' < —10°C).
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5.2.2 Newly-formed ice crystals

In order to focus on the concentrations of the new ICs produced via the ice nucleation mecha-
nisms, the next analysis concerns only the products of the BN09 parameterization rather than
the ICNCs, which are the result of various processes (e.g. entrainment, sedimentation, aggre-

gation, etc.) besides ice nucleation. As defined in Chapter 3, N; pon, is the result of BNhom
NEW

in the cirrus regime, while Nj p¢¢ (or Niimm

) is the product of P13 in both cloud regimes.

We emphasise the fact that contact nucleation is not investigated in this thesis. This nu-

cleation mode is computed via LD06 in all simulations and does not show differences in the

: NEW
Le. Nicpe

mentioned that the concentrations N}\ngv are larger than N

(see Njpet in Figure 5.3). The results in the literature concerning the contributions of dif-

production of new ICs ( see Figure A.7 in Appendix A.3). Nevertheless, it can be

NEW

iimm DY one order of magnitude
ferent heterogeneous nucleation modes are still controversial. For instance, Yun and Penner
(2012) showed that immersion/condensation/deposition nucleation was the dominant process
in comparison with contact nucleation, using PDA08 to simulate both mechanisms. However,
by using the parameterization of Young (1974) for contact nucleation within the same GCM
(CAM3-IMPACT), contact nucleation was the dominant mode.

The concentrations per integration time of the newly-produced ICs via homogeneous and
heterogeneous nucleation are shown in Figure 5.3. N, (where the superscript * indicates
the ratio over the integration time) shows two relative maxima between 30°and 40° in both
hemispheres, around 800 hPa. These maxima are probably due to the higher values of wg, in
these locations (Figure A.8 in Appendix A.3) and were already observed by Liu et al. (2012).
N;fh . 1s characterised by concentrations higher in the NH than in SH, as expected because of

higher INP emissions (as in Hoose et al., 2010b; Yun and Penner, 2012; Liu et al., 2012), and in

the upper troposphere (as in Barahona et al., 2010). In all simulations, N;h om

is higher than
N} by several order of magnitudes (like in Hendricks et al., 2011; Barahona et al., 2010), up
to 102 in the tropics at high altitudes and up to 10% in the SH at high latitudes. Nevertheless,
it must be stressed that N;het is highly variable according to the INP parameterization used
(Barahona et al., 2010; Sullivan et al., 2016).

As already noted, the PREICE strongly limits the formation of new ICs via homogeneous
nucleation in the entire cirrus regime (Figures 5.3a vs. 5.3¢), up to one order of magnitude
in some areas. On the other hand, the production of new ICs via heterogeneous nucleation is
weakly influenced by the PREICE (Figures 5.3b vs. 5.3d). Nevertheless, the PREICE seems
to have some effects on N7, ., in the cirrus regime (see the relative changes in Figure A.9, in
Appendix A.3). It determines a small reduction of N{per at high latitudes in the NH, where
ICs mostly derive from dust and black carbon (as it will be shown in Chapter 6), and a small
increment near the tropopause, where ICs have organic origin (see Chapter 6).
in COMP (Figure 5.3c) and HOM (Figure 5.3e) are very sim-

ilar, confirming the fact that the competition between the ice nucleation mechanisms does

: *
The concentrations Ni’h om

not have significant effects. By contrast, the concentrations N/, ., in HET (Figure 5.3h) are
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Figure 5.3: Annual zonal means of the new ICs (in L™! per integration time) produced
via homogeneous nucleation (left) and heterogeneous nucleation (right), for the simulations
PRECOM, COMP, HOM, and HET. The numbers on the top right of the plots are global
means (in L~! per integration time); the isotherms at 0°C and —35°C are annual means.
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Figure 5.4: Percentage contributions of the new ICs formed heterogeneously to the to-
tal new ICs in the cirrus regime, for the simulations PRECOM (left) and COMP (right).
N, ., and N}

i het +hom have been masked for 7' > —35°C in the original 5-hour means; the ratio
[N;het /(N et + N hom) - 100} has been computed and then averaged over time and longi-
tude. The numbers on the top right of the plots are global means (in %); the isotherms at

0°C and —35°C are annual means.

clearly higher (twice globally) than the concentrations in COMP (Figure 5.3d). Indeed, being
homogeneous nucleation excluded in HET, more water vapour is available for ice nucleation
from INPs. N[, in the cirrus regime in HOM and N7,

(Figures 5.3f and 5.3g).

in HET are zero by definition

Finally, the percentage contribution of heterogeneous nucleation in the cirrus regime has
been computed for the simulations PRECOM and COMP (Figure 5.4). The results show
that, globally, about 30% of the total new ICs are formed via immersion/condensation and
deposition nucleation. The same result was found by Barahona et al. (2014), who used GEOS-
5 and BNO9 (with P13) and showed that the global relative contribution of homogeneous
nucleation was about 70%. We observe that heterogeneous nucleation is more important in
the NH, as already noted in Figure 5.3 and by Liu et al. (2012), Barahona et al. (2014), and
Shi et al. (2015). Furthermore, it is visible that the heterogeneous nucleation contribution
is higher in PRECOM than in COMP. This is another prove of the fact that the PREICE
in PRECOM decreases significantly the homogeneous nucleation rates and only slightly the

heterogeneous nucleation rates (as remarked in the previous subsection).

5.3 Summary and discussion

The new configuration BN+BN has been applied in order to study the competition for water
vapour between homogeneous and heterogeneous nucleation and the water vapour depletion
by pre-existing ice crystals in EMAC. For these purposes, the in-cloud ICNCs and the con-
centrations of newly-formed ICs predicted by the four simulations PRECOM, COMP, HOM,
and HET (see Table 5.1) have been analysed.
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The results point out the important role of the PREICE and, at the same time, the weak
effect of the water vapour competition between the ice nucleation mechanisms. In line with
other model results (e.g. Kuebbeler et al., 2014; Shi et al., 2015; Zhou et al., 2016), we found
a significant reduction of new ICs produced via homogeneous nucleation because of the PRE-
ICE, causing a decrease in the ICNCi,_couq as well. By contrast, the PREICE has a very
small effect on the new 1Cs formed heterogeneously, especially in the mixed-phase regime. The
weak water vapour competition between homogeneous and heterogeneous implies that homo-
geneous nucleation is the dominant mechanism in cirrus clouds, as found by Liu et al. (2012),
Kuebbeler et al. (2014) and Zhou et al. (2016), and also during some flight campaigns (e.g.
Kramer et al., 2016; Voigt et al., 2017). These findings confirm the hypothesis that the main
cause of the ICNC reduction in BN+LD and BN+BN with respect to KL+LD and KL+BN
(Chapter 4) is the PREICE, rather than the water vapour competition.

Focusing on the newly-formed ICs (per integration time), we observed that N7, is higher
than N/}, ., by orders of magnitudes (up to 102 in the tropics at high altitudes and up to 10%
in the SH at high latitudes). N/ pet 1s characterised by higher concentrations in the NH
hemisphere, where INPs are more abundant, and also at very high altitudes (the analysis
concerning the contributions of different aerosol components to N:h . 1s presented in the next
chapter).

Similarly to Barahona et al. (2014), the global mean contribution of new the ICs formed
heterogeneously with respect to the total new ICs generated in the cirrus regime is ~ 32% in
COMP and slightly higher in PRECOM, because of the PREICE.

Finally, we found that the ICNCj,_¢jouq profile as a function of temperature (and pressure)
computed for HET constitutes a particular case. In fact, the concentrations are extremely low
(0.2—0.4 L™1) in cold cirrus clouds and higher than the ones predicted by the other simulations
at higher temperatures. It is possible that convective detrainment and instantaneous freezing,
two sources of ICs which result to be stronger in HET than in COMP, contribute to cause the

observed higher concentrations at relative higher subfreezing temperatures.



Chapter 6

Aerosol contributions on heterogeneous

nucleation

The analysis in this chapter focuses on the contributions of different aerosol types (dust,
black carbon, glassy organics, and bioaerosols) to immersion/condensation and deposition
nucleation. A large number of modelling studies have addressed the influence of aerosols on
ice nucleation. Mineral dust has been the most studied species (e.g. Liu et al., 2012; Kuebbeler
et al., 2014; Hendricks et al., 2011), as it is considered the most efficient INP, together with
black carbon (e.g. Lohmann and Hoose, 2009; Hendricks et al., 2011). Similarly to this thesis,
Barahona et al. (2014) took into account the contributions from dust, black carbon, and soluble
organics by using GEOS-5 with BN09 and P13, however, they did not simulate biological
aerosols. Hoose et al. (2010b) introduced an INP parameterization based on the CNT for the
three components dust, soot, and bioaerosols, which were differentiated in bacteria, fungal
spores, and pollen. To the best of our knowledge, there are no studies performed with GCMs
which include the simultaneous influence of four aerosol types and analyse their individual
contributions to heterogeneous ice nucleation. It must be also mentioned that, as far as we
know, this is the first time that the individual contribution of glassy organics to heterogeneous
nucleation is presented in relation to other aerosol components. In fact, Barahona et al. (2014)
studied the impact of OCs via P13 on global radiation, without considering the OC individual
contribution to ice nucleation, while Barahona et al. (2010) simulated the concentrations of
new ICs derived from OCs using the parameterization of Murray et al. (2010), which considers
only the OC component (neglecting DU, BC, and BIO).

By means of the simulation described in Section 6.1, the concentrations of new ice crystals
nucleated from dust, black carbon, glassy organics, and bioaerosols are investigated in Section

6.2. The discussion and the presentation of the final results are given in Section 6.3.

7
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6.1 Simulation setup

The simulation PRECOM described in Section 5.1 has been considered again in this chapter to
investigate the individual contributions to heterogeneous nucleation by the four aerosol groups
defined in the parameterization of Phillips et al. (2013), i.e. DU, BC, OC, and BIO. Actually,
PRECOM has been run for 11 years (instead of 6), so 10 years have been considered for the

analysis. The emissions of the four aerosol types are briefly described below.

e Dust is emitted offline using monthly emissions from AEROCOM (Dentener et al., 2006);

e Black carbon and organic compounds are emitted offline according to the GFEDv3.1
database (van der Werf et al., 2010) for the emissions of biomass burning and the CMIP5-
RCP4.5 database (Clarke et al., 2007) for the anthropogenic emissions;

e Bioaerosols are simulated online as passive tracers, i.e. they do not interact with other
aerosols, but their concentrations are influenced by processes such as dry deposition
and scavenging. They are divided in three species: bacteria, fungal spores, and pollen.
Bacteria are emitted using the constant best-estimate values from Burrows et al. (2009)
for different ecosystems, e.g. savanas, crops, and grasslands. Fungal spore emissions are
parameterized according to Heald and Spracklen (2009), while pollen emissions follow the
parameterization proposed by Jacobson and Streets (2009). These particles are assumed
to be spherical and monodisperse, with diameters of 1 ym for bacteria, 5 pm for fungal

spores, and 30 pum for pollen, like in Hoose et al. (2010b,a).

6.2 Model results

6.2.1 Aerosol groups

The P13 parameterization computes the concentrations of the new ICs heterogeneously de-
rived via immersion/condensation and deposition nucleation from DU, BC, OC, and BIO. In
PRECOM, DU is given by the sum of accumulation and coarse insoluble modes of mineral
dust, BC corresponds to the black carbon particles emitted from anthropogenic sources and
fires in the insoluble Aitken mode, OC is given by the sum of Aitken, accumulation and coarse

soluble modes, and BIO includes the insoluble bacteria, fungal spores, and pollen.

Figure 6.1 illustrates the annual zonal means of the number concentrations associated to
the four aerosol groups. Together with Figure A.10 (in Appendix A.4), it is clearly visible
that concentrations of DU and BC are higher in the NH, where deserts and anthropogenic
sources are more extended, than in the SI. The highest values of DU between 10°N and 30°N
are mainly caused by the emissions from the Sahara (Figure A.10 in Appendix A.4). The
concentrations of OC are the highest in the upper troposphere due to the abundant presence of
OCs in the Aitken mode, while OCs in the accumulation (and coarse) mode are more numerous
at lower altitudes (Figure A.11 in Appendix A.4). The zonal means of DU, BC, and OC are
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Figure 6.1: Annual zonal means of number concentrations of dust, black carbon, soluble
organics, and bioaerosols. The numbers on the top right of the plots are global means (in
cm™3); the isotherms at 0°C and —35°C are annual means.

well comparable with the concentrations simulated, for instance, by Yun and Penner (2012),
although their OC concentrations do not show a local maximum in the upper troposphere
like Figure 6.1. Globally, BIO concentrations are lower than BC concentrations by a factor
of 1000 and are higher in the NH, like DU and BC. The concentrations of each bioaerosol
species (Figure A.12 in Appendix A.4) are comparable with the concentrations simulated in
Hoose et al. (2010b,a). Bacteria are the most numerous bioaerosols: they are more abundant
in the NH and can lift up to the upper troposphere. The concentrations of fungal spores are
lower than bacteria and are maximum over tropical forests. Pollen particles cannot lift to high
altitudes given their big size and, thus, their fast sedimentation, and their concentrations are
several orders of magnitude lower than bacteria and fungal spore concentrations.

We recall that only a small subset of the aerosols shown in Figure 6.1 serve as INPs.
Furthermore, P13 assumes that only a fraction of soluble OCs becomes glassy (i.e. ggiass =

0.5, see Subsection 3.1.2) at temperatures lower than —65°C, thus, all the OCs at higher
temperatures do not play a role as INPs.

6.2.2 Global means of new ICs

The relative contributions of the four aerosol groups to the total new ICs formed heteroge-
neously are shown in Figure 6.2, with the means of N}, , (i.e. N e per integration time) also

listed. The means are higher in the NH than in the SH. Especially the relative contribution of
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Figure 6.2: The pie charts represent the relative contributions (in %) of dust, black carbon,
soluble organics, and bioaerosols to the total N}, in the cirrus regime (first row) and in
the mixed-phase regime (second row), considering the entire globe, the NH, and the SH. The
numbers in brackets are the means of the total N7, (in L~! per integration time) computed
in the cirrus regime, in the mixed-phase regime, and without differentiation between cloud
regimes (last row). Note that the means of N, are computed considering only areas where
Nipet > 0-

DU is higher in the NH, at the expense of BC in the mixed-phase regime and OC in the cirrus
regime. Indeed, DU presents the most asymmetric distribution between the two hemispheres,

as shown in Figure 6.1.

It is evident that the new ICs formed from BC dominate in the mixed-phase regime
(> 55%), while the ones formed from OC prevail in the cirrus regime (> 70%). This re-
sult is influenced by the fact BC is the most abundant aerosol type in the lower troposphere,
while OC is the main provider of INP in the upper troposphere (Figure 6.1). Phillips et al.
(2013) showed that BC can actually comprise most of the INPs in the mixed-phase regime,
instead of DU. Nevertheless, the only modelling study (to our knowledge) which presents
the individual aerosol contributions to the total new ICs by using P13 (Sullivan et al., 2016)
shows that DU is the most important INP. Interestingly, BIO is responsible for the formation
of ~ 10% and ~ 2% of the new ICs in the mixed-phase regime and in the cirrus regime,

respectively, in contrast to Hoose et al. (2010b) who found that the bioaerosol contribution is
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Figure 6.3: (Left) Global means of N, (in L™" per integration time) derived from dust,
black carbon, soluble organics, and bioaerosols as functions of pressure. The means are
computed considering only areas where N;,., > 0 in bins of 10 hPa. Coloured shadows
indicate the 10th and 90th percentiles. (Right) Percentage contributions of DU, BC, OC,
and BIO to the total N, computed in bins of 100 hPa.

marginal (107°%).

The concentrations per integration time of the new heterogeneously-formed ICs are shown
as functions of pressure in Figure 6.3. It is interesting to note that the large OC contribution
in the cirrus regime observed in Figure 6.2 is due to the fact that OC is the only responsible
of heterogeneous nucleation at pressures lower than 200 hPa. Below 500 hPa, DU and BC
produce similar concentrations of new ICs, with peak at 350 hPa. At higher pressures, the
contribution of DU becomes less important, while the one of BC remains the most dominant.
Furthermore, relative contributions of BIO increase towards low altitudes, so BIO is responsible
for more than 20% of the new ICs formed between 900 and 1000 hPa.

6.2.3 Zonal means of new ICs

In order to analyse how the new ICs are globally distributed, the annual zonal means are con-
sidered in this subsection. Figure 6.4 shows the annual zonal means of the vertically integrated
concentrations (per integration time) of the new ICs derived from the four aerosol groups. The
singular feature is given by the new ICs originated from OC. In fact, their concentrations are
much higher than the other groups almost everywhere, although they are limited in the upper

troposphere (as observed in Figure 6.3). Furthermore, they are symmetric between the two
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Figure 6.4: Annual zonal means of the vertically integrated N/, , derived from dust, black

carbon, soluble organics, and bioaerosols. The unit of the vertical axis is: 10* m~2 per

integration time.

hemispheres and especially high between the tropics, with two peaks at 20°S and 20°N. The
new ICs derived from DU and BC are in similar concentrations. Nevertheless, the ones from
DU are more concentrated in the NH with two peaks around 10°N and 35°N, in correspon-
dence with the dust emissions from the Sahara and the Asian deserts (Figure A.10 in Appendix
A.4). Finally, the new 1Cs from BIO present very low concentrations, which slightly increase
towards higher latitudes in the NH.

The annual zonal means in Figure 6.5 better explain N/, derived from different aerosol
types as function of pressure, and their ratios over the annual zonal mean of the total Ni’fh et
in Figure 6.6 show the individual relative contributions of each aerosol component. The peak
observed in Figure 6.3 for the new ICs derived from DU at around 350 hPa is principally due
to the new ICs formed in the NH. More than 60% of the new ICs between the equator and
40°N derives from DU. Such ICs are spread over the Sahara and, in particular, the Gobi Desert

(Figure A.13 in Appendix A.4).

As already observed, BC results to be an INP more important than DU, especially in the
mixed-phase regime. In fact, BC is bagically the only INP between 40°N and 70°N at low
altitudes, probably due to the high BC emissions from South Asia and East Asia (Figure A.10
in Appendix A.4). Tt is also responsible for more than 70% of the new ICs between the equator
and 30°S, because of the high concentrations over the Amazonian and Congo regions (Figure
A.13 in Appendix A.4).

On the other hand, OC plays definitely a more important role in the upper troposphere, so
that it is the only source of new 1Cs heterogeneously-formed at pressures lower than 200 hPa.
The new ICs derived from glassy organics show a large maximum between the tropics as
Barahona et al. (2010), who used the parameterization of Murray et al. (2010) for glassy

organics. From the annual zonal means as a function of temperature (Figure A.14 in Appendix
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Figure 6.6: Percentage contributions of the new ICs derived from the aerosol groups DU,
BC, OC, and BIO to the total N/},.,. They are the ratios of the plots of Figure 6.5, displayed
for areas where N}, ., > 107* L™" per integration time.

A .4) it is easy to discern the important contribution of OC at temperatures lower than —60°C
in the TTL, as predicted by Wilson et al. (2012).

Finally, BIO generates new ICs along all the latitudes, especially in the mixed-phase regime
and in the NH. Its individual contribution to the total N7, , is very small between 40°S and
60°N but can increase locally, up to 60% at higher latitudes in the NH and more than 70%
in the SH (at pressures higher than 200 hPa where OCs do not play a role as INPs). This is
likely due to the high onset temperature associated to BIO in P13 with respect to DU and BC
(see Table 3.1).

6.3 Summary and discussion

The concentrations of the new ice crystals formed via immersion /condensation and deposition
nucleation from dust, black carbon, glassy organics, and bioaerosols have been investigated by
means of the 10 year-long PRECOM simulation.

We found that DU contribution is larger in the NH than in the SH because of the emissions

from the Sahara and the Gobi Desert. However, DU is not the principal source for heteroge-
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neous nucleation, rather BC is the main INP. This is contrast with many modelling studies
(e.g. Hoose et al., 2010b; Yun and Penner, 2012; Kuebbeler et al., 2014; Sullivan et al., 2016)
and field measurements (e.g. Pratt et al., 2009; Cziczo et al., 2013). Nevertheless, Murray et al.
(2012) in their review concluded that dust and soot are of comparable importance for atmo-
spheric ice nucleation at temperatures below —15°C because, despite the higher ice-nucleating
ability of dust, soot particles are more numerous than mineral dust. In addition, our results
are coherent with Phillips et al. (2013), who showed that BC can actually comprise most of
the active INPs in the mixed-phase regime, instead of DU.

The contribution of OC to heterogeneous nucleation is predominant at pressures lower
than 200 hPa. The new ICs derived from OC show a large maximum between the tropics,
similarly to Barahona et al. (2010). Wilson et al. (2012) proved that heterogeneous nucleation
by glassy aerosols may compete with ice nucleation on mineral dust particles in mid-latitudes
cirrus of the TTL.

Finally, we found that the contribution of BIO plays always a role at global scale. BIO
determines the formation of ~ 10% and ~ 2% of the new ICs in the mixed-phase regime and
in the cirrus regime, respectively, and is responsible for ~ 20% of the new 1Cs formed at pres-
sures higher than 600 hPa. The importance of BIO in nucleating ice in the atmosphere is still
uncertain. Other modelling studies (e.g. Hoose et al., 2010a) and some field campaigns (e.g.
Crziczo et al., 2013) suggest that bioaerosols cannot play a role as INP because of their limited
emissions and their large dimensions which prevent them from lifting to freezing altitudes.
However, other field campaigns, such as Pratt et al. (2009) and Voigt et al. (2017), found that

bioaerosols constitute a considerable fraction (33% and 6%, respectively) of the ice residuals.

A large number of modelling studies have addressed the influence of aerosols on ice nucle-
ation in the atmosphere (e.g. Lohmann and Hoose, 2009; Hoose et al., 2010b; Hendricks et al.,
2011; Liu et al., 2012; Kuebbeler et al., 2014; Barahona et al., 2014), however, these studies are
still controversial, as the quantification of the new heterogeneously-formed ICs is challenging.
To the best of our knowledge, this is the first modelling study which analyses the individual
contributions of four aerosol types to heterogeneous nucleation at the same time, including
glassy organics. It must be mentioned that also other aerosol species have been identified as
INPs. Abbatt et al. (2006) showed that solid ammonium sulfate aerosols can generate ice
nucleation. More recently, Wilson et al. (2015) suggested that marine organic material may
be an important source of INPs in remote marine environments, such as the Southern Ocean,
North Pacific Ocean, and North Atlantic Ocean.
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Chapter 7

Tendencies of cold cloud (micro)physical

Pprocesses

The tendencies of physical and microphysical processes related to ICNC in cold clouds are
analysed in this chapter (the concept of tendency has been defined in Subsection 2.2.1). In
this way, the contributions of the ice nucleation mechanisms are compared to the ones of other

processes which lead to production or removal of ICs.

The sources and sinks of ICs identified in the CLOUD submobel are described in Section

7.1. The model results are presented in Section 7.2 and the conclusions in Section 7.3.

7.1 Methods

7.1.1 Identification of the partial ICNC tendencies

ICNC is a prognostic variable whose evolution is described via the equation 2.1. The CLOUD
submodel defines the physical and microphysical evolution of ICNC, thus, it computes all the
the R-terms of the equation apart the rate related to advective, turbulent, and convective
transport. Every time a (micro)physical process i affects the number of ICs in CLOUD, ICNC
is updated by a quantity AICNC,;.

We define the partial ICNC tendency due to a specific cold cloud (micro)physical process i
(in m~3 s71) as:
AICNG;

At
where At is the model integration time. Thus, the individual tendency of ICNC due to CLOUD
(see Subsection 2.2.1) is given by the sum of the partial ICNC tendencies:

O ICNC; =

OICNCeroup = »  ICNC; .

In order to investigate the influence of the single processes affecting ICNCs, all AICNC;
have been identified within the code of CLOUD, and the corresponding partial tendencies (i.e.
0 ICNC;) have been stored as output variables.
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7.1.2 Description of the partial ICNC tendencies

The cold cloud (micro)physical processes associated to the partial ICNC tendencies identified
in CLOUD are described below and listed in Table 7.1, divided in sources and sinks of ICs.
Note that these processes and their parameterizations have been already introduced in Section
2.3.

Sources of ICs

e Convective detrainment.
The new ICs originated from convective detrainment are estimated from the detrained
cloud condensate in the ice phase (i.e. when T' < —35°C) by assuming a temperature
dependent radius. The detrainment of 1Cs is included in the transport term in equation

2.1 (Roeckner et al., 2004) but here is considered as an individual source.

e Ice nucleation in the cirrus regime.
The new ICs formed via ice nucleation in the cirrus regime are the product of the ice
nucleation parameterization used in this regime (i.e. BN09 with P13 in the PRECOM
simulation). New ICs must be zero at the minimum and equal to the number concen-

tration of the activated cloud droplets at the maximum.

e [ce nucleation in the mixed-phase regime.

The new ICs formed via heterogeneous nucleation in the mixed-phase regime are the
result of the ice nucleation parameterization(s) used in such regime: they are the sum
of the ICs originated from contact, immersion/condensation, and deposition nucleation
modes (i.e. the results of LD06 and P13 in PRECOM). The value of the new ICs has
the number concentration of total aerosols as upper bound and must be zero when there
is no cloud cover and cloud liquid water and CDNC are lower than some minimal values
(i.e. 10712 kg kg~! and 40 cm™3).

¢ Instantaneous freezing.
This process refers to the instantaneous freezing of supercooled cloud droplets when
T < —35°C: as soon as temperatures are below —35°C, all cloud droplets freeze. It is a
sort of homogeneous nucleation which is not included in equation 2.1 but is considered

as an individual source within the CLOUD submodel.

e Secondary ice production.
The new ICs formed via secondary ice production are the ones derived from the Hallet-

Mossop process (or rime splintering) between —8°C and —3°C.
Sinks of ICs

e Melting.

As soon as temperatures are above 0°C, all ICs melt.
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Tendency Description ‘ Sign ‘ Temperature
DETR Convective detrainment >0 T < -35°C
NCIR Ice nucleation in the cirrus regime >0 T < —35°C
NMIX Ice nucleation in the mixed-phase regime | >0 | —35°C < T < 0°C
FREE Instantaneous freezing >0 T < —35°C
SECP Secondary ice production >0 | =8°C< T < -3°C
MELT Melting <0 T > 0°C
AGGR Aggregation <0 T < 0°C
ACCR Accretion <0 T <0°C
SELF Self-collection <0 T < 0°C
SEDI Sedimentation both T <0°C

MINMAX Adjustments both T <0°C

Table 7.1: Partial ICNC tendencies defined in the CLOUD submodel. The first column
contains the abbreviations associated to each tendency; the second column describes the
(micro)physical processes associated to the tendencies; the third column indicates the sign
of the tendency (positive for sources and negative for sinks of ICs); the forth column specifies

the temperature range in which the processes occur.

e Aggregation.

By collision—coalescence, ICs can aggregate to produce snow planar flakes (IC + IC — Snow).

e Accretion.

ICs can aggregate with falling snow flakes, thus, snow grows by accretion of ICs (Snow + IC — Snow).

e Self-collection.
This process describes the collision—coalescence among hydrometeors of the same type (in
this case ICs) leading to the formation of hydrometeors of the same type (IC + IC — IC).

Sources & sinks of ICs

e Sedimentation.
This process impacts the ICNC vertical distribution and includes also sublimation of
falling ICs which encounter an ice subsaturated region. Sedimentation is mainly a sink

of ICs but also a source at low altitudes.

e “Adjustments”.
ICNCs are sometimes updated not because of the action of physical processes but to
avoid unphysical situations arising from numerical instability, hence, some minimal and
maximal ICNC values are imposed. We refer to these updates as “adjustments”. Their
sum is named “MINMAX” and is considered in this chapter, while the individual adjust-
ments are described in Appendix A.5.
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7.2 Model results

The 10 year-long PRECOM simulation described in Sections 5.1 and 6.1 has been considered
for the analysis in this section. For simplicity, the abbreviations specified in Table 7.1 are used
in the text.

7.2.1 Zonal medians

The partial ICNC tendencies associated to sources and sinks of ICs have been represented as
functions of latitude and pressure. Given their asymmetric distribution, with a pronounced
tail towards high values, the annual zonal medians are considered in Figures 7.1 and 7.2, while

the annual zonal means are shown in Figures A.15 and A.16 (in Appendix A.5).

Among the sources of ICs in Figure 7.1, we observe that NCIR is the only source of
1Cs in the upper troposphere at pressures lower than 350 hPa and presents a maximum
(5 — 10 m~2 s7!) between the tropics (as expected from Figure 5.3). DETR contributes
to produce ICs at pressures generally higher than 350 hPa (at 7' < —35°C) and shows a maxi-
mum (> 10 m~3 s~!) above the equator. FREE is the highest source of ICs beyond the tropics
at pressures where temperatures are just below —35°C. Globally, FREE is roughly two orders
of magnitude higher than NCIR and one higher than DETR. We performed the same com-
putations (not shown) with the KL+LD simulation (i.e. the one obtained with the standard
configuration of the model, see Chapter 4), and we found that FREE is higher (more than
double) than NCIR also in KL+LD. Hence, the instantaneous freezing plays an important role

in EMAC regardless of the ice nucleation scheme applied for cirrus clouds.

In the mixed-phase regime, SEDI is the major source of ICs. It concerns the entire
mixed-phase regime (i.e. the area between the two isotherms) and is globally of the order
of 107! m~3 s7! (like DETR and NCIR). NMIX affects the whole mixed-phase regime and is
symmetric between the hemispheres. By definition, NMIX is the rate of ice crystal formation
via immersion/condensation and deposition nucleation as well as contact nucleation. As the
concentrations of the new heterogeneously-formed ICs are higher for contact nucleation than
immersion nucleation (see Subsection 5.2.2), the NMIX pattern is similar to the one of the
CDNCs (not shown). SECP is more concentrated at lower altitudes, as the secondary ice
production occurs at —8°C < T' < —3°C. Furthermore, SECP shows a maximum in the SH
and a local maximum above the equator, as a consequence of the snow crystal distribution
(not shown). NMIX and SECP are globally of the order of magnitude of 1072 m=3 s~

We found that the zonal means of the partial ICNC tendencies (Figure A.15, Appendix
A.5) are higher than the zonal medians in Figure 7.1. While the means of NCIR are close
to the medians, the means of FREE are one order of magnitude higher than the medians.
This implies that very high concentrations of supercooled cloud droplets can sometimes freeze
instantaneously (as it will be remarked in the next subsection). Furthermore, the zonal means
of NCIR are characterised by two local maxima between 30° and 40° in both hemispheres

around 800 hPa, like N* in Figure 5.3. Interestingly, also FREE presents similar local

i,hom
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Figure 7.1: Annual zonal medians of the partial ICNC tendencies associated to cold cloud
IC sources. The numbers on the top right of the plots are means of the illustrated zonal
medians (in m~3 s71); the isotherms at 0°C and —35°C are annual means; the titles are
described in Table 7.1. Note that SEDI takes into account only positive values.
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maxima.

Globally, SEDI is the most important sink of ICs and is efficient especially in the upper
troposphere (Figure 7.2). AGGR and ACCR are also important, of the same order of mag-
nitude as SEDI (10° m™3 s~!). Their patterns are symmetric between the hemispheres, with
higher values over the equator and between 30° and 60°, along the border of the cloud regime
transition (this feature will be stressed in Figure 7.3, bottom). SELF presents a similar pattern
to AGGR and ACCR but is generally two orders of magnitude lower. Finally, MELT is the
weakest sink of ICs (four orders of magnitude lower than AGGR and ACCR).

As found for the sources of 1Cs, the zonal means of the IC sinks (Figure A.16 in Appendix
A.5) are also higher than the zonal medians in Figure 7.2. Interestingly, the zonal means of
all sinks are higher in the NH than in the SH, with a peak around 30°N in correspondence of
the Tibetan Plateau, where ICNCs are also higher (see Figure 4.1a). Indeed, mountain chains

affect ICNCs (see Section 4.2), which in turn impact the removal processes.

7.2.2 Vertical profiles

The partial ICNC tendencies have been further investigated by computing their global medians

and their relative contributions as functions of pressure and temperature (Figure 7.3).

As expected from Figures 7.1 and 7.2, in the upper troposphere (at pressures < 200 hPa)
NCIR and SEDI are the only acting processes, competing against each other (Figure 7.3, top).
Below, ACCR and AGGR start to become important, with a peak around 350 hPa, DETR is
also maximum around 350 hPa, and SEDI shifts from sink to source of ICs between 400 hPa and
450 hPa. Only some of the 75th percentiles of NMIX, FREE, SECP, MELT, and SELF can be
distinguished, while their relative contributions (in the bar chart) are negligible in comparison
to the other processes. To be noted that the profiles of the tendencies could substantially
change if considering specific areas instead of the entire globe, as shown in Gettelman et al.
(2013). Interestingly, we found that the contributions of the so-called MINMAX tendency
(plotted only in the bar charts) are around 4% in most of the pressure levels, and so higher than
the contributions of DETR, FREE, SECP, MELT, and SELF, and much higher at pressures
> 700 hPa.

Although the profiles as functions of temperature in Figure 7.3 (bottom) are global medians
of the same tendencies analysed before, some interesting features can be observed. NCIR and
SEDI are the only acting processes at 1T' < —50°C, while the other processes compete against
each other at higher temperatures. AGGR, ACCR, SELF, SEDI, FREE, and DETR present
their maximum between —30°C and —40°C, although the relative contributions (in the bar
chart) of SELF and DETR are negligible. Another distinctive feature is the huge peak of
FREE, which makes the instantaneous freezing the main source of ICs in this temperature
range (i.e. —40°C < T' < —30°C). At higher temperatures, SEDI becomes the main source
(as already observed in Figure 7.1), NMIX has only a marginal contribution, and SECP is
important only at 7' > —10°C.
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Figure 7.3: Partial ICNC tendencies as functions of pressure (top) and as functions of tem-

perature (bottom). The vertical profiles (left) are annual global medians and the coloured
shadows mark the areas between the 25th and 75th percentiles. The profiles on the left hand
side of the plot are sinks of ICs, while the ones on the right hand side are sources of ICs. The
bar charts (right) represent the percentage contributions of the partial ICNC tendencies to
the individual tendency of ICNC (including MINMAX) based on global medians computed
in bins of 100 hPa (top) and in bins of 10°C (bottom).
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The global means of the ICNC partial tendencies computed as functions of pressure and
temperature (Figure A.17 in Appendix A.5) point out that all the means are well beyond
the 75th percentiles (apart the case of NCIR). Furthermore, it is remarkable how the FREE
contributions change from considering global medians, where FREE contributes by ~ 20%
only between —40°C and —30°C (Figure 7.1, bottom), to considering global means, where
FREE contributes by ~ 50% in the intervals 250 < 950 hPa and —60°C + — 20°C. Similarly,
also the global medians and global means of MINMAX vary considerably.

7.3 Summary and discussion

The partial [CNC tendencies of physical and microphysical processes related to ICNC in cold
clouds have been identified in the CLOUD submodel and investigated. The tendencies have
been divided in sources of ICs (convective detrainment — DETR, ice nucleation in the cirrus
regime — NCIR, ice nucleation in the mixed-phase regime — NMIX, instantaneous freezing
— FREE, secondary ice production — SECP, and sedimentation — SEDI) and sinks of ICs
(melting - MELT, aggregation — AGGR, accretion — ACCR, self-collection — SELF, and SEDI).
Additionally, all the tendencies not associated to physical processes have been identified (and
described in Appendix A.5). To the best of our knowledge, this is the first study where all
the (micro)physical processes related to ICNCs have been considered. In fact, Lohmann et al.
(1999) computed only the vertically integrated tendencies associated to sources and sinks of
cloud droplets, while Gettelman et al. (2013) presented only some of the tendencies associated
to the cold cloud microphysical processes because they principally focused on rain formation

processes.

We found that NCIR is the only source of ICs in the upper troposphere, while both NCIR
and DETR are sources in the cirrus regime at pressures higher than 350 hPa, with a peak
between the tropics. Beyond the tropics, at temperatures just below —35°C, FREE is the
most efficient source of ICs. In the mixed-phase regime, the main source of ICs is SEDI, while
NMIX and SECP are in absolute the weakest sources of ICs.

The most efficient sinks of ICs are SEDI (especially in the upper troposphere), AGGR,
and ACCR, which are globally of the order of 10° m™3 s~!. In comparison with these, SELF
is much less important (~ 1072 m—3 s~!), and MELT is negligible (~ 107* m™3 s71).

Large differences in the tendency distributions have been found: some are very skewed
(like the case of FREE), others are more balanced (like the case of NCIR). Specifically, the
vertical profiles of FREE show that its global median counts only for ~ 20% between —40°C
and —30°C, while its global mean counts for ~ 50% in the interval —60°C + — 20°C (and
250 + 950 hPa). This implies that very high concentrations of supercooled cloud droplets can

sometimes freeze instantaneously in EMAC.

Overall, the production of ICs is more efficient in the cirrus regime than in the mixed-phase

regime. In particular, NMIX and SECP are the lowest sources of ICs. As a consequence, the
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effects due to changes in the parameterizations of heterogeneous nucleation and secondary ice
production can be strongly smoothed by the action of other (micro)physical processes. This
aspect must be taken into account, for instance, when one investigates the influence of different
aerosol components to the total ICNCs or cloud radiative effects (rather than to the total new
ICs formed heterogeneously, as in Chapter 6). Nevertheless, this is valid for the EMAC model
run with the setup of PRECOM. It has been mentioned that changing the ice nucleation scheme
in the cirrus regime, NCIR changes and, consequentially, also the relative contributions of the
other processes. Therefore, this study points out the importance of performing the analysis
of the partial ICNC tendencies in order to correctly identify the main processes responsible
for production and removal of [Cs. Moreover, the study has pointed out the presence of some
physical constraints (i.e. the MINMAX tendency) which can have impact as much as some

(micro)physical processes.



Chapter 8

Summary and outlook

Summary

In this thesis, we discussed the implementation of a comprehensive ice nucleation param-
eterization in the global chemistry-climate model EMAC and the analysis of the modelled
ice crystal number concentrations. In particular, the ice nucleation scheme of Barahona and
Nenes (2009b, BN09) has been implemented in EMAC in order to improve the numerical
representation of ice nucleation and ice crystal number concentration. The standard EMAC
configuration used so far simulates ice nucleation via the parameterizations of Kércher and
Lohmann (2002b, KL02) and Lohmann and Diehl (2006, LD06). The first one assumes that
homogeneous nucleation is the only mechanism which nucleates ice in cirrus clouds, while
LDO06 simulates heterogeneous nucleation in mixed-phase clouds, i.e. immersion nucleation
due to dust and black carbon and contact nucleation with dust. On the other hand, without
additional computational resources, the BN09 parameterization takes into account processes
which are neglected by KL02 and LDO06 (Section 3.1). In fact, BN09 computes the com-
petition for water vapour between homogeneous and heterogeneous nucleation in the cirrus
regime. By applying the INP parameterization of Phillips et al. (2013), BN09 considers the
influence of four aerosol types (dust, black carbon, soluble organics, and bioaerosols) to im-
mersion/condensation and deposition nucleation. Additionally, the BN09 algorithm has been
modified in order to include the water vapour depletion due to depositional growth of pre-
existing ice crystals (Section 3.2). Therefore, applying BN09 makes the EMAC model one of

the few GCMs which take into account the complexity of ice nucleation in a detailed manner.

The model performance obtained by using BN09 in different cloud regimes (i.e. in the
cirrus and/or in the mixed-phase regime) has been analysed and compared with the standard
configuration of EMAC (Chapter 4). We found that BN09 operating in the cirrus regime
determines a strong reduction of ICNCs in the upper troposphere because of the water vapour
competition between the ice nucleation mechanisms but especially because of the pre-existing
ice crystal effect (PREICE). Changing the ice nucleation scheme in the cirrus regime gener-

ates larger differences of ICNC and IWC than changing parameterization in the mixed-phase
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regime.

The comparison against a large collection of flight measurements in cirrus clouds has
pointed out that KL0O2 overestimates ICNCs. Differently, BN09 applied in the cirrus regime
predicts ICNCs which well agree with the observations in cold cirrus clouds but are underes-
timated between —73°C and —53°C, because of an overestimation of the PREICE.

Overall, the model configuration which applies BN0O9 in both cloud regimes allows a better
description of the ice nucleation mechanisms and well agrees with the observations, thus, it

has been used for further investigations.

By studying the competition for water vapour between homogeneous and heterogeneous
nucleation and the effect of pre-existing ice crystals (Chapter 5), we found that the PREICE
is the main cause of the ICNC reduction in the upper troposphere and high latitudes. Indeed,
the PREICE strongly reduces the concentrations of the new ICs nucleated homogeneously. On
the other hand, the competition for water vapour between the ice nucleation mechanisms is

very weak, therefore, homogeneous nucleation is the dominant mechanism in cirrus clouds.

Focusing on the concentrations of the new ICs, we found that the new ICs formed homo-
geneously are definitely more numerous (of about two orders of magnitude) than the new ICs
formed heterogeneously. Nevertheless, the last ones contribute for about 30% to the total new

ICs in the cirrus regime, globally.

To the best of our knowledge, the simultaneous contributions of four aerosol types (dust,
black carbon, soluble organics, and bioaerosols) to immersion/condensation and deposition
nucleation have been investigated for the first time in this thesis (Chapter 6). Globally, the
mean concentration of the new heterogeneously-formed ICs in the Northern Hemisphere (NH)
is twice the mean in the Southern Hemisphere (SH). Most of the new ICs derive from glassy
OC in the cirrus regime and from BC in the mixed-phase regime. DU contribution is larger
in the NH than in the SH, but it is not the principal source for heterogeneous ice nucleation.

The global contribution of BIO amounts to ~ 20% in the lower troposphere.

Finally, for the first time all the tendencies associated to the cold cloud (micro)physical
processes and related to ICNCs have been considered (Chapter 7). The ice nucleation mecha-
nisms have been compared with the other processes which lead to the production or removal
of ICs. The following sources of ICs have been identified in the CLOUD submodel: convective
detrainment — DETR, ice nucleation in the cirrus regime — NCIR, ice nucleation in the mixed-
phase regime — NMIX, instantaneous freezing — FREE, secondary ice production — SECP, and
sedimentation — SEDI, while the sinks of ICs are: melting — MELT, aggregation — AGGR,
accretion — ACCR, self-collection — SELF, and SEDI.

We found that the main sources of I1Cs in the cirrus regime are NCIR, DETR, and FREE.
NCIR is the only source of ICs in the upper troposphere, while both NCIR and DETR are

sources in the cirrus regime at pressures higher than 350 hPa. Although limited to temper-



atures just below —35°C and beyond the tropics, FREE plays an important role in EMAC.
SEDI is the major source of ICs in the mixed-phase regime, while it is the main removal mech-
anism of ICs in the cirrus regime. NMIX as well as SECP are the weakest sources of ICs. This
implies that the effects due to changes in the parameterizations of heterogeneous nucleation
and secondary ice production can be strongly smoothed by the action of other (micro)physical
processes. Therefore, performing the analysis of the partial ICNC tendencies is useful in order

to identify the main processes responsible for production and removal of 1Cs.

Outlook

From the results obtained in this thesis, a number of open questions still remains. This thesis
can be seen as a starting point for further developments and analyses, like the ones listed

below.

e As mentioned in Subsection 4.3.2, the modelled ICNCs should be compared with lidar-
radar satellite retrievals, which offer a global coverage. By a first qualitative compar-
ison, the results presented in this thesis agree with the ICNCs recently retrieved from
the DARDAR database and published in Sourdeval et al. (2018) and Gryspeerdt et al.
(2018b).

e The climate effects due to long timescale changes in cloud radiative effects and aerosol—
cloud interactions under perturbations of anthropogenic emissions should be studied with

the state-of-the-art model configuration.

e [t is known that the representation of the vertical velocity in GCMs constitutes a large
uncertainty in the calculation of ice nucleation rates (Guo et al., 2008; Barahona et al.,
2017). In the CLOUD submodel, the subgrid vertical velocity (i.e. wgyp) is parameter-
ized via a turbulent kinetic energy scheme which was actually defined for the atmospheric
boundary layer (Brinkop and Roeckner, 1995). Given the fundamental role of vertical
motions to determine the maximum relative humidity and drive ice nucleation, an im-
provement of the subgrid-scale vertical velocity representation would be desirable. It
has been shown that improvements on this front can be achieved by defining wg,; via
a subgrid distribution of vertical velocity determined by the grid-mean vertical velocity

and its standard deviation (Barahona et al., 2017).

e The analysis of the cold cloud (micro)physical tendencies in Chapter 7 has shown that
ICNCs can undergo important changes due to physical constraints which are not asso-
ciated to the known (micro)physical processes but impose some minimal and maximal

ICNC values. This is an aspect which is worth to be further investigated.

e The representation of bioaerosols, which have been simulated as passive tracers, can be
improved so that they can interact with other aerosols (e.g. dust) via the aerosol model

GMXe. Such a development would let a better estimation of the transport of bioaerosols,
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which can be transported for long (intercontinental) distances when associated to dust
particles (Kellogg and Griffin, 2006). An accurate description of bioaerosol dispersal

would be also useful for studies of health effects due to allergens and pathogens.
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A.1 Acronyms and symbols

’ Acronyms ‘ Meaning
AIDA Aerosol Interaction and Dynamics in the Atmosphere (cloud chamber)
BC Black Carbon
BIO Bioaeorosols
BNO08 Parameterization of Barahona and Nenes (2008)
BN09 Parameterization of Barahona and Nenes (2009b)
BNhom Homogeneous nucleation parameterized in Barahona and Nenes (2009b)
CCMI Chemistry—Cimate Model Initiative
CCN Cloud Condensation Nuclei
CDNC Cloud Droplet Number Concentration
CDNChpurden vertically integrated CDNC
CFDC Continuous Flow Diffusion Chamber
CNT Classical Nucleation Theory
DU Mineral DUst
ESM Earth System Model
FSSP Forward Scattering Spectrometer Probe
GCM General Circulation Mmodel
IC Ice Crystal
ICNC Ice Crystal Number Concentration
ICNCpurden vertically integrated ICNC
ICNCpre pre-existing ice crystal number concentration
IS Impaction Scavenging
INP Ice Nucleating Particle
ITCZ Inter Tropical Convergence Zone
IWC, IWP Ice Water Content, Ice Water Path
JULIA JUeLich In-situ Airborne database
KLO02 Parameterization of Kércher and Lohmann (2002b)
LCRE Longwave Cloud Radiative Effect
LD06 Parameterization of Lohmann and Diehl (2006)
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LWC, LWP Liquid Water Content, Liquid Water Path
NCRE Net Cloud Radiative Effect
NH Northern Hemisphere
NS Nucleation Scavenging
01§ Organic Compound
Piot Total Precipitation
P13 Parameterization of Phillips et al. (2013)
PDAOS8 Parameterization of Phillips et al. (2008)
PBAP Primary Biological Aerosol Particle
PREICE PRe-Existing Ice Crystal Effect
SCRE Shortwave Cloud Radiative Effect
SH Southern Hemisphere
SIC Sea-Ice Concentration
SST Sea Surface Temperature
T Triangular truncation
TCC Total Cloud Cover
TKE Turbulent Kinetic Energy
TOA Top Of the Atmosphere
TTL Tropical Tropopause Layer
TWP Tropical Warm Pool
UAF Unified Activation Framework (Karydis et al. (2011))
UTLS Upper Troposphere and Lower Stratosphere
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Symbols Meaning
D, diameter of activated liquid cloud droplets
Dy diameter aerosol mode
Dx diameter of aerosol group X
f(w) output variable of BN09 which depends on vertical velocity
fer fehom fractions of frozen droplets at sj.,, with and without the presence of INPs
e ambient water vapour pressure
s w saturation vapour pressure over (liquid) water
€s,i saturation vapour pressure over ice
Jglass fraction of soluble organic aerosols which become glassy (= 0.5)
G Gibbs free energy
AG Gibbs free energy change associated to homogeneous nucleation
AGact energy activation barrier
AG* energy barrier to form a critical ice embryo in liquid (pure) water
AGT ., energy barrier to form an critical ice embryo on an INP surface
AGgyrf interfacial Gibbs free energy
AG o1 volume Gibbs free energy
H term which describes the scarcity of heterogeneous nucleation in P13
Jhom, Jhet homogeneous and heterogeneous nucleation rates
k Boltzmann constant
m mass
M aerosol mode
NINP,* reference activity spectrum
NINP,X conc. of active INPs in the group X
N, conc. of activated liquid cloud droplets
Nx conc. of aerosol group X
Ni het conc. of the new ICs formed via heterogeneous nucleation (via BN09)
Nifhet N het Per integration time
N hom conc. of the new ICs formed via homogeneous nucleation (via BN09)
ifhom Ni hom Der integration time
NEW conc. of the new ICs formed in the cirrus regime
NNEW conc. of the new ICs formed via contact nucleation (via LD06)
NNEW conc. of the new ICs formed via homogeneous nucleation (via KL02)
N conc. of the new ICs formed via immersion nucleation (via LD06 or P13)
NNEW conc. of the new ICs formed in the mixed-phase regime
Niim conc. of INPs needed to inhibit homogeneous nucleation
P pressure
P(w) Gaussian probability density function
Qo Qs Qi mixing ratios of water vapour, cloud liquid water, and cloud ice
r radius
r* critical radius of the ice embryo
rd cloud droplet radius
Tinsol equivalent radius of the insoluble fraction in INP
54

ice supersaturation (= .S; — 1)
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Smaz maximum ice supersaturation
Shom ice supersaturation threshold for homogeneous nucleation
S; ice saturation ratio (= e,/es,;)
Sw water saturation ratio (= ey/es )
t time
T temperature
Tin temperature threshold for the onset of homogeneous nucleation
Vy cloud droplet volume
w updraught velocity associated to the whole grid cell
w grid-mean vertical velocity resolved by the model
Wsub subgrid-scale variability of w
Wsub,pre Wgyp Which includes the PREICE
ax fractional contribution of X to INP numbers in the background scenario
X mean number of activated ice embryos per insoluble aerosol particle with Dx
Qx total surface area of aerosols with 1 > Dx > 0.1 um
Qx « total surface area of aerosols with Dx > 0.1 pm in the background scenario
oM standard deviation of aerosol mode M
O¢ standard deviation of activated liquid cloud droplets
Tiwy Tiv surface tension of ice in liquid water or water vapour
OINP,iy OINPuw; OINP,w surface tensions of INP in ice or liquid water or water vapour
0

contact angle
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A.2 Supplementary figures for Chapter 4
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Figure A.1: Annual zonal means of (grid-averaged) ICNCs (L~!) for the default simulation
KL+LD and the absolute changes of BN+LD, KL+BN, and BN+BN with respect to it as
functions of latitude and temperature. (Last row) Absolute changes of annual zonal means

averaged along the latitude.
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Figure A.2: Annual means of vertically integrated ice crystal number concentration
for the default simulation KL+LD and the relative percentage changes of BN-+LD,
KL-+BN, and BN+BN with respect to it (i.e. (test — DEF)/DEF - 100), computed where

ICNCPEE > 108 m~2. The crossed pattern indicates areas with a significance level of 95%.
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Figure A.3: Relative percentage changes of annual means of (grid-averaged) IWC at 200 hPa
and 600 hPa of BN+LD, KL+BN, and BN+BN with respect to the default simulation (i.e.

test — . , computed where > 0.1 mg kg™".
DEF)/DEF - 100 d where IWCPEF > 0.1 mg kg™*

indicates areas with a significance level of 95%.
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Figure A.4: Annual means of shortwave, longwave, net cloud radiative effects (SCRE, LCRE,
NCRE) for the default simulation KL+LD and the absolute changes of BN+LD, KL+BN,
and BN+BN with respect to it. The crossed pattern indicates areas with a significance level

of 95%.
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Figure A.5: Annual zonal means of CDNCpyrden (10*° m~2), ICNChyrgen (101° m~2), non-
precipitable LWP (g m~2), and IWP (g m~2) averaged over the whole grid-boxes, SCRE
(W m~2), LCRE (W m~2), and TTC (%). Black lines refer to satellite observations, from
ERBE 1985-1990, CERES-EBAF-L3B-Ed2.8 2000-2016, MODIS-TERRA-v6 2004-2008. Er-
ror bars are + one standard deviation.
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A.3 Supplementary figures for Chapter 5
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Figure A.6: In-cloud ice crystal number concentrations versus pressure. Medians for model
results are computed using 5-hour means between 90°S and 90°N, masking ICNCi, _cloua <
0.1 L1, for each pressure bin of 10 hPa. Darker red colour indicates the 25th and 75th
percentiles of PRECOM, while lighter red colour indicates the 5th and 95th percentiles of
PRECOM.
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Figure A.7: Annual zonal means of the new ICs (in L~! per integration time) produced
via contact nucleation (through LD06) in COMP and the relative percentage changes of
PRECOM, HOM, and HET with respect to it (i.e. (test — COMP)/COMP -100), computed
where Nfi\t)v’COMP > 0.0001 L=! per integration time. The isotherms at 0°C and —35°C

are annual means; the crossed pattern indicates areas with a significance level of 95%.
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Figure A.8: Annual zonal means of (left) the subgrid-scale vertical velocity (i.e. wgyp) and
(right) the wgyp which includes the PREICE (i.e. wsyppre) for the PRECOM simulation.
The numbers on the top right of the plots are global means (in m s~!); the isotherms at
0°C and —35°C are annual means. The values are comparable with the results of Barahona

et al. (2017). It can be easily noted that when the PREICE is taken into account there is a
general reduction of wgyp-
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Figure A.9: Relative percentage changes of the annual zonal means of the simulations PRE-
COM, HOM, and HET with respect to COMP (i.e. (test — COMP)/COMP -100) for N/,

and N/, ., are > 0.0001 L~! per integration time. The

isotherms at 0°C and —35°C are annual means; the crossed pattern indicates areas with a
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significance level of 95%.
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A.4 Supplementary figures for Chapter 6
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Figure A.10: Annual means of vertically integrated number concentrations of dust, black
carbon, soluble organics, and bioaerosols. The numbers on the top right of the plots are
global means (in 10! m~2 and 107 m~2 for bioaerosols).
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Figure A.11: Annual zonal means of number concentrations of dust (left) in accumulation
and coarse insoluble modes, and soluble organics (right) in Aitken, accumulation, and coarse
soluble modes. The numbers on the top right of the plots are global means (in cm™2); the
isotherms at 0°C and —35°C are annual means.
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Figure A.12: (Left) Annual zonal means of number concentrations of bacteria, fungal spores,

and pollen. The numbers on the top right of the plots are global means (in L!); the

isotherms at 0°C and —35°C are annual means. (Right) Vertically integrated number con-

centrations of bacteria, fungal spores, and pollen. The numbers on the top right of the plots

are global means (in 106 m~2).
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Figure A.13: Global distributions of the vertically integrated N, (in 10° m~2 per in-
tegration time) derived from dust, black carbon, soluble organics, and bioaerosols and the
vertically integrated total N}, .,. The numbers on the top right of the plots are global means

(in 10° m~2 per integration time).
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A.5 Supplementary information and figures for Chapter 7

Individual “adjustments”

The partial ICNC tendencies due to the “adjustments” are listed below, together with the
description of their origin. The brackets contain the sign of the tendency followed by the

global mean of the annual zonal medians (in m=3 s™!), which can be compared with the

global means of Figures 7.1 and 7.2.

Minmax0 (> 0; 10716)

The minimal value (10712 m~3) allowed for ICNC is imposed.

Minmax1 (< 0; 10°) and Minmax2 (> 0; 10~3).

The maximal (Minmax1) and minimal (Minmax2) values for [CNC are defined as 10" m~3
and 10 m™3, respectively.

Minmax3 (< 0; 1073).

If cloud cover > 0, ¢; > 10712 kg kg~!, and ICNC< 10 m~3, thus, ICNCs must be equal
to concentrations of the new ICs produced in the cirrus regime.

Minmax4 (> 0; 1073).

3 is again imposed.

The minimum 10 m™
Minmax5 (< 0; 1071).

If the condition cloud cover > 0 and ¢; > 107'? kg kg~! is not satisfied, then ICNC
must be equal to the minimum 107'?2 m~—3, otherwise it remains unchanged.
Minmax6 (= 0).

ICNC must be at least equal to 10712 m~3. It never happens that ICNC < 107'2 m~3,
hence, this tendency is null.

Minmax7 (= 0).

AICNC can be at maximum equal to the ICNC just before the removal processes (SELF,
AGGR, and ACCR) take place. It never happens that AICNC > ICNC, thus, the ten-
dency is null.

Minmax8 (> 0; 10723).

The minimum possible for ICNC (107!2 m~3) is again guaranteed.

Minmax9 (> 0; 1073).

3

The minimum 10 m™ is again imposed.

We observe that some of the tendencies are globally comparable with the sources and sinks of

ICs in Figures 7.1 and 7.2. Minmax1 is the strongest (negative) tendency, of the same order of
magnitude of AGGR, ACCR, and SEDI. Interestingly, the zonal meadians of Minmax1 show
a pattern similar to FREE (not shown). Minmaxb is also a negative tendency, of the same
order of magnitude of DETR and NCIR. Minmax2, Minmax3, Minmax4, Minmax9 are of the
order of 1073, greater only than MELT. The zonal medians of Minmax3 and Minmax4 (not

shown) reveal that one tendency is the opposite of the other one, so their sum is almost zero

(107 m~3 s7!) and their contribution is basically zero.
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Figure A.15: Annual zonal means of the partial ICNC tendencies associated to cold cloud
microphysical sources. The numbers on the top right of the plots are global means (in
m~3 s71); the isotherms at 0°C and —35°C are annual means; the titles are described in

Table 7.1. Note that SEDI takes into account only positive values.
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Figure A.17: Partial ICNC tendencies as functions of pressure (fop) and as functions of

temperature (bottom). The vertical profiles (left) are annual global means and the coloured
shadows mark the areas between the 25th and 75th percentiles. The profiles on the left hand
side of the plot are sinks of ICs, while the ones on the right hand side are sources of ICs. The
bar charts (right) represent the percentage contributions of the partial ICNC tendencies to
the individual tendency of ICNC (including MINMAX) based on global means computed in

bins of 100 hPa (top) and in bins of 10°C (bottom).
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