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Abstract
Deep convective clouds can efficiently transport trace gases from the planetary boundary layer to the upper troposphere.
Once there, some gases will contribute to new particle formation and growth, eventually producing aerosols that are large
enough to influence cloud properties, the radiative budget of the Earth, and climate. The magnitude and exact pathways of
the convective transport of many organic and inorganic compounds are, however, still unclear. This dissertation presents
a framework to study vertical transport of gas mixtures by deep convective clouds. The method consists of a chemical box
model that is driven by cloud air parcel trajectory data generated by large-eddy simulation. This combination allows us to
examine detailed gas-cloud interactions as well as complex systems of gas-phase chemical reactions. A large ensemble of
simulated cloud trajectories was used to identify and characterize convective up- and downdrafts in the Amazon region.
The analysis showed that air parcels starting close to the surface (at 0.5 km) experienced a substantially larger probability
of reaching the upper troposphere (above 10 km) than parcels starting at the top of the boundary layer. Furthermore, the
framework was used to estimate the vertical transport of isoprene, isoprene oxidation products, ammonia, and several non-
reactive trace gases. We found that a typical Amazonian deep convective cloud can transport around 30% of the boundary
layer isoprene to the cloud outflow if the efficiency of the gas uptake on ice is high and there is no lightning within the cloud.
If the efficiency of gas uptake on ice is low and lightning within the cloud is extensive, all isoprene will be oxidized. Several
low-volatility isoprene oxidation products will then have relatively high concentrations in the outflow, which potentially
could lead to new particle formation and growth. Another result was that up to 10% of the boundary layer ammonia can
reach the cloud outflow, where it in some environments can nucleate synergistically with nitric and sulfuric acid. A key
uncertainty in our estimates is the efficiency of gas uptake by ice particles.
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Abstract

Deep convective clouds can efficiently transport trace gases from the planetary
boundary layer to the upper troposphere. Once there, some gases will con-
tribute to new particle formation and growth, eventually producing aerosols
that are large enough to influence cloud properties, the radiative budget of the
Earth, and climate. The magnitude and exact pathways of the convective trans-
port of many organic and inorganic compounds are, however, still unclear. This
dissertation presents a framework to study vertical transport of gas mixtures by
deep convective clouds. The method consists of a chemical box model that is
driven by cloud air parcel trajectory data generated by large-eddy simulation.
This combination allows us to examine detailed gas-cloud interactions as well
as complex systems of gas-phase chemical reactions. A large ensemble of
simulated cloud trajectories was used to identify and characterize convective
up- and downdrafts in the Amazon region. The analysis showed that air parcels
starting close to the surface (at 0.5 km) experienced a substantially larger prob-
ability of reaching the upper troposphere (above 10 km) than parcels starting
at the top of the boundary layer. Furthermore, the framework was used to esti-
mate the vertical transport of isoprene, isoprene oxidation products, ammonia,
and several non-reactive trace gases. We found that a typical Amazonian deep
convective cloud can transport around 30% of the boundary layer isoprene to
the cloud outflow if the efficiency of the gas uptake on ice is high and there
is no lightning within the cloud. If the efficiency of gas uptake on ice is low
and lightning within the cloud is extensive, all isoprene will be oxidized. Sev-
eral low-volatility isoprene oxidation products will then have relatively high
concentrations in the outflow, which potentially could lead to new particle for-
mation and growth. Another result was that up to 10% of the boundary layer
ammonia can reach the cloud outflow, where it in some environments can nu-
cleate synergistically with nitric and sulfuric acid. A key uncertainty in our
estimates is the efficiency of gas uptake by ice particles.





Sammanfattning

Djupa konvektiva moln kan effektivt transportera spårämnen från det planetära
gränsskiktet till den övre troposfären. Väl där kommer vissa gaser att bidra till
nypartikelbildning och partikeltillväxt, vilket så småningom kan generera par-
tiklar som är tillräckligt stora för att påverka molns egenskaper samt jordens
strålningsbudget och klimat. För många organiska och oorganiska föreningar
är emellertid storleken och de exakta vägarna för den konvektiva transporten
fortfarande oklara. Denna avhandling presenterar ett ramverk för att studera
vertikal transport av gaser i djupa konvektiva moln. Vår metod är att använda
molntrajektorier från en högupplöst modell för att driva en kemisk boxmodell.
Kombinationen gör att vi kan undersöka detaljerade gas-moln-interaktioner
samt komplexa system av kemiska gasfasreaktioner. En trajektorieensemble
har använts för att identifiera och karakterisera konvektiva upp- och nedvin-
dar i moln över Amazonasområdet. Analysen visade att det är mer sannolikt
att luft som initialt finns nära markytan (vid 0,5 km) når den övre troposfä-
ren (högre än 10 km) än luft som finns vid toppen av gränsskiktet. Ramverket
användes också till att uppskatta vertikal transport av isopren, oxidationspro-
dukter av isopren, ammoniak och flera icke-reaktiva spårämnen. Vi fann att
ett typiskt djupt konvektivt moln över Amazonas kan transportera runt 30 %
av isoprenmängden i gränsskiktet till molnutflödet, om gaser effektivt tas upp
på is och om det inte finns blixtar i molnet. Om upptaget av gaser på is är
ineffektivt och om det finns omfattande blixtaktivitet i molnet så kommer allt
isopren att oxideras. Flera oxidationsprodukter av isopren med låg flyktighet
kommer då ha relativt höga koncentrationer i utflödet, vilket potentiellt kan le-
da till nypartikelbildning och partikeltillväxt. Ett annat resultat var att upp mot
10 % av mängden ammoniak i gränsskiktet kan nå molnutflödet, där det under
vissa förutsättningar kan nukleera synergistiskt med salpetersyra och svavel-
syra. En viktig osäkerhet i våra uppskattningar är hur effektivt gaser tas upp på
ispartiklar.
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1. Introduction

Deep convective clouds efficiently redistribute gaseous and particulate matter
between different layers of the atmosphere. The updrafts within the clouds can
inject trace gases from the boundary layer into the upper troposphere (Wang
et al., 1995; Mari et al., 2000; Ekman et al., 2008; Borbon et al., 2012; Apel
et al., 2012; Barth et al., 2016; Bela et al., 2016) while downdrafts can sup-
ply the boundary layer with free tropospheric gases and fine-sized (< 100
nm) particles (Wang et al., 2016). The upwards transport occurs with a si-
multaneous, rapid change in thermodynamic conditions which can lead to gas
saturation and the formation of new particles in the upper layers of the tropo-
sphere (Clarke et al., 1999; Krejci et al., 2003; Andreae et al., 2018). These
particles can with time reach large enough sizes (more than �100 nm) so that
they contribute substantially to the global cloud condensation nuclei burden
(Merikanto et al., 2009; Gordon et al., 2017; Williamson et al., 2019), with
subsequent impacts on clouds and climate (Boucher et al., 2013).

In recent years, the potential of new particle formation (NPF) from or-
ganic species has received high interest due to the relatively high abundance
of organic vapors in the atmosphere. Indeed, about 20-90% of the global sub-
micron particle mass is estimated to be organic (Kanakidou et al., 2005; Mur-
phy et al., 2006; Schobesberger et al., 2013). Many organic compounds emit-
ted at the Earth’s surface have high volatility and cannot directly condense and
form aerosol mass (atmospheric aerosols are liquid or solid particles suspended
in air). However, the high volatility means that they can be transported within
deep convective clouds to the upper troposphere, without being completely
dissolved and scavenged. While being transported, they get oxidized and then
together with other inorganic species add to particle mass (Zhang et al., 2007;
Kirkby et al., 2011; Bianchi et al., 2016).

There is a lack of high-resolution numerical modeling studies of organic
gas transport by deep convective clouds (high resolution is needed to better
model e.g. turbulent mixing), even though it is known that organic compounds
are important for aerosol growth in the upper troposphere, and potentially also
for NPF (e.g Simon et al., 2020). One main reason is the huge number of com-
plex organic molecules that need to be represented by the model, and the asso-
ciated interlinked, multistage chemical reactions (Goldstein, Galbally, 2007).
This complexity leads to a high computational cost. Therefore, a more com-
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mon solution to study convective transport of organic species is to instead use
either low-resolution models with parameterized deep convection (e.g Zhao
et al., 2020) or high-resolution models with simplified organic chemistry (e.g.
Murphy et al., 2015).

The main aim of this dissertation work has been to develop a computa-
tionally efficient, high-resolution modelling framework to study the transport
of atmospheric gas mixtures in deep convective clouds. Air parcel trajecto-
ries extracted from large-eddy simulation have been coupled to a chemical box
model, which accounts for the major processes impacting gas transport in a
cloud, including gas scavenging, turbulent mixing and chemistry. The frame-
work allows us to study chemical evolution pathways of a system of gases,
to estimate the fraction of boundary layer species that reach the upper tro-
posphere during convective transport, to calculate the fraction of species that
condense on cloud water and ice hydrometeors, and to derive the gas loss due
to cloud turbulent mixing (i.e. the effect of entrainment). With the model, we
can answer a number of scientific questions: How efficiently are air parcels
transported from the the boundary layer to the upper troposphere? What frac-
tion of a boundary layer gas can reach the cloud outflow? How does a mixture
of gases evolve on its way to the cloud top? These questions can be directed
towards a generalized or specific chemical system, such as one containing e.g.
isoprene or ammonia.

Chapter 2 describes atmospheric deep convection and different approaches
to model the phenomenon. Chapter 3 discusses physical and chemical prop-
erties of atmospheric trace gases, and NPF. Chapter 4 presents advances in
understanding transport of gases by deep convective clouds and introduces the
trajectory framework with its application to some organic and inorganic gases.
Chapter 5 summarizes the content of the papers included in the dissertation.
Chapter 6 provides concluding remarks and an outlook.
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2. Atmospheric deep convection

2.1 Deep convective cloud dynamics and microphysics

Clouds reside at all altitudes in the troposphere (�0-15 km) and have different
shapes and lifetimes. Most clouds do not experience strong vertical motion
(their vertical velocities are much lower than 10 m s�1), e.g. stratus, cumu-
lus, stratocumulus, altostratus, altocumulus, cirrus, cirrostratus, cirrocumulus,
nimbostratus. These clouds typically produce precipitation with rain rates that
do not exceed 10 mm h�1 (Tokay et al., 1999; Huo et al., 2019). Another
cloud type is cumulonimbus, or deep convective clouds. These clouds show
a different dynamic behaviour compared to the other cloud types; they often
have updraft velocities of more than 10 m s�1, extend all the way from the sur-
face to the upper troposphere and experience the corresponding wide range in
pressures and temperatures. These clouds usually produce excessive amount
of precipitation during short periods of time with rain rates that reach 50 mm
h�1 and more (Feingold, Levin, 1986; Tokay et al., 1999; Cui et al., 2011).

Deep convective clouds are common in the tropical and subtropical regions
but they also exist in the extratropics (e.g., in frontal zones). They extend over a
wide rage of temporal and spatial scales, from isolated convective clouds (time
from the start of convection until dissipation is around 30 minutes) to convec-
tive storms and mesoscale convective systems (multiple convective cells form
clusters of � 100 km in length and can last for many hours). Even though ver-
tical updrafts in deep convective clouds are strong, horizontal wind shear can
also influence the evolution of convection. Stronger wind shear is more favor-
able for longer lasting convection as it enhances low-level moisture supply to
the cloud compared to a weak horizontal wind shear (Wallace, Hobbs, 2006).

The vertical temperature profile and the distribution of moisture in the at-
mosphere affect the likelihood to initiate convection as well as the potential
convective strength, as moisture and temperature define the buoyancy of the
atmosphere; if the buoyancy is positive, convection can be triggered. A com-
mon measure used to assess the potential for convection is the so-called con-
vective available potential energy (CAPE) (Wallace, Hobbs, 2006) with units
in J kg�1:
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CAPE =
Z pn

p f

Rd(Tvp�Tve)d ln p (2.1)

where Rd is the specific gas constant for dry air, Tvp is the virtual tempera-
ture of a parcel moving from the level of free convection to the level of neutral
buoyancy, Tve is the virtual temperature of the environment, p f is the pressure
at the level of free convection, and pn is the pressure at the level of neutral
buoyancy.

Another factor influencing the potential to form deep convection is the
presence and strength of a stable layer above the atmospheric boundary layer,
i.e. the capping inversion. If a positive temperature perturbation occurs in the
boundary layer and air parcels start moving upwards, the inversion level can
only be overcome by parcels that have high enough energy. The amount of
energy that the parcels need can be characterized by the so-called convective
inhibition (CIN) (Wallace, Hobbs, 2006), with units in J kg�1. Even though
CAPE and CIN give a good estimate of the atmospheric stability, they can
not be used directly to predict the possibility for a convection (as shown e.g.
in Paper IV) since deep convection also depends on other factors (Houze Jr,
2014).

Deep convective storms are common phenomena in the warm, moist trop-
ical regions. Amazonian deep convective storms typically reach � 11� 14
km height and often develop for more than 1 hour until they start to dissipate.
The temperature is typically around 0�C at � 5 km height, (i.e. the freez-
ing level) and can be as low as � �50� C in the upper troposphere (Wallace,
Hobbs, 2006, Paper IV). Strong updrafts bring moisture from low levels in the
boundary layer to higher altitudes (see Fig. 2.1). The temperature drops dur-
ing transport, leading to supersaturation, cloud droplet formation and growth.
The droplet formation starts on hydrophilic aerosol particles available inside
the updrafts. These particles are typically active as cloud condensation nuclei
if their sizes are larger than � 0.1mm. If the supersaturation is high enough,
the droplets activate into cloud droplets and grow due to condensation of water
vapor and collision-coalescence until they eventually become millimeter-sized,
i.e. the size of rain drops (Pruppacher, Klett, 2012). The hydrometeors stay in
liquid form until they reach the freezing level. Thereafter, they start to freeze,
but water and ice phases can coexist up to the level corresponding to �40�C
(Korolev et al., 2003). Above this level all hydrometeors are typically in the
solid state.

Paper IV shows that for an average Amazonian convective updraft, the
maximum concentration of precipitating hydrometeors is typically � 5 g m�3

(values in line with e.g., Cui et al., 2011) and will be reached within 1 hour
from the start of convection. When precipitation falls from the cloud, droplets
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will start to evaporate and cool the surrounding air, creating a negatively buoy-
ant downdraft region in the vicinity of the updraft (Fig. 2.1). If the deep
convection has developed into a larger-scale storm, precipitation can also fall
from the cloud anvil creating a mesoscale downdraft below the anvil (Houze Jr,
Betts, 1981) - a dynamical feature that has also been demonstrated and anal-
ysed in Paper IV.

Figure 2.1: Schematic of a cross section of a deep convective cloud.

2.2 Numerical modeling of deep convection

Models with relatively coarse spatial resolution (about � 10 km) are typically
used to study global atmospheric motions, as well as climate, as higher resolu-
tion leads to too high computational cost. The low-resolution models allow us
to simulate the evolution of the Earth system on long time scales (decades to
centuries), but they provide a relatively rough description of the atmosphere.
1-D mass flux models, such as the one described in Bechtold et al. (2001), are
often used as parameterizations in e.g. numerical weather forecast and Earth
system models, as these flux models are able to capture main features of deep
convection reasonably well. However, a more sophisticated approach is needed
to obtain a more detailed, cloud-scale, understanding of interactions between
cloud processes and atmospheric components such as trace gases, aerosols or
radiation. Large-eddy simulation (LES) (sometimes also referred to as Large
Eddy Model, LEM, or Cloud Resolving Model, CRM) is often used to obtain a
comprehensive picture of deep convective cloud dynamics. In LES, the eddies
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larger than the simulation grid size are resolved while subgrid scale turbulent
structures are parameterized.

The MISU-MIT Cloud-Aerosol Model (MIMICA) is an LES specifically
designed to simulate clouds and aerosol-cloud interactions. The MIMICA
code solves the anelastic, nonhydrostatic, and thermodynamic set of govern-
ing equations in 3-D (Savre et al., 2014). Sub-grid scale turbulence is pa-
rameterized following the Smagorinski-Lilly approach (Lilly, 1992). The mi-
crophysics scheme applied in the version of MIMICA used in the disserta-
tion work considers two hydrometeor categories: condensate and precipitation
(Grabowski, 1998). The former category is monodisperse and consists of small
hydrometeors that follow the cloud flow and do not precipitate. The latter cat-
egory consists of hydrometeors that can fall out of the cloud and that follow
a Marshall-Palmer size distribution (adjusted to hydrometeor type). A distinc-
tion between water and ice is done based on the temperature of the environ-
ment, T . If T < T0 (T0 is the melting temperature of 0�C) then all the hydrom-
eteors are in the water phase, if T > Tice (Tice is the freezing temperature for
droplets) then all hydrometeors are in the ice phase, and if T0 < T < Tice then
all the hydrometeors are linearly divided between water and ice so that all hy-
drometeors are in liquid phase at T = T0 and all are in the ice phase at T = Tice.
This approach is computationally efficient but still preserves essential features
of mixed-phase cloud behavior (Grabowski, 1998). Several key interactions
for the defined hydrometeor types are considered by the scheme: condensa-
tion/evaporation, autoconversion of cloud condensate into precipitation, and
accretion of cloud condensate by precipitation.

From a MIMICA simulation, we can extract 3-D coordinates of individual
air parcel trajectories by integrating the velocity field. To do this, a starting
coordinate needs to be prescribed. Along with the spatial coordinates and ve-
locities, we can then obtain temperature, pressure, water vapor concentration,
and the concentration of hydrometeors in the air parcels as a function of time.
An example of 400 air parcels trajectories located at 0.5 km at the beginning
of a convective event is shown in Fig. 2.2.
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Figure 2.2: Trajectories of 400 deep convective cloud air parcels (grey) simu-
lated with MIMICA for a sounding retrieved in Manaus on April 4, 2020 together
with an average parcel trajectory representing the outflow (red) (a), distribution
of parcels according to their final altitude (b), the altitude of the mean parcel (red
line) and the corresponding water vapor concentration (green line) (c), the total
water mass of the different types of hydrometeors (d), and the reversed timescale
of turbulent mixing (e).
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3. Trace gases and new particle
formation

3.1 Atmospheric chemistry

Earth’s atmosphere consists of multiple gases. The most abundant are nitrogen
(� 78%), oxygen (� 21%) and argon (less than 1%). Other gases (called trace
gases) represent a small fraction of the total mass but they are still important,
in particular for atmospheric chemistry. They circulate on a large scale with
global air motions both horizontally and vertically and continuously undergo
a complex set of interactions including those with radiation, cloud hydromete-
ors, aerosol particles as well as chemical reactions.

Gas molecules in the atmosphere can photodissociate or react with each
other, facilitating a number of important large- and small-scale phenomena.
For instance, the famous ozone (O3) depletion problem, commonly referred to
as "ozone holes" over the polar regions, was initiated by vertical transport of
anthropogenic gases such as chlorofluorocarbons (CFCs) from the troposphere
into the stratosphere (Molina, Rowland, 1974). CFCs are photodissociated by
ultraviolet radiation in the stratosphere, eventually catalyzing a breakdown of
O3, a gas that is effective in shielding humans from harmful solar radiation.
Chemical species with a short lifetime (less than one year) will in general
not make it to the stratosphere as they are quickly deposited or chemically
transformed within the troposphere. Several compounds have particularly high
importance for tropospheric chemistry where reactions are facilitated by rel-
atively high concentrations of water vapor. Water vapor together with O3 are
the main precursors of the hydroxyl radical (Levy, 1971), which is not only
responsible for the rapid removal of carbon monoxide (CO) from the tropo-
sphere (leading to carbon dioxide formation), but also for initiating the process
of oxidation of many organic gases (Atkinson, Arey, 2003). These oxidation
products can serve as precursors of secondary organic aerosols (SOA) (Hal-
lquist et al., 2009). Oxides of nitrogen, NOx (NOx = NO + NO2) and methane
(CH4) are important for tropospheric O3 formation. In addition, NOx can lead
to acidification of rain.

It is a challenge to describe the chemical evolution of organic gases. At-
mospheric organic chemistry involves a complex set of chemical reactions of a
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large number of compounds, which often have unknown properties. For atmo-
spheric numerical modeling purposes, the chemical mechanisms are therefore
often simplified so that only the most (known) important compounds and reac-
tions are considered while all the other ones are neglected (see e.g., a simplified
mechanism for isoprene oxidation in Paper II).

Most gas phase chemical reactions can be described by uni- and bimolec-
ular chemical reactions. A unimolecular reaction involves only one molecule
serving as a reactant (A! B+C). The concentration change of compound A
can be described by a linear equation:

d[A]
dt

=�k1[A] (3.1)

where [A] is the concentration of compound A and k1 (in s�1) is the rate
coefficient. Unimolecular reactions describe e.g. photodissociation, A+hn!
B+C, where h is the Plank’s constant and n is the photon’s frequency. The
rate of photodissociation, k1, depends on the amount of radiation at a certain
wavelength meeting a molecule and the molecule’s structure. A bimolecular
reaction involves two molecules serving as reactants (A+B! C +D). The
concentration change of compound A depends in this case also on the concen-
tration of the other reactant and can be described by an equation:

d[A]
dt

=�k2[A][B] (3.2)

where [A] and [B] are the concentrations of compounds A and B, respec-
tively, and k2 is the rate coefficient usually with units in cm3 molecule�1 s�1.
The rate coefficient, k2, is temperature dependent.

3.2 Gas phase transitions

Chemical species can exist in the vapor, liquid or solid state in the atmosphere.
Vapors can condense onto, and evaporate from, liquid and solid state parti-
cles (i.e., change their phase). Gas-phase transition can be described by the
Clausius–Clapeyron relation (Seinfeld, Pandis, 2016) which allows to find the
saturation vapor pressure of a compound as a function of temperature. For an
ideal gas at low temperatures (corresponding to gas condensation on a liquid
or solid state particle, far from the critical point) it writes:

dP
dT

=
PDH
T 2R

(3.3)

where P is the pressure in Pa, T is the temperature in K, DH is enthalpy
of vaporization in kJ mol�1, R is is the ideal gas constant in J K�1 mol�1.
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If a gas condenses onto a water droplet it makes the droplet a dilute water
solution. Once Eq. (3.3) is solved and the non-ideal behaviour of the mixture
is accounted for, the partial pressure of the gas above the solution, Pg, can be
written following Raoult’s law:

Pg = XgGaPq
g exp

�
�DH

R

�
1
T
� 1

T q

��
(3.4)

where Xg is the molar fraction of the gas dissolved in the droplet, Ga is the
dimensionless activity coefficient (which at high dilution approaches a con-
stant), Pq

g is the saturation vapor pressure of the pure compound at a reference
temperature, T q (here T q = 298 K). Denoting Pq

e f f = GaPq links Eq. (3.4) to
Henry’s law, so that the parameter Pq

e f f can be calculated via the Henry’s law
solubility constant, Hcp, (in mol m�3 Pa�1) using the following expression:

Pq
e f f �

�
MH2O

rH2O
�Hcp

��1

(3.5)

where MH2O (in kg mol�1) is the molar mass of water and rH2O (in kg
m�3) is the density of water. Henry’s law establishes proportionality between
equilibrium concentrations of species in the gas phase and those dissolved in
water. A collection of experimentally based Hcp values for many atmospheric
trace gases is presented in Sander (2015).

Pq
e f f and DH can be used to characterize the volatility of a given gas with

just two parameters. The volatility of a gas can be considered high if the
timescale of gas condensation onto a population of liquid cloud droplets, tHV ,
is so large, that only a negligibly small amount of trace gas condenses onto
the droplets before equilibrium between the two phases is achieved; low if
the timescale of condensation, tLV is so small that all the trace gas condenses
before an equilibrium state is achieved; intermediate if the timescale, tLV <
tIV < tHV . According to this definition, high and low volatility gases have low
dependency on the exact temperature variation in the tropospheric range while
intermediate volatility gases can be highly dependent on the exact temperature
conditions. Depending on the environment, intermediate volatility gases can
therefore behave similarly to gases from the other two volatility categories.
Figure 3.1 shows volatilities for some abundant atmospheric trace gases.

Using the fundamental properties Pq
e f f and DH, we can calculate how a gas

concentration changes when it encounters a population of cloud hydrometeors.
Such an analysis for several non-reactive trace gases within a deep convective
cloud environment is presented in Paper I and IV.
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Figure 3.1: Volatility diagram of some atmospheric trace gases in Pq
e f f �DH

space. Green area represents species with higher volatility, red - with lower
volatility. Yellow area represents intermediate volatility.

3.3 New particle formation

Aerosol particles play an important role in many atmospheric processes. They
absorb and scatter solar radiation and serve as cloud condensation and ice nu-
clei, thereby affecting cloud formation, precipitation processes and Earth’s
albedo (Twomey, 1974). This also means that aerosols affect the radiative
budget and climate of the Earth (Boucher et al., 2013).

Unlike primary aerosols that are directly emitted from natural and antro-
pogenic sources secondary aerosols are formed in the atmosphere from gas-to-
particle conversion. If a new particle is formed through nucleation, the process
is called NPF. The process starts with the formation of molecular clusters,
which subsequently can grow if the abundance of gaseous precursors is high
enough. Initially, the clusters have sizes of �1-3 nm and are composed of less
than 100 molecules. At this length scale, the cluster growth can be described
by laws of statistical mechanics. Clusters are considered stable once the en-
ergy barrier for the addition of new molecules is low enough and such that
more molecules attach to the cluster than are lost. The growth of clusters is
dependent on the availability of gases with extremely low Pq

e f f and high DH
(i.e., low volatile gases). Along with growth from vapors, particles can coagu-
late with each other and substantially increase their masses and sizes until they
become cloud condensation nuclei (see Fig. 3.2 and Olenius et al. (2018)).
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Figure 3.2: Schematic of the main NPF stages in the atmosphere. CCN = cloud
condensation nuclei.

Gases such as sulfuric acid (H2SO4), amines and ammonia (NH3) as well
as ions have been extensively studied experimentally and theoretically and are
well known for their high potential for the initial clustering (Kirkby et al.,
2011; Almeida et al., 2013; Olenius et al., 2013). Nucleation and growth from
oxidized organics has also been identified but remain poorly understood due
to the complexity of the molecular structure of organic species (Schobesberger
et al., 2013).

Theoretical approaches for studying clustering include methods of statis-
tical mechanics, Monte Carlo and molecular dynamics simulations (Olenius
et al., 2018). From the experimental perspective, valuable research insights
helping to understand NPF under controlled conditions have steadily been pro-
vided by chambers (such as Cosmics Leaving OUtdoor Dropletsm CLOUD,
chamber in CERN). During a recent CLOUD experiment, it was found that
a combination of nitric acid (HNO3), H2SO4 and NH3 under low tempera-
ture conditions led to a manifold increase of the NPF rates compared to when
only two of the three gases were combined (see Paper III). Another impor-
tant experimental technique that allows determining the elemental composi-
tion of molecular clusters from the atmosphere is mass spectrometry. It is,
however, problematic to apply this technique as well as the theoretical meth-
ods for studying molecular clusters that have complex structures.

With the advancement of experimental, observational and theoretical ap-
proaches, more mechanisms leading to efficient atmospheric NPF can be dis-
covered in the future.
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4. Gas transport by deep
convective clouds

4.1 Observations and modeling

Some gases, like amines, have a high potential to initiate nucleation but they
also have short lifetimes. They are thus only important near their emission
sources, close to the surface in the boundary layer. A number of other species
have low nucleation potential in the boundary layer, but they can survive con-
vective transport and potentially nucleate in the upper troposphere where tem-
peratures are low (see e.g., Clarke et al., 1999). It is challenging to do mea-
surements inside deep convective clouds. A number of flight campaigns from
different parts of the world, however, have sampled air within deep convective
cloud in- and outflows, bringing valuable insights into the role of these clouds
for transporting gases to the upper troposphere (see e.g., Apel et al., 2012;
Barth et al., 2015; Wendisch et al., 2016).

Numerical modeling serves as a complementary tool for analyzing gas
transport within deep convective clouds. It allows not only to quantify the
fraction of a boundary layer gas that can reach the upper troposphere but also
to follow and understand the chemical evolution. Multiple approaches exist
for modeling the process of gas transport by deep convection (Wang, Chang,
1993; Barth et al., 2003, 2007; Ekman et al., 2008; Bela et al., 2016; Zhao et al.,
2020; Murphy et al., 2015). The most comprehensive one is cloud-resolving
modeling with explicitly implemented chemical mechanisms. However, such
simulations become computationally highly demanding when the mechanisms
include oxidation of multiple organic compounds. Box models, on the other
hand, are computationally less expensive, even if large organic chemical sys-
tems are treated. Box models are also flexible in terms of changing different
parameterizations and chemical mechanisms. A challenge when using box
models is, however, to account for comprehensive gas-cloud interactions.
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4.2 Trajectory framework

The trajectory framework developed in Papers I and II makes use of high-
resolution trajectory data from MIMICA simulations of deep convective clouds.
A box model, where chemical compounds can exist in five "containers" (vapor
phase, condensate water, condensate ice, precipitation water and precipitation
ice) is coupled to the trajectories. The condensate and precipitation containers
correspond to the hydrometeor categories used in MIMICA (see Section 2.2).

In the model, gas phase concentrations can be affected by several pro-
cesses: condensation onto/evaporation from hydrometeors, expansion of an air
parcel, and turbulent mixing. The total concentration of a chemical species
within a hydrometeor container can change due to removal by precipitation,
accretion of condensate by precipitation, autoconversion of condensate into
precipitating hydrometeors, and freezing and melting processes. All these
processes are linearly approximated with time in the model. Along with the
aforementioned interactions, gas phase species are able to undergo uni- and
bimolecular chemical reactions. The concentrations for a system of N com-
pounds can be determined from the following set of equations:

dCli

dt
=

5

å
j=1

ali jCl j +di5b+di5(
N

å
m=1

N

å
n=1
n�m

smnljmnCmiCni�

N

å
m=1

xlmjlmCliCmi +
N

å
m=1

rlmymCmi�ylCli + gl)

(4.1)

where Cli is the concentration of the chemical species l within the i-th "con-
tainer" (l = 1::N, i= 1::5). The coefficients ali j describe concentration changes
occurring purely due to microphysical interactions between a gas within the i-
th and j-th "containers". b describes gas concentration changes due to mixing
with background air. di5 is a Kronecker delta. The matrix jmn describes the
time-dependent rate coefficients for a reaction between the m-th and n-th chem-
ical components. The tensor slmn represents the stoichiometric coefficients of
reactions and describes gas sources to the l-th compound from the reactions
between m-th and n-th compounds. The matrix xlm represents the stoichiomet-
ric coefficients for the sinks of the l-th component due to reaction with the m-th
component. rlm describes the stoichiometric coefficients for sources of the l-
th compound from a unimolecular reaction of the m-th component. ym are the
rate coefficients for a unimolecular reaction of the m-th compound. slmn, xlm
and rlm consist of zeros or corresponding stoichiometric coefficients and iden-
tify necessary reactions in the corresponding equations. gl is a possible source
of the l-th trace gas from other processes. Chemical reactions in the aqueous-
phase are neglected in the model. A detailed description of the framework and
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the different coefficients in Eq. (4.1) are given in Papers I and II.

4.3 Transport of isoprene in the Amazon region

Isoprene is one of the most abundant biogenic volatile organic compounds
(VOCs) emitted on the planet (Guenther et al., 2006). It has a major influ-
ence on atmospheric chemistry and is highly volatile. Therefore, it can survive
transport through a deep convective cloud and thereby potentially influence
NPF in the upper troposphere. Markers of isoprene oxidation products such
as isoprene epoxy diol (IEPOX) has been found in aerosols sampled in the up-
per troposphere over the Amazon (Andreae et al., 2018). On a global scale,
isoprene oxidation is initiated via reaction with OH during daytime (with a
lifetime in the atmosphere of 1-2 hours). The relative concentrations of NO
and HO2 then impact the fate of the distribution of isoprene oxidation prod-
ucts (Seinfeld, Pandis, 2016).

Deep convection occurs frequently over the Amazon. At the same time,
concentrations of isoprene are high in the boundary layer, which provides
conditions for efficient transport of isoprene to the upper troposphere. An
important factor influencing isoprene concentrations during such transport is
the presence of lightning since it leads to enhanced generation of NO (Prup-
pacher, Klett, 2012) and OH (Brune et al., 2021). Paper II shows that up to
�30% of the boundary layer isoprene can reach the cloud outflow after chem-
ical processing and interaction with the cloud. Several low-volatility isoprene
oxidation products also show elevated concentrations in the cloud outflow, pro-
vided that the lightning in the system is extensive and condensation of gases
onto ice particles is inefficient. However, modeling of gas-cloud interaction is
complicated by the uncertainties associated with condensation of gases onto
ice hydrometeors. Gaps in our understanding of the efficiency of this process
need to be addressed in the future.

4.4 Transport of ammonia

Anthropogenic ammonia emissions are driven by agriculture and industrial ac-
tivities. The highest concentrations are found over Central Africa, the Indian
subcontinent and China (Van Damme et al., 2018). As pointed out in Section
3.3, ammonia can facilitate efficient acid-based NPF and growth under low-
temperature lab conditions (Kirkby et al., 2011). However, the importance of
this mechanism in the upper troposphere was questioned in the past since it
was generally believed that ammonia is efficiently scavenged during transport
within deep convective clouds (due to the relatively low volatility of the gas).
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Recent satellite data revealed that ammonia concentrations can reach up to 1.4
ppbv in upper troposphere during the Asian monsoon (Höpfner et al., 2016).
An important discovery that could explain the measurements is the very low
retention of ammonia upon droplet freezing (Ge et al., 2018). This process can
lead to a substantial release of ammonia above the freezing level and needs to
be accounted for when modeling convective transport of ammonia.

To model the process of ammonia transport using the trajectory framework,
we had to account for the cloud acidity (since ammonia is a base) and modify
the Henry’s law solubility constant, Hcp�. Following Seinfeld, Pandis (2016),
the adjusted value can be written as:

Hcp� = Hcp1:7�10(9�pH) (4.2)

where pH denotes the acidity of cloud hydrometeors. After accounting for the
cloud acidity and the reduced retention of ammonia upon droplet freezing, we
showed in Paper III that around 10 % of the boundary layer ammonia can be
transported into the upper troposphere by a typical deep convective cloud.
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5. Summary of papers

Paper I introduces to a new method for studying transport of trace gases
from the boundary layer to the upper troposphere by isolated deep convec-
tive clouds. The method is based on air parcel trajectory data retrieved in high
resolution from a large eddy simulation code (MIMICA). The trajectories are
then used in a separate box model to quantify scavenging and turbulent mix-
ing of a gas within deep convective clouds. The model was evaluated against
observational data from the Deep Convective Clouds and Chemistry (DC3)
field campaign (Barth et al., 2015) in terms of convective transport of com-
pounds of different volatilities: hydrogen peroxide (H2O2), methyl hydrogen
peroxide (CH3OOH) and n-butane (C4H10). The modeled results showed good
agreement with observations, which gives us confidence to use the trajectory
framework for studying other chemical species.

Paper II extends the trajectory framework with the possibility to calculate
chemical reactions of multiple gases. The framework is used to study trans-
port of isoprene and its oxidation products for three cases of Amazonian deep
convection. We show that an average air parcel trajectory can bring up to 30%
of the boundary layer isoprene to the convective outflow, provided that the gas
uptake on ice is assumed to be efficient and if there is no lightning within the
cloud. If lightning is extensive and gas uptake on ice is low, then all isoprene
is oxidized and relatively high concentrations of some low volatile isoprene
oxidation compounds are produced before the outflow is reached. The uncer-
tainty in transport could be reduced if more data related to atmospheric trace
gas uptake on ice would be available.

Paper III finds a very efficient aerosol nucleation mechanism from a syn-
ergistic evolution of nitric acid, sulfuric acid and ammonia under low-temperature
conditions. The rates of particle formation were orders of magnitude higher
than if only any two of the three compounds were placed together. The dis-
covery was made experimentally in the CLOUD chamber at CERN. Further
analysis using numerical modelling showed that this nucleation mechanism
could be dominating in cloud outflows over the Asian monsoon region due to
efficient convective transport of ammonia.
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Paper IV presents a comprehensive analysis of the vertical redistribution
of air parcel trajectories within Amazonian deep convective clouds. An ensem-
ble of simulations showed that parcels starting at low altitudes in the boundary
layer have a higher probability to reach the upper troposphere compared to air
parcels starting at higher altitudes in the boundary layer. During the simula-
tion, a relatively strong convective downdraft, originating at altitudes around
5 km and reaching the boundary layer, was also identified. Downdrafts from
higher altitudes were not able to reach the boundary layer within the simula-
tion time of 2 hours. An average of the modeled up- and downdraft trajectories
was also used to estimate the relative influence of scavenging and turbulent
mixing processes during transport for a set of hypothetical non-reactive gases
of different volatility.
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6. Conclusions and outlook

In this dissertation work, a computationally efficient trajectory framework was
developed and used to identify and characterize up- and downdrafts of tropical
deep convective clouds and to assess transport of organic and inorganic gases
through the convective updrafts. The framework consists of a chemical box
model that is coupled to air parcel trajectory output that can be retrieved e.g.
from a high-resolution LES such as MIMICA. The box model considers mul-
tiple gases and accounts for some of the most important physical and chemical
processes that can occur within a deep convective cloud, including gas scav-
enging by precipitation, turbulent mixing and chemical processing. Although
the model, until now, was only used to study isolated deep convective clouds,
it could be applied in the future to other types of clouds, or even to larger storm
systems.

An analysis of a set of simulated Amazonian deep convective clouds showed
that air parcels starting near the surface had the highest probability (� 16%)
to reach the upper troposphere while transport from higher levels within the
boundary layer was less efficient (� 1%). This result implies that surface mea-
surements of trace gases and aerosols are useful and representative when study-
ing gas transport from the boundary layer to the upper troposphere within deep
convective clouds. A relatively strong downdraft from the middle troposphere
to the boundary layer was also identified. This downdraft could potentially
bring gases (and particles) from the free troposphere to the boundary layer.
The model output containing dynamical and microphysical characteristics of
the updrafts and downdrafts can be used in future studies of convective trans-
port of different gas mixtures.

The modelling framework showed good agreement with available obser-
vational data in terms of deep convective transport of several inorganic com-
pounds (e.g., ammonia). Modeling of ammonia transport was sensitive to as-
sumptions regarding the gas retention upon droplet freezing as well as to the
amount of gas uptake onto ice hydrometeors. The fraction of transported am-
monia was 10 % if the retention was assumed to be low and gas uptake on ice
was neglected, while the fraction was zero if the uptake on ice was assumed to
be efficient. Modeling of isoprene transport within Amazonian deep convec-
tive clouds showed that nearly 30% of the boundary layer isoprene can reach
the upper troposphere if the efficiency of gas uptake by ice was assumed to
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be high and the lightning activity within the cloud was assumed to be low.
However, if we instead assumed high lightning activity and low gas uptake
onto ice, then all isoprene was oxidized and high concentrations of some-low
volatile products were produced in the cloud outflow. The results clearly show
that a better understanding of gas uptake onto ice hydrometeors is required to
provide more robust estimates of gas transport within deep convective clouds.

The framework could be used in the future to examine if and how the trans-
ported isoprene, or isoprene oxidation products, contribute to the SOA burden
and NPF in the Amazonian upper troposphere. This type of study would re-
quire an extension of the box model to include e.g. aerosol transport, aerosol
scavenging, and different NPF and aerosol growth schemes. McFiggans et al.
(2019) showed that isoprene can suppress NPF and growth in gas mixtures
consisting of both isoprene and monoterpenes. Including monoterpenes within
the trajectory framework would therefore be of high interest. Furthermore, Er-
vens et al. (2011) pointed out that aqueous-phase chemistry can be important
for organic chemistry and SOA formation in clouds. The impact of aqueous
phase chemistry on our results should be assessed in the future, even though
the trajectories spend a relatively short time in the warm part of the cloud in
our simulations.
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