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1. Introduction 

This thesis considers one of the first applications of inverse modeling in 
cloud – aerosol interactions for liquid phase clouds. In order to frame and 
provide context for the discussion of the results and conclusions drawn in 
this thesis, a brief overview of clouds aerosols, and their role in the Earth’s 
climate system will first be given. This is followed by background informa-
tion on the aerosol lifecycle and the interaction between aerosols and clouds. 

1.1 Clouds, aerosols and climate 
 

Clouds are important features of the climate system. When seen from 
space they exhibit a continually fluctuating pattern which on average covers 
about half of the Earth’s surface. Clouds are a key part of the atmospheric 
energy budget and the hydrological cycle. In combination with atmospheric 
gases and aerosols, clouds alter the upwelling and downwelling radiative 
fluxes from the sun and the Earth through reflection, absorption and scatter-
ing. On average, clouds enforce a net cooling of the Earth’s surface by re-
flecting a fraction of the total incoming shortwave radiation from the sun 
back to space. Their ability to strongly absorb in the thermal infra-red wave-
lengths means that clouds can also contribute to a warming of the surface by 
absorbing some of the upwelling longwave radiation and re-emitting a por-
tion of this back to the surface.  

Being the most visible manifestations of atmospheric water vapour, 
clouds have captivated scientists for many years. Luke Howard (1772-1864), 
a pioneer in cloud classification stated that “clouds are subject to certain 
distinct modifications, produced by the general causes which affect all the 
variations of the atmosphere; they are commonly as good visible indicators 
of the operation of these causes as is the countenance of the state of a per-
son’s mind or body.” (Howard, 1804). Early scientists astutely realised that 
our ability to forecast the weather relies heavily on our ability to understand 
the sensitivity of clouds with respect to their environment. As Lamarck 
noted in 1802, “it is clear that clouds have certain general forms which are 
not all dependent on chance but on a state of affairs which it would be useful 
to recognise and determine.” (Lamarck, 1802).  
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Thus, cloud classification highlighted the infinite variety of shapes but 
limited number of forms corresponding to the different balance of physical 
processes in the atmosphere which are responsible for the formation and 
evolution of clouds. Since Howard introduced his classification scheme, 
meteorologists have strived to measure the properties of clouds, and how 
they impact the weather. Clouds form when an air mass becomes supersatu-
rated with respect to liquid water or ice. The principle mechanism by which 
supersaturation is reached is via the ascent of air, resulting in its adiabatic 
expansion and cooling to its dew-point temperature. The various types of 
ascent in the atmosphere give rise to the distinctively different cloud forms 
classified by Howard. For example, convective clouds (e.g. cumulus) are 
produced by the local ascent of warm buoyant air parcels in a conditionally 
unstable environment. The forced lifting of air as it passes over hills or 
mountains produces orographic clouds, whereas forced lifting of stable air 
produces layered or stratiform clouds.  

Once the air has reached its dew-point temperature, a pre-requisite for the 
formation of cloud droplets is the existence of a condensation nucleus in the 
atmosphere for the water to condense onto. These cloud condensation nuclei 
(CCN) are made up of aerosols, microscopic liquid droplets or solid particles 
suspended in the Earth’s atmosphere, representing a vital component of the 
atmospheric system. The first basic experiments and observations concern-
ing the role of fine airborne particles that lead to the conclusions that atmos-
pheric aerosols act as CCN were conducted by Coulier (1875a, b) and Aitken 
(1880).  Aitken (1880) stated that: “Dust is the germ of which fogs and 
clouds are the developed phenomena. If there were no dust, there would be 
no fogs, no clouds, no mists, and probably no rain”. Thus, particles so small 
that they are barely visible in the microscope strongly influence the forma-
tion of cloud systems so large that they can only be viewed in their entirety 
from space.  

Whereas greenhouse gases have a net warming affect on the climate, at-
mospheric aerosols globally have a net cooling effect (IPCC, 2007). The first 
documented observations of the climatic effects of aerosol particles on our 
climate can be traced back to volcanic eruptions, such as the 1815 explosion 
of Mount Tambora, which by injecting large quantities of volcanic dust into 
the Earth’s atmosphere measurably reduced sunlight reaching the surface 
around the world. The associated reduction in Northern Hemisphere mean 
temperatures (Stothers, 1984) resulted in 1816 being coined “the year with-
out a summer”. Aside from natural sources of aerosols, human activities also 
result in significant anthropogenic emissions of aerosols which have substan-
tially increased the global mean aerosol burden compared to pre-industrial 
times (Lohmann et al., 2007). Accordingly, the emission of aerosols may be 
having dramatic impacts on global climate change (Charlson et al., 1992) as 
aerosol particles can affect the climate system via several mechanisms. 
Firstly, they interact directly with radiation (the direct effect) by scattering 
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and absorbing solar radiation. Secondly, aerosols capable of absorbing 
shortwave radiation, such as soot, can cause a heating of clouds and the envi-
ronment within which clouds form. This may reduce cloud cover and liquid 
water content (the semi-direct effect) (Hansen et al., 1997). Finally, aerosols 
influence the radiative budget of the atmosphere by altering microphysical 
and radiative properties of clouds (the indirect effect). 

It was not shown until the studies of Squires in 1956, in a series of pio-
neering measurements that the development and properties of clouds depend 
on the atmospheric aerosol, and not just the dynamic and thermodynamic 
properties of the atmosphere (meteorology). Soon after, Twomey (1959) 
recognized that aerosol perturbations can affect cloud properties; by showing 
that cloud reflectance is partially dependent on droplet size, which in turn is 
linked to the concentration of CCN. The net effect of an increase in CCN is 
to increase cloud albedo (at fixed cloud liquid water path), generally result-
ing in radiative cooling of the surface. This is termed the first indirect aero-
sol effect. The presence of more CCN can also potentially increase cloud 
lifetime since many small droplets deplete available water vapour such that 
precipitation size droplets cannot form. This feedback is termed the second 
indirect aerosol effect (Albrecht, 1989).  

It is now widely accepted that changes in cloud albedo and lifetime asso-
ciated with changes in the atmospheric aerosol may counteract to some de-
gree the warming caused by increases in well-mixed greenhouse gases (CO2, 
CH4, N2O, HCFCs etc). Whilst future aerosol concentrations are expected to 
decrease due to policies introduced in order to abate the harmful effects from 
aerosol particles on human health, CO2 concentrations are projected to rise 
further. To what extent the aerosol direct and indirect effect masks green-
house warming is highly uncertain (Figure 1), making it a high research 
priority.  

The various pathways by which aerosols can affect clouds represent one 
of the largest uncertainties in our understanding of climate change (Kaufman 
et al., 2005). This uncertainty represents the inadequacy of existing frame-
works and methodologies to understand the underlying processes governing 
cloud-aerosol interactions. 
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Figure 1: Probability distribution functions (PDFs) from combining anthropogenic 
radiative forcings derived from a one-million point Monte Carlo simulation (Bouch-
er and Haywood, 2001). The dashed blue curve contains contributions from aerosol 
direct and cloud albedo radiative forcings only. Surface albedo, contrails and stra-
tospheric water vapour radiative forcings are included in the total curve but not in 
the others. The height of the curve gives the relative probability of the associated 
value: From IPCC, 2007. 

 

1.2 The lifecycle of atmospheric aerosols and their role 
in cloud formation 
 

Aerosol particles are ubiquitous in the Earth’s atmosphere. Aerosols may 
be solid, liquid or a mixture of both (Warneck, 1988). Their chemical com-
position can be highly varied, and the numerous different compounds that 
may be found in the particle phase of the aerosol can originate from a wide 
variety of natural and anthropogenic sources.  

The mixing state is an important parameter that characterizes atmospheric 
aerosols.  An external aerosol mixture is one where there is no mixing be-
tween particles of different chemical components, that is, each individual 
particle comprises a single chemical species. Thus, for externally mixed 
aerosols, the particles of the different aerosol types (e.g. sulphate and BC), 
are entirely physically separate. An internal aerosol mixture on the other 
hand is one where there is complete mixing between particles of different 
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chemical components so that all aerosol particles of a given size have the 
same chemical composition. 

The diverse morphology and composition of aerosols reflects their origin 
and ageing (chemical and physical processing) in the atmosphere. According 
to the formation mechanism, atmospheric aerosols can be divided into two 
groups: primary and secondary atmospheric aerosols.  

Primary, mechanically generated, atmospheric aerosols are emitted di-
rectly into the atmosphere. Examples of these include emissions of sea-salt, 
volcanic dust, smoke and soot, re-suspension of windblown dust or minerals 
from deserts, and organics such as pollen and spores. Secondary atmospheric 
aerosols, on the other hand, are particulates formed in the atmosphere by 
gas-to-particle conversion from gases of low volatility. This process will add 
to the aerosol mass (via heterogeneous condensation) or to the number and 

mass via formation of nanometre sized particles from supersaturated vapour 
(particle nucleation or new particle formation). Secondary formation typi-
cally involves sulphuric acid, nitrates, and several different organic com-
pounds (SOA), which may be of both natural and anthropogenic origin. At-
mospheric aerosols often consist of (internal) mixtures of organic and inor-
ganic substances.  

The aerosol is polydisperse and distributed between particles of diameters 
(Dp) spanning several orders of magnitude, ranging from a few nano-meters 
(nm) up to some 100 micrometers (µm) in diameter. The distribution of the 
number, surface area or mass of an aerosol population with respect to size 
can be represented by an aerosol size distribution. The distribution over size 
of any of the abovementioned moments may be described in terms of one or 
more log normally distributed size modes. These modes are often termed 
according to the size ranges in which they appear. As originally suggested by 
Whitby (1978), they are generally referred to as nucleation mode particles 
(Dp < ~ 10 nm), Aitken mode (Dp = 10-100 nm), accumulation mode (Dp = 
100 nm-1 µm) and coarse mode (Dp > 1 µm).  

Each aerosol mode results from specific emissions and atmospheric proc-
esses that are influenced by both meteorological and geophysical characteris-
tics. Thus like clouds, aerosol size distributions have distinct shapes, charac-
teristic of the prevailing environment (Clark and Whitby, 1967; Junge, 
1969). The comparably fast dynamical and chemical processes acting to 
transform and deposit the aerosol population result in atmospheric aerosol 
size distributions, (as well as the aerosol composition and concentration) 
exhibiting a high degree of spatial and temporal variability. Since an aerosol 
particle’s ability to act as a CCN, among other things depends on its size and 
chemistry, as well as the size and chemistry of its neighbours (due to compe-
tition for water vapour) an accurate description of the size distribution is 
required to facilitate an accurate representation of cloud formation. Thus, it 
is important to be able to accurately represent the dynamical processes shap-
ing the aerosol size distribution.  
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CCN are particles that possess physical and chemical properties favour-
able to the condensation of water and subsequent cloud droplet growth under 
atmospheric conditions. The number of available CCN varies depending on 
the ageing processes and aerosol sources experienced by the air mass. Gen-
erally larger particles (Dp > 50 nm) are more likely to act as CCN, and in 
most environments smaller particles (Dp < 40 nm) are unlikely to become 
activated into cloud droplets regardless of their composition (McFiggans et 
al., 2006). CCN sized particles may be emitted directly at this size range or 
grow from either a smaller primary particle or a nucleated particle. The un-
certainties in the primary emission rates and sizes, although still large, are 
generally smaller than the uncertainties in the nucleation rates (Pierce and 
Adams, 2009); therefore, we focus our following discussion on how particles 
can grow to CCN sizes from the nucleation mode.  

The major source of aerosol number in the nucleation mode is particle 
formation via homogeneous nucleation, and there are several proposed parti-
cle nucleation mechanisms that may be significant for particle formation 
globally (Pierce and Adams, 2009). New particle formation is a research area 
that has been given a lot of attention during recent years. Much of this work 
has been oriented towards understanding new particle formation on a process 
level to facilitate its accurate parameterisation in global climate models 
(GCMs) (e.g. Kulmala, 2003). Although progress has been made (Kulmala 
et al., 2007), the mechanism behind particle formation is not fully unders-
tood.  

New particle formation is often observed as a rapid increase of particles 
Dp < 10nm around noon which subsequently grow into larger sizes during 
the course of hours to days, so-called nucleation events. These events are 
episodic in nature and have been typically observed to occur over continental 
forest sites (Tunved et al., 2006). However, recent measurements show that 
they are prevalent globally in many other clean or moderately polluted envi-
ronments, including coastal areas (O’Dowd et al., 2002), upper free tropos-
phere (Singh et al., 2002), cloud outflow regions (de Reus et al., 1999; 
Twohy et al., 2002), and aged continental plumes (McNaughton et al., 2004).  
During such events several dynamical processes are active that affect both 
the number and size of the aerosol. Nucleation mode particles are affected by 
three key processes. Firstly, dry deposition acts as an important sink of nuc-
leation mode particles near the Earth’s surface. The number concentration in 
the nucleation mode is also very efficiently reduced via coagulation with 
larger particles, and also self coagulation with particles of similar sizes. The 
condensation of low volatile vapours onto the nuclei mode also causes them 
two grow. Therefore, both coagulation and condensation results in a transfer 
of particle number (via condensation) or mass (via coagulation) from smaller 
to larger sizes; the particles are not lost but instead re-appear as larger par-
ticles in the Aitken mode. 
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Aitken mode aerosols can also originate from primary emissions during 
combustion. Coagulation becomes less important and the rate of dry deposi-
tion removal also decreases with increasing size in the Aitken size range. 
During conditions when a lot of condensing material is available, and the 
pre-existing condensation sink is low (typical of cleaner aerosol environ-
ments), the growth of the Aitken mode by vapour condensation can also be 
traced into the size range of the accumulation mode. However, this process 
becomes less effective as the particles become larger.  

The main growth and removal mechanism that influence abundance and 
chemistry of particles in the Aitken size range is cloud processing. For non-
precipitating clouds these include the scavenging of nonactivated interstitial 
aerosol (Aitken mode and smaller) and liquid phase reactions within the 
droplet. Of these two mechanisms liquid phase reactions are thought to be 
the most effective route of mass transfer to cloud droplets. When the cloud 
evaporates, the scavenged interstitial particles and heterogeneous reaction 
products remain in the atmosphere, resulting in an increase in mass of the 
original nuclei (CCN). The result of the smallest sized particles being acti-
vated and growing out of their original size range after a cloud processing 
cycle leads to the observed Hoppel minimum of the size distribution in the 
approx Dp = 100nm size range (Hoppel et al., 1994; Bower et al., 1999). 
When a cloud produces rain, the original nucleation scavenged aerosol 
(CCN) will be removed. The falling droplets also scavenge particles below 
the cloud base.  

Therefore, the efficiency by which nucleated particles reach climatically-
relevant sizes essentially depends on two competing factors: the growth rate 
and the scavenging by various removal processes (Kerminen et al., 2001; 
Lehtinen et al., 2007). The combination of removal of aerosols by in-cloud 
and below-cloud scavenging is generally termed wet deposition. Thus, it is 
clear that clouds and aerosols are deeply interlinked via the effects they exert 
on each other, meaning that changing the properties of the aerosol will affect 
the properties of the cloud and precipitation and vice versa. 

Accumulation mode particles originate from the emission of primary par-
ticles or growth of smaller particles. Within this size range the removal by 
dry deposition is at a minimum (Slinn et al., 1978). Therefore, compared to 
smaller and larger sized particles, accumulation mode particles have a long 
residence time in the atmosphere (up to weeks). The only mechanisms sig-
nificantly altering the properties of particles in the accumulation mode is 
cloud processing and/or wet deposition. An overview of processes involved 
in the aerosol lifecycle is provided in Figure 2. 
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Figure 2: Overview of microphysical mechanisms influencing the atmospheric 
aerosol over different size ranges. The aerosol population is influenced by homoge-
neous, heterogeneous and in-cloud reactions. Numerous different compounds partic-
ipate in condensation growth of particles: From Raes et al., 2000. 

 
With regard to their influence on cloud formation, the accumulation mode 

is recognised as the most important aerosol mode as it is the dominant source 
of CCN. The relative contribution of particles to the accumulation mode, and 
thus CCN, from either primary emitted particles or growth from the nuclea-
tion mode depends principally on the how polluted the aerosol environment 
is. Primary emitted particles enter the atmosphere generally at much larger 
sizes (diameters at least 10nm or greater) than the size of nucleated particles, 
meaning that emitted particles affect CCN concentrations more directly than 
do nucleated particles (Pierce and Adams, 2009). This means that primary 
particles dominate CCN concentrations near regions of primary particle 
emissions (Adams and Seinfeld, 2003). 

In cleaner environments, it has been proposed that nucleation and subse-
quent growth to climatologically important CCN sizes is a dominant path-
way for the formation of CCN (Pirjola et al., 2002; Laaksonen et al., 2005). 
Moreover, recent field campaigns have shown that a significant fraction of 
cloud droplets activate on ultrafine (<100nm) particles, especially for aerosol 
environments which are clean and CCN limited (Glantz et al., 2003; Komp-
pula et al., 2005; Kerminen et al., 2005).  

Determining an accurate picture of the global CCN distribution is howev-
er just one component of the climate system required to describe the climate 
forcing of aerosols. To assess how CCN affect cloud properties, a detailed 
understanding of cloud nucleating ability of CCN is required which will be 
the focus of the next section.  
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1.3 Cloud-Aerosol interaction 
 

A subset of the atmospheric aerosol discussed in Section 1.2 serve as 
CCN upon which water vapour condenses to form cloud droplets at the su-
persaturations achieved within clouds. Recently there has been an increasing 
focus towards improving our understanding of the processes by which anth-
ropogenic emissions of aerosols can alter the radiative properties of clouds 
via modifying their microphysical and macrophysical properties. These indi-
rect effects were summarized in Section 1.1, and a schematic picture of the 
various proposed mechanisms is provided in Figure 3. From the numerous 
mechanisms illustrated we will focus our discussion on the first indirect ef-
fect (or cloud albedo effect) on warm liquid phase clouds highlighted by the 
red box in Figure 3. The cloud albedo is a measure of the fraction of incident 
shortwave (solar) radiation reflected by the cloud and is dependent on the 
cloud depth, cloud fraction, liquid water content and cloud droplet number 
concentration (CDNC).  

In order to accurately evaluate the impact of pollution on the global cli-
mate via indirect aerosol effects we need a detailed understanding of the 
cloud albedo susceptibility to perturbations in the ambient aerosol concentra-
tion (Platnick and Twomey, 1994; Ackerman et al., 2000). 

 
 

 
Figure 3: Various mechanisms identified by which aerosols can significantly alter 
the physical properties and formation of clouds. CDNC stands for “cloud droplet 
number concentration” and LWC stands for “liquid water content”: From Haywood 
and Boucher, 2000. 

 

In the absence of other changes, the clouds with visible albedo close to 
0.5 (characteristic of marine Stratocumulus) that have relatively low droplet 
concentrations are especially susceptible to perturbations in cloud-drop 
number concentrations, and by inference, the atmospheric aerosol (Twomey 
1974, 1977; Charlson et al., 1987). The most visible alteration of Stratocu-



 20

mulus (Sc) clouds albedo via local aerosol perturbations has been observed 
via the injection of particles associated with ship exhaust causing “tracks” in 
the clouds, i.e. linear regions of locally higher aerosol particle and cloud 
droplet concentrations and greater cloud reflectivity (Radke et al., 1989; 
Durkee et al., 2000). Figure 4 shows a satellite image of ship tracks over the 
Northeast Pacific obtained during the 1994 MAST (Monterey Area Ship 
Track) experiment.  

In addition, Sc are important modulators of the Earth’s radiation budget 
due to their frequency of occurrence, extensive spatial coverage (annually 
18% over land and 34% over oceans, Warren et al., 1986a,b), long synoptic 
life time, relative statistical homogeneity at the mesoscale and reproducible 
diurnal cycle (Brenguier and Wood, 2009). In addition, oceans have a lower 
albedo than continents and so there is a greater albedo contrast between 
cloud and surface in maritime areas (e.g. see Figure 4). Consequently there is 
greater climate sensitivity to aerosol perturbations for marine Sc compared 
to continental Sc. The combination of their high susceptibility to aerosol 
perturbations and climatological importance has made marine Sc the basis 
for numerous studies, and these clouds will also be the focus of this thesis.  

 
 

 
Figure 4: Advanced Very High Resolution composite image taken at 22:45 UTC on 
June 27th, 1994. Source: Remote sensing Laboratory, Naval Postgraduate School, 
Monterey, CA. 
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Currently a large part of the global atmosphere is not well characterized 
with respect to cloud susceptibility, i.e. the relative sensitivity of cloud prop-
erties to aerosol perturbations, due to a lack of measurements and an incom-
plete understanding of the pathways through which aerosol perturbations 
manifest themselves on the climate system via clouds. This has frustrated 
attempts to develop simplified parameterizations of indirect processes re-
quired for regional and global models, yet these modeling tools are relied on 
heavily for estimating aerosol indirect effects.  

A primary debate concerning the aerosol indirect effect revolves around 
the degree to which pollution contributes to the particle number concentra-
tion at diameters > 50 nm (i.e. CCN size), and the subsequent extent to 
which the total cloud droplet number (Nd) increases with increasing aerosol. 
As the CDNC for Sc is determined directly at cloud base, it is vital to im-
prove our understanding of how meteorological characteristics and aerosol 
properties influence activation of aerosols at cloud base (Wex et al., 2008).  

Hygroscopic growth and activation of aerosol particles to form cloud 
droplets is a critical component of aerosol-cloud interaction. The theoretical 
framework that describes these processes is the Köhler equation, which con-
nects the water vapour saturation above the surface of a droplet to the droplet 
diameter. Köhler (1936) determined the equilibrium vapour pressure above 
small solution droplets by combining the Kelvin equation with Raoult’s law. 
The Kelvin effect describes the increase of water vapour saturation due to 
the curvature of the droplet. The Raoult term accounts for a lowering of the 
water vapour saturation due to the soluble substance in the droplet.  

Köhler theory states that if a droplet grows to a size that exceeds its so 
called critical radius, it is said to be activated. The activation of a given par-
ticle requires that the ambient supersaturation exceeds a critical value, which 
depends on the dry particle size and chemical composition. The critical su-
persaturation decreases with increasing particle radius or with increasing 
mass of soluble substance contained in an internally mixed particle. Larger 
particles with a larger soluble mass fraction are more likely to act as CCN. 
The effects of composition on activation are greatest in the size range 40-
200nm. Only a fraction of the particles can grow beyond their critical radius 
to form droplets. When unactivated the remaining particles exist as intersti-
tial aerosol in the cloud. In summary the ability of particles to act as a CCN 
is a function of the size of the particles, their composition and mixing state, 
and the supersaturation of the air (Fitzgerald, 1974; Hegg and Larson, 1990; 
Laaksonen et al., 1998; Feingold, 2003; Kanakidou et al., 2005; Quinn et al., 
2008). 

Thus, the adequate treatment of particle activation in warm clouds must 
take into account the aerosol number concentration, its chemical composi-
tion and the supersaturation reached within the air parcel. Previous studies 
have shown that the updraft velocity has a strong influence on the number 
and size of cloud droplets formed (Feingold, 2003; Rissman et al., 2004). 
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Higher updrafts result in higher water vapour supersaturation which is the 
driving force for condensational growth. Thus in order to assess the sensi-
tivity of CDNC to aerosol perturbations the effect of the prevailing meteor-
ology must be considered. A common way of examining this is through sen-
sitivity studies using cloud models. 

 

1.4 Sensitivity studies: liquid phase clouds 
 

Cloud models ranging in complexity from parcel models up to a full 3D 
treatment of the cloud micro- and macrophysical structure are currently 
available. The most fundamental form of a cloud model is the adiabatic 
cloud parcel model. Such cloud models predict cloud droplet concentrations 
within ascending air parcels by simulating the transfer of water vapour and 
heat between the adiabatic cooling air parcel and the CCN using a first prin-
ciples treatment of chemical and thermodynamic processes. The representa-
tion of the growth of an aerosol population in the current generation of adia-
batic cloud models (Feingold and Chuang, 2002; Nenes et al., 2002; Roelofs 
and Jongen, 2004) are similar to the first models used to investigate the ef-
fects of aerosols on clouds (Howell, 1949; Mordy, 1959). Adiabatic cloud 
parcel models typically employ a moving centre approach for the numerical 
representation of the particle size distribution (Jacobson, 1997; Korhonen et 
al., 2005). This approach eliminates numerical diffusion and allows for a 
smooth transition from aerosol to cloud droplets without artificial distinction 
between these classes. This moving centre based structure has been shown to 
most accurately reproduce the qualitative features of the size distribution 
(Zhang et al., 1999). In this paper such models are employed and therefore 
they will be the focus of our subsequent discussion (for warm clouds). 

Untangling the relative importance of the aerosol physiochemical proper-
ties (including size, chemical effects such as composition, surface tension 
and accommodation coefficient, as well as meteorology -updraft velocity) 
for the cloud nucleating ability of aerosol particles is at present a major chal-
lenge facing the cloud-aerosol modelling community, and this topic is at the 
core of the aerosol indirect effect (Dusek et al., 2006; McFiggans et al., 
2006; Andreae and Rosenfeld, 2008; Stevens and Feingold, 2009). 

Modelling studies by Feingold (2003) and Ervens et al. (2005) showed 
that for an internally-mixed aerosol, composition has a relatively small effect 
on droplet activation compared to aerosol parameters such as particle con-
centration and size, and dynamical parameters such as the updraft velocity, 
except perhaps under conditions of both high pollution levels and small up-
draft velocities. Dusek et al. (2006) concluded that the cloud nucleating 
ability of particles was largely controlled by size, and that composition plays 
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a secondary role. This is in agreement with previous studies (Junge and 
McLaren, 1971; Fitzgerald, 1973). In the study by Dusek et al. (2006) they 
concluded that showed that particle size accounts for 84 to 96% of observed 
variability in CCN concentrations. However, Hudson (2007) presented a 
more extensive set of measurements that showed significantly more variabil-
ity in the relationship between dry particle size and critical super-saturation 
by including cleaner air masses in the analysis. Other studies have also 
shown that under certain combinations of meteorological/aerosol conditions 
the effect of chemistry may be relatively more important (e.g. Lance et al., 
2004; Rissman et al., 2004; Twohy et al., 2008).  

The surface tension is also a highly uncertain parameter. The presence of 
organic surface tension-lowering compounds in the aerosol (Facchini et al., 
1999; Gautam and Tyagi, 2006) which enhance droplet activation by de-
creasing the droplet surface tension; and surface forming organic films 
(Feingold and Chuang, 2002) are acknowledged as important “uncertain” 
contributors to cloud formation. The value of the mass accommodation coef-
ficient is widely acknowledged to be uncertain, experimentally determined 
values ranging from 0.01 to 1.0 (Xue and Feingold, 2004 and references 
therein). Chemical effects have also been associated with a broadening of the 
droplet size distribution. Examples of these effects include the possible role 
of nitric acid (Xue and Feingold, 2004) and the existence of condensation 
inhibiting compounds (Feingold and Chuang, 2002). The surface tension has 
also been shown to contribute to dispersion of the droplet size distribution 
(Srivastava, 1991). The effects of these chemical parameters on droplet acti-
vation individually and in combination are not well understood. 

In addition, Köhler theory assumes equilibrium growth of a particle which 
may not be realistic in certain situations. Kinetic limitations may therefore 
further complicate the description of the droplet activation and growth proc-
esses (Chuang et al., 1997; Nenes et al., 2001). 

A question remains whether the contrasting relative sensitivities found in 
models can be attributed to a misrepresentation of the balance of processes 
mentioned above. The difficulty in unravelling relationships among aerosols, 
clouds and precipitation has been attributed to the inadequacy of existing 
tools and methodologies (Stevens and Feingold, 2009). Numerous cloud-
aerosol modelling sensitivity studies have been conducted; however, many 
of these studies to date have been “local”, i.e. investigating parameter sensi-
tivity in the vicinity of their actual values. Ervens et al. (2005) examined 
numerous chemical/composition effects in unison and showed that due to 
compensation between parameters the effect of composition on total droplet 
number was significantly less than suggested by studies that address the 
effects individually. Few studies have used statistical analysis tools to inves-
tigate the global sensitivity of a cloud model to input aerosol parameters in 
order to treat the (non-linear) interaction between all parameters over the 
entire parameter space simultaneously. One example is the study of Anttila 
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and Kerminen (2007), which used the probabilistic collocation method 
(PCM) to test the global sensitivity of cloud microphysics to Aitken mode 
particles (50-100 nm diameters).  Global sensitivity analysis considers para-
meter changes over the entire multi-dimensional parameter domain. This 
generally leads to different, but more reliable results because parameter sen-
sitivities in nonlinear models typically vary considerably over the feasible 
space of solutions. 

 

1.5 Closure studies: liquid phase clouds 
 

The ultimate test for prognostic parameterizations and cloud models is the 
comparison of their predictions against comprehensive in situ data. To ascer-
tain the inadequacy/adequacy of different process descriptions within models 
and how these descriptions affect the derived aerosol-cloud sensitivity, it is 
paramount to perform closure studies, e.g. aerosol-CCN or CDNC closure 
refers to a comparison of measured and predicted CCN or CDNC concentra-
tions where the model predictions are derived from measured inputs (e.g. 
aerosol size distributions). Robust closure relies on in-situ measurements 
with high temporal and spatial resolutions. 

Numerous studies have applied Köhler theory in combination with meas-
ured hygroscopic growth properties of particles to derive the critical supersa-
turation that corresponds to the activation of these particles into droplets. 
The accuracy of the treatment of activation within models has been investi-
gated via aerosol-CCN closure studies for both laboratory generated aerosol 
particles (e.g. Brechtel and Kreidenweis, 2000; Koehler et al., 2006) and in-

situ gathered atmospheric aerosol particles (e.g. Chuang et al., 2000; Dusek 
et al., 2003; Ervens et al., 2007). Generally in-situ atmospheric aerosol-CCN 
closure studies have had limited success. The largest discrepancies were 
found in the presence of aerosol strongly influenced by anthropogenic 
sources, having high concentrations of organic carbon in the aerosol phase 
(Broekhuizen et al., 2006). Thus, the disagreement has usually been attrib-
uted to an incomplete understanding of the aerosol composition and the de-
gree of internal mixing; especially the role of organic species (Stroud et al., 
2007) as well as surface tension effects (Wex et al., 2008). The difficulties in 
obtaining closure between the observed and calculated CCN highlights poss-
ible shortcomings in the current state-of-the-art knowledge concerning the 
impacts of chemical composition on the CCN number, or the measurement 
techniques used to derive the CCN spectrum.  

However, even if a full aerosol-CCN closure was to be achieved this still 
does not necessarily mean that we know the actual cloud microphysical re-
sponse to changes in the atmospheric aerosol as this will vary for different 
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meteorological conditions (Section 1.4). To obtain this type of information, 
it is necessary to perform an aerosol-CDNC closure (often termed droplet 
closure) using a cloud model. Adiabatic cloud parcel models have been 
evaluated against in-situ observations to estimate the impact of aerosol num-
ber/size/composition for liquid clouds (Ayers and Larson, 1990; Nenes et al., 
2002; Hsieh et al., 2009). Such approaches assume the computation of the 
CCN spectrum as an intermediate step implicit in the calculations (Conant et 
al., 2004). The success of these closure studies for a number of different 
measurement campaigns has been wide-ranging. For instance approx 50% 
discrepancy between simulated and measured droplet concentrations was 
found for continental Sc clouds (Hallberg et al., 1997), and a similar dis-
agreement was observed for the second Aerosol Characterization Experi-
ment (ACE-2) for marine Sc clouds (Snider and Brenguier, 2000; Snider et 
al., 2003). In other closure studies, (Conant et al., 2004; Meskhidze et al., 
2005; Fountoukis et al., 2007) much better agreement between modelled and 
measured droplet concentrations have been found.  

In agreement with aerosol-CCN closure studies, aerosol-CDNC studies 
have generally been more successful when they have been associated with 
clouds formed in cleaner aerosol conditions. However, untangling the con-
tribution of limitations in the observations from incomplete model process 
descriptions remains a challenge. This is further complicated by uncertain-
ties in the dynamical representation of clouds. Fountoukis et al. (2007) found 
the correlation of droplet error to be high for the updraft velocity (which they 
used as a proxy for cloud dynamics) and that this error increased with de-
creasing updraft velocity. They did not find any correlation of droplet error 
with variations in chemical composition, thus highlighting dynamical effects 
may be more important for accurately predicting cloud properties than aero-
sol chemistry.  

One area of research related to the inadequacy of current parameterisa-
tions of droplet formation is their ability to represent the width of the droplet 
spectrum, typically indicated by the relative dispersion (D). This shortcom-
ing has been advocated to be a source of larger uncertainty in current esti-
mates of the aerosol indirect effect (Liu and Daum, 2002; Liu et al., 2008; 
Rotstayn and Liu, 2003; Zhao et al., 2006). 

The width of cloud droplet spectra observed in Sc have been shown to be 
difficult to reproduce numerically due to the varying spatial and temporal 
scales over which different processes simultaneously occur within the cloud 
layer. Current predictions of droplet size distributions from condensational 
growth theory fail to represent the broadness of droplet size distributions 
observed in clouds (Yum and Hudson, 2005). For instance Hsieh et al., 2009 
found that the parameterisations commonly applied in adiabatic cloud parcel 
models could essentially capture one-dimensional dynamics; however the 
predicted droplet size distributions were too narrow. Changes in the cloud 
droplet spectrum can be attributed to entrainment and subsequent cloud dilu-
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tion (Derksen et al., 2009); the presence of giant CCN, additional nucleation 
of cloud droplets above the cloud base associated with an increase in updraft 
velocity (Pinsky and Khain, 2002); turbulence effects, collision-coalescence 
of cloud droplets and drizzle formation (Feingold et al., 1996; Shaw et al., 
1998; Kostinski and Shaw, 2005); circulation mixing associated with the 
presence of localised downdraft regions surrounding broader updraft regions 
(Lu et al., 2009; Wang et al., 2009 and references therein); variable updraft 
velocities (Hudson and Svensson, 1995; Hudson and Yum, 1997); and also 
instrument artefacts (Hsieh et al., 2009 and references therein). 

Large scale models typically apply some form of parcel theory for com-
puting cloud droplet spectral properties (Nenes and Seinfeld, 2003; Hsieh et 
al., 2009). From our discussion above regarding the limited success of clo-
sure using parcel models, it follows that the poor understanding of clouds 
haunts not only attempts to represent aerosol effects observationally, but also 
numerically on larger scales (Brenguier and Wood, 2009). These problems 
cast doubt on the use of large scale models to quantify the climate forcing 
due to  small scale perturbations, as the results can be expected to be heavily 
dependent on the (often flawed) conceptual framework underlying a particu-
lar parameterisation (Brenguier and Wood, 2009).  

It is therefore paramount to devise new strategies to ensure the physical 
basis of existing models is sound, and able to represent key droplet activa-
tion processes with accuracy. With this in mind it would be beneficial to 
have tools that could in a statistically robust manner perform droplet closure 
and global sensitivity in a unified framework to help guide modellers and 
measurements towards key parameters and processes which have the highest 
uncertainty. 
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2. Scientific goals of the thesis 

New methodologies are required to unravel the complex interplay be-
tween clouds and aerosols.  

 
• The primary scientific goal of the work presented in this thesis is to im-

prove the understanding of cloud-aerosol interactions through developing 
and testing whether inverse modeling approaches constitute an efficient 
set of tools for evaluating process descriptions in adiabatic cloud models.  

 
The work is divided into sub-goals, each one encompassed by the publi-

cations and manuscripts upon which this thesis builds.  
 
As previously discussed, neither aerosols nor clouds can be considered as 

entities isolated from each other. Difficulties in describing the climate effects 
induced by aerosols via cloud formation and modification may be located 
both in the spatial and temporal representation of the aerosol, as much as in 
the description of the actual cloud formation itself. In other words, if we lack 
the ability to accurately describe the aerosol; the level of confidence placed 
in the predicted cloud properties will typically be low. Thus in the first paper 
of this thesis we develop a new Lagrangian box model framework and apply 
state-of-the art knowledge of aerosol dynamical processes to pinpoint the 
relative importance of sources and transformation pathways of the atmos-
pheric aerosol. The main scientific goal of paper I is to:  

 
• Evaluate the accuracy of current state-of-the-art model descriptions of 

aerosol source and sink processes by comparing simulated aerosol proper-
ties against their measured counterparts at the SMEAR II station in the 
Finnish boreal forest.  
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Subsequent papers II-IV relate to the development and application of an 
inverse modeling approach to investigate cloud droplet forming processes. 
The main scientific goals of these papers are to: 

 
 

• Ascertain whether inverse modeling provides a transparent and efficient 
means of probing cloud aerosol interactions by coupling a pseudo-
adiabatic cloud parcel model to automatic search algorithms. 

• Confirm that a state of-the-art Markov Chain Monte Carlo (MCMC) algo-
rithm can successfully solve the cloud-aerosol inverse problem, while si-
multaneously providing estimates of parameter sensitivity and correlation. 

• Evaluate the applicability and power of MCMC simulation to provide a 
global sensitivity analysis of the parameters describing the aerosol physi-
ochemical properties and meteorology. 

• Demonstrate that a MCMC simulation provides a statistically robust and 
detailed means of efficiently testing the performance of adiabatic cloud 
models against in-situ observations of cloud properties. 

• Demonstrate that the MCMC approach adds value to traditional aerosol-
cloud droplet size distribution closure methodologies. 

 
With this inverse modeling framework to investigate cloud aerosol interac-
tions we will: 

 
 

• Pinpoint which are the dominant parameters controlling the activation of 
cloud droplets for clouds experiencing different updraft velocities; over a 
range of different aerosol environments. 

• Provide a measure of the discrepancy between the model and in-situ mea-
surements of cloud droplet size distributions as a function of the aerosol 
physiochemical parameters and updraft velocity for marine Sc clouds. 

• Suggest improvements of both modeling approaches as well as measure-
ment strategies relating to aerosol cloud interactions. 
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3. Methodology 

Two separate modeling approaches were developed in this thesis to probe 
aerosol transport, evolution, and cloud-aerosol interactions. This split allows 
us to apply the appropriate modeling frameworks to the two different process 
scales considered in this work. A schematic of the overall modeling frame-
work is shown in Figure 5.   

 

3.1 Process models 
 

In paper I the evolution of a particle population is simulated using a new 
trajectory-driven aerosol and chemical process model: Chemical and Aerosol 
Lagrangian Model (CALM). The position of CALM within our overall mod-
eling framework is depicted by the grey dashed box (Figure 5). The main 
aerosol dynamical processes accounted for in the model are simulated using 
the University of Helsinki Multicomponent Aerosol model (UHMA) de-
scribed in detail by (Korhonen et al., 2004). The current model setup adopts 
a two layer box model structure with a residual and mixing layer. The resid-
ual layer height is fixed throughout the simulation and is determined by the 
maximum mixing layer (ML) height during the simulation. CALM is driven 
along trajectories which determine the transport of these internally well-
mixed boxes. In this study the trajectories are calculated using HYSPLIT4 
(Draxler and Hess, 1997).  

 
In papers II-IV we move to smaller scales and single out the process of 

CCN activation and condensational growth above the cloud base for a more 
detailed analysis using a separate pseudo adiabatic cloud parcel model (Roe-
lofs and Jongen, 2004). The positioning of this model within our overall 
framework is shown in the left partition of the red box (Figure 5). This mod-
el is a similar type to the adiabatic cloud parcel model used in the CALM 
model (purple box). 
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Figure 5: Schematic picture of the modeling framework employed: The grey dashed 
box is a conceptual box representation of the CALM model moving along the x-
direction. The purple box within the CALM framework represents the adiabatic 
cloud parcel model used in CALM. The red box represents the pseudo-adiabatic 
cloud model and algorithm used in our inverse modeling framework. Within this red 
box the partition to the right of the dashed red line contains the state of the art 
MCMC algorithm (DREAM). This is coupled to a pseudo-adiabatic cloud model 
which is of a similar type used in CALM (partition to the left of the dashed red line). 

3.2 Introduction to inverse modeling 
 

One approach to the analysis of cloud-aerosol interactions is to embrace 
inverse modeling to scrutinize and evaluate model parameter interactions 
over a wide range of input and output conditions. In inverse analysis, a given 
model is calibrated by iteratively changing input values until the simulated 
output values match the measured data as closely and consistently as possi-
ble (parameter estimation). Inverse modeling provides a means to achieve 
this, and is generally based on some type of least squares or maximum like-
lihood criterion (Vrugt et al., 2008). Bayesian inference represents a mathe-
matically rigorous approach to parameter estimation. This statistical method 
treats the model parameters as random variables with a joint (but yet un-
known) posterior probability distribution (i.e. the estimated distribution of 
the retrieved parameters). In the past few decades, MCMC simulation has 
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become a standard computational method for performing Bayesian statistical 
analyses. In this approach the posterior distribution is described as a combi-
nation of prior information and the evidence within the measurements. Thus, 
this approach allows us to invoke posterior probability density functions of 
our pseudo-adiabatic cloud model parameters.  

The MCMC scheme was introduced by Metropolis et al. (1953). The ba-
sis is a Markov chain, which generates a random walk through the search 
space and successively visits solutions stemming from a fixed probability 
distribution (Vrugt et al., 2009a). The original Metropolis MCMC scheme 
was extended for posterior inference in a Bayesian framework by Gelfand 
and Smith (1990), and has subsequently enjoyed widespread use in many 
fields of study (San Martini et al., 2006; Vrugt et al., 2009b and references 
therein; Järvinen et al., 2010). Such methods do not only provide an estimate 
of the best parameter values, but also a sample set of the underlying (post-
erior) uncertainty i.e. the full probability distribution function of the solution 
in the n dimensional model parameter space, where n equals the number of 
parameters to be estimated. This distribution contains important information 
about the global parameter sensitivity, and correlation (interaction), and can 
be used to produce confidence intervals on the model predictions as well as 
aid in diagnosing structural inaccuracies of the model being tested.  

 

3.3 Automatic search algorithms 
 

In paper II the inverse modeling framework that is used in this thesis 
(solid red box in Figure 5) involves coupling the pseudo-adiabatic cloud 
parcel model to a deterministic optimisation algorithm: the Shuffled Com-
plex Evolution global optimisation algorithm (SCE-UA) (Duan et al., 1992) 
to introduce an automatic parameter estimation framework to solve the cloud 
- aerosol inverse problem. The SCE-UA algorithm locates the optimal solu-
tions but does not provide an estimate of the underlying parameter uncertain-
ty, associated with model nonlinearity, measurement and model error.  

In papers III and IV we couple the same pseudo-adiabatic cloud parcel 
model to a state-of-the-art DiffeRential Evolution Adaptive Metropolis 
(DREAM) MCMC algorithm (Vrugt et al., 2008, 2009a). This allows us to 
approximate the posterior parameter distribution. The positioning of this 
algorithm in our framework is shown in the right partition of the red box 
(Figure 5). 

A schematic of the cloud-aerosol inverse modeling framework used in 
papers II-IV that corresponds to the large red box in Figure 5 is illustrated in 
Figure 6. 
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Figure 6: A schematic representation of inverse modeling. The rectangular box in 
the bottom panel Φ represents the pseudo-adiabatic cloud model that is being used to 
predict the observed particle size distribution from given input data (also called 
forcing or boundary conditions), and some a-priori values of the model parameters 
(e.g. lognormal parameters describing aerosol size distribution, soluble mass frac-
tion, updraft velocity). These model parameters are iteratively adjusted so that the 
predictions of the model,Φ (represented by the green and red solid lines) approxi-
mate as closely and consistently as possible the observed response (measured parti-
cle size distribution). We focus on the activated (droplet) region of the particle size 
distribution only. 

3.4 Measurement sites 
 

In paper I the CALM model was tested and evaluated against observa-
tions performed at the SMEAR II station located at Hyytiälä in Finland 
(Kulmala et al., 2001).  

To benchmark our cloud-aerosol inverse modeling framework, the analy-
sis in papers II and III is performed with synthetically generated cloud drop-
let size distributions simulated using average aerosol size distribution meas-
urements from the literature. To test a wide range of input aerosol size dis-
tributions, data from four distinctively different aerosol environments were 
used:  

 
1. Marine Arctic: Ny-Ålesund, Svalbard (P. Tunved, personal com-

munication, 2011). 
2. Marine average: Taken from a compilation of measurements of 

marine aerosol (Heintzenberg et al. 2000). 
3. Rural continental: SMEAR II station at Hyytiälä (Tunved et al. 

2005). 
4. Polluted continental: Melpitz station (Birmili et al., 2001). 
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In the final paper presented in the thesis (IV) we repeat the inverse model-

ing approach developed in papers II, III, this time using real measurements 
of aerosol physiochemical and droplet size distributions from the MASE II 
(Marine Stratus/Stratocumulus Experiment) field campaign undertaken over 
the eastern Pacific Ocean off the coast of central California during July 2007 
(Hersey et al., 2009; Lu et al., 2009), (Figure 7).  

 

 
Figure 7: Outline of in-cloud and below cloud measurements used from the flights 
performed in the MASE II field campaign using instrumentation onboard the Center 
for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter: Pic-
tures courtesy of Armin Sorooshian, personal communication 2010. 
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4. Summary of Papers 

4.1 Paper I: New trajectory-driven aerosol and chemical 
process model: Chemical and Aerosol Lagrangian 
Model (CALM) 
 

The aim of this study was to benchmark a new trajectory driven Lagran-
gian process model (CALM) that seeks to capture and describe the processes 
that govern the evolution of aerosol chemical and physical properties along 
trajectories and at receptor sites. In this paper, it was shown that CALM is 
capable of reproducing annual and diurnal cycles at the SMEAR II station in 
Hyytiälä, Finland with satisfying accuracy. The model was also used to 
study the contribution of new particle formation versus primary particle pro-
duction at Hyytiälä, as well as the role of Biogenic Volatile Organic Com-
pounds (BVOC) emissions for the provision of particle number and mass. It 
was shown that anthropogenic primary emissions (from the European sub-
continent) determine the particle number concentration (CN) at Hyytiälä 
when advection from the south occurs. However, when transport of relative-
ly cleaner marine air takes place, the CN is governed by new particle forma-
tion. During these transport conditions, biogenic emissions from the boreal 
forest were shown to be essential in providing precursors of condensable 
material to sustain growth of the freshly formed aerosol particles. These 
results corroborate previous findings (Spracklen et al., 2006). Clouds, as 
described in CALM, play an important role in regulating especially the ac-
cumulation mode concentration. By cancelling clouds and precipitation, the 
number of accumulation mode particles is substantially increased. 

The CALM model is currently undergoing more extensive testing on the 
European sub-continental scale and can in future be used for studies of re-
gional scale transport as well as serving as reference model in evaluating 
more simplified aerosol schemes in large-scale transport models. The CALM 
model may also be used to evaluate the performance of new parameteriza-
tions, for instance, newly developed new particle formation schemes.  
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4.2 Paper II: Inverse modeling of cloud-aerosol 
interactions – Part 1: Detailed response surface analysis 
 

The purpose of this paper was to introduce the application of inverse 
modeling to cloud-aerosol interactions using a pseudo-adiabatic cloud parcel 
model. The gradient change in objective function (OF), containing the dif-
ference between the measured and model predicted droplet size distribution, 
is presented in two-dimensional plots termed response surfaces.  

The response surfaces were used to investigate the posedness of the 
cloud-aerosol inverse problem, whilst simultaneously providing a graphical 
illustration of the susceptibility of simulated droplet size distributions to 
changes in the updraft velocity and aerosol physiochemical parameters. For 
each aerosol environment the most important parameter was shown to be the 
updraft velocity. It was shown that the susceptibility of the cloud droplet size 
distribution to perturbations in these parameters is higher in cleaner marine 
Arctic aerosol environments compared to polluted continental environments. 
Corroborating previous studies, e.g. Nenes et al, 2002, a reduction in particle 
concentrations had a small effect on the cloud microphysical properties for 
polluted regions, whilst clean regions such as marine and marine Arctic en-
vironments are much more responsive to changes in aerosol physiochemical 
properties and abundance. A shift towards an increase in the importance of 
chemistry (denoted by the soluble mass fraction) compared to the concentra-
tion of accumulation mode number concentration was shown to exist some-
where between marine (~75 cm-3) and rural continental (~450 cm-3) aerosol 
regimes. Therefore, it is important to provide accurate measurements of the 
aerosol chemical composition for polluted environments for the accurate 
simulation of cloud microphysical properties. 

When investigating the posedness of the inverse problem certain parame-
ters are found to be non-identifiable. That is, the information content stored 
within the OF does not warrant their estimation using inverse modeling. It 
was demonstrated that including the interstitial aerosol in the OF constrained 
the solution to the inverse problem for the lognormal parameters describing 
the smaller Aitken mode. 

Many of the parameters exhibited highly non-linear interactions. These 
correlations indicate regimes where compensating effects may produce al-
most identical droplet distributions as in the base case. This highlights the 
need to apply MCMC methods that treat the interaction between all parame-
ters involved in cloud droplet activation simultaneously for a robust sensitiv-
ity analysis. 
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4.3 Paper III: Inverse modeling of cloud-aerosol 
interactions – Part 2: Sensitivity tests on liquid phase 
clouds using a Markov Chain Monte Carlo based 
simulation approach 

 
The purpose of this paper was to demonstrate the applicability of MCMC 

simulation for determining the global sensitivity of parameters describing the 
aerosol physiochemical properties of a pseudo adiabatic cloud parcel model. 
This allows a comparison of our 2D response surface analysis (paper II) to 
the parameter sensitivity in the full multi-dimensional parameter space of the 
system.  

To a large extent, results from prior studies were confirmed (e.g. Fein-
gold, 2003; Lance et al., 2004; Antilla and Kerminen, 2007; Quinn et al., 
2008), but the present study also provided some novel findings. In agreement 
with paper II there is a clear transition in the inverse modeling results from 
very clean marine Arctic aerosol conditions to polluted continental (aerosol 
concentration in the accumulation mode > 1000 cm-3). In clean environments 
the aerosol parameters representing the mean radius and geometric standard 
deviation of the accumulation mode were found to be most important for 
determining the cloud droplet size distribution whereas particle chemistry 
was more important than both number concentration and mean size of the 
accumulation mode for polluted continental aerosol conditions. Further 
simulations were performed to investigate the effect of the base updraft ve-
locity on the parameter sensitivity which showed that the relative sensitivity 
of the chemistry is a strong function of the prevailing meteorological condi-
tions and number of accumulation mode particles. 

We also highlight the strong competition and compensation between the 
cloud model input parameters, illustrating that if the soluble mass fraction is 
reduced, both the number of particles, geometric standard deviation and the 
mean radius of the accumulation mode must increase in order to achieve the 
same cloud droplet size distribution. This result suggests that for the cloud 
parcel model used herein, the relative importance of the soluble mass frac-
tion appears to decrease if the number or geometric standard deviation of the 
accumulation mode is increased. Strong interactions exist between all of the 
parameters investigated over the range of possible solutions, and these are 
observed to more non-linear for more polluted aerosol conditions. Our re-
sults highlight that clouds are complex, multidimensional problems that may 
have a plethora of possible solutions due to compensating effects.  
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4.4 Paper IV: A study of marine stratocumulus clouds 
using an inverse modeling approach 
 

The goal of this study was to present a new framework where cloud mod-
els can be combined with in-situ measurements of cloud properties to effi-
ciently and in a statistically robust manner assess the global sensitivity of the 
droplet size distribution to the aerosol physiochemical and meteorological 
(calibration) parameters. The method simultaneously provides a detailed 
assessment of aerosol-cloud droplet size distribution closure procedure and 
transparently examines the suitability of the pseudo-adiabatic cloud parcel 
model to comprehensively describe the evolution of cloud droplet size dis-
tributions in Sc clouds. We used the same setup as in paper III but instead of 
synthetic data, we used measurements of both below cloud aerosol and me-
teorology as well as measurements of droplet size distributions (calibration 
data) for four marine Sc clouds measured during the MASE II campaign.  

As in paper II we demonstrate that the updraft velocity is the most impor-
tant parameter for describing the observed droplet distribution for the cloud 
cases studied. The modeled droplet size distribution is shown to be more 
sensitive to the number, size and shape of the accumulation mode aerosol 
compared to the soluble mass fraction for all cloud cases except the most 
polluted (number concentrations of accumulation mode: ~450 cm-3).  Thus 
our results highlight that under anthropogenic influence, we must consider 
chemistry also in marine environments; climate models should not ignore 
chemical composition, which is in agreement with recent studies (e.g. Roes-
ler and Penner, 2010). 

The MCMC algorithm successfully matches the observed droplet size dis-
tribution for each cloud case. However, there is relatively poor agreement 
between the simulated and measured calibration parameters involved in the 
optimisation procedure, especially for the updraft velocity, mean radius and 
geometric standard deviation of the accumulation mode. The probability 
densities of the solutions for these three parameters are skewed away from 
the median measured values to the limits of their respective posterior distri-
butions. This informs us that either there are systematic sampling artefacts or 
errors in the measurements, or we are missing something central in our de-
scription of adiabatic droplet activation and growth to establish true closure 
since the algorithm forces parameter values to the bounds of their observed 
values to match the measured droplet size distribution. This can be attributed 
either to a miss-representation of the parameters held fixed during the 
MCMC simulations, or some droplet growth process(s) being unaccounted 
for in our pseudo-adiabatic cloud parcel model.  

It is shown that the reason for the tendency for the algorithm to head to-
wards unrealistically high values for the geometric standard deviation and 
mean radius, and low values of the updraft velocity is attributed to forcing 
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the model to capture the observed width of the droplet size distribution. To 
ascertain the contribution of this discrepancy from parameter(s) not included 
or dynamical processes we repeat our simulations, this time including the 
lognormal parameters describing the Aitken mode, surface tension, and mass 
accommodation coefficient in the optimisation. This was not found to re-
move the skew from the median measured values of the aforementioned 
parameters. Thus in order to achieve closure to cloud droplet size distribu-
tion measurements using adiabatic cloud parcel models, it is likely we need 
to consider additional dynamical processes. It remains for future studies to 
test the process descriptions by making modifications to our cloud parcel 
model and repeating the inverse modeling procedure. 
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5. Discussion and Synthesis 

 
In paper I a new trajectory-driven aerosol and chemical process model is 

presented and extensively tested. It is shown that nucleation governs the 
number concentration during transport from clean areas whereas primary 
emissions dominate the source of particle number for polluted regions in 
agreement with previous studies (Spracklen et al., 2006). The importance of 
nucleation for controlling particle number in clean air masses highlights the 
importance of accurately including this process in GCMs for the accurate 
prediction of global aerosol concentrations, and subsequent CCN numbers. 
Moreover, it was shown that switching off nucleation for polluted (continen-
tal) cases, resulted in a small change in the resulting size distribution at Hy-
ytiälä, indicating that primary production is the dominant source of particles 
for these cases. This is an important result in the light of the fact that future 
aerosol emission scenarios indicate a reduction in the global mean aerosol 
burden after 2020 (Stier et al., 2006). In a future atmosphere where the an-
thropogenic burden is less, a shift towards an increase in nucleation events 
for advection of air from continental environments may be observed.  

As CALM has been shown to reproduce the observed aerosol size distri-
bution with respect to growth mechanisms it could be applied also to probe 
future emission scenarios to improve our understanding of the possible feed-
backs associated with a decrease in the anthropogenic aerosol burden and 
possible increase in aerosols originating from the biosphere. However, whilst 
CALM has been shown to reproduce the aerosol properties for present day 
conditions this does not guarantee its success for future atmospheric aerosol 
conditions. For example, a change in available concentrations of CCN may 
alter the pathways by which aerosols impact clouds that our simple cloud 
description in CALM may not accurately capture. 

In addition CALM was found to perform less well for winter months, 
overestimating both the Aitken and accumulation mode number. The cause 
of this discrepancy is not well understood, but may be linked to more com-
plicated real world winter meteorology which CALM cannot reproduce. The 
contribution of clouds to this overestimation is difficult to quantify due to 
the complex feedbacks that govern cloud aerosol interactions. Investigating 
the role of ice processes which are not included at present in the warm phase 
cloud parcel model used in CALM is one area for consideration.  
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As cloud processes in CALM are shown contribute substantially to accu-
mulation mode number it is important to investigate the accuracy of the way 
cloud processes are treated in more detail. Currently the treatment of droplet 
activation and in/below cloud scavenging is rather simplified. In summary, 
to ascertain whether CALM is a robust tool for improving understanding of 
aerosol evolution and further understand the results presented in paper I it is 
paramount to assess the accuracy of the treatment of clouds and precipitation 
in the model. This could be achieved by comparing the performance of the 
model against aerosol measurements for more receptor sites which are in 
different aerosol environments, whilst simultaneously comparing against 
measurements of the cloud microphysical properties.  

Without knowing precisely the way clouds act as a sink of aerosol parti-
cles it will be difficult to quantify the role of the other processes. It is thus 
important to study the role of clouds separated from the other processes that 
alter the aerosol size distribution. Investigating dynamical processes related 
to cloud-aerosol interactions alone, both in numerical studies and studies 
performed in combination with observations, provides us with the means to 
untangle the aforementioned feedbacks. To achieve this papers II-IV concern 
developing a new inverse modeling framework to investigate cloud-aerosol 
interactions.  

In paper II a response surface analysis was performed to pave the way for 
an applied use of inverse modelling techniques as a tool to probe cloud-
aerosol interactions. It was demonstrated that there is a tipping point be-
tween marine and rural continental aerosol environments for the dominating 
parameters controlling droplet activation; for instance accumulation mode 
concentration versus chemistry (denoted by the soluble mass fraction) (Fig-
ure 8). More research should focus on where this tipping point occurs for a 
range of different base updraft conditions to help give a clearer picture of 
global susceptibility.  

Building on the experience gained in paper II, in paper III we successfully 
coupled a pseudo-adiabatic cloud parcel model (Roelofs and Jongen, 2004) 
to a state of the art MCMC algorithm; DREAM (Vrugt et al., 2008, 2009a). 
This is an approach that allows us to quantify the global sensitivity of the 
droplet size distribution towards all model parameters investigated. Strong 
parameter correlations between multiple model parameters were found that 
were not evident in our response surface analysis. This suggests that local 
sensitivity studies and even 2D studies (e.g. Reutter et al., 2009) are have 
limitations compared to global sensitivity methodologies as they may miss 
non-linear compensating affects between parameters. 
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Figure 8: A-D: 2D response surface planes for a selection of two parameter combi-
nations. The blue cross denotes the true parameter values used to generate the syn-
thetic droplet size distribution measurements. Greyscale shows the change in gradi-
ent of the OF which provides a measure of droplet size distribution susceptibility: A- 
Marine Arctic; B- marine average; C- rural continental; D- polluted continental. 

 
By repeating our simulations with variations in the updraft velocity it was 

shown that the sensitivity to the chemistry increased for lower updrafts, es-
pecially in more polluted aerosol environments (Figure 9), corroborating  
previous studies (e.g. Nenes et al., 2002). The dependence of the sensitivity 
to chemistry on the base updraft velocity highlights the importance of accu-
rately characterising sub-grid scale variability in this parameter in GCMs.  

We also show that the geometric standard deviation can be more impor-
tant than the mean radius depending on the updraft and aerosol environment 
(Figure 9). This echoes the results presented by Antilla and Kerminen (2007) 
who state that the geometric standard deviation can be as important as mean 
size of mode at low updrafts.  

One limitation of this study is that we use seasonal averages of the aerosol 
physiochemical properties, this being a consequence of the computational 
time needed for a single MCMC run. We have shown that the parameter 
sensitivity is highly dependent on the initial conditions, especially the up-

Soluble MF             

C
o

n
c
: 

M
o

d
e

 2
 (

c
m

−
3
) 

0.2 0.4 0.6 0.8 1

40

60

80

100

120

140

Soluble MF             

C
o

n
c
: 

M
o

d
e

 2
 (

c
m

−
3
) 

0.2 0.4 0.6 0.8 1
60

80

100

120

140

160

180

200

220

240

Soluble MF             

C
o

n
c
: 

M
o

d
e

 2
 (

c
m

−
3
) 

0.2 0.4 0.6 0.8 1

250

300

350

400

450

500

550

600

650

Soluble MF             

C
o

n
c
: 

M
o

d
e

 2
 (

c
m

−
3
) 

0.2 0.4 0.6 0.8 1

800

900

1000

1100

1200

1300

1400

1500

1600

100

200

300

400

500

600

100

200

300

400

500

600

700

100

200

300

400

500

600

700

800

100

200

300

400

500

600

A ) B )

C ) D )



 42

draft velocity. It is therefore important to repeat our approach for shorter 
timescales and more locations if we wish to get a better picture of the global 
susceptibility of cloud microphysics to changes in aerosol properties. A fur-
ther limitation of the results presented in paper III is that some parameters 
known to be uncertain were not considered. For instance, the relative impor-
tance of the surface tension and mass accommodation coefficient were not 
investigated. Now that the inverse modeling framework for has been estab-
lished these additional parameters should be investigated as they are known 
to be highly uncertain (Xue and Feingold, 2004). In addition, to simplify our 
approach in this first study we do not consider the size dependence of cloud 
droplet chemical composition. Because the concentration and composition of 
cloud droplets are not uniform, the transfer of gases onto droplets will de-
pend on the droplet size (Twohy et al., 1989). Model results have shown that 
use of bulk cloud water parameters such as the soluble mass fraction can 
lead to substantial errors in the description of processes taking place within 
individual droplets. Antilla and Kerminen (2007) state that one of the largest 
sources of uncertainty in their sensitivity conclusions arises from a poor 
characterisation of the chemical composition and for our study the same 
applies. A more accurate definition of prior ranges for parameters describing 
the chemical composition can be used to constrain the PDFs of the corre-
sponding model predictions. This is especially important for this paper in 
which we use synthetically generated droplet size distributions, as compen-
sation effects between parameters can affect the derived sensitivity. Future 
inverse modeling investigations must examine more comprehensively the 
influence of soluble gases, partly soluble material, and surface active materi-
als on water uptake by aerosols and drops.  

A final limitation of inverse modeling using synthetically generated cloud 
droplet size distributions is that we implicitly trust the structure of the 
pseudo-adiabatic cloud parcel model. However, they can be advantageous 
for inter-comparing a number of different cloud models/parameterisations 
and have the potential to highlight how the structural differences between 
models/parameterisations impact the derived parameter sensitivity in a 
transparent and detailed way. 
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Figure 9: Parameter relative sensitivity for A) Updraft = 0.15 ms-1, B) Updraft = 
0.30 ms-1, C) Updraft = 0.60 ms-1. The last 20% of the samples generated with 
DREAM were used to derive the results. The y-axes NPR labels correspond to 
“Normalized posterior parameter range”. Thus, we present the relative sensitivity for 
the accumulation mode number concentration, mean radius, geometric standard 
deviation, and soluble mass fraction: N2; R2; GSD2; Sol MF as a function of the 
accumulation mode number concentration. A higher value of 1-NPR indicates a 
parameter having higher relative sensitivity. Going from left the light the x- axes 
corresponds to the accumulation mode number of marine Arctic, marine general, 
rural continental, and polluted continental conditions respectively. 

 

In paper IV we extend our inverse modelling framework to in-situ obser-
vations from the MASE II campaign. The advantage of this over previous 
closure studies is that it allows us to, in a statistically robust manner; provide 
a measure of the discrepancy between the simulated and in-situ measure-
ments of cloud droplet size distributions (calibration data) as a function of 
the aerosol and environmental model input parameters. If the model input 
parameter values that correspond to the model being optimized to the ob-
served droplet size distribution match their measured counterparts we can 
have confidence in our process description of droplet activation for Sc 
clouds. 
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Figure 10: A ) The simulated and measured dN/dlogDp droplet size distribution for 
clean cloud cases RF8. B ) The normalized posterior parameter ranges for cloud 
RF8. The last 20% of the samples generated with DREAM were used to derive the 
results. The y-axes are scaled between 0 and 1 using the prior ranges to yield nor-
malized ranges. A smaller normalized posterior parameter range is indicative of 
higher sensitivity. The blue error-bars represent define the 1%-99% limits of the 
posterior distribution. The blue circles are used to signify the maximum likelihood 
values of the parameters that provide the closest fit (lowest RMSE) to the measured 
droplet size distribution, whereas the red circles denote the median observed pa-
rameter values. Each grey line going from left to right through each panel is a differ-
ent parameter sample from the posterior distribution. C ), D ) Histograms of the 
marginal distributions for the accumulation mode (Dp = 60-120 nm) mean radius and 
geometric standard deviation. The marginal density provides counts of the parameter 
values over their posterior distribution range, thus showing the shape of the posterior 
distribution. 

 

We summarize these main findings for one of the cleaner cloud cases 
studied (flight number RF8 from MASE II). It is shown in Figure 10a that 
the optimisation simultaneously shows the closest match to the observed 
droplet distribution from the optimization procedure and the range in model 
parameter values required to obtain this match to the observations (Figure 
10b). 

With regard to the global parameter sensitivity, the modeled droplet size 
distribution is shown to be more sensitive to changes in lognormal parame-
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ters describing the accumulation mode aerosol, in particular those describing 
its shape and size as compared to chemical composition (Figure 10b). This 
corroborates the results of previous studies with regard to composition de-
pendence e.g. Dusek et al., 2006. The updraft velocity is the most important 
parameter which is in agreement with previous modelling and measurement 
studies. However, during the MASE II campaign, conditions with concentra-
tions of accumulation mode particles (~450 cm-3) were observed for which 
the aerosol chemistry (represented by the soluble mass fraction) is more 
important than the accumulation mode (Dp = 60-120 nm) particle concentra-
tion. This exception is likely caused by the influence of ship tracks for these 
particular droplet size distribution measurements, in agreement with the hy-
pothesis posed by Rissman et al., 2004.  

However, although the modeled droplet size distribution can be optimized 
to match the measured droplet size distribution extremely well, probability 
distributions of the input parameters depart significantly from the median 
measured values for the mean radius (Figure 10c) and geometric standard 
deviation (Figure 10d) of the accumulation mode. Thus, the fact that we 
cannot achieve true closure indicates that we likely miss a dynamical 
process, parameter(s), or there is a sampling artifact in our measurements. 
By constraining the geometric standard deviation and repeating our simula-
tions it is demonstrated that the forcing of certain parameters to values that 
diverge from their respective measured counterparts is due to the algorithm 
“finding a way” to broaden simulated cloud droplet size distribution in order 
to match the observations. Effects of the surface tension and mass accom-
modation efficient are not sufficient to explain the inability of the pseudo-
adiabatic cloud parcel model in capturing the broadness of the measured 
droplet size distribution. The small effects of the mass accommodation coef-
ficient for these marine stratocumulus clouds experiencing low updrafts is in 
agreement with previous studies (Nenes et al., 2002).  

An advantage of the inverse framework used in paper IV is that we very 
transparently and in high detail highlight that the model may be unsuitable 
for the measurements which we compare it against. However, the inability to 
reach true closure (i.e. we do not simultaneously match the calibration da-
ta/parameters) can thwart our confidence in derived parameter sensitivity as 
the inclusion of more dynamical processes necessary to achieve closure may 
result in a change in balance of the dominating parameters within the cloud 
parcel model. This highlights the importance of improving our basic under-
standing of cloud dynamical processes before trying to determine sensitivity 
to aerosol physio-chemical parameters. It was not within the scope of this 
thesis to pinpoint the cause of discrepancy between measured and simulated 
aerosol physiochemical parameters.  

In order to improve our understanding of which process is missing in our 
pseudo-adiabatic cloud parcel model, the next step is to repeat our inverse 
modelling procedure with more processes turned on, such as variable updraft 
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velocity or with a larger measurement dataset. If the inclusion of additional 
processes (or process) does not account for the observed deviation from the 
calibration parameters it would be prudent to repeat our inverse modelling 
procedure using the same measurements, however with a more complex 
cloud model. This however poses some difficulties due to the computational 
demanding nature of MCMC simulations. It is therefore likely that in order 
to be able to employ a 1D or 2D cloud model it will be necessary to run the 
DREAM algorithm in parallel using distributed networks to increase the 
efficiency of MCMC simulation (Vrugt et al., 2006). It should also be noted 
that our framework is only as good as the measurements with which we have 
to work with. It would be beneficial to repeat our analysis in paper IV using 
the coarse mode aerosol properties as optimised parameters, as well as in-
cluding multiple height levels in the cloud, and also the interstitial aerosol in 
the calibration data. Entrainment and coalescence are important processes in 
altering the shape of the cloud droplet number distribution whilst also affect-
ing the partitioning of aerosol between interstitial and cloud droplet (Hall-
berg et al., 1998). Including the interstitial aerosol in the calibration data 
may help to discriminate between these various processes and provide more 
confidence in our understanding of what dynamic processes the pseudo-
adiabatic cloud model may be missing. 
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6. Major Conclusions 

In this thesis we have employed two modeling approaches to study aerosol 
dynamics, and cloud-aerosol interactions. 

 
• The new CALM model is shown to be capable of simulating the most 

prominent features of the atmospheric aerosol observed at the SMEAR II 
station. Anthropogenic primary emissions (from the European sub-
continent) determine the CN at Hyytiälä when advection from the south 
occurs. However, when transport of relatively cleaner marine air takes 
place, the CN is governed by new particle formation.  Clouds, as de-
scribed in CALM, play an important role in regulating especially the ac-
cumulation mode concentration. By not considering cloud and precipita-
tion removal, the number of accumulation mode particles is substantially 
increased. 

• Inverse modeling provides a means to ascertain which parameters are the 
most important for accurately simulating the droplet size distribution, and 
on the other hand, which parameters are insignificant and potentially can 
be neglected. Thus, by using inverse modeling we can suggest the type of 
research efforts required to improve accuracy of simulating cloud micro-
physical properties. 

• To efficiently explore the parameter space and calculate the global sensi-

tivity of aerosol physiochemical, and meteorological parameters it is nec-
essary to employ statistical tools such as the state-of-the-art MCMC algo-
rithms used in this thesis. The cloud-aerosol inverse problem was found 
to be extremely difficult to solve for a host of technical reasons as well as 
significant parameter interactions, multiple regions of attraction, numer-
ous local optima and considerable parameter insensitivity inherent in the 
system. Despite these issues, both the SCE-UA and DREAM MCMC al-
gorithms were successfully coupled to a pseudo-adiabatic cloud parcel 
model.  

• Local sensitivity analysis and 2D sensitivity analysis have limitations for 
investigating which aerosol physiochemical properties are the most im-
portant for the cloud nucleating ability of a particle, and subsequent simu-
lation of the cloud droplet size distribution due to the strong non-linear in-
teractions between different parameters.  

• The updraft velocity is the most important parameter (of those investi-
gated) for controlling droplet activation in liquid phase clouds. The im-
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portance of the chemistry (denoted by the soluble mass fraction) is also a 
strong function of the prevailing updraft. Therefore it is crucial to accu-
rately measure the meteorological properties at cloud base for an accurate 
assessment of the susceptibility of clouds to perturbations in the aerosol 
properties. From our results we conclude that the relative importance of 
the chemistry is a function of the geometric standard deviation of the ac-
cumulation mode and therefore it is important to accurately represent in 
models the width of the accumulation mode for an accurate assessment of 
the susceptibility of the droplet size distribution to changes in the chemis-
try. 

• It is important to increase our knowledge of the physiochemical proper-
ties of the aerosol in clean aerosol environments as the susceptibility of 
simulated droplet size distributions to variations in aerosol properties is 
high for cleaner marine and marine arctic aerosol environments. An accu-
rate measurement of the aerosol chemical composition for polluted envi-
ronments is necessary for the accurate simulation of cloud microphysical 
properties, especially for low updraft conditions. Using synthetically gen-
erated cloud droplet size distributions for an updraft velocity of 0.3 ms-1, a 
shift towards an increase in the relative importance of chemistry com-
pared to the concentration of accumulation mode number concentration 
exists somewhere between marine and rural continental aerosol regimes.  

• During the MASE II campaign, conditions with concentrations of accu-
mulation mode particles (~450 cm-3) were observed.  Marine Sc cloud 
formation in this region was found to be more sensitive to aerosol chemis-
try (represented by the soluble mass fraction) than the accumulation mode 
(Dp = 60-120 nm) particle concentration. Current theory suggests that 
chemistry can be ignored in all conditions except when an environment is 
highly polluted. However, our results highlight that under anthropogenic 
influence, we must also consider chemistry in relatively clean marine en-
vironments; models describing cloud formation should not simply ignore 

chemical composition. 
• MCMC simulation coupled with a pseudo-adiabatic cloud parcel model 

can successfully match the observed droplet size distribution for each 
cloud case for four marine stratocumulus clouds observed during MASE 
II. In doing so, however, the subsequent agreement between the derived 
and measured calibration parameters is generally poor. The agreement is 
especially poor for the updraft velocity, and mean radius/geometric stan-
dard deviation of the accumulation mode. Current adiabatic cloud parcel 
models will in general have difficulty capturing the broadness of meas-
ured cloud droplet size distributions for marine Sc clouds. This results in 
a failure to achieve a full droplet closure between the different model pa-
rameters and data. Effects of the surface tension and mass accommoda-
tion efficient are not sufficient to explain the inability of the pseudo-
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adiabatic cloud parcel model in capturing the broadness of the measured 
droplet size distribution.  

• Our inverse modelling results suggests that the current formulation of the 
pseudo-adiabatic cloud model is missing a dynamical process rather than 
parameter(s). Alternatively there may be systematic sampling or averag-
ing artefacts in our observations. Whilst a solution to these problems have 
not been provided in this thesis, the results still clearly show that inverse 
modeling provides a comprehensive means to efficiently and in a statisti-
cally robust manner test process descriptions in cloud models. Combining 
the MCMC framework with a number of cloud models and/or parameteri-
sations within models provides a means to guide future research in a more 
informed manner. 
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7. Outlook 

To understand cloud formation and in particular the aerosol effects on 
cloud properties it is clear much research is still required. A key gap that we 
have tried to bridge in this thesis is the synergy between modeling efforts 
and measurements of cloud and aerosol properties. To achieve this we have 
embraced MCMC inverse modeling tools in order to investigate the sensitiv-
ity of key parameters in the activation of aerosol particles into cloud drop-
lets.  

As it has proven useful, I recommend that future studies would benefit 
from a combination of inverse modeling approaches and in-situ observa-
tions, which together will facilitate a transparent assessment of the inadequa-
cies of our cloud model process descriptions. This will contribute to a reduc-
tion of the uncertainty in the aerosol indirect effect and allow for increased 
confidence in climate change predictions. 

Measurements 
 

Measurement campaigns of cloud and aerosol properties are inherently 
expensive and require a great deal of organisational effort. Currently our 
global database of aerosol properties is sparse, especially in pristine envi-
ronments. This is problematic as we have shown clouds to be extremely 
sensitive to aerosol physiochemical perturbations in these environments. 
Considering these two points, I would like to see the following in future 
aerosol studies: 

 
• More focus of future measurement campaigns towards areas where cur-

rently there is high cloud droplet size distribution susceptibility and cur-
rently sparse measurements, e.g. Arctic environment. 

• We have shown that aerosol-cloud interactions are highly non-linear and 
the susceptibility to perturbations in the aerosol physiochemical proper-
ties is highly dependent on the prevailing updraft velocity. Thus it is criti-
cal when that when investigating cloud-aerosol interactions equal empha-
sis is placed on both the aerosol and meteorology within the same obser-
vation platform. 
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• I believe it is important to focus measurement campaigns towards im-
proving our understanding of the cloud dynamical processes. For instance 
by focusing measurements on the properties known to be related to the 
observed width of the droplet size distribution such as the concentration 
of giant CCN, and in-cloud turbulence. 

• Inverse modeling is only as good as the measurements supplied to per-
form the inversion, thus I believe it is beneficial to improve the accuracy 
of certain measured cloud properties known to be uncertain, e.g. the inter-
stitial aerosol.  

 

Modeling 
 

Our current understanding of both the relative importance of aerosol 
properties for activation and also dynamical processes in clouds is low. Im-
proving our understanding of these parameters and processes will aid in de-
veloping accurate yet efficient parameterisations to use in GCMs that can be 
used to derive improved estimates of aerosol indirect effects. To improve the 
model representation of the droplet evolution in clouds I propose the follow-
ing: 

 
 

• I would like to see future studies that quantify the sensitivity of parame-
ters related to droplet activation use global sensitivity methods rather than 
local sensitivity analysis. 

• Many data sets are available of cloud and aerosol properties. The ap-
proaches we have developed and presented in this thesis can be efficiently 
applied to any of these without the inherent costs of starting a new meas-
urement campaign. 

• To improve our understanding of how the aerosol controls the cloud mi-
crophysics I believe future studies could benefit from performing our in-
verse modeling framework for both aerosol-CCN closure and aerosol-
CDNC closure. 

• I believe that repeating the inverse modeling framework presented for a 
suite of measurements covering a wide range of aerosol-meteorological 
conditions will aid in eliminating certain processes (or sampling artefacts) 
as candidates for our inability to reach a full droplet closure. Such efforts 
will highlight if systematic patterns with respect to the divergence in the 
model input parameters exist regardless of the environment. This will 
help ascertain whether we are consistently missing the same process or 
parameter, and narrow down which it is. However, I believe it is neces-
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sary to complement such a strategy with a hierarchy of cloud models to 
help pin down the weaknesses in our process description.  

• Therefore, finally I believe our procedure also lends itself to a process of 
elimination based approach whereby process representation of droplet 
size distributions can be improved. This could be achieved by re-using 
our inverse modeling framework in a stepwise manner by increasing the 
sophistication of the process description within model (or using models of 
varying complexity) until a robust closure is obtained. That is, we should 
find a balance of processes whereby the algorithm does not have to force 
aerosol or meteorological properties far from measured values to reach 
closure with droplet measurements. Once this can be achieved consis-
tently for a range of aerosol-meteorological conditions we can be trust the 
cloud model. 

 
In summary I believe that once our cloud dynamical description is im-

proved, and droplet closure can be obtained it will be much simpler to con-
strain any remaining parameters which are difficult to measure, thus allow-
ing us to reduce the dimension of number of parameters required in our de-
scription of cloud droplet activation with the minimal loss of accuracy. Con-
straining both structural inaccuracies and parameter uncertainty 
simultaneously using Bayesian inverse modelling will contribute to the effi-
cient development of cloud parameterisations for GCMs by revealing short-
comings in our process level descriptions. 
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Appendix – contribution to the papers 

Paper I: The original idea to develop a new trajectory driven Lagrangian 
process model (CALM) using a state of the art description of aerosol dynam-
ical processes originates from Peter Tunved. Peter Tunved developed the 
CALM model, made the analysis of the model performance, and wrote the 
paper. The process description of aerosol dry deposition and gas deposition 
in CALM was performed by Daniel Partridge, as was the model description 
of these two processes in the paper. 

 
 
Papers II-IV: The original idea to develop and apply an inverse modeling 

framework to study cloud-aerosol interactions originates from Daniel Par-
tridge.  

 
 
Paper II: The data analysis and main investigation was performed by Da-

niel Partridge. The motivation to calculate response surfaces to investigate 
the posedness of the inverse problem originates from Jasper Vrugt. The idea 
to apply response surfaces to provide a graphical illustration of cloud droplet 
size distribution susceptibility to changes in the updraft and aerosol physio-
chemical properties originates from Daniel Partridge. Daniel Partridge wrote 
this paper with input from all co-authors (in particular Jasper Vrugt). 

 
Paper III: Daniel Partridge performed the modeling, data analysis and 

wrote the paper with input from co-authors. Jasper Vrugt assisted in devel-
oping the modeling framework, in particular the development of an appro-
priate OF for use in the optimization procedure. 

 
Paper IV: Daniel Partridge performed the modeling data analysis and 

wrote the paper with input from co-authors. Jasper Vrugt helped in develop-
ing the model framework, in particular the development of an appropriate 
OF for use in the optimization procedure. Armin Sorooshian assisted with 
selecting the flight data.  
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