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Abstract
Atmospheric aerosols particles may act as cloud condensation nuclei (CCN) that provide sites for condensation of water 
vapour for the formation of cloud droplets, called cloud droplet activation. Whether aerosol particles are CCN is determined 
by their size, composition and the ambient humidity. Cloud macrophysical properties together with the size and number 
concentration of droplets determine the optical properties of liquid phase clouds. Clouds are an important component in 
the Earth's radiation balance and aerosol-cloud interactions (ACI) are associated with the largest uncertainty in estimates 
made of anthropogenic radiative forcing in earth system models.

To constrain ACI and reduce uncertainties, an improvement in our understanding of CCN activation is required. Owing 
to its complex phase structure and chemical heterogeneity, the organic fraction of atmospheric aerosol introduces significant 
challenges in developing an exact description of cloud formation. In this thesis, a cloud parcel model is employed to 
systematically address parametric and process uncertainties in estimates of cloud droplet sizes and number concentrations 
(CDNC). To do so, the unified framework for organic aerosol (UFO) scheme was developed and embedded into the cloud 
parcel model, ICPM-UFO. The ICPM-UFO simulates partitioning of organic mass between the gas and aqueous bulk 
and surface phases, thereby providing means to theoretically diagnose changes in droplet nucleating potential of aerosol 
particles due to organic aerosol mass transfer processes.

Partitioning of surface active organic aerosol mass from the bulk particle phase to the surface phase results in a lowered, 
size-dependent surface tension that enhances activation potential of CCN and therefore simulated CDNC. A large fraction 
of organic aerosol constituents exist partitioned across particle and gas phases and simulation of cloud formation events 
show this semi-volatile organic mass to condense to the particle phase as humidity increases through the cloud base. This 
additional particle phase mass may be partially soluble. The more soluble component increases the activation potential by 
lowering the water activity, while the less soluble but more surface active component also increases the activation potential 
by further lowering of the surface tension. The compounding effects of the gas-particle and bulk-surface partitioning 
processes result in significant changes in CCN concentrations and CDNC for simulation on boreal aerosol. These results 
exhibit a significant over prediction of typical boreal CCN concentrations relative to in-situ measurements, though further 
sensitivity analysis with respect to the soluble fraction and surface phase description may be advantageous. Based on 
multivariate statistical approaches applied, resolution of the surface phase in cloud formation parameterisations within 
climate models is however not currently recommended.

Theoretical description of both partitioning processes require prescription of input parameters that are challenging to 
measure in-situ. These parameters include: SVOC volatility and enthalpy of vaporisation and organic component surface 
tension and film thickness. Further work using the inverse modelling framework established herein is recommended to 
provide estimation of these parameters while simultaneously matching simulated CDNC and/or CCN concentrations with 
observational data. It is envisaged that such an investigation will also yield insights into structural uncertainties associated 
with the choice of surface phase model - a point of contention both within this thesis and the wider literature. 

Keywords: Cloud droplet activation, organic aerosol, cloud parcel modelling, Köhler theory, Sensitivity and 
Uncertainty analysis.
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Abstract

Atmospheric aerosols particles may act as cloud condensation nuclei (CCN)
that provide sites for condensation of water vapour for the formation of cloud
droplets, called cloud droplet activation. Whether aerosol particles are CCN
is determined by their size, composition and the ambient humidity. Cloud
macrophysical properties together with the size and number concentration of
droplets determine the optical properties of liquid phase clouds. Clouds are
an important component in the Earth’s radiation balance and aerosol-cloud
interactions (ACI) are associated with the largest uncertainty in estimates made
of anthropogenic radiative forcing in earth system models.

To constrain ACI and reduce uncertainties, an improvement in our under-
standing of CCN activation is required. Owing to its complex phase structure
and chemical heterogeneity, the organic fraction of atmospheric aerosol in-
troduces significant challenges in developing an exact description of cloud
formation. In this thesis, a cloud parcel model is employed to systemati-
cally address parametric and process uncertainties in estimates of cloud droplet
sizes and number concentrations (CDNC). To do so, the unified framework for
organic aerosol (UFO) scheme was developed and embedded into the cloud
parcel model, ICPM-UFO. The ICPM-UFO simulates partitioning of organic
mass between the gas and aqueous bulk and surface phases, thereby provid-
ing means to theoretically diagnose changes in droplet nucleating potential of
aerosol particles due to organic aerosol mass transfer processes.

Partitioning of surface active organic aerosol mass from the bulk particle
phase to the surface phase results in a lowered, size-dependent surface ten-
sion that enhances activation potential of CCN and therefore simulated CDNC.
A large fraction of organic aerosol constituents exist partitioned across parti-
cle and gas phases and simulation of cloud formation events show this semi-
volatile organic mass to condense to the particle phase as humidity increases
through the cloud base. This additional particle phase mass may be partially
soluble. The more soluble component increases the activation potential by
lowering the water activity, while the less soluble but more surface active
component also increases the activation potential by further lowering of the
surface tension. The compounding effects of the gas-particle and bulk-surface
partitioning processes result in significant changes in CCN concentrations and
CDNC for simulation on boreal aerosol. These results exhibit a significant over



prediction of typical boreal CCN concentrations relative to in-situ measure-
ments, though further sensitivity analysis with respect to the soluble fraction
and surface phase description may be advantageous. Based on multivariate
statistical approaches applied, resolution of the surface phase in cloud forma-
tion parameterisations within climate models is however not currently recom-
mended.

Theoretical description of both partitioning processes require prescription
of input parameters that are challenging to measure in-situ. These parameters
include: SVOC volatility and enthalpy of vaporisation and organic component
surface tension and film thickness. Further work using the inverse modelling
framework established herein is recommended to provide estimation of these
parameters while simultaneously matching simulated CDNC and/or CCN con-
centrations with observational data. It is envisaged that such an investigation
will also yield insights into structural uncertainties associated with the choice
of surface phase model - a point of contention both within this thesis and the
wider literature.
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1. Introduction

Atmospheric aerosols, i.e. solid or liquid particulate matter suspended in the
atmosphere, have many sources both natural and anthropogenic. Aerosol parti-
cles may be classified as either primary, if emitted from a source in particulate
form, or secondary in the case of gas-to-particle conversion. By interacting
with solar radiation, the so called aerosol-radiation interactions (ARI), anthro-
pogenic aerosol particles have modulated the Earth’s energy budget through
absorption and scattering processes, collectively called the aerosol direct ef-
fect. Aerosol particles that provide sites for cloud droplet formation, termed
cloud condensation nuclei (CCN), influence the radiation budget and climate
due to aerosol-cloud interactions (ACI), termed the indirect effects. Net changes
in ACI and ARI modifying the energy balance induced since the pre-industrial
(PI) period, are examples of radiative forcings (RF) that can the influence cli-
mate. The magnitude and uncertainties of anthropogenic RF estimated by
global climate models (GCMs) used by the IPCC are shown in Fig.1.1. The
ACI and ARI constitute the largest uncertainties in climate model RF estimates
and best estimates would indicate that together they contribute a net cooling ef-
fect. Since the estimated magnitude of the aerosol induced RFs is on the order
of that of greenhouse gases (GHGs), constraint of their uncertainties is impor-
tant for understanding the degree to which ACI and ARI mask the greenhouse
effect and making meaningful climate projections. The estimated net cool-
ing effect is thought to be predominantly caused by anthropogenic induced
changes in ACI and the reflective capacity of industrial sulphate and biomass
burning emissions, as well as organic carbon produced by fossil and biofuel us-
age (Boucher et al., 2013). The ARI and ACI uncertainties displayed in Fig.1.1
depend on several factors, one of which is estimates of the PI indirect aerosol
effects (Carslaw et al., 2013). To constrain ACI uncertainties, collection of
aerosol and cloud in-situ measurement data, controlled laboratory experiments
and a deepening of theoretical understanding of the processes contributing to
ACI are essential. In this thesis, an emphasis has been placed on the latter. By
using models to simulate the formation of cloud droplets on aerosols a pro-
cess termed cloud droplet activation, and evaluating model parametric uncer-
tainties and sensitivities, recommendations for future measurement campaign
priorities and climate model process inclusions are sought.

The thermodynamic viability of an aerosol to undergo droplet activation,
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Figure 1.1: "Radiative forcing (RF) and Effective radiative forcing (ERF) of cli-
mate change during the Industrial Era. (Top) Forcing by concentration change
between 1750 and 2011 with associated uncertainty range (solid bars are ERF,
hatched bars are RF, green diamonds and associated uncertainties are for RF
assessed in AR4). (Bottom) Probability density functions (PDFs) for the ERF,
for the aerosol, greenhouse gas (GHG) and total. The green lines show the AR4
RF 90% confidence intervals and can be compared with the red, blue and black
lines which show the AR5 ERF 90% confidence intervals (although RF and ERF
differ, especially for aerosols). The ERF from surface albedo changes and com-
bined contrails and contrail-induced cirrus is included in the total anthropogenic
forcing, but not shown as a separate PDF. For some forcing mechanisms (ozone,
land use, solar) the RF is assumed to be representative of the ERF but an addi-
tional uncertainty of 17% is added in quadrature to the RF uncertainty.", taken
from the IPCC AR5 Technical Summary.
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that is to say whether or not a given aerosol particle is a CCN, is assessed
using Köhler theory (Köhler, 1936). Köhler theory describes the functional
dependence of CCN activity on the atmospheric humidity and aerosol size and
composition (McFiggans et al., 2006). While an aerosol particle may indeed
be considered a CCN this classification is a necessary but not sufficient con-
dition for cloud droplet nucleation in the atmosphere. For cloud droplet for-
mation, the time evolution of atmospheric humidity and growth of the entire
population of aerosol particles must be considered. The changing availabil-
ity of water vapour and particle population dynamics necessarily result in the
kinetically realised cloud droplets being a subset of the CCN identified by ther-
modynamic viability. The primary tool used for modelling formation of cloud
droplets and CDNC evolution in the atmosphere is the adiabatic cloud parcel
model (CPM). CPMs allow for computationally efficient simulation of atmo-
spheric air parcel ascent and cooling during a cloud formation event. One of
the first formulations of a set of equations that could be deemed a cloud parcel
model is that presented by Howell (1949). Howell presented time integration
of the particle size distribution, cooling rate and atmospheric supersaturation
development under adiabatic conditions yielding a cloud droplet size distribu-
tion, or spectrum (CDS). Since then numerous developments have been made
to CPMs. Mordy (1959) developed the framework to include precipitation
while Neiburger & Chien (1960) simulated ascent subject to an increasing up-
draft velocity on an electronic computer. Despite these developments to the
adiabatic parcel model, observed CDS were found to be significantly broader
than those simulated, though CDNC predictions agreed quite well. The model-
measurement discrepancy in cloud droplet spectral width persists to date and
must be corrected for accurate calculation of precipitation rates and cloud op-
tical properties (Yang et al., 2018). It is thought that the reality of CDS breadth
could originate from turbulent and/or aerosol effects currently not accounted
for in typical CPMs or GCMs (Yang et al., 2018). Droplet activation of smaller
aerosol particles by processes currently unrepresented in models or missed due
to inaccurate model input parameters will result in broader CDS.

Arguably, the most complex component of atmospheric aerosols is the or-
ganic fraction that consists of many thousands of distinct compounds compli-
cating both the thermodynamic and kinetic descriptions required for theoreti-
cally sound modelling of droplet activation (Kanakidou et al., 2005; Tsigaridis
et al., 2014). In addition to the challenges associated with representing many-
component mixtures and their interactions in a computationally tractable way,
the organic fraction has been observed to host insoluble surface-active organic
compounds that partition to the particle surface (Facchini et al., 1999; Ruehl
et al., 2016). In doing so, the development of a chemically distinct organic
surface phase lowers the particle surface tension and reduces the solute ef-
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fect, increasing and decreasing the cloud nucleating potential of the aerosol
particle respectively (Shulman et al., 1996). The magnitude of these two influ-
ences on Sc, and CCN and cloud droplet number concentrations has be scruti-
nised for several decades now (Facchini et al., 1999; Lowe et al., 2016; Prisle
et al., 2012; Ruehl et al., 2012, 2016; Shulman et al., 1996; Topping, 2010)
with mixed conclusions as to whether surface-activity has significant impli-
cations for ACI, and even whether the surface phase promotes or suppresses
droplet activation. There are a plethora of reasons for the lack of convergence
in understanding in the matter, but differing solubility assumptions, theoreti-
cal bases for models, measurement techniques and laboratory generated versus
in-situ aerosol samples are but a few. In the most recent literature pertaining
to molecular scale theoretical and model developments, as evaluated on lab-
oratory measurements (Ruehl et al., 2012, 2016) and particular in-situ events
(Ovadnevaite et al., 2017), reductions in the surface tension have proven them-
selves to be the dominant effect enhancing CCN concentrations. While the
works of Ruehl et al. (2016) and Ovadnevaite et al. (2017) have elucidated
the influence of the organic surface phase on the thermodynamics of CCN
potential the scope of these studies is limited two-fold. First, measurement
instrumentation limits the ability to assess the effect on CDNC in meteorolo-
gies representative of clouds. Specifically, CCN counters operate on fixed hu-
midity bands while in-cloud humidities are constantly evolving according to
the prevailing temperature, updraft velocity and condensation sink associated
with droplet activation. Second, by the very nature of laboratory generated
aerosol samples (Ruehl et al., 2016) and in-situ measurements on short time-
scales (Ovadnevaite et al., 2017), the statistical relevance of surface phenom-
ena for spatiotemporal timescales associated with climate changes cannot be
addressed. From a theoretical perspective, the former may be addressed with
a CPM that simulates evolving meteorology during cloud formation, and the
latter by conducting large CPM simulation ensembles with a range of condi-
tions representative of the atmosphere. Moreover, the relevance of the surface
phase may be further contingent on additional processes applicable to the or-
ganic fraction that have not been considered. One such process would be the
condensation of oxidation products of volatile organic compounds (VOCs) that
contribute additional, and potentially surface active organic mass, to the parti-
cle phase.

Condensation of VOC oxidation products, often grouped according to their
volatility in the extremely low, low, semi- and intermediate volatility com-
pounds (ELVOC, LVOC, SVOC and IVOC, see Mohr et al. (2019) and ref-
erences therein), can contribute to both formation and growth of atmospheric
aerosol. In particular, ELVOC and LVOCs can grow newly formed particles
from sizes of a couple of nanometres to CCN sizes (Roldin et al., 2019; Shri-
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vastava et al., 2017). Using a CPM to simulate cloud droplet activation and
growth, work by Topping et al. (2013) illustrates how condensation of semi-
volatile organic compounds (SVOCs) systematically enhance CDNCs by sup-
plying additional soluble mass to the particle phase. This is in contrast to work
by Gao et al. (2018) wherein they identify a range of environmental conditions
under which the number of activated particles is reduced in simulations with
the aerosol microphysics box model MATRIX-VBS. The discrepancy between
these results is a strong indication that model choice is of critical importance
in obtaining conclusions consistent with nature. While the CPM used by Top-
ping et al. (2013) is undoubtedly more sophisticated in accounting for airmass
ascent, expansion and cooling, and cloud droplet growth, neither model has
seen evaluation against in-situ observations. Owing to the large uncertainty
in the solubility and volatility distribution of organic aerosol mass, the latter
termed the volatility basis set (VBS), considerably more observational work is
required in this area.

Herein the principal practical objective is to develop the existing IMAU
(Institute for Marine and Atmospheric research Utrecht) cloud parcel model
(ICPM) to simultaneously simulate partitioning of organic aerosol mass be-
tween the gas and bulk and surface aqueous particle phases during cloud for-
mation. The scientific goals to be addressed in this thesis are outlined below:

1. Determine if the cloud droplet formation process and spectrum is signif-
icantly influenced by surface activity or organic aerosol constituents for
typical conditions of different environments (Papers I-III).

2. Determine if the outcome of 2. is statistically relevant on spatiotemporal
scales applicable for climate modelling (Paper III).

3. Determine if the cloud droplet spectrum is significantly influenced by
condensation of SVOCs in a boreal environment (Paper IV).

4. Develop the ICPM to include a unified framework of organic aerosol
(ICPM-UFO) solubility, surface activity and volatility, and their effects
on cloud droplet formation and growth (Paper III-IV).

5. Identify if there are any interactions between surface activity and SVOC
condensation that further affect the cloud droplet spectrum (Paper IV).
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2. Theory, methods and models

In the following sections the theoretical basis and various models used in this
thesis for simulating cloud droplet activation and growth are detailed. These
models are summarised in Fig. 2.1.

Figure 2.1: Overview of aerosol activation and growth models used in this
thesis including the function forms of the water activity aw and surface ten-
sion γ . Abbreviations: bulk Köhler model (BK), compressed film model (CF),
Szyszkowski-Langmuir model (SL), Sprow and Prausnitz model (SP) semi-
volatile organic compounds (SVOC). In frameworks with condensing SVOCs
summations over i correspond to the set of species constituting the volatility ba-
sis set.

2.1 Köhler theory

The equilibrium vapour saturation ratio Seq, which is related to relative hu-
midity RH by Seq = RH/100%, at the surface of a spherical aerosol particle
consisting of water and non-volatile solutes depends upon its wet radius r and
composition. For water vapour and a single bulk aqueous particle phase, this
is cast mathematically as the Köhler equation (Köhler, 1936), or Köhler curve,
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Seq = aw · exp
(

2νγ

RTr

)
. (2.1)

where R is the universal gas constant, T the droplet temperature, γ the particle
surface tension and ν the molar volume of water in the solution. Assuming the
droplet to be an ideal solution, the water activity aw is simply the mole fraction
of water in the condensed phase xw,

aw = xw =
nw

nw +ns
(2.2)

where nw and ns are the total number of moles of water and solute(s) in the
particle phase. Assuming dilute droplets, as is done throughout this thesis, this
can be approximated (Seinfeld & Pandis, 1998) as,

seq ≡ 100%× (Seq−1)≈ exp
(

A
r
− B

r3

)
(2.3)

where

A =
2νγ

RT
(2.4)

and

B =
3nsMw

πρw
(2.5)

are the Köhler coefficients. Encapsulated in the A coefficient is the increase
in supersaturation at the curved particle surface relative to a flat body of wa-
ter - the Kelvin effect. This term depends on the surface tension γ , which is
72.8 mN m−1 assuming a surface phase indistinguishable from a dilute bulk
water phase, and the molar volume of pure water ν = 18 g mol−1. The B
coefficient quantifies the solute effect which, naturally, depends on ns in the
particle phase, and therefore the dry particle size ra, and lowers Seq relative
to a pure water droplet. The competition between these two effects as a func-
tion of size results in the maximum of the Köhler curve, called the critical or
activation point consisting of a critical supersaturation sc and radius rc. If the
ambient water vapour supersaturation s exceeds sc, then the aerosol particle
may undergo unstable growth due to condensation of water vapour, and is thus
termed a CCN. For a fixed relative composition, soluble aerosol particles of
increasing dry radius ra have lower sc due to the solute effect. Therefore, for
a given s there exists a minimum dry size r∗a(s), further termed the activation
radius, above which all other aerosol particles are considered CCN for that
composition.
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Figure 2.2: a) Köhler curves for bulk Köhler theory (BK, black), approximate
compressed film model (CF, red), condensing semi-volatile organic compounds
(SV, blue) and the unified framework for organics (UF, green). Cases in which
the organic aerosol fraction is assumed completely insoluble (ε = 0) and part
soluble (ε = 0.5) are shown with dotted and solid curves respectively. b) Surface
tension curves of corresponding to Köhler curves of same colour and line-type in
a) determined from Eq. 2.22. Surface tension of a pure water droplet is shown
by the gray dashed line.

In this thesis the above formulation of Köhler theory will be referred to as
the bulk Köhler theory (BK), a BK Köhler curve is shown in Fig. 2.2 (black
curve). When modelling a distinct surface phase the model ceases to be a
bulk theory and will be referred to by one of the respective model names from
section 2.3 below. In the surface phase resolving models two changes are
made. The surface tension is replaced by a function that determines surface
tension reductions as a function of organic mass concentration in the surface
phase and ns is redefined to be the number of soluble moles in the bulk phase
only, nb.

2.2 Modelling CCN spectra

The size distribution of atmospheric aerosol number concentrations is known
to be often well represented by a superposition of log-normal modes

na(ra) =
nm

∑
i=1

Ni√
2πlnσi

exp
[
−(lnra− lnri)

2

2ln2
σi

]
. (2.6)

where Ni, ri and σi are the number concentration, geometric mean radii and
geometric standard deviation of the ith mode, respectively. Herein, all size
distributions considered are bi-modal nm = 2. For the modal sizes studied in
this thesis, the first and second modes are referred to as the Aitken and accu-
mulation modes, respectively. The only exception to this is the first mode in
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Paper III which is called the nascent ultrafine mode (NUM), which refers to the
NUM-event reported by Ovadnevaite et al. (2017). The number concentration
of CCN at a given s is found through integration of na for the corresponding
r∗a(s),

NCCN(s) =
nt

∑
j=1

∫
∞

r∗a, j(s)
dran j(ra) (2.7)

where the index j and summation cover nt different compositions (aerosol
types). This procedure is applied in Paper I for determining the CCN spec-
tra for which a range of s is prescribed.

The number concentration of cloud droplets, denoted CDNC or Nd , can
differ from NCCN owing to condensation kinetics and availability of water
vapour but is necessarily such that Nd 6 NCCN. To determine Nd simultane-
ous simulation of particle growth rates and ambient supersaturation evolution
is required, something achievable with a cloud parcel model.

2.3 The cloud parcel model: ICPM-UFO

While CCN spectra quantify the number concentration of CCN for a given
supersaturation, they do not provide any information on supersaturations re-
alised in clouds. To simulate CCN or cloud droplet concentrations in a cloud,
consideration must be given to the prevailing atmospheric conditions that de-
termine the ambient supersaturation. One model type for the simulation of
the necessary atmospheric conditions is the cloud parcel model, upon which
cloud droplet activation parameterisations in GCMs are generally based. For
a detailed description of a CPM the reader is referred to Roelofs & Jongen
(2004). Briefly, the theoretical framework of a CPM simulates ascent, expan-
sion and cooling of an air parcel from subsaturated conditions, with respect
to water vapour, through the liquid condensation level (LCL), colloquially
termed cloud base, into the supersaturated cloudy environment. Mathemati-
cally, CPMs provide time dependent solutions of a system of coupled ordinary
differential equations (ODEs) using either a numerical solver, approximate an-
alytical solutions to the ODEs or a combination of the two. The ODEs to be
solved usually consist of the time-evolution of temperature T , pressure P, am-
bient supersaturation s, altitude z and particle size r, or mass m, as a minimum.
In the IMAU (Institute for Marine and Atmospheric research Utrecht) cloud
parcel model (ICPM) — the CPM used and developed in Papers III and IV —
these ODEs take the form detailed below.

The parcel displacement is determined by the updraft velocity w,
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dz
dt

= w. (2.8)

This work is primarily concerned with droplet activation at cloud base and
thus only positive and constant prescribed updraft velocities are considered.
In practice, the updraft velocity evolves during ascent and cloud development
according to parcel buoyancy relative to its environment, and may become
negative at cloud top, for example. The ambient parcel pressure follows the
hydrostatic balance,

dP
dt

=− gw
RaT

P (2.9)

where Ra is the specific gas constant of air. The ambient parcel temperature
follows the dry adiabat (second term Eq. 2.10) adjusted for latent heat released
into/depleted from the gas phase due to condensation/evaporation (first term
Eq. 2.10),

dT
dt

=
Le

cpa

dwl

dt
− gw

cpa
(2.10)

where the liquid water content wl [gwaterg−1
air ] of the air parcel is related to the

evolution of the ambient supersaturation,

ds
dt

=− RvP
Raes

dwl

dt
− (1+ s)

[
Le

RaT 2
dT
dt

+
g

RaT
w
]
. (2.11)

Finite differentials over the model time step ∆t = 0.01s are used to approximate
the rate of change of liquid water content in the parcel,

dwl

dt
≈ ∆wl

∆t
(2.12)

where wl at a given time step is determined by summing the water content
contained by all particles ni j of size index i and composition index j,

wl =
4πρw

3ρa

na

∑
i=1

nt

∑
j=1

ni j(r3
i j− r3

a,i j). (2.13)

Dropping indices for notational convenience, particle radii r or masses m are
determined by their respective condensation equations

dm
dt

= 4πρwr2 dr
dt

=
4πρwr(S−Seq)

ρwRvT
D∗ves

+ Leρw
kT

(
Le

RvT −1
) (2.14)

which are driven by the difference between by the difference in ambient water
vapour concentration away from and at the surface of each particle, quantified
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by S and Seq (Eq 2.1), respectively. In the ICPM approximate solutions of a
linearised form of Eq 2.14 detailed by Haenel (1987) are used. Initialisation
of the ICPM requires specification of initial conditions for each of the ODEs,
aerosol size distribution parameters in Eq. 2.6 and aerosol composition. Solv-
ing the above ODEs with appropriate initial conditions provides the theoretical
description of the adiabatic ascent of an air parcel and condensational growth
of the aerosol particle population. The ICPM can be run in psuedo-adiabatic
mode, in which some diabatic processes may be considered. Principally this
concerns heat exchange with surrounding non-cloudy air and entrainment of
clean, dry air which is described in detail in the methods section of paper IV
and references therein.

In Papers III and IV model developments are made to include a chemically
distinct aerosol particle surface phase and condensation/evaporation of SVOC
by phase partitioning or SOA mass, respectively. The theoretical detail of these
developments are provided in sections 2.4.3 and 2.5 below.

2.4 Bulk-surface partitioning of organic aerosol mass

In Papers I-III different surface phase models were used to assess the influence
of the aerosol particle surface phase on the activation point (Paper II), CCN
concentration (Paper I) and CDNC (Paper III). Ultimately these models are
used to find the distribution of organic material between the bulk and surface
phases facilitating appropriate calculation of the bulk water mole fraction xw
and surface tension γ in Eq.2.1. In the following subsections a brief description
of the surface phase parameterisation and model assumptions is given for each
of these models. In all models the surface tension of water is assumed to be
γw = 72.8mNm−1.

2.4.1 The semi-empirical Szyszkowski-Langmuir model - Paper I

In paper I Köhler curves for aerosol particles were calculated for prescribed
concentrations of organic and inorganic material described by size and com-
positional mass fractions. The curves were calculated with standard Köhler
theory (section 2.1) and again with a bulk-surface partitioning model derived
by Topping (2010), further referred to as the Szyszkowski-Langmuir model
(SL). In this model, the total number of moles of the surface active organic
compound nt consists of contributions from the aqueous bulk nb and surface
ns phases,

nt
org = ns

org +nb
org (2.15)
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To determine the number of moles in the surface phase, and thus bulk phase
since the total number is prescribed in terms of aerosol size and organic mass
fraction, solution of the the Gibbs adsorption isotherm is required

ns
orgdµorg +Adγ = 0 (2.16)

where A is the droplet surface area, µorg the chemical potential of the surface
active organic and γ the surface tension. A semi-empirical formulation of the
Szyszkowski equation (Szyszkowski, 1908) devised by Li & Lu (2001) is cho-
sen as the equation of state relating surface tension to the organic activity aorg,

γ = γw−RT Γln(1+Kaorg) (2.17)

where the saturated surface excess Γ and the adsorption equilibrium constant
K are compound specific constants describing surface affinity and capacity for
surface tension depression.

By numerically solving Eqs. 2.16 and 2.17 and assuming that all activities
can be represented by effective mole fraction - that is to say ideal solutions are
assumed - the mole fraction of organic in the bulk phase xb

org is determined.
From this the number of moles in the bulk (and thus surface) phase can be
calculated,

nb
org = nt

w
xb

org

1− xb
org

. (2.18)

From this all other activities can be calculated and surface tension determined
from Eq. 2.17. Finally this allows Eq. 2.1 to be used with adjusted bulk phase
organic concentrations in xw to determine the activation point and calculation
of the CCN spectrum for a given supersaturation following section 2.2.

2.4.2 The Sprow and Prausnitz model - Paper II

In paper II the total succinic acid and inorganic moles were known for a set
of experiments in which X-ray photoelectron spectroscopy was used to mea-
sure surface phase concentrations of succinic acid. The Langmuir adsorption
isotherm,

Is =
Is,maxx

x+(1− x)e∆Gads/RT , (2.19)

where x is the total mole fraction of succinic acid, was used to determine sur-
face succinic acid concentrations cs = Is/k0 using the constant of proportion-
ality k0 = 4.2 determined from fits to existing data. Measurements of the free
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energy of adsorption were found to be adequately parameterised by a linear
dependence on the inorganic mole fraction xinorg

∆Gads =−12.8−29xinorg [kJmol−1] (2.20)

irrespective of whether the inorganic was sodium chloride or ammonium sul-
fate. With cs known, and assuming inorganic to be surface inactive, the Sprow
and Prausnitz surface tension model was applied with water activities for the
bulk ab

w and surface as
w phases,

γ = γw +
RT
Aw

ln
as

w

ab
w
. (2.21)

where the surface water activity is determined by assuming a 0.4 nm thick
surface phase composed of water and the succinic acid surface concentration
cs. Equation 2.21 and the bulk organic concentration can be substituted into
Eq. 2.1 to determine the Köhler curve.

2.4.3 The approximate compressed film model - Paper III

In Paper III the approximate compressed film model (CF) detailed by Ovad-
nevaite et al. (2017) and based on the compressed film model developed by
Ruehl et al. (2016) was embedded into the ICPM. In the CF model all organic
material was assumed to be insoluble and reside at the particle surface. The
accumulation of organic mass at the particle surface results in a surface tension
depression,

γ = (1− f )γw + f γorg (2.22)

where γorg is the pure component surface tension. The fractional surface cover-
age of a given particle by organic material f relies on a minimum film thickness
parameter δmin,

f = min
[

Vorg

Vδ

,1
]

(2.23)

where Vorg and Vδ are the volume of the surface active organic mass and the
volume associated with the minimum film thickness. Both γorg and δmin are
compound specific and highly uncertain for mixtures in atmospheric aerosol,
herein they are assumed to be 30mNm−1 and 0.2nm, respectively, based on
ranges reported by Ovadnevaite et al. (2017).

The surface tension depression quantified by Eq 2.22 can be substituted
into Eq. 2.1 and xw can be calculated assuming there is no organic mass in the
bulk. Example CF Köhler and surface tension curves are shown in Fig. 2.2
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(dotted red curves), and with the assumption of completely insolubility ε = 0
relaxed to ε = 0.5 (solid red curves).

2.5 Gas-particle partitioning of organic aerosol mass

In paper IV the ICPM-UFO was presented in which model developments de-
scribing condensation/evaporation of a range of VOCs were incorporated. The
VOCs are described by a volatility basis set (VBS) (Donahue et al. 2006) - total
mass concentration (across particle and gas phases) C as a function of satura-
tion mass concentration C∗ further referred to as the volatility. The volatility of
atmospheric aerosol systems varies greatly and thus compounds are sorted into
bins separated by orders of magnitude in volatility or, equivalently, increments
in log10(C

∗) of unity spanning -6 to 3 (Fig. 2.3).
The partitioning coefficients are defined,

ζi ≡
Cp,i

Cp,i +Cg,i
(2.24)

where Cp,i and Cg,i are the particle and gas phase mass concentrations of VBS
bin i and the total mass concentration of the organic aerosol particle phase Cp

is,

Cp = ∑
i

Cp,i = ∑
i

Ciζi. (2.25)

Equation 2.24 can be rewritten in terms of the respective mass fraction frac-
tions χi and total mass concentration of the organic aerosol particle phase Cp,

ζi =
χiCp

χiCp +χiC∗i
(2.26)

where equilibration between the gas and particle phases has been asserted
through Cg,i = χiC∗i . Cancelling mass fractions yields,

ζi =
Cp

Cp +C∗i
. (2.27)

Iterative solution of Eqs 2.27 and 2.25, constrained by the prescribed aerosol
size distribution and organic mass fraction, determines the ζi used to initialise
the VBS at the beginning of the simulation (Topping et al., 2013). Condensa-
tion and Köhler equations analogous to that of water (Eqs. 2.1 and 2.14) for
each of the VBS bins are added to the ICPM to simulate SVOC condensation
during the ascent of and ICPM run.

An example of a VBS is shown in Fig. 2.3 for total organic aerosol (TOA)
(Cappa & Jimenez, 2010). Particle phase concentrations are calculated as
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Cp,i = ζiCi for initialisation (RH = 90%) where the partitioning coefficients
have been iteratively determined assuming equilibrium. The Cp,i at RH = 95
and 99% have been dynamically determined online in a ICPM simulation of a
boreal environment using the condensation equations.

Figure 2.3: A total organic aerosol (Cappa and Jimenez 2010) volatility basis set
initialised assuming equilibrium between gas and aqueous organic aerosol phases
at a relative humidity of RH = 90%. Curves show particle phase concentration as
a function of volatility at initialisation (dotted) and after dynamic condensation
at RH = 95% and RH = 99% during an air parcel ascent.

2.6 Aerosol compositions studied

The aerosol composition studied in each paper of this thesis are detailed de-
scribed in the following sections. In all papers a mixture of inorganic and or-
ganic mass was used and prescribed in terms of an organic mass fraction Forg.
Changes in composition between papers represent the evolution of measured
values present in existing literature.

2.6.1 Paper I

In Paper I a model organic was defined with molar mass Morg = 260 g mol−1

and density ρorg = 1350 kg m−3, average values based on the ranges reported
by Topping (2010), which was used for all environments studied. The organic
mass fractions were assumed to be Forg = 0.18, 0.4 and 0.6 for the average
marine, polluted continental and rural continental cases, respectively. Corre-
spondingly, mass fractions of insoluble black carbon were FBC =0.3, 0.075
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and 0.1. Additional aerosol mass for each environment consisted of inorganic
mass: NaCl for average marine, equal parts ammonium sulfate and ammonium
nitrate for both polluted and rural continental. The mixing state was assumed
to be internal and the composition size-independent.

2.6.2 Paper II

In Paper II, the activation point mixtures of two systems were studied. Both
systems contained succinic acid Morg = 118 g mol−1, ρorg = 1560 kg m−3, but
with ammonium sulfate in one system and sodium chloride in the other. A
range of organic mass fractions spanning 0.2 - 1.0 were studied.

2.6.3 Paper III

In paper III average marine and boreal (similar to rural continental in Paper
I) cases were studied. The marine case was prescribed with Forg = 0.2 for
both modes, and the remaining ammonium sulfate and sodium chloride mass
in the Aitken and accumulation modes, respectively. The organic compound
was represented with palmitic acid Morg = 256 g mol−1 and density ρorg = 852
kg m−3. The boreal case, considered an approximate proxy for a remote con-
tinental aerosol population, was prescribed Forg = 0.6 for both modes, with
average properties reported for two distinct SOA surrogate systems by Ovad-
nevaite et al. (2017). The Aitken mode was therefore characterised by a model
compound with Morg = 368 g mol−1, ρorg = 1200, and the accumulation mode
Morg = 190 g mol−1, ρorg = 1240 kg m−3.

In addition to the marine and boreal cases, the NUM-event, in which pris-
tine north atlantic airmass mixed with a continental airmass, reported by Ovad-
nevaite et al. (2017) was also studied. This case was characterised by organic
mass fractions of 0.52 and 0.30 for the NUM and accumulation mode, respec-
tively, with the same SOA surrogate systems as those used in the boreal case.
The inorganic component was assumed to be ammonium sulfate.

2.6.4 Paper IV

In Paper IV, a boreal case was considered as an environment known to host
SVOCs. The VBS of the environment was prescribed the shape of a total
organic aerosol size distribution (Cappa & Jimenez (2010), Fig. 2.3). As com-
pared with Paper III, a simplified mode-independent aerosol composition was
prescribed that assumed an organic mass fraction of 0.7 consisting of a model
organic with Morg = 200 g mol−1, ρorg = 1500 kg m−3 and a enthalpy of va-
porisation of 150kJ mol−1. The remaining aerosol mass was assumed to be
ammonium sulfate.
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2.7 Methods of sensitivity and uncertainty analysis

Sensitivity analysis is a methodology by which a response of a given model
output is diagnosed with respect to a change in a model input parameter, pro-
cess inclusion or both simultaneously. Sensitivity to perturbations of input
parameters can be local or global in reference to the scope of the parame-
ter space explored. In local sensitivity analyses model response is calculated
for perturbations in a single parameter (sometimes called one-at-a-time OAT
analysis) or a sub-set of all relevant input parameters in which interactions be-
tween the respective parameters are considered. Global sensitivity analysis,
however, considers simultaneous perturbation of all relevant input parameters
and their interactions. Global sensitivity analyses have been performed before
with cloud parcel models (Partridge et al., 2012; Rothenberg & Wang, 2016)
and have proven to be effective methods of capturing the full range of param-
eter interactions for atmospherically relevant parameter ranges. This is partic-
ularly useful for illustrating the range of Nd , for example, simulated given the
high degree of variability exhibited by atmospheric updraft velocities (West
et al., 2014) and aerosol size distributions.

Inverse modelling methods such as that performed by Partridge et al. (2011,
2012) provide a method of simultaneously performing sensitivity and uncer-
tainty analyses. This procedure is performed by employing automatic search
algorithms to globally constrain input parameter uncertainties by optimising
model output to observational data. In Paper I a response surface analysis
was carried in order to test the viability of applying the inverse modelling
methodology to CCN spectra. In paper III local sensitivity analyses and the
Sobol method (Saltelli et al. (2010) and refecences therein) for global sensitiv-
ity analyses are used to investigate Nd response to the surface phase, aerosol
size distribution and composition and updraft velocity. Additionally Monte
Carlo simulations are performed to examine global parametric uncertainties in
several model outputs including Nd in both Papers III and IV. Details of these
procedures are given below.

2.7.1 Response surface analysis

In paper I feasibility of inverse modelling of CCN spectra was tested by us-
ing a response surface analysis of CCN concentration sensitivity. As a vector
of CCN concentrations NCCN(s), length n, spanning a range of atmospheric
supersaturations 0 - 1.5 % a scalar aggregate of NCCN response is required
for easily understood sensitivity quantification. To this end, residuals between
CCN spectra calculated from best estimate parameter values N0

CCN(θ0) and
that calculated for perturbed inputs NCCN(θ) are determined,
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r = NCCN−N0
CCN. (2.28)

The residuals can then be used to determine a root mean square error (RMSE),

RMSE =
1
n

n

∑
i=1

r2
i (θ ,θ0) (2.29)

which can be used in turn to quantify sensitivity of the CCN spectra to per-
turbations in θ . In paper I, Eq 2.29 is used to illustrate sensitivity to pairwise
perturbations in model input parameters on contour plots such as that shown
in Fig. 3.2, termed response surfaces. It is worth noting that these sensitivities
are of course dependent upon the choice of θ0.

In part 2 to Paper I (in prep.), NCCN(θ) is to be simulated within an MCMC
procedure for inverse modelling of CCN spectra.

2.7.2 Monte Carlo simulation

In paper III Monte Carlo simulation is invoked to determine parameteric uncer-
tainties in predictions made by the ICPM both with and without representation
of the organic aerosol surface phase. This entails simulating cloud formation
events on randomly sampled parameter values from atmospherically relevant
ranges found in existing literature. Herein, Latin hypercube sampling (LHS)
(McKay et al., 1979) was used to randomly sample organic mass fraction,
aerosol size distribution, updraft velocity and surface phase input parameters.
These input parameter sets were then used to drive an ensemble of ICPM sim-
ulations that yield distributions of model outputs, principally: Nd , sm and r∗.
In the case that cloud parcel models provide an accurate description of real-
world cloud formation, and if the prescribed uniform independently-varying
input parameter distributions are a representative of those observed in the at-
mosphere, then the spread of these distributions would be representative of
real-world variabilities.

2.7.3 Sobol analysis

The Sobol method for global sensitivity analysis is an algorithmic approach
to decomposition of the total model variance generated over a LHS of input
parameters into contributions from individual parameters. The decomposition
takes the form of sensitivity indices. In Paper III we consider indices of two
types for each parameter θi where the index i spans the number of input pa-
rameters. The first is the first order Sobol index,

Si =
Var(E[ψ|θi])

Var(ψ)
, (2.30)
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and the second is the total Sobol index,

ST,i =
Var(ψ)−Var(E[ψ|θ∀ j 6=i])

Var(ψ)
, (2.31)

where Var(ψ) is the total variance in model output ψ for the LHS of input
parameters. E[ψ|θi] is the expectation, or mean, of ψ given perturbations in
just θi; conversely, E[ψ|θ∀ j 6=i] is the expectation of ψ given simultaneous per-
turbations of all parameters other than θi.

The first order indices give a local sensitivity ranking for each parameter
as a fraction of total model variance, 0 < Si < 1 ∀i. Since these indices do not
account for any parameter interactions they are necessarily such that ∑i Si < 1.
The total indices provide a ranking in which all parameter interactions are
accounted for. The reader is referred to Saltelli et al. (2010) and references
therein for further details.

In Paper III, ψ is taken to be the percentage change in cloud droplet num-
ber concentration due to the surface phase as described by the approximate
compressed film model relative to standard Köhler theory, ∆CDNC. The param-
eter set θ was taken to consist of organic mass fraction, aerosol size distribu-
tion, updraft velocity, pure organic surface tension and minimum film thick-
ness. The analysis was carried out for two aerosol populations, average marine
and boreal, to ascertain if the parameter sensitivity ranking is environment de-
pendent. It should be noted, however, that the fractional nature of the Sobol
indices in quantifying variance decomposition means that they provides no ab-
solute information regarding model response. Sobol indices are therefore best
used in tandem with more transparent approaches to get the full picture such
as Monte Carlo based approaches.
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3. Results

3.1 Impact of the surface phase on cloud formation

In this thesis, three parameterisations of the surface phase have been applied in
different contexts to assess how the partitioning of organic compounds to the
surface phase influence the cloud nucleating ability of aerosol particles.

In Paper I the bulk-surface partitioning developed by Topping (2010) was
coupled with aerosol number concentration size distributions to examine the
sensitivity of CCN spectra to the surface phase and model parameter pertur-
bations. It was shown that the full bulk-surface partitioning scheme, which
includes both surface tension depression and reductions in the solute effect
due to partitioning, results in negligible changes to CCN spectra correspond-
ing to average marine, rural and urban conditions. These results are shown in
Fig. 3.1. CCN spectra for the BK model, in which a single bulk particle phase
is assumed and a surface tension of pure water, is shown with solid curves.
The bulk-surface partitioning scheme with size dependent surface tension as
described by Eq. 2.17 is shown by the dotted curves.

Figure 3.1: CCN spectra calculated from best estimate parameter values in Pa-
per I for marine average (blue), rural continental (green) and polluted continen-
tal (red) environments. Spectra determined using bulk Köhler theory (BK) are
shown by solid lines, while models using the Szyszkowski-Langmuir (SL) model
are shown with dotted lines.
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Figure 3.2: Response surfaces of RMSE for the Szyszkowski bulk-surface parti-
tioning model used in Paper I for the marine average environment. Blue crosses
indicate the parameter values used to calculate the pink curve in Fig. 3.1a.

Furthermore, sensitivity of the CCN spectra to simultaneous perturbations
to parameters describing the partitioning, the saturated surface excess K and
adsorption equilibrium constant Γ, was found also to be negligible. This is
shown in Fig. 3.2d for the average marine case but is true for the rural and ur-
ban continental cases studied also (Paper I, SI). These key results suggest that
surface phase is of little importance for accurate modelling of CCN spectra
and, therefore, is not recommended for inclusion in droplet activation param-
eterisations in GCMs or other larger scale models. In Paper II the impact of
bulk-surface partitioning of succinic acid in binary mixture with sodium chlo-
ride or ammonium sulfate was also found to have a negligible effect on the
critical supersaturation sc and therefore on cloud-nucleating potential of these
aerosols. This result is despite the high-affinity that succinic acid has for the
surface phase, in some cases resulting in surface phase concentrations 10 times
that in the bulk phase as determined by X-ray photoelectron spectroscopy. The
negligible impact of bulk-surface partitioning on cloud nucleating potential
found in these two studies arises due to the lowering of sc by surface tension
depression being negated in large part by reductions in the solute effect.

The CF model embedded into the ICPM in paper III tells a different story
however. The significant lowering of the activation point by surface tension de-
pression induced by the completely insoluble organic aerosol component out-
competes the reduction in the solute effect for marine, boreal and NUM-event
type aerosol compositions. Since the activation potential is significantly in-
creased so is the condensation sink thereby reducing the maximum supersatu-

36



Figure 3.3: Microphysics of cloud formation events on marine (blue), boreal
(green) and NUM-event (organge) aerosol populations simulated by the ICPM.
Simulations are made using bulk Kohler theory (BK, solid lines) and the approx-
imate compressed film model (CF, dotted lines) with initial temperature T = 280
K, pressure P= 98000 Pa, supersaturation s=−0.15% and fixed updraft velocity
w = 0.32ms−1 . Simulated a) parcel supersaturation and b) cloud droplet number
concentration during parcel ascent. c) Cloud droplet size distribution at a parcel
displacement of 200 m from initialisation (Paper III, Figure 2) .
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ration obtained in the parcel (Fig. 3.3a). Despite this, the CDNC enhancement
by the surface phase was found to be 13, 23 and 145 % for representative ma-
rine, boreal and NUM-event simulations (Fig. 3.3b). The lowering of the max-
imum supersaturation also results in reduced droplet growth rates (Eq. 2.14)
which manifests itself as reduced droplet sizes (Fig. 3.3c). The higher concen-
tration of cloud droplets, although smaller in size, suggests an increase in the
cloud albedo as compared with when neglecting the surface phase in BK sim-
ulations. In Paper III it was shown that the percentage enhancement of albedo
due to the representation of the surface phase in the CF model, when assum-
ing a typical updraft of 0.32 ms−1 varies between 0-7% and 0-10% for typical
ranges of aerosol concentrations for marine and boreal regions, respectively.
That said, reduced particle growth rates present in the CF model simulations
also result in CDS broadening, particularly in the boreal case (Fig. 3.3c). This
broadening is itself suggestive of enhanced droplet collision-coalescence and
precipitation onset were they to be simulated. Droplet collision-coalescence,
by definition, would have the opposite effect on the CDS as compared with
surface activity. In that light, predictions of cloud optical properties in Paper
III should not be taken as definitive.

Figure 3.4: a and c) as for the boreal case in Fig.3.3 but including the com-
pressed film model CFiso (Ruehl et al. (2016)) embedded in the ICPM. b and d)
CDNC sensitivity to updraft velocity w and the CDNC enhancement ∆CDNC for
the respective models denoted in the legend.

Neglect of these cloud microphysical processes will likely have a signif-
icant impact in the evolution of the CDS, assumptions in the CF model have
immediate affect on the activation point. Uncertainty in the activation point
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will arise due to assumptions of solubility and surface activity - assumed to
be entirely insoluble and surface active in the CF model. The complete com-
pressed film model CFiso (see Ruehl et al. (2016) for details) determines the
fraction of organic material partitioned to the surface through numerical so-
lution of the compressed film isotherm. Herein some results using CFiso are
given, though this model was not used in any of the Papers contained within
this thesis. Figures 3.4a and c compare BK, CF and CFiso model predictions
of the CDNC and supersaturation for the same boreal case as in Fig. 3.3. With
appropriate solution of the compressed film isotherm, the ICPM with the CFiso
embedded predicts a small decrease in CDNC, as compared with the large in-
crease induced by the CF model. This is explained by the surface tension being
close to that of water at the activation point (see Ruehl et al. (2016)) and a re-
duction of soluble mass in the bulk phase and therefore an increase the Raoult
term and activation point. Indeed, this result is systematically true across a
broad range of updraft velocities (Fig. 3.4c and d). Differences in how the
surface active fraction is determined between the CF and CFiso models result
in a structural uncertainty in CDNC enhancement of 20-40% across this range
of updrafts.

Though the CFiso is likely a better model than CF for modelling the effect
of the surface phase on cloud droplet activation. The kinetically realised buffer
against the full activation potential due to lowering of maximum ambient su-
persaturation evident when using the CF model in Paper III is an important
result in and of itself. It indicates that errors may be made in interpreting CCN
spectra from a CCN counter with fixed supersaturation bands. Indeed, this
buffer, in part, explains the discrepancy between the 145 % CDNC enhance-
ment simulated in Paper III and the 10-fold CCN enhancement for the NUM-
event reported by Ovadnevaite et al. (2017). In this case, the discrepancy was
found to be especially significant on account of the NUM-event aerosol size
distribution. The size distribution, atypical of size distributions measured at
Mace Head (Fig. 3.5), consists of a clean accumulation mode, N2 = 30cm−3,
and high concentration of NUM particles, N1 = 2000cm−3. The clean accumu-
lation mode facilitates activation of smaller particles in the high-concentration
NUM for updraft velocities typical of stratocumulus and cumulus clouds. This
result, that clean accumulation modes in the presence of ultrafine particles are
especially susceptible to large CDNC enhancement by the surface phase, was
found to be more generally true of typical marine, Arctic marine and boreal
aerosol concentration ranges illustrated in Fig. 3.5. That said, these dependen-
cies on aerosol number concentrations is not replicated when using the CFiso
model in place of the CF model (Fig. 3.6c and d). For typical boreal aerosol
number concentrations, the CF model predicts ∆CDNC = 0 to 50% as compared
with −5 to 0% for the CFiso model. A similar discrepancy is seen in ∆CDNC
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sensitivities due to perturbations in Forg and w (Fig. 3.6 a and b).

Figure 3.5: ICPM simulated percentage cloud droplet number concentration
enhancement ∆CDNC induced by the surface phase as described by the CF model
relative to BK as a function of Aitken and accumulation mode concentrations.
For the contour surface, fixed aerosol modal geometric mean radii and standard
deviations are the same as those used for the average marine case in Paper III. The
scatter represents modal concentrations fitted to observations marine air masses.
Simulation of each scatter point has unique modal geometric mean radii and stan-
dard deviations from the fit. For both the surface and scatter points a fixed ma-
rine average composition and updraft velocity 0.32 m s−1 is used for model input.
The blue and red dots indicate the average marine and NUM-event aerosol modal
concentrations used for Fig. 3.3 simulations, respectively. Cyan and blue boxes
show typical ranges of average marine and arctic marine aerosol concentrations.
(Paper III, Figure 4).

3.2 A unified framework for organic phase partitioning

In Paper IV the ICPM-UFO was developed, allowing for simultaneous consid-
eration of organic aerosol solubility, and bulk-surface and gas-particle parti-
tioning processes. Therein, the approximate compressed film model embedded
in the parcel model in Paper III was coupled with condensation equations and a
VBS framework for organic condensation in the particle microphysics module.
It was found that, for a boreal aerosol population described by a total organic
aerosol (TOA) VBS, almost all SVOC mass existing in the gas phase below
cloud base would condense into the particle phase before reaching cloud base,
irrespective of whether or not the surface phase was modelled or not. When
assuming an effective soluble fraction of 0.5, reasonable for secondary organic
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Figure 3.6: Sensitivity of boreal CDNC enhancements by the surface phase
due to perturbations in the organic mass fraction and updraft velocity relative
to bulk Köhler theory using the approximate compressed film model (Paper III,
Ovadnevaite et al. (2017)) a), and the compressed film model (thesis, Ruehl et al.
(2016)) b). c-d) and in a-b) but for number concentration of Aitken and accu-
mulation modes. Green dots indicate parameter values used in the boreal case in
Paper III and boxes indicate typical ranges for boreal aerosol concentrations. All
other model input parameters are fixed values reported in the Paper III.
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aerosol (SOA) originating from boreal monoterpenes (Rastak et al. 2017), and
neglecting treatment of the surface phase, the additional condensed soluble
mass results in a significant 25 % increase in CDNC. In contrast, neglecting the
gas-particle partitioning of SVOCs, but applying the CF surface phase model
with the same effective soluble fraction yields a 10 % CDNC enhancement, a
reduction by comparison to the completely insoluble CDNC enhancement of
23 % in Paper III. Treating these two processes simultaneously (UFO) results
in a strong interaction effect producing a 75 % increase in CDNC. This strong
interaction between model processes is mechanistically explained by the rel-
atively large increase in insoluble mass condensed to the particle phase that
subsequently partitions to the surface thereby sustaining a complete organic
surface film state to larger particle sizes. The persistent complete-film state
results dramatically lowered activation point on account of very low surface
tension at the point of activation. In cases where the complete film state exists
at the point of activation the surface tension is thus that of the pure organic
surface tension, assumed to be 30 mN m−1. As was found in Paper III, the
effect of the increased condensed sink due to the CF and/or SVOC conden-
sation lowers ambient supersaturation and having the same qualitative effects
on the droplet spectrum. When assessing the sensitivity of the UFO CDNC
enhancement to perturbations in typical boreal aerosol concentrations, model
simulations indicate a potential increase of 120 % of CDNC relative to the 400
cm−3 base case.

3.3 Parametric uncertainties in droplet activation

One of the main challenges faced by the climate modelling community is un-
certainties in parameterisations of various cloud properties. In Paper III we
used Monte Carlo simulation (section 2.7.2) to determine histograms com-
posed of model outputs generated from an ensemble of simulations driven with
LHS of input parameters (Fig. 3.7). The ensemble of simulations were con-
ducted twice, first with standard bulk Köhler theory (BK) and second with
the approximate compressed film model (CF). The set of parameters sampled
were aerosol modal concentrations, geometric mean radii and geometric stan-
dard deviations, organic mass fraction, updraft velocity and, in the case of CF
simulations, pure organic surface tension component and minimum film thick-
ness (Table 2, Paper III). The range of each of these parameters, within which
the LHS is performed, corresponds the variability observed in the atmosphere.
The BK and CF cases were repeated for two environments - average marine
and boreal forest. As can be seen from (Fig. 3.8) it is not possible to resolve
any statistical difference between BK and CF predictions of any cloud optical
or microphysical properties simulated. Equivalently stated: parametric un-
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certainties common to both BK and CF simulations (aerosol size distribution
parameters, updraft velocity and organic mass fraction) dominate the sum of
those specific to the CF simulations (γorg and δmin) and the structural uncer-
tainty associated with resolving the surface phase. While this is unsurprising
for the marine case for which the range of organic mass fraction, 0.05 - 0.40,
is relatively low, it is intriguing that the same result applies for the boreal case
in which the organic mass fraction range is 0.6 - 0.71 and the best estimate
0.67 simulation yields a ∆CDNC = 23% (Fig. 3.3). These results indicate two
important points: First, the resolution of the surface phase in GCM droplet ac-
tivation parameterisations is not necessary. Though the Monte Carlo procedure
was carried out assuming uniform input parameter probability distributions and
no covariance, the result is in agreement with findings of (Prisle et al., 2012)
in which covariances and probability distributions are realised online in GCM
simulations. As the CF model is extreme in its assumption of an entirely in-
soluble organic mass fraction and thus promotion of aerosol droplet nucleating
potential, other surface phase models discussed herein or the wider literature
are not expected to produce output distributions illustrating any greater sta-
tistical significance of the surface phase. Second, statistical analysis lead by
simulation ensembles is critical for appropriate diagnosis of process represen-
tation necessities. Ideally, Monte Carlo simulation ensembles would be car-
ried out with sampling from a joint probability density function constructed
from coincident measurement data, or in lieu of direct observations climate
model output, of the relevant input parameters. Principally, these would in-
clude aerosol size distribution parameters, updraft velocity and organic mass
fraction.

These implications are most justified for sm, r∗ and Nd in Figs.3.7 and 3.8.
In determining cloud column and optical properties, namely LWP, τ and α , a
fixed 200 m cloud depth was assumed, a crude approximation of that of a stra-
tocumulus cloud. Under that assumption it is unsurprising that the LWP, for
example, is not significantly different even between environments. For more
appropriate calculation of uncertainties in these properties and the short-wave
cloud radiative effects, simulation of cloud development with more sophis-
ticated atmospheric dynamics and/or an explicit radiation model is required.
This could be achieved with online determination of cloud depth via prescrip-
tion of an environmental temperature which can be used to calculate parcel
buoyancy and thus altitude dependent updraft velocity. Furthermore, it is likely
simulations of this type would be best served with further consideration given
to droplet collision-coalescence and precipitation onset. Indeed, with online
calculation of the cloud depth and these additional phenomena it is likely the
parametric uncertainties in Fig. 3.9 following columnar integration would be
significantly larger, but again independent of the BK or CF Köhler framework
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Figure 3.7: Probability density histograms of ICPM predicted microphysical and
optical properties (a-g, the properties given on the x-axes) from 5,000 Latin hy-
percube sampled input parameter combinations from ranges given in Paper III.
Simulations are performed assuming a cloud depth of 200 m and fixed average
cloud fractions of 0.7 and 0.5 are used in calculating the short-wave cloud radia-
tive effect differential estimates for marine and boreal cases, respectively (Paper
III, SI).

Figure 3.8: Mean values and 5-95th percentile spreads derived from Fig. 3.7
(Paper III, SI).
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Figure 3.9: Normalised parametric uncertainties in parcel model simulated cloud
microphysical and optical properties, and estimated surface phase induced short-
wave cloud radiative effect (SW-CRE). Mean-normalised parametric uncertain-
ties determined by dividing the 95th (top) and 5th (bottom) percentiles by mean
values obtained from model output distributions resulting from simulations ini-
tialised with 5000 Latin hypercube sampled parameter combinations from ranges
given in Paper III. A cloud depth of 200 m is assumed in all cases, and cloud
droplet number concentrations statistics are made at cloud top. The SW-CRE
differential is estimated by assuming fixed cloud fractions of 0.7 (marine) and
0.5 (boreal, land proxy). (Paper III)

chosen. That is to say, uncertainties associated with meteorology and cloud
macrophysical properties will significantly outweigh uncertainties associated
with the aerosol population. Although no explicit input parameter covariance
is represented in the calculation of any one of these distributions (Fig. 3.7),
differences between marine and boreal histograms reflect regional covariance
of input parameter ranges or variabilities. In this instance, since the range of
updraft velocity sampled is regionally independent, these differences are asso-
ciated with the aerosol size distribution shape and composition. In the case of
the LWP, these covariances are not substantial enough to generate regionally
distinct LWP distributions. Dependence on the effective droplet radius, that
is the weighted mean of the CSD, however, distinguishes marine and boreal τ

and α . Highlighting the need to capture regionally specific CSD shapes, prin-
cipally its width, for appropriate calculation of cloud optical properties even if
the column contains the same LWP.

In Paper IV a similar Monte Carlo procedure was carried out sampling up-
draft velocities and boreal aerosol size distribution parameters organic mass
fractions. The mean and inter-quartile spread of Nd and sm are shown in Fig.
3.10 in comparison with the long term average of CCN spectra recorded at
a boreal site. Though the effect of organic aerosol modelling framework on
the the parametric uncertainties manifest in Nd and sm is negligible the means
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are influenced. Simulations performed with BK (black), semi-volatile con-
densation (SV, blue) and CF (red) do not exhibit any statistically significant
differences but present increasing/decreasing mean Nd /sm values respectively.
This trend in Nd and sm reflect the increasing influence of SV and CF en-
hanced condensation sinks. The distribution of Nd and sm obtained from the
simulations with both SV and CF (UF, green) show significantly larger/smaller
Nd /sm mean values for reasons stated in section 3.2. While the measured CCN
spectrum is within parametric uncertainties of the BK, SV and CF ensembles,
the same cannot be said of the UF uncertainties. It is likely infeasible to re-
solve the organic aerosol process present in BK, SV and CF simulations using
CCN measurements given the natural variabilities in the input parameters and
present observations.

Figure 3.10: The cloud condensation nuclei spectrum for the Hyytiälä boreal
forest site recorded in the EUCAARI network (grey dotted, Paramonov et al.
2015). Inter-quartile spread of cloud droplet number concentrations and maxi-
mum supersaturations produced by monte carlo simulation with the ICPM-UFO
with random parameter samples taken from ranges detailed in Table 2 of Paper
IV. In all simulations a total organic aerosol volatility basis set with a uniform
solubility ε=0.5, molar mass 200 g mol−1, density 1500 kg m−3 and enthalpy of
vaporisation 150 kJ mol−1 is assumed. (Paper IV).
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4. Conclusions and discussion

The principal output of the work carried out in this thesis is the development
of the new model the ICPM-UFO. The UFO aerosol scheme embedded into
the core cloud parcel model facilitates simulation of secondary organic aerosol
mass between the gas phase and soluble and insoluble/surface aqueous particle
phases. These phenomena have been previously represented in cloud parcel
models separately (Topping et al. 2013, Prisle et al. 2010, Nenes et al. 2002),
and collectively in work by Romakkaniemi et al. (2011). Romakkaniemi et al.
(2011) however focused on the increased uptake of methylglyoxal from the gas
phase into CCN when accounting for surface activity, rather than the response
in cloud microphysical properties, which has been investigated herein (Papers
III and IV).

Papers I-III have demonstrated that different parameterisations of the par-
ticle surface phase and surface tension depression can have significantly differ-
ent influence on predictions of CCN activation point (Paper II), CCN concen-
trations (Paper I) and CDNC (Paper III). The variation in these model predic-
tions arises as a consequence of differing adsorption isotherms and equations
of state in their theoretical description. In Paper I a Szyszkowski-Langmuir
equation of state was used to calculate the CCN activation points assuming a
2D Gibbsian interface representation of the surface phase (Topping 2010). Us-
ing this theoretical framework to predict CCN spectra, for average marine and
rural and urban continental aerosol types, compensating effects of bulk-surface
partitioning and surface tension reduction on CCN concentrations were found
to cancel one another. This surface phase model therefore adds little addi-
tional predictive capacity beyond that of a standard single bulk phase Köhler
model, but increases computational burden. Furthermore, sensitivity of the
CCN spectra was found to be negligible when subject to perturbations of the
saturated surface excess and adsorption equilibrium constant that encompass
a range of compounds of different surface affinities. Results obtained from
the Szyszkowski-Langmuir model therefore serve as a recommendation for
not including a surface phase model in larger scale models such as GCMs.
This recommendation is sustained by the findings of Paper II in which, for
mixtures of inorganic material with succinic acid of any organic mass fraction
composition, calculations of the activation diameter were found to be negli-
gibly sensitive to the surface phase as described by the Sprow and Prausnitz
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equation of state and Langmuir adsorption isotherm. Further sensitivity anal-
ysis performed in Paper I indicated that sensitivity of CCN concentrations are
overwhelmingly dominated by the aerosol number concentration of the ac-
cumulation mode, though minor sensitivities to the accumulation modal size,
organic-to-inorganic and soluble-to-insoluble relative compositions were also
present. Also in Paper I, feasibility of inverse modelling of CCN spectra using
automatic search algorithms similar to that developed by Partridge et al. (2011)
was tested. The response surface analysis showed that algorithmic parameter
optimisation may be possible with measured CCN spectra of sufficient reso-
lution, with 4 or 5 bands across a range of 0 - 1.5 % being a lower limit in
this regard. The spectral resolution and degree of variability in the chosen ob-
servations will be critical in determining if the search space is smooth enough
for successful closure and avoidance of local minima. Successful parame-
ter optimisation with an MCMC algorithm would provide both best-estimate
and constrained uncertainty ranges for input parameters in the posterior of the
search.

The approximate compressed film model has been shown effective in repli-
cating a single instance of heightened CCN activity called the NUM-event
at Mace Head, Ireland (Ovadnevaite et al., 2017). In paper III the approxi-
mate compressed film model was embedded into the ICPM. It was found that
by simulating cloud formation events, with the approximate compressed film
model, on both marine and boreal aerosol types, both environments exhibit
CDNC and cloud-top albedo enhancements to the surface phase. This is in
contrast to the findings of Paper I. The approximate compressed film model
is distinct from the majority of surface phase models used in other studies in
that its predictions of surface tension at the point of activation are significantly
depressed (Paper III, Ovadnevaite et al. (2017)) due to its extreme assumption
of a completely insoluble and surface active organic fraction. In most other
models (Paper I-II, Lin et al. (2018)), including the original compressed film
model (Ruehl et al., 2016), particle surface tension is found to be close to that
of water at the point of activation, which is consistent with observations. As
one would expect based on small surface tension reductions, predictions made
in this thesis kappa with the Ruehl et al. compressed film model illustrate only
minor to negligible reductions CDNC for a broad range of aerosol concentra-
tions, organic mass fractions and updraft velocities. Given that the evaluation
of the approximate compressed film model has not been performed with re-
spect to the Köhler curve itself, but rather CCN concentrations, further use for
prediction of cloud properties is cautioned. Indeed, the large concentration of
the nascent ultrafine mode particles 2000 cm−3 reported by Ovadnevaite et al.
(2017) imply that uncertainty in the activation diameter of just several nanome-
ters will have significant influences on the corresponding CCN concentration.
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Given the lack of both evaluation of the approximate compressed film model
on the appropriate observable and observation of the film state in atmospheric
aerosol, the recommendation of Paper I to not resolve the surface phase in
GCM droplet activation parameterisations is further sustained. Nevertheless,
some qualitative conclusions were arrived at in Paper III. When simulating a
cloud formation event on the NUM-event aerosol population with the ICPM
a 145 % increase in CDNC was induced by the surface phase, in contrast to
the 10-fold CCN concentration enhancement reported by Ovadnevaite et al.
(2017). This discrepancy is most likely borne of the inability to capture in-
cloud humidity suppression by changes in the condensation sink with CCN
measurements, thus indicating that CCN measurements are not always a use-
ful proxy for activated cloud droplet concentrations. This is however for the
atypical aerosol size distribution that characterises the NUM-event and is not
expected to be a significant error for more typical distributions. This expec-
tation is justified on account of the smaller N1/N2 ratio of typical size dis-
tribution shapes that result in smaller concentration differentials generated by
changes in activation diameters that typically reside between the two modes.
Sensitivity analysis indicated that the enhancement of CDNC by the surface
phase, as modelled by the approximate compressed film model, is highly de-
pendent upon aerosol concentrations updraft velocity and organic mass frac-
tion. For both boreal and marine cases significant sensitivity (10% CDNC and
5% albedo enhancements) to the surface phase were found for values of these
parameters within ranges typical of the respective environments. These results
are however subject to two caveats: first the aforementioned concerns about
the approximate compressed film model and second the assumption of all or-
ganic material residing at the surface or equivalently that the organic is entirely
insoluble. The latter of these caveats means the sensitivity analysis is isolated
locally to a specific volume of the parameter space which may indeed be un-
representative of the environment. The boreal case, for example, is considered
to have an effective soluble fraction of 0.5 for monoterpene derived SOA (Ras-
tak et al., 2017). It is therefore recommended that the results of the sensitivity
analysis in Paper III are not taken to be indicative of reality.

In paper IV the ICPM-UFO was presented - a development of the ICPM in
which both the approximate compressed film model and condensation of mul-
tiple SVOCs, as described by a VBS framework, were added. Together when
accounting for both partitioning processes the ICPM-UFO predicts CDNCs
with significant bias towards overestimating the number of activated droplets
relative to CCN spectra measurements in existinig literature. The large CDNC
enhancements predicted by the ICPM-UFO arise from a complete film state,
and therefore surface tension depression, persisting to larger particle radii and
lowering the activation point significantly. The ICPM-UFO model architecture
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is suitable, however, for straightforward surface phase parameterisation ex-
change with that used in Paper I for example, or neglecting the surface phase
entirely. The ICPM-UFO model remains unevaluated against observational
data. Ideally, CDNC observations acquired from future flight campaigns or el-
evated research stations would be compared to ICPM-UFO predictions driven
with coincident measurements of cloud base updraft velocity and aerosol com-
position, volatility and composition. Many of the required input parameters
such as the VBS or surface tension are difficult to obtain in-situ due to the
limitations of docking the relevant instrumentation on-board a research flight.
Focusing on CCN spectra models (Paper I) and measurements (Paramonov
et al., 2015), which can be made out-of-cloud, would circumvent some of
these challenges with the drawback that CCN concentrations are not neces-
sarily representative of CDNC (Paper III). Since the approximate compressed
film model has a significant impact on CDNC (Paper III-IV) its suitably for
predicting CCN and/or CDNC in GCMs should be evaluated in future work.
Part 2 of Paper I (in prep.) will seek to obtain closure of CCN spectra with
inverse modelling methods against long-term CCN measurements. By con-
ducting the optimisation procedure twice, once with standard Köhler theory
and again with the approximate compressed film model, some insight into
the relevance of film-like surface phase states for CCN concentrations should
arise. The inverse modelling approach provides a means of parameter estima-
tion of those difficult to measure in-situ (e.g. pure organic surface tension and
minimum film thickness) while simultaneously matching model output with
observations.

In Papers III-IV, study of boreal aerosol populations were pursued as an
interesting case for investigating the importance of different aspects of organic
aerosol for cloud droplet formation. To complement this, subsequent studies
simulating organic aerosol phase partitioning processes in tropical cloud for-
mation events are recommended. Clouds at tropical latitudes tend however to
be convective systems which require a more detailed description of advective
and convective atmospheric dynamics. Study of these systems would therefore
be better served by a cloud resolving model or large eddy simulator, though
droplet collision-coalescence and precipitation development could be investi-
gated with the ICPM-UFO. In particular the impact of the surface phase and
SVOC condensation on the spectral width and kurtosis of the droplet pop-
ulation is recommended. In both Paper III and IV the partitioning of SOA
mass between the bulk and surface, and gas and particle phases was found to
broaden the droplet spectra which would lead to spectral broadening and are
therefore suggestive of enhancing precipitation formation. Finally, additional
study of more complex aerosol size distribution modal structures, namely those
including nucleation modes and coarse modes containing giant CCN, is also
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recommended. In the case of the latter, should the giant CCN be sufficiently
hygroscopic to constitute the majority of the activated fraction and contain
little organic mass then little cloud microphysical sensitivity to partitioning
processes is expected.
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Sammanfattning

Molnens påverkar på klimatet är en av klimatmodellernas största osäkerhetskäl-
lor. Molndroppars mängd och storlek är två av de viktigaste faktorerna bakom
molns optiska egenskaper och därmed också deras påverkan på jordens ener-
gibalans. Molndroppar bildas på atmosfäriska aerosolpartiklar. Denna process
påverkas av storleken och den kemiska sammansättningen av partiklarna – i
samverkan med de rådande metereologiska förutsättningarna. Organiska äm-
nen är en viktigt komponent i aerosolpartiklarnas sammansättning, och en stor
portion av dessa molekyler har naturliga källor. Komplexiteten som orsakas av
den kemiska mångfalden inom organiska aerosolpartiklar innebär en osäker-
het i beskrivningar av molnbildningsprocesser inom olika atmosfäriska mo-
deller, inklusive klimatmodeller. I den här avhandlingen har termodynamiska
modeller, kopplat med en molnpaketmodell använts för att simulera växelver-
kan mellan organiska aerosolkomponenter och molnbildning. Fördelningen av
de organiska molekylerna, å ena sidan mellan ytan och insidan av molndroppar
och å andra sidan mellan gas- och partikelformen, samt dess effekt på moln-
bildning har simulerats. Resultaten visar en möjlig påverkan av växelverkan
mellan gas- och partikelfasen när det gäller molnbildningspotential av orga-
niska partiklar, och en mindre effekt av ytaktiva ämnen och deras beskrivning.
Framtida studier som granskar de viktigaste molekylära egenskaperna (t.ex.
volatilitet) av atmosfäriska ämnen är viktiga för att säkerställa dessa slutsatser.
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