
Regional modelling of coupled
aerosol-cloud interactions and new
particle formation in Amazonian

convective environments

Xuemei Wang

Submitted in accordance with the requirements for the degree

of Doctor of Philosophy

University of Leeds

School of Earth and Environment

March 2023



Declaration of Authorship

The candidate confirms that the work submitted is her own, except where works that formed

part of jointly-authored publications have been included. The contributions of the candidate

and the other authors to this work have been explicitly indicated below. The candidate confirms

that appropriate credit has been given within the thesis where reference has been made to the

work of others.

Chapter 3 in its entirety is based on a jointly-authored manuscript intended for publication,

but is not yet submitted for review. The manuscript is jointly authored by K. S. Carslaw, D.

P. Grosvenor, H. Gordon and M. O. Andreae. The text was written by the candidate with

advice and edits from KSC, DPG, HG and MOA during the manuscript preparation. The

regional configuration of UM-UKCA was provided by HG and DPG, and HG also provided the

codes for pure biogenic nucleation. MOA calculated and corrected the CPC and UHSAS data

from ACRIDICO-CHUVA campaign. KSC helped make the schematic diagram (Fig. 3.15) in

discussion and conclusion section of Chapter 3. I am thankful to P. Field for advice regarding

convection settings and providing meteorology data to run the model, to the Atmospheric

and Cloud Dynamics group for helpful discussions on convection and transport, and to A.

Ranjithkumar for providing Fortran codes to produce extra model output. The candidate ran

the model simulations and analysed the model results with insights, comments, and advise from

KSC, HG and DPG.

The text in Chapter 4 and 5 was written by the candidate with advice and edits from KSC,

DPG, and HG during the preparation. HG and DPG provided the regional configuration of

UM-UKCA for the two chapters and tested the time step setting in the global model for Chapter

5. HG provided the codes for pure biogenic nucleation and inorganic nucleation, and python

scripts to interpolate model output in Chapter 4. The candidate ran the model simulations

i



and analysed the model results with insights, comments, and advise from KSC, HG and DPG.

The GoAmazon2014/5 data in Chapter 4 (from CPC and PCASP) were obtained from ARM

Climate Research Facility with advice from Jennifer Comstock. Thanks to AR for helping

identify the oxidant fields for biogenic nucleation of UKCA for the two chapters.

This copy has been supplied on the understanding that it is copyright material and that no

quotation from the thesis may be published without proper acknowledgement.

© 2023 The University of Leeds, Xuemei Wang

ii



Acknowledgements

I would like to give my deepest gratitude to my supervisors, Ken Carslaw, Dan Grosvenor

and Hamish Gordon. The four-year PhD study would not have been possible without their

support and guidance. They spent significant time in helping develop the structure of the

PhD, supervision meetings, providing constructive feedback for reports, abstracts, thesis and

presentations, helping me build the technical skills and background knowledge for the thesis.

Many thanks to the members of cloud and aerosol research group who have been kind and

supportive. It has been great to be part of the team and enjoy all the discussions, meetings and

chats which helped me build up background knowledge, provided tips for models and feedbacks

that I could not have anywhere else. A special thanks to Ananth Ranjithkumar for providing

the Fortran codes for model diagnostic outputs and the help to find oxidant fields, and thanks

to Atmospheric and Cloud Dynamics group for advice regarding on the convection scheme.

I am grateful to the CLOUD consortium, CLOUD-MOTION and Marie Curie Initial Training

Network fellowship which provided the funding and made this research possible. A special

thanks to Joachim Curtius and Katja Ivanova for coordinating events and providing support

for all that I needed to join the collaboration meetings.

Thank you to the JASMIN and Met Office group for providing support for UM-UKCA-CASIM

and Monsoon Superco(o)mputing Node to run the simulations, and the JASMIN team with

whose platform I processed the modelled data. A special thanks to Paul Field for providing the

meteorology data files needed to run the model simulations and the advice for Chapter 4.

I would like to thank the co-author of Chapter 3, Meinrat O. Andreae, who provided the particle

concentrations during the ACRIDICON-CHUVA campaign.

Finally, thanks to my family and friends for always being supportive and understanding.

iii



Abstract

New particle formation (NPF) has been proven to significantly affect Earth’s global radia-

tion balance by forming new aerosols that can subsequently grow to cloud condensation nuclei

(CCN). In a tropical convective environment like Amazonia, NPF involving biogenic gas precur-

sors closely interacts with deep convection, which efficiently transports the precursors upward,

leading to formation of new particles in the free and upper troposphere. Deep convection can

potentially transport these new aerosols downward and supply CCN into the boundary layer.

Global models have previously been used to investigate NPF and the contribution to global

CCN of aerosols created by NPF. However, to better understand NPF-deep convection inter-

actions, it is necessary to use high-resolution regional models that fully resolve processes that

occur at sub-grid scales of a global model. Therefore, this thesis used a high-resolution regional

model nested in a global model to investigate the relationships between NPF, aerosol, and deep

convection in Amazonia.

Based on the results from CLOUD (Cosmics Leaving Outdoor Droplets) chamber experiments

and the previous parameterisations of the nucleation mechanisms in the global models, sev-

eral nucleation mechanisms were used in the model to investigate the sensitivities of particle

profiles in a 1000 km Amazonian region. In Chapter 3, simulations were used to quantify and

understand the role of deep convection in modulating NPF and particles during the dry-to-wet

transition season. The results show that deep convection transports sufficient amounts of bio-

genic gas precursor to the upper troposphere to produce high NPF rates. However, the nested

simulations within the global model show that more than 75% of the NPF-induced CCN in

the boundary layer were originally formed by NPF outside the regional domain rather than in

the upper troposphere in the regional domain. The fraction of CCN created by NPF in the

regional domain is low because very few of the particles that are formed by NPF in the upper
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troposphere can be transported downward to the boundary layer by deep convection within

1000 km.

Anthropogenic emissions can affect particle concentrations via NPF that involves sulfuric acid,

and subsequent alteration of CCN concentrations may affect clouds. The sensitivity of aerosol

and cloud properties to six anthropogenic emission scenarios in the Amazonian wet season was

investigated in Chapter 4. Changes in aerosol and cloud properties in response to the increases

in anthropogenic emissions from default emissions were calculated. The results showed that

13% higher aerosol particle concentrations caused by anthropogenic emissions led to 9% in-

creases in cloud droplet number concentrations (CDNC), but cloud water and rain mass mixing

ratio were insensitive to any changes in anthropogenic emissions. However, in a test simula-

tion, more-distinct changes in cloud properties occurred when the number of cloud droplets

was significantly reduced (by a factor of 2). The results imply that anthropogenic emission will

only affect clouds in the Amazonian wet season if it causes significant changes to cloud droplet

concentrations, or that there have already been enough particles to suppress rain in the pristine

Amazonia, then cloud properties are not sensitive to the increasing anthropogenic emissions.

The biogenic nucleation rate in the upper troposphere is influenced by the concentrations and

volatility of gas precursors that are transported upward by deep convection, as well as by the

vapour/nuclei condensation sink, temperature, and oxidant concentrations. Nucleation rate is a

non-linear function of the influencing factors which are all correlated and are not homogeneously

distributed within a region. The non-linear relationship and inhomogeneous distribution cause

nucleation rates to be sensitive to their spatial-temporal distribution. However, the spatial

variability of the influencing factors may not be well represented by global models with coarse

resolutions and parameterised convection. Chapter 5 aimed to investigate how coarse resolu-

tion or averaging of the influencing factors could affect the non-linear area-mean nucleation

rate at coarse resolutions with different oxidation rates of monoterpenes. The results showed

that averaging at coarse resolutions smeared out the monoterpene and condensation sink spatial

variability, which was important to correctly calculate nucleation rates over a region. Nucle-

ation rates were not significantly affected by averaging when the gas precursor, monoterpene,

had a relatively long lifetime, but were significantly reduced when monoterpene had a shorter

lifetime (typical of alpha-pinene). The difference occurs because the lifetime of the precursor

gas affects whether it can be homogeneously mixed with the surrounding air.
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Overall, the thesis showed the importance of deep convection to support and affect NPF with

biogenic gas precursors, and influence particle concentrations over Amazonia. The results also

improved our understandings of NPF-aerosol-deep convection interactions under the influence

of anthropogenic emissions within Amazonian region. Eventually, the thesis highlights the ne-

cessity of using high resolution and resolved convection to better represent non-linear NPF and

clouds that are associated with significant spatial variability in Amazonia.
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CERN Conseil Européen pour la Recherche Nucléaire
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Chapter 1

Motivation and background

1.1 Aerosol and climate

Aerosol particles affect climate by directly altering radiation balance (Ångström 1929; Charlson

et al. 1992) and acting as cloud condensation nuclei (CCN) (Twomey 1977; Albrecht 1989; Gor-

don et al. 2016). Anthropogenic aerosols produce one of the greatest uncertainties in evaluating

global radiative forcing and understanding climate change (Jones et al. 1994; Yu et al. 2013).

The importance of aerosols to the climate has been reported by the Intergovernmental Panel

on Climate Change (IPCC) Assessment Reports. The fifth IPCC Assessment Report (AR5)

evaluated forcings from different forcing agents (Stocker et al. 2013). It quantitatively shows

the radiative forcing and effective radiative forcing (ERF). The ERF is the difference in radia-

tive flux at the top of the atmosphere caused by forcing agents such as carbon dioxide, ozone,

methane, aerosol, cloud etc. with fixed surface temperature. For ERF calculations, the forcing

agents are generally varied between pre-industrial and present day values. The ERF will also

cause changes to the atmosphere which includes the adjustments of the cloud structure, precip-

itation etc. which occur over relatively short time scales, i.e. quicker than the responses that

would occur due to surface temperature changes. Figure 1.1 shows that aerosol causes a large

negative ERF (∼ 1.3 W m−2) with a high level of uncertainty of around 1.4 W m−2 in AR6

(Arias et al. 2021). Therefore, a better understanding of aerosol-cloud interactions will improve

the performance of models to quantify aerosol forcing, and this thesis aims to investigate the

physical processes of aerosol and clouds.
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1.1. Aerosol and climate Chapter 1. Motivation and background

Figure 1.1: Radiative forcing, effective forcing and temperature changes from IPCC AR6 re-
port. The original caption is as follows: ‘Contribution to (a) effective radiative forcing (ERF)
and (b) global surface temperature change from component emissions for 1750–2019 based on
Coupled Model Intercomparison Project Phase 6 (CMIP6) models and (c) net aerosol ERF for
1750–2014 from different lines of evidence. The intent of this figure is to show advances since
AR5 in the understanding of (a) emissions-based ERF, (b) global surface temperature response
for short-lived climate forcers as estimated in Chapter 6, and (c) aerosol ERF from different
lines of evidence as assessed in Chapter 7. In panel (a), ERFs for well-mixed greenhouse gases
(WMGHGs) are from the analytical formulae. ERFs for other components are multi-model
means based on Earth system model simulations that quantify the effect of individual compo-
nents. The derived emissions-based ERFs are rescaled to match the concentration-based ERFs
in Figure 7.6. Error bars are 5–95% and for the ERF account for uncertainty in radiative effi-
ciencies and multi-model error in the means. In panel (b), the global mean temperature response
is calculated from the ERF time series using an impulse response function. In panel (c), the
AR6 assessment is based on energy balance constraints, observational evidence from satellite re-
trievals, and climate model-based evidence. For each line of evidence, the assessed best-estimate
contributions from ERF due to aerosol–radiation interactions (ERFari) and aerosol–cloud in-
teractions (ERFaci) are shown with darker and paler shading, respectively. Estimates from
individual CMIP Phase 5 (CMIP5) and CMIP6 models are depicted by blue and red crosses,
respectively. The observational assessment for ERFari is taken from the instantaneous forcing
due to aerosol–radiation interactions (IRFari). Uncertainty ranges are given in black bars for
the total aerosol ERF and depict very likely ranges.’ (Arias et al. 2021)
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Chapter 1. Motivation and background 1.1. Aerosol and climate

Globally, aerosol particles are either directly emitted into the atmosphere (primary aerosols) or

are newly formed via gas-to-particle conversion processes (Boucher 2015). This PhD thesis is

focused on the newly formed aerosols.

Primary aerosols account for more than 80% of the global aerosol mass emission (Boucher et al.

2013) and are emitted from both natural (sea salt, mineral dust, terrestrial and marine organic

aerosols) and anthropogenic sources (black carbon and biomass burning events). Secondary

aerosols are newly formed and account for more than 50% of the global low-altitude CCN at

0.2% supersaturation in the present-day environment (Gordon et al. 2017).

1.1.1 New particle formation and growth

The formation of new particles is called nucleation or new particle formation (NPF), which

produces new particles via the gas-to-particle conversion process (Boucher 2015). The precur-

sor gases can form clusters of oxidised inorganic gases (Weber et al. 1995; Vehkamäki et al.

2002; Dunne et al. 2016), and highly-oxygenated biogenic gases. Because the ability of organic

vapours to nucleate depends on the volatility, the lower volatility, the greater the capacity to

nucleate (Riccobono et al. 2014; Kirkby et al. 2016; Tröstl et al. 2016; Simon et al. 2020). Nu-

cleation is then followed by the initial growth of particles by condensation of gases, depending

on gas volatility. Gases with lower volatility are more likely to condense on existing particle sur-

face as long as the partial vapour pressure is greater than saturation vapour pressure (Donahue

et al. 2006; Lipsky and Robinson 2006; Shrivastava et al. 2006). Condensable gases with high

vapour pressure can also easily evaporate from particles. Common gases that can be involved in

nucleation or condensation include sulfuric acid (H2SO4), ammonia (NH3), iodic acid (HIO3),

various oxidation products of biogenic volatile organic compounds (BVOCs) etc. (Vehkamäki

et al. 2002; Kirkby et al. 2011; Kirkby et al. 2016; He et al. 2021).

Nucleation of particles and their initial growth are affected by the condensation sink (CS) (Kul-

mala et al. 2001b; Kulmala et al. 2001a; Dal Maso et al. 2002). The condensation sink works

to suppress the nucleation rate by allowing the gases to condense on existing particle surfaces

instead of nucleating new particles (Kulmala et al. 2001b; Kulmala et al. 2001a; Dal Maso et al.

2002). The magnitude of the condensation sink usually depends on the pre-existing aerosol

particle surface area as established by several early studies (Gelbard and Seinfeld 1978; Gelbard

and Seinfeld 1979; McMurry and Friedlander 1979; McMurry 1983). The condensation sink
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1.1. Aerosol and climate Chapter 1. Motivation and background

term was incorporated in a box model by Pirjola and Kulmala (1998), so that the model could

simulate different environments, and they proved that the background aerosol could act as a

condensation sink for the gas-phase H2SO4. Cloud droplets and ice crystals, which are much

greater in size and surface area than aerosol particles, are also potentially large condensation

sink for NPF gases (Lee et al. 2004; Kazil et al. 2011), but are usually not accounted for during

the NPF process in modelling studies. Scavenging of gases by cloud and rain has been included

in many studies, but most of them do not focus on particle nucleation (Wurzler et al. 1995;

Wurzler 1998; Zhang et al. 2006; Kazil et al. 2011; Baklanov et al. 2013; Elperin et al. 2015;

Elperin et al. 2017). The inclusion of a condensation sink from cloud hydrometeors will improve

modelling of the NPF process in convective environments and achieve a better representation

of the particle population.

Coagulation is the process by which aerosol particles collide due to Brownian motion, turbu-

lence and gravitational forces etc, and stick to each other in the atmosphere (Carslaw 2022).

It is a sink for particle number concentrations because coagulation with larger particles may

reduce the concentrations of tiny particles, and thereby allows growth in mass and size for large

particles (Carslaw 2022).

Other environmental conditions, such as temperature and relative humidity have strong influ-

ences on NPF (Simon et al. 2020; Hamed et al. 2011). Low temperature usually slows down the

gas oxidation rate, and thus stablises the nucleation gases which then increases the probability

of nucleation (Zhao et al. 2020), while relative humidity indirectly affects NPF by increasing

the condensation sink or by blocking sunlight which suppresses NPF (Hamed et al. 2011).

Observations of NPF

Large number of sub-micron aerosols as well as the subsequent growth have been observed by

aircraft and ground-based measurements in the marine; boreal forest; free and upper tropo-

spheric; urban polluted; polar environments etc. NPF events usually occur during the daytime

and is driven by solar radiation which allows photochemistry to produce oxidants which then

oxidise the gaseous precursors of nucleation, such as SO2, monoterpene, NO2 etc. (Vehkamäki

et al. 2004; Hamed et al. 2007; Wu et al. 2007; Asmi et al. 2011; Weigel et al. 2011; Qi et al.

2015; Crumeyrolle et al. 2022).
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In marine environments, aircraft measurements have detected newly formed particles in the free

troposphere that are related to cloud outflow regions with particle populations up to 10000 cm−3

greater than in the boundary layer where no new particle is found (Clarke et al. 1998). Two fol-

low up studies found that these newly formed aerosol particles are likely to be formed by binary

nucleation which involves nucleating sulfuric acid and water clusters, and the studies suggested

the importance of clouds in promoting the nucleation process (Clarke et al. 1999a; Clarke et al.

1999b). Apart from cloud outflow regions, a substantial number of particles with diameter 4-9

nm were detected in the interstitial regions of clouds over Florida (Lee et al. 2004). Clarke et al.

(2013) also implied the role of the subsidence of particles in supplying boundary layer CCN, but

the NPF that generated these particles could have occurred either in the local atmosphere or

further afield. Similar findings have been published in a global observational-modelling study

called ATom (NASA Atmospheric Tomography Mission), which detected significant NPF in the

upper troposphere and showed their important contribution to low-altitude CCN (Williamson

et al. 2019). Observations have proven that precipitation may enhance NPF by scavenging ex-

isting large aerosol particles and creating an environment with a lower condensation sink (Zheng

et al. 2021). Marine boundary layer NPF has also been observed over the New Zealand coastal

region, and it was found to be influenced by the air masses from both land and the sea (Peltola

et al. 2022).

In the forest environment, nucleation in the boundary layer has been detected at several ob-

servational sites (Hyytiälä (Mäkelä et al. 1997; Kulmala et al. 2001a), Idaho Hill in Colorado

(Weber et al. 1997), in Duke forest (Pillai et al. 2013), in British Columbia Canada (Andreae

et al. 2022) etc.). Nucleation has also been observed in the free troposphere over mountain-

ous regions, such as Jungfraujoch in Switzerland (Bianchi et al. 2016) where the particles were

composed of BVOCs, sulfuric acid and ammonia. In Himalaya regions, newly formed aerosol

particles mainly involve biogenic compounds (Bianchi et al. 2020). Both of these two sites are

influenced by the air masses from the surrounding environments. In the tropical Amazonian

rainforest, NPF is rarely observed within the boundary layer and thus, the boundary layer is not

likely to produce smaller sized particle populations (Krejci et al. 2003; Rizzo et al. 2010; Andreae

et al. 2018; Wimmer et al. 2018; Rizzo et al. 2018). Instead, newly formed aerosol particles have

been detected in the free and upper troposphere over Amazonia by aircraft measurements dur-

ing the ACRIDICON-CHUVA campaign in September and October 2014 (Andreae et al. 2018).
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ACRIDICON-CHUVA stands for Aerosol, Cloud, Precipitation, and Radiation Interactions and

Dynamics of Convective Cloud Systems–Cloud Processes of the Main Precipitation Systems in

Brazil: A Contribution to Cloud Resolving Modeling and to the GPM (Global Precipitation

Measurement) (Wendisch et al. 2016). 80% of the total observed particle concentrations in the

free and upper troposphere during ACRIDICON-CHUVA campaign have diameters between 20

and 90 nm, meaning that the majority of the particles here are newly formed by NPF (Andreae

et al. 2018).

In polluted urban areas, newly formed aerosol particles were observed over India and the nu-

cleation rate was found to be a factor of 10 greater in the urban regions than in measurements

over the mountainous regions during the campaign period (Sebastian et al. 2022). NPF associ-

ated with H2SO4 was detected in Beijing in 2018 and 2019 (Zhou et al. 2021). In in an urban

observational site in Lille France, NPF events occurred in conditions with a high condensation

sink, temperature, solar radiation and with a relative humidity smaller than 45% (Crumeyrolle

et al. 2022).

NPF mechanisms

Several nucleation mechanisms that involve anthropogenic and biogenic gas precursors have

been widely used or have been established by experiments (Vehkamäki et al. 2002; Kirkby et al.

2011; Riccobono et al. 2014; Kirkby et al. 2016).

Binary nucleation is a well known nucleation mechanism that forms particles from H2SO4-H2O

clusters and is most efficient in the upper troposphere where the temperature and condensa-

tion sink are low (Vehkamäki et al. 1994; Kreidenweis and Seinfeld 1988; Pirjola et al. 2000;

Vehkamäki et al. 2002). Progress in understanding other nucleation mechanisms has been made

by experiments in the CLOUD (Cosmics Leaving Outdoor Droplets) chamber, which is an ex-

perimental facility based at CERN (Conseil Européen pour la Recherche Nucléaire) with the

ability to operate the relative humidity (around 80%-180%), pressure (up to 220 hPa above 1

standard atmosphere pressure) and temperature (183-300 K), and to introduce ions by galactic

cosmic rays, to study a wide range of nucleation environments (Guida et al. 2013; Dias et al.

2017; Pierce 2017). The experiments investigated the effects of ions; quantified the rates of

ternary nucleation and identified pure biogenic nucleation; the nucleation of organic and inor-

ganic gas mixtures; and nucleation with iodic acid; amine etc. (Kirkby et al. 2011; Almeida
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et al. 2013; Riccobono et al. 2014; Kirkby et al. 2016; He et al. 2021; Duplissy et al. 2016;

Wagner et al. 2017).

The CLOUD experiment started with the investigation of the effects of galactic cosmic rays on

climate, because cosmic rays can produce charged ions which may enhance new particle forma-

tion rate by stabilising neutral clusters and can enhance NPF at room temperatures (Duplissy

et al. 2016; Pierce 2017; Wagner et al. 2017). Based on the CLOUD chamber experiments, Gor-

don et al. (2017) found that ion-induced nucleation contributed to around 50% of NPF globally.

Ternary nucleation involves H2SO4-NH3-H2O clusters, and experimental results show that the

nucleation rate is 100 to 1000 times faster than binary nucleation in producing new particles

when around 100 ppbv of NH3 is present (Kirkby et al. 2011). With the addition of amines,

nucleation rates are further enhanced by a factor of 1000 compared to the rate with only NH3

added (Almeida et al. 2013) because the H2SO4-amine nucleation reaches the collision limit

due to significantly reduced evaporation, meaning that nucleation will occur whenever collision

happens (Laakso et al. 2004; Almeida et al. 2013; Dingilian et al. 2021). However, such nucle-

ation is only important at the local amine emission source (Almeida et al. 2013). In the regions

with less pollution or in pristine environments, a nucleation mechanism that involves H2SO4

and highly-oxygenated biogenic gas molecules, or simply the highly-oxygenated biogenic gas

molecules have also been discovered by CLOUD chamber experiments and applied in several

modelling studies (Riccobono et al. 2014; Kirkby et al. 2016; Dunne et al. 2016; Gordon et al.

2016). Here, CLOUD chamber experiments recognized the importance of highly-oxygenated

volatile organic compounds (HOMs), which are the oxidation products of BVOCs, as part of

biogenic nucleation mechanisms. HOMs can nucleate most efficiently in the upper tropospheric

environment. The biogenic nucleation mechanisms are especially important for Amazonian en-

vironment which is in a polluted state from time to time and has abundant BVOC emissions

from the forest (Riccobono et al. 2014; Kirkby et al. 2016).

Modelling NPF

The importance of NPF to global low-level CCN and aerosol particles has been confirmed by

modelling studies. With the inclusion of nucleation processes, an aerosol formation model pre-

dicted that less than half of the newly-formed particles in the boundary layer had the potential

to form CCN (Pierce and Adams 2007). An early modelling study Wang and Penner (2009) at-
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tempted to simulate binary nucleation in the boundary layer using the global NCAR (National

Center for Atmospheric Research) Community Atmosphere Model (CAM) coupled with the

IMPACT (Integrated Massively Parallel Atmospheric Chemical Transport) aerosol model, and

found that binary nucleation produced around 5% of the boundary layer CCN. In the free tropo-

sphere, results from the CAM6 model along with comparisons with aircraft measurements from

the SOCRATES (Southern Ocean Clouds, Radiation, Aerosol Transport Experimental Study)

field campaign showed that free tropospheric nucleation could significantly affect CCN mass

over the Southern Ocean (McCoy et al. 2021). Observations have also shown that nucleation

occurs in the upper troposphere (UT), and the global aerosol microphysics model GLOMAP

(Global Model of Aerosol Processes), which incorporated the Kulmala et al. (1998) nucleation

mechanism showed that nucleation events in the UT could account for 35% of global low-level

CCN concentrations (Vehkamäki et al. 2002; Spracklen et al. 2005; Merikanto et al. 2009). With

the ATom3 observational dataset and chemical transport model simulations, Williamson et al.

(2019) showed that tropical UT nucleation could be an important source of low-level CCN for

many regions.

Including nucleation mechanisms in global models has improved the model observation com-

parisons in different aspects. The GLOMAP aerosol model had a better comparison with

observations from South Africa and was able to capture well the yearly averaged CCN (Laakso

et al. 2013); GLOMAP was also able to produce aerosol particle seasonal cycles when incor-

porating nucleation with biogenic gases and sulfuric acid (Riccobono et al. 2014). Based on

the results from CLOUD chamber experiments and the GLOMAP model, Dunne et al. (2016)

and Gordon et al. (2016) simulated the ternary and pure biogenic nucleation mechanisms, and

found strong effects on CCN formation and global radiative forcing between preindustrial and

present-day environments. Gordon et al. (2017) also quantified the contribution of various gas

sources to global NPF. In the CAM model, with various combinations of binary nucleation,

boundary layer nucleation with sulfate, and the emissions of sulfate aerosols, the global first

aerosol indirect radiative forcing was found to be between -1.22 and -2.03 W m−2, indicating

the necessity of including nucleation in the global models (Wang and Penner 2009).

NPF has been included in several smaller-scale modelling studies which are able to investigate

more fine-scale processes which may present different results from the global models. With a

chemistry model, Pirjola et al. (2000) investigated the binary and ternary nucleation mechanisms
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under different marine boundary layer environments, and concluded that the marine boundary

layer was unlikely to allow binary nucleation to occur or allow the particles formed by ternary

nucleation to grow to 3 nm diameter, unless the environment was cold and had extremely high

DMS concentrations, or a very low condensation sink. Simulations with the AEROFOR model

over a boreal forest in Finland confirmed that ion concentrations could affect the NPF process

(Laakso et al. 2002). A regional air quality model also showed the importance of NPF on CCN

by affecting the aerosol size distributions in Athens and Marseille (Sotiropoulou et al. 2006).

Over the United States, the fraction of CCN formed by NPF were found to vary with height

and to have reached a maximum in the upper troposphere (Yu et al. 2020). Regional WRF-

Chem (Weather Research and Forecasting model coupled with Chemistry) simulations revealed

stronger aerosol radiative forcings, with an average of -10 W m−2 at the top of the atmosphere,

when including NPF, and showed the effect of strong NPF in suppressing particle growth to

CCN sizes by consuming large amounts of H2SO4 (Sullivan et al. 2018).

Consequently, including NPF in global and regional models is important because it will help

the models to better reproduce particle concentration, mass and size distribution.

1.1.2 Aerosol-cloud interactions

SSA

SO2, NH3BVOCs

0°C

NPF

UT & FT

entrainment

cold pool

cosmic ray SW
HSO4-

T ->

Low T, sunlight and low CS

UAP<50nm

Regional 
modelling

NPF LW

Low volatility of VOCs 

converge

2nd cloud

growth

CCN activation 
-> droplet

removal

collision coalescence

NPF
detrainment

DMS

SO2

H2SO2

photochemistry
MSA, 
halogens,
organics

Figure 1.2: A schematic diagram of aerosol-deep convection interaction.

Aerosols interact with and affect clouds in many ways. For example, as highlighted in Fig. 1.2

for deep convection, they can be activated as CCN and form cloud droplets, be transported by

convection and removed from the atmosphere by precipitation. Various factors including the
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concentration, size distribution, and chemical composition of aerosol particles can affect aerosol-

cloud interactions. Other environmental factors such as temperature and supersaturation are

important for droplet formation from CCN and such processes are complex and vary with cloud

types.

Aerosols acting as CCN

Aerosols need to exceed certain sizes under supersaturated environments to be activated as

cloud droplets. The activation process is described by the combination of the Kelvin effect (for

particles with curvature) and Raoult’s law (accounting for the hygroscopicity of the particle

material) in Köhler theory (Köhler 1936; Boucher 2015). The Kelvin effect encapsulates the

fact that the vapour pressure is higher for a curved surface than for a flat surface and thus

supersaturation can occur over the surface of the wet particles (Boucher 2015). Raoult’s law

describes how the saturation vapour pressure is reduced when a solute is added to pure water

with a negative relationship between the saturation vapour pressure and the mole fraction of

the solute in the solution. Köhler theory combines the Kelvin and Raoult effects and describes

the saturation vapour pressure as a function of particle diameter. Köhler theory is used to

derive the growth of particles under different ambient relative humidities. In Köhler theory,

the critical radius and critical supersaturation define the conditions above which the particles

can be activated and will continue growing into droplets unless the ambient air has insuffi-

cient relative humidity (Köhler 1936). Supersaturation occurs when an air parcel goes through

expansion and a rapid reduction in temperature (Wallace and Hobbs 2006). The higher the

supersaturation, the smaller the aerosols that can be activated (Fan et al. 2018; Grabowski and

Morrison 2020; Pan et al. 2021; Zhang et al. 2021). The ability of aerosols to allow moisture

to condense onto them partly depends on their composition, also referred to as hygroscopicity.

Examples of hygroscopic compounds include sodium chloride, ammonium sulfate etc. (Wallace

and Hobbs 2006). Organic compounds have very low hygroscopicity (Ajith et al. 2022), but the

hygroscopicity may increase if these aerosols are aged or coated with hygroscopic compounds.

(1) Effects of CCN on shallow convection

The effects of aerosol on cloud and radiative forcing were first elaborated by Twomey (1977) and

Albrecht (1989) who mainly considered low-altitude clouds. Twomey (1977) explains that the

enhanced cloud droplet number concentration (Nd) caused by an increased CCN concentration
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leads to an enhancement of cloud albedo because of the enhanced droplet surface area for a fixed

cloud liquid water content. Albrecht (1989) showed that enhanced CCN may reduce droplet

size, which then slows down the collision-coalescence process, and eventually delays the onset

of precipitation, reduces rain intensity, and may consequently increase liquid water path (LWP)

and cloud fraction which has a large impact on radiation balance (Cahalan et al. 1994; Chen

et al. 2022). The Twomey and Albrecht effects were found in the 2014 Holuhraun volcano erup-

tion that aerosols from the eruption plume caused increased cloud brightness and cover (Chen

et al. 2022). Some observational and modelling studies found that increasing aerosol number

concentration could form greater concentrations but smaller sized droplets which subsequently

suppressed rain and thereby enhanced liquid water path (LWP) for shallow, non-precipitating

clouds (Zhao et al. 2006; Lee et al. 2014). In contrast to increases in LWP by enhanced aerosols,

Ackerman et al. (2004) found that increasing aerosol concentration could reduce cloud water

because of enhanced entrainment unless the entrained air had a high relative humidity (Acker-

man et al. 2004). A few later studies confirmed the increased droplet evaporation due to the

smaller sizes with more aerosols, and it could subsequently cause cloud erosion or suppress rain

(Hill et al. 2008; Xue et al. 2008; Wyant et al. 2022). Stevens and Feingold (2009) proposed

using different cloud regimes to understand aerosol effects because factors including cloud devel-

opment stage, cloud depth, whether in a land or marine environment, whether the atmosphere

is polluted or clean, and latitude might affect the formation of precipitation and aerosol-cloud

interactions. Furthermore, clouds could potentially buffer the impact of the aerosol changes in

ways that depend on the cloud regime.

(2) Effects of CCN on deep convection

The response of deep convection to aerosol (or CCN) concentration is more complicated than

shallow clouds because of the following aspects. The great vertical extent of deep convection

allows varied cloud responses to aerosols at different heights; deep convection has strong up-

draft which allows rapid vertical transport and high supersaturations (including the potential

for secondary activation above cloud base); phase changes may occur within deep convective

clouds; and rain and/or snow can be formed within the clouds, which can also evaporate be-

fore the rain or snow reaches the surface. In general, higher concentrations of CCN can cause

enhanced cloud droplet number concentrations with reduced sizes which is similar to shallow

clouds. Subsequently, more smaller cloud droplets can be transported upward, and they may
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lead to increased number concentrations of small-sized ice crystals (Fan et al. 2013; Herbert

et al. 2015; Grabowski and Morrison 2020). Because the smaller ice crystals are less likely to

fall out, clouds tend to persist longer (Grabowski and Morrison 2020). By affecting cloud mi-

crophysics, aerosol can further modulate the release of latent heat and thereby can potentially

affect deep convective cloud dynamics. The following paragraphs briefly review the studies that

have focused on aerosol-deep convection interactions.

The increased cloud droplet number concentration caused by higher aerosol concentration (Zhao

et al. 2006; Kawamoto and Suzuki 2012) is expected to affect cloud liquid and ice water content,

cloud cover and other cloud features, but demonstrating a deep convective response to aerosol

using observations is complicated. Studies that use observations have confirmed that aerosols

could change cloud optical depth, cloud thickness, LWP, and precipitation for both shallow

and deep clouds (Kawamoto 2006; Sporre et al. 2012; Douglas and L’Ecuyer 2021), but cannot

rule out the effect of meteorology, cloud type, background aerosols, retrieval artifacts, analysis

methods etc. Satellite observations also have such difficulties that may hamper our understand-

ing of the effects of aerosol, although some studies have identified the relationship between

aerosol concentrations and cloud fraction, lifetime and precipitation using MODIS (Moderate

Resolution Imaging Spectroradiometer) (Koren et al. 2005; Koren et al. 2010; Pan et al. 2021;

Pan et al. 2022). One study used radar observations and found that biomass burning aerosol

concentrations tend to more significantly influence cloud and precipitation under higher levels

of background environmental instability (Gonçalves et al. 2015).

Idealised model simulations can separate the effects of aerosol and background meteorology.

Cotton and Walko (2021) compared LES experiments with and without anthropogenic aerosols

for clouds over Florida and found that more aerosols caused greater cloud liquid water content

and updrafts, and explained that enhanced condensation could release extra latent heat and

thereby enhanced warm cloud updrafts (Seiki and Nakajima 2014; Koren et al. 2014; Sheffield

et al. 2015). However, the findings from idealised simulations may not always be applicable to

reflect real-world aerosol-cloud interactions. This is because the responses of several interacting

clouds under the influence of large-scale forcing within a region are different from an individual

single-cloud. Here and after, the large-scale forcing refers to the advection of heat, moisture,

wind, subsidence etc. from a large spatial and temporal scale. The strength of the large-scale

forcing and whether it is realistic or idealised will influence the effect of aerosol on convective
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clouds (Kipling et al. 2020; Dagan et al. 2022). Dagan et al. (2022) showed that with aerosol

changes, the specific humidity was much smaller under realistic rather than idealised boundary

conditions in several models (System for Atmospheric Modeling (SAM), ICON model etc.).

Apart from the varied background influences, deep convective clouds are complex by nature and

may not exhibit linear response to increasing aerosol concentrations. For example, Ekman et al.

(2007), Heever and Cotton (2007), and Connolly et al. (2013) found that precipitation could

either increase or decrease with more aerosols due to a non-linear response of deep convective

cloud. Similar to shallow clouds, stronger evaporation of smaller droplets that have been formed

by more aerosols can cancel out the extra liquid water content from more smaller droplets, and

thereby cause little change in cloud water content (Wang et al. 2022). A WRF model study also

showed that aerosols could be effective in invigorating the initial stage of deep convection, but

were not effective in changing the macrophysical aspects, such as cloud cover and thicknesses

(Fan et al. 2013).

The invigoration of deep convection by increasing aerosol concentrations still needs to be better

understood. Rosenfeld et al. (2008) proposed a cold-phase invigoration theory for deep con-

vection which suggests that increasing aerosol concentrations can cause smaller droplets, and

thus suppress and delay the conversion of cloud droplets to rain. Subsequently, more liquid

condensate can reach higher altitudes where it can freeze and release more latent heat which

eventually will enhance convection, deepen clouds and increase ice mass (Rosenfeld et al. 2008).

In contrast, other studies found that the invigoration mainly occurred in the liquid and mixed-

phase clouds (Fan et al. 2007; Sheffield et al. 2015; Chen et al. 2017; Fan et al. 2018). Such

warm-phase invigoration is caused by extra condensation due to the enhanced number of smaller

size cloud droplets which then releases latent heat.

Aerosols that are activated above the cloud base can contribute to deep convection invigoration

(Ekman et al. 2004; Fan et al. 2018). Using a cloud-resolving model, Ekman et al. (2004) found

that Aitken mode aerosols could be transported from the boundary layer to the free and upper

troposphere where they formed ice crystals which helped sustain the deep convection. With

the WRF-Chem model, Fan et al. (2018) found that sub-micron particles could be activated

above the cloud base where supersaturation reached much higher levels; the deep convection

could then be subsequently invigorated due to latent heat release from the extra droplet acti-
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vation and subsequent ice formation. Evidence for the invigoration of deep convection in the

warm phase was again provided by a subsequent study which found that sub-micron particles

enhanced vertical velocity within deep convection, but only weakly and below the freezing level

height (Grabowski and Morrison 2020). A similar conclusion was made in Igel and Heever

(2021), which split the deep convective clouds into warm- and cold-based, and concluded with

theoretical calculations that increasing aerosols was likely to cause only trivial invigoration of

the cold-based convection and a weakening of the warm-based convection. Increases in the

updraft velocity of deep convection is usually used to as a metric for invigoration and recent

studies found that it mostly occurs in the warm phases of deep convection. Marinescu et al.

(2021) compared several modelling studies and concluded that updraft velocities differed by a

maximum of 15% between high- and low-aerosol concentrations below 8 km altitude via the al-

teration of buoyancy and pressure gradients by aerosols, and half of the analysed models showed

weak effects above 8 km altitude. Such increases in updraft velocity caused by anthropogenic

aerosols was also found in a comparison between simulated preindustrial and present-day envi-

ronments over central Amazonia, (Fan et al. 2018).

The mechanisms of how aerosols affect convective precipitation is perhaps one of the most com-

plicated processes in aerosol-cloud interactions (Rosenfeld et al. 2008; Tao et al. 2012) and the

interactions involve changes in both microphysics and dynamics (Beydoun and Hoose 2019;

Heikenfeld et al. 2019). There are no conclusive answers for the correlation between aerosol

and precipitation for several reasons. The first is that more aerosols do not necessarily cause

more cloud liquid and ice water content, which are essential for rain formation as stated above.

Second, the collision and coalescence processes of cloud droplets to form rain are not well un-

derstood, and thus, uncertainties exist in the modelling of such processes. Lastly, how aerosol

affects cloud and rain strongly depends on meteorology and background aerosols as well as

whether model runs use idealised boundary forcings or not, etc. (Heever and Cotton 2007;

Connolly et al. 2013; Wellmann et al. 2018; Dagan et al. 2022).

Background conditions and the scale of models to simulate aerosol-cloud processes represent

large uncertainties for us to understand the response of precipitation to aerosol concentration

dues to strongly varied the thermodynamic and dynamic conditions across different regions and

thus it is important to study the effects of aerosols in the context of background meteorology.

Under strong large-scale forcing, the simulated precipitation over Germany was found to have
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negligible changes with aerosol concentrations using a weather forecast model (COSMO, Con-

sortium for Small-scale Modeling) (Seifert et al. 2012). Over Asia, the dominant monsoon season

is found to introduce extra complexity to our understandings of aerosol-cloud-precipitation sys-

tems (Furtado and Field 2022). However, with idealised boundary conditions, the significant

perturbations of moisture content due to aerosol changes in a cloud-resolving model (Dagan

et al. 2022) may lead to more evident response of precipitation. It is because the real-world

background environment has diurnal and seasonal variations, and the air is additionally affected

by human perturbations, exchange of energy between land and ocean etc., and such complexity

is usually simplified in single-cloud models. Unlike single-cloud model, regional models that sim-

ulate several interactive clouds in a region are usually driven by boundary conditions provided

by global models, reanalysis or real-time data which include much higher levels of complexity

and uncertainty. Therefore, the response of precipitation to aerosol loading within a region that

consists of several cloud systems is usually different from individual cloud systems.

Clouds with different rain intensities have different responses to changes in aerosol concentra-

tions, because rain intensity is closely related to the strength of convection. Alizadeh-Choobari

(2018) made an effort to isolate the aerosol effect on rain intensity, and concluded that heavy

rainfall was enhanced but light rainfall was suppressed with a greater loading of hygroscopic

aerosols. Similar conclusions that are built upon the separation of weak and heavy rain events,

as well as of high and low cloud liquid contents have also been made by Li et al. (2011), Fan

et al. (2012), and Wang et al. (2011).

Ice formation is an important factor for precipitation production. With increasing CCN concen-

tration, enhanced deep convective clouds will contain more ice mass and thus are more likely to

produce hail, snow and graupel that can eventually form rain (Carrio and Cotton 2011; Khain

et al. 2011; Loftus and Cotton 2014). Therefore, whether deep convection is invigorated by

higher aerosol concentrations will affect the response of rain.

Transport and scavenging of aerosols by clouds

Aerosol particles as well as some gas precursors can be transported vertically by convective

clouds (Dickerson et al. 1987; Dye et al. 2000; Barth et al. 2015; Li et al. 2017). Aircraft

measurements of particle concentrations over the marine environment during ACE (Aerosol

Characterization Experiment) have shown that newly formed particles were formed close to the
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cloud outflows (Clarke et al. 1998). The study also showed that newly formed aerosol particles

measured in the free troposphere may undergo subsidence after the passage of a frontal system

to reach the boundary layer. Similar results have also been found by Williamson et al. (2019)

who analysed the global observational dataset ATom as well as model simulations. With radar

measurements, Wang et al. (2016) have shown that aerosols that are formed in the free and

upper troposphere can be rapidly transported into the boundary layer. Andreae et al. (2018)

also hypothesised that deep convection over Amazonia transported insoluble gas precursors up-

ward from the surface to the upper troposphere where aerosols were formed. Then, the newly

formed aerosol particles could be transported downwards to supply the boundary layer particles

(Andreae et al. 2018).

Model and experimental results show evidence of vertical transport of gas and aerosol by con-

vective clouds. With a cloud-resolving model, Ekman et al. (2004) found that around 10%

of the boundary layer Aitken mode aerosol concentrations could be transported by convective

clouds into the free troposphere. Efficient upward transport of aerosol particles was also found

in Yin et al. (2005) and Yin et al. (2012) using a cloud-resolving model which consequently

affected the concentration and size distributions of aerosols in the upper troposphere. The re-

sults showed that aerosol upward transport was more efficient than downward transport, and

the transported aerosols could subsequently result in increased rain. The upward transported

aerosols were found to significantly affect total aerosol mass at high altitudes (Cui and Carslaw

2006). For gas transport, laboratory experiments tested and found that insoluble organic gases

could be easily transported to reach the free and upper troposphere from the surface, paving way

for us to understand high-altitude NPF (Kulmala et al. 2006). With a cloud-resolving model,

which is able to well represent cloud-scale processes as well as tracer transport, Devine et al.

(2006) found that the spatial distributions of insoluble DMS was closely related to updraughts.

Investigations of vertical transport have also been designed with trajectory and global models

(Tyson 1997; Williamson et al. 2019), or air quality models (Oshima et al. 2013), but large-scale

models usually do not resolve cloud convection due to the coarse resolution and computational

cost. Thus, many of them may not involve vertical transport at cloud scales and mainly focus on

horizontal long-range transport (Eguchi et al. 2009; Vijayakumar et al. 2016; Das et al. 2017).

Wet scavenging is an efficient way of removing aerosol and trace gases from the atmosphere

(Loosmore and Cederwall 2004; Yu et al. 2019) and it is dependent on aerosol particle size.
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Scavenging acts to clean the atmosphere, reduce the trace gas condensation sink and thereby

enhance NPF. A good representations of wet scavenging in models can improve results by bet-

ter reproducing observed aerosol profiles (Kipling et al. 2013). Ekman et al. (2004) used a

cloud-resolving model and found almost all particles within the simulated convective cloud with

diameter greater than 30 nm were removed by activation and impact scavenging. Similarly,

aircraft measurements have shown that scavenging efficiencies are positively correlated with

particle sizes (Yang et al. 2015). Gases including CH2O, and H2O2 are efficiently removed by

convective scavenging within storms (Bela et al. 2016; Bela et al. 2018). Below the clouds, the

removal efficiency increases with rain intensity, which greatly affects aerosol size distributions

in the air (Andronache 2003). Cloud droplets can also remove aerosol particles and trace gases.

With the Probability of Ultrafine particle Growth (PUG) model, Pierce et al. (2015) found that

cloud droplets and ice affected the coagulation of small aerosol particles, significantly reducing

global-mean small particle concentrations (by 15%-21%) and 80 nm particle concentrations (by

10%-12%). The coalescence of cloud droplets can reduce cloud droplet number concentrations

by as much as 90% (Kang et al. 2022). A WRF-Chem study showed that H2SO4 was almost

completely depleted by clouds and rain over the ocean (Kazil et al. 2011).

Many aspects of aerosol-cloud interactions are still not well understood. Therefore, improving

the understandings will help global and regional models to better reproduce the real environ-

ment and better predict for the future climate.

1.2 Research questions

The aims of this study are to investigate aerosol-deep convection interactions over Amazonia

and the potential contribution of new particle formation to the CCN budget in this convective

environment. The study focuses on deep convection because it has the potential to support

NPF by transporting gas precursors into the UT where NPF is efficient. Deep convection may

also transport newly formed aerosols downwards to low altitudes where they may act as CCN.

Aerosol-deep convection interactions likely affect the global radiation balance and are not well

understood. NPF, aerosols and clouds have been widely investigated with global modelling

and observational studies. However, many sub-grid cloud-scale processes that are important

for individual regions are not resolved in the global models and thus, a high-resolution regional

model with explicit convection is needed to investigate these processes. A regional version of
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the Unified Model is used here because it is able to resolve convection, provide explicit tracer

transport, and therefore can be used to investigate cloud-scale processes. It can also be coupled

with aerosol microphysics, chemistry, and cloud microphysics schemes. The regional model is

nested inside a global model, allowing the investigation of both regional-scale and global-scale

processes. This thesis will address three main research questions in separate chapters as outlined

below.

1.2.1 Chapter 3: Where do Amazonian aerosol particles come from?

Boundary layer nucleation has been proven to be insufficient to sustain the boundary layer

aerosol particle population (Zhou et al. 2002; Krejci et al. 2003; Rissler et al. 2006; Spracklen

et al. 2006; Rizzo et al. 2010; Andreae et al. 2018; Wimmer et al. 2018; Rizzo et al. 2018).

Observations have also shown that new particle formation in the upper troposphere could be an

important source (Wang et al. 2016; Andreae et al. 2018) of boundary layer particles. However,

it is unknown whether such particles are formed within Amazonia or originated far afield and

were transported into the region. In Chapter 3, a nested regional atmospheric model with aerosol

microphysics is used to quantify the contribution of upper tropospheric NPF to boundary layer

particle concentrations. The research questions investigated in this chapter are as follows:

(1) How do NPF-deep convection interactions on regional scales (around 1000 km) affect the

vertical distributions of particles in the Amazonian tropical rainforest?

(2) How much does NPF occurring on a regional scale affect the CCN budget of the region?

What fraction of CCN is created regionally versus being transported into a region from outside?

(3) How effective is deep convection at transporting particles downwards to low-levels?

(4) How are particle concentrations, nucleation and growth rates in the regional domain sensitive

to changes in nucleation mechanisms?

1.2.2 Chapter 4: How do anthropogenic emissions and newly formed parti-

cles affect cloud and rain?

Anthropogenic emissions significantly affect aerosol mass and number concentrations in Ama-

zonia, partly via NPF that makes use of gas precursors from pollution plumes (Shrivastava

et al. 2019; Zhao et al. 2021). The affected aerosols are expected to influence aerosol-cloud

interactions by adjusting cloud droplet number concentration, cloud properties and moisture
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profiles. In reality, the response of clouds to increases in anthropogenic emissions may be non-

monotonic and may strongly depend on the environmental conditions. Thus, in Chapter 4, I

will use the nested regional model with coupled chemistry and a high-resolution anthropogenic

emission inventory to investigate the effects of anthropogenic emissions on clouds and discuss

the mechanisms involved. The research questions for this chapter are as follows:

(1) What are the effects of anthropogenic emissions on aerosol, cloud and rain in Amazonia?

(2) What mechanisms drive the changes in cloud water and rain?

1.2.3 Chapter 5: How is non-linear new particle formation affected by coarse

resolutions?

Observations have shown that biogenic new particle formation (NPF) in Amazonia upper tropo-

sphere (UT) can produce substantial number of aerosols (Wang et al. 2016; Andreae et al. 2018).

Biogenic NPF involves the nucleation of the oxidised biogenic gas precursors, and is a non-linear

function of gas concentrations, temperature and condensation sink. In the UT, biogenic NPF

is significantly affected by deep convection which transports gas precursors (monoterpenes),

creates condensation sink, and perturbs the environments (Thornton et al. 1997; Sassi et al.

2001; Twohy et al. 2002; Kulmala et al. 2006; Johnston et al. 2018). The dependence of NPF

in Amazonian UT on deep convection leads to significant spatial variability that may not be

well represented by coarse-resolution global models. The lifetime of gas precursors may also

affect whether the non-linear process can be simulated by global models. To investigate how the

non-linear NPF is affected by coarse resolution, Chapter 5 used high-resolution regional model

results and compared to the averaged results. The research questions are as follows:

(1) How are nucleation rates affected by averaging the input variables?

(2) What are the causes of the changes in nucleation rates by averaging?

(3) How will monoterpene oxidation rate affect the spatially non-linear nucleation rate?
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Chapter 2

Model description

In this chapter I will introduce the general model configurations, coupling and pure biogenic

nucleation mechanism that were used for all the results of the thesis. Other specific settings for

the three topics are introduced separately within each chapter.

2.1 Global and regional model configurations

A a nested regional model located in central Amazonia, embedded in a global model is used in

this thesis. The global model is the atmosphere-only configuration of the Hadley Centre Global

Environment Model version 3 (HadGEM3) which are based on Unified Model (UM) framework,

and both models incorporate the United Kingdom Chemistry and Aerosol (UKCA) model. The

UKCA model was first run at kilometer-scale resolution by Planche et al. (2017) and tested

in the one-way nesting configuration by Gordon et al. (2018). The one-way coupling allows

the global model to drive the regional model with hourly boundary conditions generated from

the global model, including aerosols, trace gases, and meteorology conditions (temperature, 3D

wind, cloud liquid, cloud ice, humidity and rain), while the global model is not affected by the

regional model. The nested regional model can be configured to several spatial resolutions.

The global model is based on GA7 (Global Atmosphere v7) of UM with an Even Newer Dy-

namics for General atmospheric modelling of the environment (ENDGame) dynamics (Walters

et al. 2019). Parameterised convection is used in the global model (Fritsch and Chappell 1980;

Gregory and Rowntree 1990; Stratton et al. 2009; Derbyshire et al. 2011; Walters et al. 2019),

which simplifies the transport processes. The global model uses a single-moment cloud micro-
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physics scheme for stratiform cloud (Wilson and Ballard 1999) that activates aerosol particles

according to Abdul-Razzak and Ghan (2000) and works separately from convection. The acti-

vation process is based on the PDF (probability distribution function) of the updraft velocities

centred around the large-scale vertical velocity to derive cloud droplet number concentrations

for each time step (West et al. 2014). The simplified microphysics has prognostic rain which

is affected by the 3D wind field. A fixed sea surface temperature is used and the land surface

has been defined from a land surface model JULES (Joint UK Land Environment Simulator)

(Walters et al. 2019).

The convection in the regional model is explicit which allows heat transfer and tracer transport

to be resolved on the model grid. The regional model is also coupled with CASIM (Cloud-

AeroSol Interacting Microphysics) model for both stratiform and resolved convective cloud

(Field et al. 2023). CASIM is a two-moment cloud microphysics model with five types of hy-

drometeor (cloud droplets, rain, ice, snow and graupel) (Shipway and Hill 2012; Hill et al. 2015;

Grosvenor et al. 2017). All hydrometeor distributions are defined by gamma distributions.

CASIM activates aerosols to form cloud droplets depending on the mean updraft velocity in the

grid box (Grosvenor et al. 2017; Miltenberger et al. 2018a). The droplet number concentrations

are prognostic, which means that they are stored at each timestep, but if the model activates

more droplets in the new timestep than the previous one, the old number concentration is over-

written (Gordon et al. 2020).

UKCA uses the GLOMAP-mode (Global Model of Aerosol Processes), a two-moment aerosol

microphysics model which allows aerosol to form from gaseous precursors, grow to larger sizes,

and be transported and removed (Mann et al. 2010). The aerosols are represented by four

water-soluble modes (nucleation, Aitken, accumulation and coarse) and an insoluble Aitken

mode which are specified by the number and mass (or equivalently size) depending on a fixed-

width log-normal distribution. The chemical composition of the aerosol includes sulfate, sea-salt,

black carbon and organic carbon.

Aerosol particles are scavenged by precipitation through rainout and washout. Rainout repre-

sents the reduction of aerosol concentrations in the cloud droplets due to collision and coales-

cence which form rain, and eventually aerosols are removed from the atmosphere. Washout,

or impaction scavenging, is the removal of below-cloud aerosol particles because falling rain
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droplets can collect aerosols and remove them from the atmosphere. The removal processes of

aerosols are size-dependent, and are determined by a collection efficiency look-up table (Mann

et al. 2010; Kipling et al. 2013). In the original version of the model, these processes only

scavenge particles larger than 10 nm diameter. Here the influence of cloud hydrometeors on

NPF (new particle formation) through their effect on the condensation sink is also investigated,

as described in Section 2.2.

The UKCA and CASIM models are coupled to allow UKCA to pass aerosol particle number

and mass to CASIM for activation, with the mass of different chemical components (sea-salt,

sulfate, organic carbon and black carbon) used to derive the hygroscopicity for aerosol activation

in CASIM (Gordon et al. 2020). CASIM also passes the rates of autoconversion and accretion

to UKCA in order to affect the convective scavenging of aerosols by precipitation (Miltenberger

et al. 2018a).

2.2 New particle formation

NPF represents the conversion processes from gas vapour to the particle phase. One of the NPF

mechanisms used in this study is the pure biogenic nucleation which uses oxidised organic gas

molecules (Kirkby et al. 2016). NPF in the UKCA model serves to produce aerosol particles up

to 3 nm in diameter.

The pure biogenic nucleation mechanism along with the nucleation gas (HOMs, highly-oxygenated

molecules) is added to UKCA. The definition of HOMs is based on the chamber experiment

from CLOUD (Cosmics Leaving Outdoor Droplets) (Ehn et al. 2014; Kirkby et al. 2016; Bianchi

et al. 2019) which found that a wide range of oxidised organic vapours were able to nucleate

particles and that particle growth varies depending upon the volatility of the organic vapours

(Tröstl et al. 2016; Stolzenburg et al. 2018; Simon et al. 2020). The experiments showed that

HOMs can be formed from α-pinene, which is a subset of the monoterpenes, by reaction with

OH and O3. Based on CLOUD chamber experiments (Kirkby et al. 2016), the pure biogenic

nucleation mechanism has been parameterised in Gordon et al. (2016). UKCA allows HOMs

to nucleate new particles (Ehn et al. 2014; Kirkby et al. 2016; Tröstl et al. 2016; Stolzenburg

et al. 2018; Bianchi et al. 2019) and continue with their subsequent growth with secondary

organics, HOMs and H2SO4. This mechanism has been applied to several models (GLOMAP,
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Community Earth System Model with IMPACT, and WRF-Chem) (Gordon et al. 2016; Zhu

et al. 2019; Zhao et al. 2020).

In the parameterisations, HOM is oxidised from monoterpenes by OH and O3, one of the BVOCs

(Biogenic Volatile Organic Compounds) emitted from the forest (Gordon et al. 2016). In the

original UKCA setup, monoterpenes are oxidised to SecOrg (secondary organics) which can

grow particles by condensation. With the new parameterisation, monoterpenes are first oxi-

dised to SecOrg, then the rest of the monoterpenes in the environment are used to derive HOM

concentrations using the same steady-state approximation as used by Gordon et al. (2016). A

schematic diagram in Fig. 2.1 shows the oxidation, nucleation and particle growth pathways of

biogenic nucleation mechanism in UKCA.

Figure 2.1: A schematic diagram showing oxidation pathways and their roles in biogenic nucle-
ation mechanism and particle growth in the UKCA.

Yields of HOM are 1.2% when monoterpenes are oxidised by OH and 2.9% by O3, and the

concentrations of HOM are used to derive nucleation rates for particles at 1.7 nm in diameter

following Gordon et al. (2016). The nucleation rate is the sum of the neutral and ion-induced

nucleation rates (Eq. 2.1). The ion-induced nucleation uses a constant ion concentration at 400

cm−3 ([Ion] in eq. 2.1).

JBio1.7nm = exp(−(T− T0)/A6)× (A1 × ([HOM]/A7)
A2+

A5
[HOM]/A7

+ [Ion]×A3 × ([HOM]/A7)
A4+

A5
[HOM]/A7 ), (2.1)

where JBio1.7nm is the nucleation rates at 1.7 nm in cm−3 s−1, HOM represents the concen-

trations of pure biogenic nucleation gas in molecules cm−3, T is the temperature in K, T0
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is a constant reference temperature (278 K), and A1−7 are constant parameters (Gordon et

al. 2016). Both neutral and ion-induced rates are multiplied with a temperature dependency

exp(−(T − T0)/A6)) as a rough estimate such that nucleation rates vary with temperature at

different heights (Gordon et al. 2016; Simon et al. 2020). A6 is a dimensionless constant equals

to 10 and A7 is also a dimensionless constant equals to 107. The calculation of particles of

1.7 nm diameter growing to 3 nm, through the condensation of HOMs and H2SO4 is based on

Kerminen and Kulmala (2002).

An additional condensation sink from cloud droplets and ice crystals is added to UKCA, and

the value is added to the condensation sink from existing aerosols, which then suppresses nu-

cleation rates in the cloudy regions (Kazil et al. 2011). A common condensation sink allows

gases to condense on to existing aerosol particle surfaces instead of nucleate new particles. The

addition of this term enables gases to also condense on cloud hydrometeor surfaces. The cloud

hydrometeor condensation sink given in Eq. 2.2 is defined by assuming a fixed number concen-

tration (100 cm−3) of cloud droplets and ice particles to calculate radii that enter the Fuchs

and Sutugin (1971) expression.

CCS = 4πDv ×Nd (or Ni)× (rcloud + rice), (2.2)

where, CCS denotes cloud condensation sink in s−1, Dv is gas diffusion coefficient in m2 s−1,

Nd (or Ni) is a constant concentration of cloud droplets and ice (108 m−3), rcloud and rice are

radius of cloud droplets and ice in m.
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Chapter 3

The contribution of regional aerosol

nucleation and transport to low-level

CCN in an Amazonian deep

convective environment

3.1 Introduction

Nucleation, or new particle formation (NPF), is important for aerosol-cloud interactions and

thus climate, as the newly formed particles can grow to form cloud condensation nuclei (CCN)

that affect cloud droplet number concentrations and cloud properties (Pierce and Adams 2007;

Merikanto et al. 2009; Wang and Penner 2009; Kazil et al. 2010; Gordon et al. 2016; Dunne

et al. 2016; Gordon et al. 2017). Global model studies have shown that NPF contributes around

54% of the global present-day CCN in the boundary layer (Gordon et al. 2017), and that 35% of

the CCN were formed by NPF in the free and upper troposphere and later transported into the

boundary layer (Merikanto et al. 2009). The downward transport can take place in large-scale

subsidence in the general circulation such as in the Hadley cell, which is resolved by global mod-

els, or in the downdrafts of deep convection, which is a parameterised process in global models.

These global-scale studies clearly show that high-altitude NPF contributes to low-level CCN,

but the relative roles of these two transport mechanisms for the NPF-aerosol-CCN process is
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unknown.

NPF involves inorganic species such as H2SO4-H2O and H2SO4-NH3-H2O (Weber et al. 1995;

Vehkamäki et al. 2002; Kirkby et al. 2011; Dunne et al. 2016) and the oxidation products of

volatile organic carbon vapours such as monoterpenes producing HOMs, or highly-oxygenated

molecules, (Kirkby et al. 2016; Tröstl et al. 2016). Previous studies have found that NPF is

affected by precursor gas concentrations as well as by temperature and the condensation sink.

Low temperatures in the UT (upper troposphere) usually slow down the chemical reaction of

extremely low volatility organic compounds, but also reduce the vapour pressure of the gas

precursors and thereby enhance NPF (Simon et al. 2020; Zhao et al. 2020). Yu et al. (2017)

also reported that the low-altitude CCN that are generated by NPF from H2SO4-H2O and

organic gas molecules, were changed by 10%-30% when the temperature dependence of NPF

was added. The condensation sink is also an important factor that affects the production and

concentration of particles smaller than 3 nm in diameter (Kulmala et al. 2001a; Kulmala et al.

2001b; Dal Maso et al. 2002) by modulating the concentration of nucleating and condensing

vapours. Many studies use cloud droplets or precipitation scavenging to act as a sink for the

gases in the atmosphere (Wurzler et al. 1995; Wurzler 1998; Zhang et al. 2006; Kazil et al. 2011;

Baklanov et al. 2013; Elperin et al. 2015; Elperin et al. 2017), although most of them do not

focus on particle nucleation. Here the role of hydrometeors within convective clouds as a sink

for the condensable gases is also investigated (Kazil et al. 2011).

In Amazonia, it has been shown that NPF was rarely observed in the boundary layer and

thus is insufficient to sustain CCN during the dry-to-wet transition season (Zhou et al. 2002;

Krejci et al. 2003; Rissler et al. 2006; Spracklen et al. 2006; Rizzo et al. 2010; Andreae et al.

2018; Wimmer et al. 2018; Rizzo et al. 2018). However, aircraft measurements have shown

that strong NPF in the upper troposphere (UT) (from precursor vapours transported upwards

by deep convection) can create an abundant supply of small nuclei that, following downward

transport and particle growth, could account for some boundary layer CCN (Clarke et al. 1998;

Clarke et al. 1999a; Clarke et al. 1999b; Clarke and Kapustin 2002; Weigel et al. 2011; Wang

et al. 2016; Andreae et al. 2018; Williamson et al. 2019). However, from the observations alone

it is unknown whether the transport is predominantly via convective downdrafts on the spatial

scale of the deep convective cells, or via large-scale subsidence that takes days to transport

particles to lower altitudes.
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The CCN concentration at 0.4% supersaturation in the Amazonian boundary layer is around

185 cm−3 in the wet season and 2500 cm−3 during the dry season (Andreae 2009). The total

particle concentration is around 300 cm−3 in the wet season and 3000 cm−3 in the dry season

(Andreae 2009; Pöhlker et al. 2016; Pöhlker et al. 2018). Aircraft measurements show that more

than 80% of the particles were between 20 and 90 nm in diameter in the UT during the dry

season, suggesting that they are formed by NPF (Andreae et al. 2018). Particle concentrations

exceeding 20000 cm−3 were observed above 8 km during the ACRIDICON-CHUVA (Aerosol,

Cloud, Precipitation, and Radiation Interactions and Dynamics of Convective Cloud Systems -

Cloud Processes of the Main Precipitation Systems in Brazil: A Contribution to Cloud Resolv-

ing Modeling) campaign in September and October 2014. Therefore, it is plausible that this

high-altitude aerosol may contribute to the aerosol populations in this region through downward

transport in an environment with strong vertical motion.

Andreae et al. (2018) hypothesised that the newly formed aerosol particles in Amazonian UT

could be mixed and transported into the lower troposphere and contribute to boundary layer

particles. Based on the observations from ACRIDICON-CHUVA in the dry season, they pro-

posed that the organic compounds in UT particles were derived from gas-phase oxidation of

insoluble gas precursors which were emitted from the rainforest and transported upwards by

deep convection. In the wet season, based on GoAmazon2014/5 (Observations and Modeling of

the Green Ocean Amazon 2014-2015) observations, Wang et al. (2016) concluded that the rapid

vertical transport allowed newly formed particles in the free troposphere to enter the boundary

layer in downdrafts associated with precipitation.

To understand the formation of aerosol and its vertical transport in a convective environment

it is necessary to use a model that resolves cloud motion. Global models have shown that the

UT is a major source of CCN in the boundary layer (Merikanto et al. 2009), but the results

may only be reliable in regions where aerosol is transported in the types of synoptic-scale cir-

culation that are resolved by the model, such as in the descending branch of the Hadley cell

in sub-tropical regions. Deep convection is a regional- to local-scale system. Due to the strong

vertical velocities, deep convection can potentially transport particles and vapours upwards and

downwards on scales of a few kilometers that are unresolved by a global model (global models

parameterize the vertical exchange of trace gases, but they do not resolve coherent updrafts

and downdrafts and the associated clouds). Most studies have focused on upward transport.
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Ekman et al. (2004) used a cloud-resolving model and found that only small particles (5.84 to

31.0 nm) were transported to the UT by a deep convective updraft, while larger particles were

scavenged. Some of the smaller particles eventually grew and served as CCN or ice-nucleating

particles (INP). Using an axisymmetric dynamic cloud model Yin et al. (2005) reported that

aerosols were transported from the boundary layer to mid-cloud level and contributed to the

aerosol mass within the hydrometeors in the deep convection. The analysis of Zhao et al. (2020)

of ACRIDICON-CHUVA and GoAmazon2014/5 observations using a regional-scale chemical

transport model with a detailed treatment of organic vapours suggested the importance of fast

convective transport for low-altitude particles and CCN. However, to understand the spatial

scales over which the NPF-aerosol-CCN pathway takes place, i.e. over a large-scale or within

the regional convective domain, it is necessary to combine a global and regional model to rep-

resent both processes.

The previous studies are well designed and help to understand aerosol sources on global and

regional scales. However, to address the questions about the relative importance of regional and

global-scale transport I will use a model that combines high resolution (to resolve convection)

with interactive aerosol microphysics that represents aerosol diameters as low as 3 nm and al-

lows the simulation of NPF and growth. This is accompanied by a broader view from the global

model. The model will simulate 3 days of the ACRIDICON-CHUVA campaign as a case study

and investigate the role of deep convection in supporting the UT NPF and the boundary layer

aerosols. Therefore, this chapter aims to quantify the extent to which the supply of aerosol

to the Amazonian boundary layer is generated from local nucleation or from aerosol produced

further afield. The effectiveness of convective transport to influence aerosol particles in the

boundary layer will also be quantified, inspired by measurements made over Amazonia showing

a free-tropospheric source of aerosol into the boundary layer in a convective environment (Wang

et al. 2016). The questions for this chapter are as follows:

(1) How do NPF-deep convection interactions on regional scales (around 1000 km) affect the

vertical distributions of particles in the Amazonian tropical rainforest?

(2) How much does NPF occurring on a regional scale affect the CCN budget of the region?

What fraction of CCN is created regionally versus being transported into a region from outside?

(3) How effective is deep convection at transporting particles downwards to low-levels?
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(4) How sensitive are particle concentrations, nucleation and growth rates in the regional domain

to changes in the nucleation mechanisms?

3.2 Methods

3.2.1 Observations

ACRIDICON-CHUVA campaign

This study is motivated by the measurements made during ACRIDICON-CHUVA (Aerosol,

Cloud, Precipitation, and Radiation Interactions and Dynamics of Convective Cloud Systems -

Cloud Processes of the Main Precipitation Systems in Brazil: A Contribution to Cloud Resolving

Modeling). Measurements from the GPM (Global Precipitation Measurement) satellite mission,

and monoterpenes observations from aircraft measurements and ATTO (Amazon Tall Tower

Observatory) tower are used (Kuhn et al. 2007; Yáñez-Serrano et al. 2018; Zannoni et al. 2020).

The aim of ACRIDICON-CHUVA was to study the relationships between trace gases, particles

and radiation in Amazonian convective environment. The campaign included 14 flights from

early September until the beginning of October in 2014, centred around Manaus in Brazil (3.1°S,

60.0°W). They measured cloud, aerosol and trace gas properties in forest, urban and marine

environments using the HALO (High Altitude and Long Range Research Aircraft) (Wendisch

et al. 2016; Andreae et al. 2018); see Fig. 3.1.

Figure 3.1: A map of the flight tracks during ACRIDICON-CHUVA campaign. The flight track
in purple is AC11 (on 16 September 2014), and the purple dashed box denotes the regional
domain used in this study.
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Meteorology

The campaign took place during the transition season in Amazonia, which was towards the end

of the dry season and the onset of the wet season. General subsidence caused by a northward-

shifted ITCZ dominated the dry season during this period, but during the transition in Septem-

ber, moisture advection from the Atlantic Ocean was sufficient to cause the large-scale circu-

lation to shift leading to an increase in rainfall (Li and Fu 2004). North-easterly and easterly

wind dominated this period, bringing in moist air from the South Atlantic Ocean (Martin et al.

2016). The surface temperature was at its highest for the year in September 2014 and moisture

started to increase from September onwards. The monthly averages of surface temperature

reached 28°C and the specific humidity was over 19 g kg−1 (Collow et al. 2016). The UT equiv-

alent potential temperature in September ranged from 60°C to 80°C and relative humidity was

around 20% in September and rose to 100% in early October favouring the development of deep

convection (Collow et al. 2016). Warm sea surface temperatures occurred during the campaign

(Martin et al. 2016; Andreae et al. 2018).

During the simulation period (16 to 18 September 2014), MODIS (Moderate Resolution Imag-

ing Spectroradiometer) images show that on 16 September, the sky was partially cloudy with

shallow cumulus clouds. A deep convective cell formed to the northeast of Manaus with a large

anvil above 12 km in altitude on 17 September. On this day, cloud fraction at the location of

the regional domain reached 100%. A squall line passed Manaus and it extended as far as 240

km to the northwest of Manaus. On 18 September 2014, the sky became partially cloudy and

the convective cells were diminished or left the region.

Figure 3.2: Histograms of hourly mean cloud top height from the GoAmazon2014/5 campaign
observations (black) and the maximum cloud top heights of one of the regional model simula-
tions, BioOxEmCCS (red; see Table 3.2) between 16-18 September 2014. The observations are
from the Geostationary Operational Environmental Satellites (GOES; (Chen and Xie 1996)).
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Figure 3.2 shows histograms of the hourly mean cloud top height obtained from the Geostation-

ary Operational Environmental Satellites (GOES) from Atmospheric Radiation Measurement

(ARM) user facility database for the time period of the GoAmazon2014/5 field campaign (16-18

September 2014, (Chen and Xie 1996)) and from a model simulation (BioOxEmCCS, see Table

3.2). GOES measured many cloud top heights at around 2-4 km, 6 km, and 8-13 km altitude

during the three days. The model result does not show many cloud top heights at lower alti-

tudes, because I only compared the maximum cloud top heights at each of the 3-hourly model

output in the analysis. The model shows many cloud top heights at around 11-13 km, with the

GOES observations also showing many clouds at these heights. However, the regional model

generates many high clouds with cloud top heights around or above 15 km, indicating very deep

clouds or thin clouds at high altitudes, which may potentially cause strong vertical transport.

Aerosol measurements

The measurements of particle number concentrations from ACRIDICON-CHUVA are used in

this study. The instruments aboard the HALO aircraft measured aerosol particle concentrations

up to around 14 km in altitude, approximately where boundary of the upper troposphere and

lower stratosphere locates, and the flight area covered the region of interest (Fig. 3.3) as well as

wider regions of Amazonian basin. Four butanol-based CPCs (condensation particle counters)

and a UHSAS (Ultra-High Sensitivity Aerosol Spectrometer) were used to measure particles of

various sizes. The measured particles are split into two size ranges by diameter: those larger

than 20 nm dry diameter (ND>20nm) and those larger than 90 nm diameter (ND>90nm). The

ND>20nm data consist of measurements with lower cut-off diameters that vary with pressure

because of inlet loss: 9.2 nm at 1000 hPa, 11.2 nm at 500 hPa, and 18.5 nm at 150 hPa

(Andreae et al. 2018). ND>90nm were measured using a UHSAS and an OPC (optical particle

counter). For a more extensive description of the measurements, see Andreae et al. (2018).

3.2.2 Models and simulations

Global and regional model configurations

Based on GA7.1 (Global Atmosphere v7.1) of Unified Model version 11.3, a global model with

a nested regional model configuration is used in this chapter (see also Chapter 2). The global

model uses the N216 grid (around 65 km horizontal resolution) with 70 vertical levels up to 80

km altitude. The nested regional domain is centred at (1.5◦S, 63◦W) and has 4 km horizontal
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resolution. The domain size is 440 km north-south and 1080 km east-west (Fig. 3.3) to align

approximately with the mean wind direction. There are 70 vertical levels to 40 km altitude,

with 63 levels in the lowest 20 km, the region of interest of this study. The residence time of

air in the regional domain is determined by horizontal wind speed and is between 20 and 40

hours, which is around half of the total simulation time. As has been introduced in Chapter 2,

the regional model is driven by hourly boundary conditions generated from the global model.

The global model uses parameterised convection which simplifies the transport process (Fritsch

and Chappell 1980; Gregory and Rowntree 1990; Stratton et al. 2009; Derbyshire et al. 2011;

Walters et al. 2019) while the regional model is able to resolve convection. The global model has

a simplified microphysics (Wilson and Ballard 1999; Abdul-Razzak and Ghan 2000; West et al.

2014) and regional model uses CASIM (Cloud-AeroSol Interacting Microphysics) microphysics

model (Shipway and Hill 2012; Hill et al. 2015; Grosvenor et al. 2017; Miltenberger et al. 2018a;

Gordon et al. 2020; Field et al. 2023).

Figure 3.3: Maps of nucleation mode aerosol number concentrations from the regional and
global models at a height of 15 km and at 15 UTC on 17 September, 2014. The map in the
upper panel presents a broader view of South America and shows the location of the regional
domain (dotted dashed box). All three maps share the same colourbar.

UKCA (United Kingdom Chemistry and Aerosol) is coupled to both global and regional model.

The emissions used in this chapter includes organic carbon and black carbon emissions from
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biomass and fossil fuel burning from the GFED (Global Fire Emissions Database) version 3.1

and CMIP5 (Coupled Model Intercomparison Project) inventories (Van Der Werf et al. 2003;

Kanakidou et al. 2005). UKCA uses monthly averages of SO2 and DMS from CMIP5 emission

inventories in both the global and regional models. The marine source of DMS has been param-

eterised based on Lana et al. (2011) and land biomass burning (Werf et al. 2006; Lamarque et al.

2010; Granier et al. 2011; Diehl et al. 2012); SO2 comes from volcano eruptions (Andres and

Kasgnoc 1998; Halmer et al. 2002), biomass burning (GFEDv3.1 inventory), bio-fuel burning,

fossil-fuel burning and industrial emissions (Cofala et al. 2005). The monoterpene emissions

mainly come from the monthly averages of vegetation (Guenther et al. 1995).

New particle formation

In this chapter, binary nucleation and biogenic nucleation mechanisms are used to investigate

the particle concentrations in the dry-to-wet transition season in Amazonia. The schematic

diagrams in Fig. 2.1 and Fig. 3.4 show the oxidation, nucleation and particle growth pathways

of the binary and biogenic nucleation mechanisms.

Figure 3.4: A schematic diagram showing oxidation pathways and their roles in binary nucle-
ation mechanism and particle growth in the UKCA.

Binary nucleation follows the parameterisation of sulfuric acid-water (H2SO4-H2O) in Vehkamäki

et al. (2002). In the UKCA model, the binary nucleation gas H2SO4 mainly comes from the

oxidation of SO2 and DMS. It also condenses on to existing aerosols, contributing to their

growth.

Details of biogenic nucleation can be found in Chapter 2. Here, biogenic nucleation is used to

simulate Amazonian NPF, focussing on the environmental conditions for, and the consequences
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of new particle formation rather than the chemical mechanism.

Table 3.1: The chemical reactions in the offline chemistry and the corresponding rate constants.

Reactions Rate constants

DMS + OH →SO2 9.6 × 10−12

DMS + OH →SO2 + DMSO 3.04 × 10−12

DMS + NO3 →SO2 1.9 × 10−13

DMSO + OH →SO2 5.8 × 10−11

SO2 + OH →H2SO4 3.00 × 10−31

Monoterpene + OH →SecOrg 1.2 × 10−11

Monoterpene + O3 →SecOrg 1.01 × 10−15

Monoterpene + NO3 →SecOrg 1.19 × 10−12

HO2 + HO2 →H2O2 2.2 × 10−13

OH + H2O2 →H2O 2.9 × 10−12

A simplified (offline) chemistry scheme is used to reduce computational cost. Here, the oxidants

(OH, O3, HO2, H2O2 and NO3) are read in from monthly mean ancillary files generated from a

full chemistry simulation (Walters et al. 2019), then OH and HO2 concentrations are modulated

according to the diurnal cycle of solar radiation. The chemical reactions and rate constants are

summarised in Table 3.1. In the Amazonian environment, apart from monoterpene, isoprene

is another BVOC (biogenic volatile organic compounds) that significantly affects upper tropo-

spheric aerosol mass (Schulz et al. 2018), but the simplified chemistry scheme does not include

isoprene and the related chemistry. This representation of the chemical mechanism is one of

the many uncertainties associated with biogenic particle formation.

Simulation details

Both the global and regional models are run from 16 to 18 September 2014, which is close to

the end of Amazonia dry season and is the time when the ACRIDICON-CHUVA field campaign

took place (Wendisch et al. 2016). The global model was spun-up for 15 days (1-15 September

2014) in order to allow the model to initialise the aerosol fields.

During the 3-day simulation, deep convection usually occurs at 15 UTC (11 LT) and reaches a

maximum two hours later. The domain averaged surface rain rate reaches a maximum (approx-

imately 118 mm hr−1) within an hour after the start of the deep convection. The rain lasts for 5

to 6 hours, then the convective clouds start to dissipate and completely disappear by midnight.

During the most vigorous phase, cloud top height reaches a maximum of 20 km in altitude. In

the initial stages of cloud development, at below 2 km in altitude, the cloud coverage is around
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50%-70%. As the clouds deepen, the low-level clouds are transformed into deep clouds within

an hour, with the low-level cloud cover being reduced to approximately 10%. At the same time,

mid-level cloud covers around 10% of the horizontal domain and the high-level cloud fraction

reaches 100%.

In this chapter, I will test the binary and pure biogenic nucleation mechanisms and investigate

the sensitivity of the particle number concentrations to the nucleation rate, oxidation rate, emis-

sion rate and condensation sink. I will also study the source and the vertical distribution of the

particles in the regional domain. Table 3.2 shows the name and components of the nucleation

mechanisms used for all the simulations in this study. The first five simulations use (1) binary

sulfuric acid-water nucleation (denoted as Bn), (2) binary nucleation with the nucleation rate

increased by a factor of 10 (Bn×10), (3) pure biogenic nucleation from Gordon et al. (2016)

(Bio), (4) pure biogenic nucleation with the oxidation rates of monoterpenes reduced by a factor

of 10 (BioOx), and (5) reduced monoterpenes oxidation and the monoterpenes emission rate

increased by a factor of 10 (BioOxEm).

Table 3.2: A table of all simulations and the NPF mechanisms. The monoterpenes (MT)
oxidation÷10 denotes that the oxidation rates of monoterpenes (to secondary organics) are
reduced by a factor of 10, and 10×MT emission denotes increasing the monoterpenes emission
rate by a factor of 10. CCS = condensation sink from clouds.

Binary Biogenic MT
oxidation÷10

10×MT
emission

CCS NPF notes

1. Bn ✓

2. Bn×10 ✓ Bn NPF rate×10
3. Bio ✓

4. BioOx ✓ ✓

5. BioOxEm ✓ ✓ ✓

6. BioOxCCS ✓ ✓ ✓

7. BioOxEmCCS ✓ ✓ ✓ ✓

8. off allNPF ✓ ✓ ✓ ✓ NPF off everywhere
9. off regNPF ✓ ✓ ✓ ✓ NPF off in regional

10. NPF 1-4km ✓ ✓ ✓ ✓ NPF 1-4 km only
11. NPF 4-7km ✓ ✓ ✓ ✓ NPF 4-7 km only
12. NPF 7-10km ✓ ✓ ✓ ✓ NPF 7-10 km only
13. NPF 10-13km ✓ ✓ ✓ ✓ NPF 10-13 km only
14. NPF 13-16km ✓ ✓ ✓ ✓ NPF 13-16 km only

The justification for the changes in monoterpenes emissions is that biogenic volatile organic com-

pounds (BVOCs) usually have various species and a wide range of abundances and volatilities,

and the rates of BVOC emissions and their oxidation mechanisms are still not well understood
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despite some progress reported in the literature (Sindelarova et al. 2014). Additionally, the

oxidation rate of organics has large range of uncertainty (up to 10−10) and the rate even differs

by three orders of magnitude with the same oxidant (Kwok and Atkinson 1995). The compar-

isons with observed aerosol (Section 3.3.1) suggest that monoterpenes are oxidised too quickly

in the default simulation (Bio) and are not transported to the UT where they could contribute

to NPF. Therefore, the oxidation rates in the UKCA are reduced to allow for a longer monoter-

pene lifetime so that monoterpenes will be more likely to contribute to NPF (BioOx simulation).

The oxidation rates are not increased because they will drive the simulations away from the

observations by producing too few aerosols in the UT.

The averaged monoterpenes mixing ratios in the regional domain overestimate the ATTO tower

observations at the surface and 75 m by a factor of 2, and by a factor of 1.5 at 155 m (Yáñez-

Serrano et al. 2018; Zannoni et al. 2020). In contrast, between 1 and 2.5 km, the simulations

underestimate aircraft measurements by a factor of 0.1 (Kuhn et al. 2007). There are no

measurements of monoterpenes available in the UT, but a even stronger underestimation is

expected there. The insufficient mixing ratios of monoterpenes are likely the cause of the very

low nucleation rates (1.8×10−3 cm−3 s−1) in the UT in the simulations with the default bio-

genic nucleation scheme and with reduced oxidation rates, such that these simulations cannot

reproduce the observed concentrations (Section 3.3.1 and 3.3.2). For example, the BioOxCCS

simulation underestimates the observed particle number concentrations at 12 km by a factor

of 8.6. Therefore, for the simulation with reduced oxidation rates, the monoterpenes emission

rate is also increased by a factor of 10 to allow more monoterpenes to be transported to the UT

to further enhance NPF (BioOxEm simulation). This is the default simulation for most of the

rest of the study to explore the factors controlling NPF and aerosol transport.

In September 2014, strong biomass burning events took place, which led to high condensation

sinks and partly explained the reason why no NPF events were observed close to the surface

(Andreae et al. 2018). However, the models do not capture the suppression due to a lack of

high-resolution biomass burning emissions and the overestimated monoterpenes emission at sur-

face. Thus, the NPF is eliminated below 100 m for all simulations here.

The second set of simulations is designed to examine the effect on NPF of the condensation sink

on cloud particles. The default model includes only a sink of vapours and nuclei onto existing
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aerosol but not onto cloud hydrometeors. Thus, an additional condensation sink from cloud

droplets and ice crystals is added to UKCA (see Chapter 2).

To understand the source of particles in the regional domain, additional simulations were ran

in which nucleation was switched off in both the regional and global models (off allNPF) and

in the regional model only (off regNPF). These simulations allow me to quantify the effect of

NPF within the 1080 km by 440 km regional model domain compared to that from outside of

the regional domain.

A final set of five simulations was performed to understand how particles that are nucleated at a

particular altitude are transported vertically and thereby affect aerosol at other altitudes. These

simulations are also based upon the BioOxEmCCS simulation. For these five simulations, NPF

will occur at all heights above 100 m in the global model, but only allow NPF in the regional

model to occur at certain altitudes (1-4 km, 4-7 km, 7-10 km, 10-13 km and 13-16 km).

3.3 Results

3.3.1 Model-observation comparison

Figure 3.5 shows the measured profiles of median particle number concentrations from flight

AC11 (16 September 2014) of the ACRIDICON-CHUVA campaign compared to five of the

model simulations. All the data in this section are converted to standard temperature (273.15

K) and pressure (105 Pa; STP), using Eq. 3.1.

NSTP =
Nambient × P0 × T

P× T0
, (3.1)

where NSTP is the number concentrations of particles converted to STP, Nambient is the number

concentration at the current temperature and pressure, T is temperature in K, P is the pressure

in Pa, P0 is the constant pressure (10
5 Pa), and T0 is the constant temperature (273.15 K). The

data from flight AC11 are used because the flight track falls well within the regional domain

and the date of measurement is within the simulation period. Supplementary Fig. A.1 shows

the full campaign.

Below 3 km in altitude, the observed median ND>20nm is homogeneous with height, with a

concentration of around 1600 cm−3. The median of ND>20nm then increases with altitude to a
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maximum at 11.8 km with a value of 19000 cm−3. The observed profile of median ND>90nm is

also homogeneous with height up until around 2 km and has a similar median concentration to

ND>20nm (1400 cm−3), which shows that the observed concentration of small particles is low at

these low altitudes. Above 2 km, the observed ND>90nm decreases to around 6-8 km and then

increases again with height and reaches around 1100 cm−3 at 12.5 km.

Figure 3.5: The observed and modelled vertical profiles of median number concentrations of
particles with diameters >20 nm (ND>20nm, top row) and >90 nm (ND>90nm, bottom row).
The observations are shown as grey dots and a grey line (repeated for all panels). The grey dots
are individual observations from ACRIDICON-CHUVA flight AC11 (16 September 2014) with a
time resolution of 1 minute, and the thick grey lines are the medians of the observations binned
within the same height ranges as the regional model levels. The modelled results are from the
various regional simulations averaged from 0 UTC on 17 September to 23 UTC on 18 September
2014, (a) Bn, (b) Bn×10, (c) Bio and BioCCS (dashed line), (d) BioOx and BioOxCCS (dashed
line), and (e) BioOxEm and BioOxEmCCS (dashed line). The shading represents 2.5% and
97.5% percentiles from the modelling results.

In the simulation with the default binary nucleation mechanism (simulation Bn) and in that

with a 10 times enhanced nucleation rate (Bn×10; Fig. 3.5 a and b) median number concen-

trations of ND>20nm are low at the surface, and then increase with height until they reach a

maximum (9900 cm−3) at 14 km in altitude where they start to decrease to almost zero at

around 15 km in altitude. The two simulations exhibit similar number concentrations until 12

km. Throughout most of the profiles, both simulations reproduce the measurements well with

an overall mean difference of -4.6% (Bn) and 2% (Bn×10). However, between 10 and 13 km

the models underestimate the observations by 46% for the Bn and and 37% for the Bn×10

simulations. The profiles of ND>90nm (Fig. 3.5 f and g) show the highest concentrations below
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2 km where the values are approximately constant with height (600 cm−3). There is another

peak at around 15.5-16 km (around 500 cm−3) in altitude, and the concentrations are much

lower between 4 and 13 km (< 100 cm−3). These two simulations underestimate the observed

ND>90nm by 46% (Bn) and 47% (Bn×10) when averaged over all altitudes.

In the simulations with biogenic nucleation (Bio, BioOx and BioOxEm) the median ND>20nm

have low concentrations from the surface to around 10 km in altitude, where the particle number

concentrations significantly increase. The profiles of ND>90nm have higher concentrations in the

boundary layer and UT than at the altitudes in between. The Bio and BioCCS simulations (Fig.

3.5 c) underestimate the height-averaged observed ND>20nm (by 52%) and ND>90nm (by 36.7%)

suggesting insufficient NPF and particle growth. When the monoterpenes oxidation rates are

reduced (BioOx and BioOxCCS; Fig. 3.5 d), the aerosol number concentrations increase be-

cause the reduced oxidation rate enables the longer-lived monoterpenes to be transported to

the UT. The BioOx and BioOxCCS simulations therefore match the observed concentrations

below 8 km, but still underestimate concentrations above 8 km by an average of 28% (BioOx)

and 50% (BioOxCCS) for ND>20nm and 76% for ND>90nm in both simulations. With an in-

creased monoterpenes emission rate (BioOxEm and BioOxEmCCS simulations; Fig. 3.5 e) the

model produces significantly higher particle concentrations than in the other simulations, as

expected. The BioOxEm simulation overestimates ND>20nm at all altitudes with an averaged

overestimation of a factor of 3 for heights below 14.3 km, and overestimates ND>90nm below 9

km by an average factor of 3 (Fig. 3.5 j). Adding the cloud condensation sink (BioOxEmCCS)

improves overestimation of ND>20nm above 9 km and the modelled concentration is reduced

to around 30% compared to the observations. The increased emission rate combined with the

cloud condensation sink allows the model to reproduce the UT aerosol number concentrations

but causes too many particles in the lower troposphere. Whether these particles are formed by

NPF within the regional model or in the global model is discussed in Section 3.3.4.

The simulations with binary nucleation mechanisms (Bn and Bn×10) produce ND>20nm and

ND>90nm in the UT that are up to 100 times smaller than the three simulations with biogenic

nucleation (Bio, BioOx and BioOxEm). The smaller concentrations and variability occur be-

cause binary nucleation is determined by the SO2 gas field that, due to its long lifetime relative

to monoterpenes, is more controlled by the global model, whereas biogenic nucleation is con-

trolled more by convective transport, mixing and oxidation in the regional model. I also ran a
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simulation in which the regional SO2 emission was removed and the SO2 profiles were almost

identical to the Bn simulation meaning that the SO2 in the regional domain was hardly affected

by the regional-scale processes.

The BioOxEmCCS simulation is chosen as the base model for the rest of this study for two

reasons: (1) it matches the observed particle concentrations well in the UT (Section 3.3.1); (2)

it includes the suppression of unrealistic NPF inside clouds via the cloud condensation sink.

Various factors including oxidation rates, oxidant concentrations, emissions and the condensa-

tion sink affect the model performance and these simulations can only give a limited view of

this sensitive environment since they lack the complexity to represent all of the processes that

happen in reality. However, the overall reasonable match to observations shows that the chosen

model is well suited to addressing the aims of this study.

3.3.2 Analysis of particle formation and growth

Figure 3.6 shows vertical profiles of particle concentrations, nucleation and growth rates, and

trace gas volume mixing ratios. All the profiles are averaged from 0 UTC on 17 September to

23 UTC on 18 September 2014. For the rest of the chapter, ambient particle concentrations are

quoted without the conversion to STP as performed for Fig. 3.5.

The NPF rates at 3 nm in diameter in all five simulations increase with height until 14.3

km, reaching a maximum of 3.5 cm−3 s−1 in the simulation with the most intensive nucleation

(BioOxEm). The binary nucleation rates increase more sharply with height because of the strong

temperature dependence of the binary nucleation rate (Vehkamäki et al. 2002). The nucleation

rate in the simulation with the biogenic nucleation mechanism is higher in the boundary layer

compared to the Bn simulation because of abundant monoterpene, but still, at around 0.03

cm−3 s−1, too low to produce frequent NPF events. The rate then decreases until 2 km in

altitude, where it starts to increase with height until 14 km. When the monoterpenes oxidation

rate is decreased and the monoterpenes emission rate is increased (from Bio to BioOxEm), the

NPF rate increases by up to a factor 160 and growth rates increase by a factor of 11 in the UT

because more monoterpenes is transported to the UT. Averaged over all heights, the nucleation

rates from these three biogenic simulations are factors of 160 to 200 larger than in the Bn and

Bn×10 simulations.
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Figure 3.6: Regional domain- and time-averaged vertical profiles of ambient (a) nucleation rate
(up to 3 nm in diameter), (b) growth rate in the biogenic nucleation mechanism (from 1.7 nm
to 3 nm), (c) nucleation mode aerosol number concentrations (with the inset figure showing
the number at lowest 3 km), (d) Aitken mode aerosol number concentrations, (e) accumulation
mode aerosol number concentrations, (f) SO2 volume mixing ratios, (g) H2SO4 volume mixing
ratios, (h) monoterpenes volume mixing ratios, and (i) secondary organic (SecOrg; the oxidation
product of monoterpene) volume mixing ratios. The results are from the simulations with binary
nucleation (Bn; black solid), binary nucleation with 10 times nucleation rate (Bn×10; black
dotted dashed), pure biogenic nucleation (Bio; light brown), biogenic nucleation with reduced
(÷10) oxidation rate (BioOx; brown), and biogenic nucleation with reduced oxidation rate and
enhanced (×10) monoterpenes emission (BioOxEm; dark brown). The shading represents one
standard deviation either side of the mean at each height.

The growth rate for the biogenic nucleation between 1.7 nm and 3 nm in diameter is driven

by the concentrations of the condensable gases. For binary nucleation, which is driven by

H2SO4, there is no consideration of the growth rate between 1.7 nm and 3 nm in the model

calculations and therefore it is not shown in Fig. 3.6. The growth rates in the simulations with

biogenic nucleation (Bio, BioOx, and BioOxEm) decrease with height because the concentration

of HOMs decreases by a factor of around 1000 from the surface to 14 km in all simulations.

The differences in the nucleation and growth rates between the binary and biogenic nucleation

mechanisms are generally reflected in the aerosol number concentrations (Fig. 3.6 c, d, and e).

Following the nucleation and growth rates, the nucleation mode aerosol number concentrations

are very low below 4 km in all simulations. Above 4 km the concentration increases with

height. The differences in nucleation mode aerosol number concentration between the two

simulations with binary nucleation are small due to similar nucleation rates, except for those
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between 10 and 16 km with a maximum enhancement of 73% for Bn×10 compared to the

default Bn simulation. With biogenic nucleation (Bio, BioOx, and BioOxEm), the nucleation

mode concentration peaks at around 14 km (25000 cm−3). When the simulations with the

most intensive nucleation (BioOxEm) to the standard biogenic nucleation simulation (Bio) are

compared, the results show that the 1800 times higher nucleation rate and 10 times higher

growth rate result in a factor of 18 higher nucleation mode concentration at 14 km.

The Aitken mode profiles in the simulations with binary nucleation mechanisms (Bn and Bn×10)

have two peaks at around 8 km and 14 km. The concentrations in Bn and Bn×10 simulations are

similar except for between 12 and 16 km in altitude where the difference is likely due to the higher

nucleation mode aerosol concentrations. The simulations with biogenic nucleation mechanisms

(Bio, BioOx and BioOxEm) also have two peaks at 5 km and 14 km. The concentrations in those

peaks are 11 times higher in the BioOxEm than in the default Bio simulation. Interestingly,

there is no corresponding peak in the nucleation and growth rates at 5 km in any of the three

biogenic nucleation simulations. The Aitken mode peaks at 5 km are due to transport from

outside of the regional domain (i.e., from the global model) from the same altitudes where

nucleation rate is greater than 0.1 cm−3 s−1 (Supplementary Fig. A.2 and A.3). Whether

particles are formed within or outside the regional domain is investigated in more detail in

Section 3.3.4.

The accumulation mode aerosol number concentrations are greatest below 2 km (on average

between 500-2500 cm−3) in all simulations. They quickly decrease to almost-zero between 6

and 12 km in altitude above which the concentrations increase again to form a peak at around

14-15 km. The BioOxEm simulation has more accumulation mode aerosols below 2 km than

the BioOx simulations even though the BioOxEm simulation has fewer Aitken mode particles

to grow from in the regional domain. This suggests that the Aitken mode particles are not

growing into the accumulation mode size range within the regional domain, but rather in the

global domain and are then transported into the regional domain (Supplementary Fig. A.2).

The peak in accumulation mode number concentration at around 14-15 km is also associated

with peaks in nucleation and Aitken mode concentrations, implying that the newly nucleated

particles can grow to larger sizes in the UT.

In the boundary layer both the binary and biogenic nucleation mechanisms produce similar
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particle number concentrations in their default scenarios (Bn and Bio). When the monoterpenes

oxidation and emission rates are changed (BioOx and BioOxEm), aerosol number concentrations

increase by factors of 3-5, especially for Aitken and accumulation mode aerosols. This suggests

that the aerosol concentrations are very sensitive to the representation of biogenic nucleation

in the boundary layer. Conversely, the lack of binary nucleation in the boundary layer means

that the details of the binary nucleation process are not important for the boundary layer.

3.3.3 Cloud condensation sink

The condensation sink suppresses NPF and models often calculate it using the aerosol surface

area. An additional condensation sink due to cloud droplets and ice crystals is added to suppress

in-cloud NPF in the global and regional model domains (Kazil et al. 2011). It is applied to

the simulations with biogenic nucleation (BioOx and BioOxEm) to produce the simulations

BioOxCCS and BioOxEmCCS. In the UKCA model, the typical aerosol condensation sink

varies between 0.003 to around 0.01 s−1 over all heights, with a maximum domain average of

0.04 s−1. After adding the condensation sink from cloud droplets and ice crystals, the overall

condensation sink is doubled.

Figure 3.7: Maps of regional domain nucleation rate (left) and nucleation mode aerosol number
concentrations (right) in the simulations BioOx, BioOxCCS, BioOxEm, and BioOxEmCCS at
a height of 15 km and at 16 UTC on 17 September 2014. Contours highlight the locations of
clouds and are drawn where the cloud water content is equal to 0.002 g kg−1. The white areas
in the nucleation rate maps have zero values and cannot be specified by a log-scale plot.

The addition of a cloud condensation sink substantially alters the spatial distribution of the

nucleation rates and particle concentrations. Figure 3.7 shows that adding the cloud conden-

sation sink almost completely suppresses NPF in the cloudy regions, which is evident from the

holes in the spatial pattern of nucleation rate with rates lower than 10−5 cm−3 s−1 at 15 km.

Consequently the addition of the cloud condensation sink results in lower nucleation and Aitken
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mode particle concentrations (Fig. 3.8). NPF continues to occur in the non-cloudy regions be-

cause the upward-transported monoterpenes continue to be oxidised after the clouds evaporate,

especially in the simulations with reduced oxidation rates. Holes in the NPF spatial distribu-

tion also occur in the BioOxEmCCS simulation (with both reduced monoterpenes oxidation

and enhanced emissions). However, these empty areas do not cover the full extent of the clouds

as they do in the BioOxCCS simulation. In the cloud outflow regions NPF rates reach 1 cm−3

s−1 in the BioOxEmCCS simulation.

Figure 3.8: Regional time- and domain-averaged profiles from the BioOx, BioOxCCS, BioOxEm,
and BioOxEmCCS simulations. Shown are the nucleation and Aitken mode aerosol number
concentrations (a and c) and the percentage changes in nucleation and Aitken mode aerosol
number concentrations due to the introduction of the cloud condensation sink (b and d).

3.3.4 Contribution of NPF to low-level regional particles

This section aims to quantify the number of aerosol particles in the regional domain that

are formed due to NPF and growth occurring within the regional domain compared to those

transported into the domain from the rest of the world. Thus, extra simulations are included

where NPF is switched off in both the regional and global domains (off allNPF) and only in

the regional domain (off regNPF) using the BioOxEmCCS as the baseline simulation. The

percentage change is calculated as 100× (BioOxEmCCS− off XXNPF)/BioOxEmCCS, where

off XXNPF denotes the simulation with either NPF switched off in both models (off allNPF),

or NPF switched off in the regional model (off regNPF) only.

The time series of the aerosol vertical profiles in Fig. 3.9 show how number concentrations in

the nucleation, Aitken and accumulation modes change when nucleation is switched off. The

number concentrations of particles of all sizes are often reduced greatly compared to the baseline

simulation by switching off NPF regionally and globally. Reductions are smaller when switching

off NPF in just the regional model (off regNPF), particularly below about 14 km. The changes

in aerosol number concentrations in the regional model mostly occur between 10 and 18 km. In

44



Chapter 3. The contribution of regional aerosol nucleation and transport to low-level CCN in
an Amazonian deep convective environment 3.3. Results

contrast, the changes in aerosol number concentrations are large at all heights when nucleation

in both models is switched off (off allNPF).

Figure 3.9: Time series of the regional domain averaged ambient aerosol number concentration
profiles in the baseline BioOxEmCCS run minus those from a run in which nucleation is switched
off in both the regional and global model (off allNPF, left column) and minus those in which it
is switched off in only the regional model (off regNPF, middle column). The right column shows
the time and domain-averaged profiles and the small panel embedded in the nucleation mode
aerosol number concentration profiles (top right) shows details in the lowest 3 km in altitude.
Values are shown for the nucleation mode aerosol (upper row), Aitken mode aerosol (middle
row), and accumulation mode aerosol (bottom row). The regional domain averaged nucleation
mode aerosol number concentrations in the simulation off allNPF (top right plot) are all zero.

The percentage contribution of NPF to aerosol concentrations varies with the particle size and

altitude (Fig. 3.10). The larger the particle size, the smaller the influence from NPF occurring

in the regional model.

In this domain, NPF in the regional model has the dominant contribution to the nucleation

mode particle concentration for all heights except 3-10 km, with contributions of more than
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80% above 10 km in altitude. It demonstrates that formation of nucleation mode aerosol occurs

on relatively short time scales and hence also small spatial scales. These results show that the

increased nucleation mode aerosol concentrations seen in the UT in Fig. 3.6 when switching

from the baseline biogenic nucleation (Bio) to the enhanced biogenic nucleation schemes (BioOx

and BioOxEm) are mainly caused by additional biogenic NPF within the regional domain rather

than outside of it. At 3-10 km, NPF in the regional model contributes to less than 45% of the

nucleation mode concentration, so 55% is formed in the global model and advected in.

Figure 3.10: In the regional domain, the percentage contribution of NPF to the nucleation,
Aitken and accumulation mode aerosol number concentrations from the global model (left) and
regional model (right) at various altitudes.

The effect of advection of nucleation mode aerosol into the regional domain at different altitudes

is determined partly by the different vertical profiles in the two domains. Nucleation rates in

the global model at 3-10 km are on average 25 times greater than in the regional model in the

BioOxEmCCS simulation (Supplementary Fig. A.3). The smaller nucleation rate in the regional

model is likely due to the higher condensation sink generated by explicit cloud convection, and

by the different vertical profiles of trace gases caused by resolved convection. For example, at

around 8 km where the nucleation mode concentration is about a factor of 4 higher than in the

regional model, the regional condensation sink is about a factor of 3 higher than in the global

model, while the concentrations of monoterpenes are within 10% (Supplementary Fig. A.3).

The higher condensation sink results in around 50 times lower nucleation rate in the regional

model. These numbers suggest that nucleation rate in the global model is higher than in the

regional model in this deep convective environment due to the global model failing to resolve

the small-scale spatial variations in trace gases, aerosols and clouds.
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The percentage contribution of NPF to the Aitken mode particle concentration in the regional

model is also dominant above 14 km in altitude, but is small below that height. Below 2 km (in

the boundary layer), it is around 12%-19%. Between 14 and 15 km in altitude, around 51%-

66% of the domain-averaged Aitken mode concentration is from NPF in the regional domain,

and 25%-41% is from the global model NPF. The percentages do not sum to 100% because

of the contribution from primary particles. At 5 km, NPF in the regional model accounts for

12% and outside the regional domain, the global model accounts for 78% of the Aitken mode

concentration. This result supports the arguments that the extra Aitken mode aerosol that was

seen in Fig. 3.6 when switching from BioOx to BioOxEm at 5 km in altitude were due to NPF

in the global model (either at 5 km, or at other heights followed by vertical transport). The

overall percentage contribution of NPF to Aitken mode aerosol in the regional domain is smaller

than that of the nucleation mode aerosol because forming the Aitken mode aerosol requires a

longer time and is affected by coagulation and scavenging.

The accumulation mode aerosol is the least dependent on NPF from the regional model. Above

15 km, the contribution of NPF in the regional domain to the accumulation mode aerosol is

49% and 20% is from global model NPF, meaning that the regional model is able to form some

accumulation mode aerosol via NPF in the time available in the domain. In Fig. 3.6 more

accumulation mode aerosol appear below 2 km in altitude as the biogenic nucleation rates were

increased (from Bio to BioOx and from BioOx to BioOxEm). Fig. 3.10 confirms that NPF in

the regional domain does not lead to the formation of the additional accumulation mode below

2 km because NPF actually slightly reduces the concentrations, showing that the regionally-

formed Aitken mode particles do not grow to accumulation mode sizes at these heights. A

few possible explanations for the slight reduction in concentrations due to NPF below 2 km

are: that NPF causes the aerosol size distribution to shift to a smaller size as was reported in

Sullivan et al. (2018); due to upward transport from the surface to higher altitudes; it could

also be caused by the randomness of a different convection field. Further investigations of the

issue of aerosol vertical transport are in Section 3.3.5.

Overall, the findings in this section show that in the regional domain below 2 km, Aitken and

accumulation mode particles are dominated by NPF occurring outside of the regional domain

and in this study, these particles come from the global model. It implies that the boundary

layer CCN, which influence cloud droplet number concentrations, are originally transported
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from outside the domain.

3.3.5 Convective transport of particles

Section 3.3.4 showed that NPF in the regional domain produces only around 10-20% of Aitken

mode aerosol in the boundary layer and has a negligible effect on the accumulation mode. Here

the reason why these regionally nucleated particles have a weak effect on boundary layer Aitken

and accumulation mode particles is investigated. Five simulations are added in which NPF in the

regional model is only allowed at specific altitudes (1-4 km, 4-7 km, 7-10 km, 10-13 km, and 13-16

km). Percentage differences are calculated using 100×(NPF XXkm−off regNPF)/NPF XXkm,

where NPF XXkm denotes one of the simulations with NPF switched on only between 1-4 km,

4-7 km, 7-10 km, 10-13 km, and 13-16 km.

Figure 3.11: The absolute (upper row) and percentage (lower row) changes of the regional
time- and domain-averaged profiles of ambient number concentrations of (left column) nucle-
ation mode aerosol, (middle column) Aitken mode aerosol, and (right column) accumulation
mode aerosol, between the simulations with NPF switched on at certain altitudes (NPF 1-4km,
NPF 4-7km, NPF 7-10km, NPF 10-13km, and NPF 13-16km) and the simulation with no NPF
in the regional domain (off regNPF).

Figure 3.11 shows the absolute and percentage domain-average effects of NPF occurring in these

altitude layers. The absolute differences are most significant for the nucleation and Aitken mode
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above 10 km, and the accumulation mode above 15 km in altitude. NPF above 10 km (in the

UT; NPF 10-13km and NPF 13-16km) perturbs particle concentrations almost entirely at or

above the heights where it occurs. For example, in the NPF 13-16km simulation, the nucleation

mode concentration changes by around 7200 cm−3 (79%) at these altitudes, the Aitken mode

concentration changes by 3900 cm−3 (70%), and accumulation mode concentration changes by

470 cm−3 (83%). It again confirms that the regionally-formed nucleation mode particles grow

and coagulate to form Aitken and accumulation mode aerosol within the domain. NPF between

13 and 16 km (NPF 13-16km) contributes to nucleation and Aitken mode particles between 12

and 20 km and to accumulation mode particles between 13 and 20 km. The vertical extent over

which the perturbations occur implies that nucleation and Aitken mode particles are trans-

ported mostly upwards (but also downwards) from the altitudes where NPF takes place, while

the accumulation mode particles in most of the time are only transported upwards.

NPF in the regional model UT contributes very little to particle concentrations below 2 km in

the regional domain during the 3-day dry season simulation. The contributions of NPF above

10 km to particles below 2 km are -0.3 cm−3 (-0.01%) for the nucleation mode, 33 cm−3 (1.1%)

for Aitken mode and -126 cm−3 (-4.2%) for the accumulation mode. In cloudy downdrafts

below 2 km, Aitken mode concentrations resulting from NPF above 10 km occasionally reach a

maximum of 100 cm−3 (but on average, it only account for 0.13% of the local concentration of

all times) and a maximum of 60 cm−3 (on average contributing to 0.08% of the domain parti-

cles) for the accumulation mode. It shows that deep convection can transport particles that are

formed in the regional UT to low altitudes when convective downdrafts are strong. However,

these number concentrations have a negligible effect on the domain-mean number concentrations

below 2 km because deep convection covers only around 4% of the domain below 2 km. Thus,

even though NPF above 10 km in the regional model can form the Aitken and accumulation

mode particles within the domain, the majority of the particles either stay in the UT or leave

the domain by horizontal transport. These particles may be transported downwards on larger

spatial scales, but not on the scale of around 1000 km simulated here.

NPF below 10 km produces fewer particles than NPF in the UT. NPF between 7 and 10 km

causes a peak in the Aitken mode concentration up to around 590 cm−3 (20%) between 11 and

15 km, while there is no increase in Aitken mode in the 7-10 km height range where NPF is

occurring. It shows that Aitken mode particles at 11-15 km are affected by ascent of nucleation
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mode aerosol from lower altitudes followed by growth to Aitken mode sizes. NPF in all altitude

layers contributes to accumulation mode particles in the 10-15.5 km layer, with domain- and

time-mean increases as large as 180 cm−3 (65%). Overall, these results show that NPF below

the UT can contribute to Aitken and accumulation mode particles in the UT.

The addition of NPF in the regional domain reduces the accumulation mode number concentra-

tions below 4 km. It is likely due to enhanced nucleation that competes with particle growth

for condensible gases (Sullivan et al. 2018), but these increases could also be due to model

randomness.

Figure 3.12: West to east vertical slices at 1.64 S of nucleation mode (first two rows), Aitken
mode (lower two rows) number concentrations and the vertical velocity from the NPF 13-16km
regional simulation at various times (see panel titles) in order to highlight vertical transport.
Easterly winds were dominant. White and blue contours highlight clouds (liquid plus frozen
water content = 0.002 g kg−1) and yellow contours denote rain mass mixing ratios of 0.002 g
kg−1. Videos of the nucleation, Aitken and accumulation mode aerosol slices can be found in
the supplementary.
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Figure 3.12 shows the vertical slices of nucleation mode, Aitken mode particles and vertical

velocity that exemplify the vertical transport. A plume of nucleation mode aerosol at 9 UTC

on 17 September 2014 descends from around 10 km to 7 km between 64 W and 66 W and

quickly exits the regional domain to the west (see videos of vertical transport in the appendix).

Similarly, at 0 UTC on 18 September between 62 W and 63 W a ‘finger’ of nucleation mode

aerosol extends from the UT down to around 9 km and is then diluted within three hours. The

two slices also show clear downward transport of Aitken mode aerosol from around 7 km to below

2 km in altitude between 64 W and 66 W, which is associated with cloud (white contours). The

downward motion of Aitken mode aerosol is a potential explanation for the excess accumulation

mode seen below 2 km in BioOxEm compared to BioOx in Fig. 3.6 e (Section 3.3.2), namely that

the additional nucleation in BioOxEm leads to more nucleation and Aitken mode aerosols in the

global domain, which enters the regional domain below 7 km from the global model and those

Aitken mode formed below 7 km within the regional domain, are transported downwards into

the boundary layer by convection and then grows to accumulation mode sizes. The Aitken mode

aerosol from the global model nucleation are mostly formed above around 2 km in altitude where

nucleation rates start to significantly affect aerosol concentrations and grow to accumulation

mode as they sink into lower altitudes (Supplementary Fig. A.3 and A.4).

Some transport-only passive tracers are implemented in the model to understand the vertical

transport efficiency of air in the convective environment. The tracers were emitted within 9

vertical model layers using the same constant emission rate as the default monoterpenes emission

rate from CMIP5 inventories with no deposition. Figure 3.13 shows the domain averaged tracer

mixing ratios for the whole simulation period. Figure 3.14 shows maps of the instantaneous

mixing ratio of the 14 km altitude tracer at different altitudes. The 9 tracers have the largest

concentrations where they were emitted, but only those that are emitted below 6 km reach

the surface. The tracers emitted at higher altitudes are redistributed both up- and downwards

by around 5 km, creating bands with depths between 8-10 km. An example can be seen from

the maps of tracer that is emitted at 14 km altitude (Fig. 3.14). Similar scales of vertical

mixing of aerosols can also be seen from global model (Supplementary Fig. A.4). The tracer

mixing ratios at 9 km, 5 km and 500 m to 14 km altitudes are compared in order to obtain the

transport ability. The results show that on average less than 5% of the 14 km tracer reaches

an altitude of 9 km, 0.13% reaches 5 km, and barely any is transported to 500 m altitude
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(0.01%). Consequently, over a 3-day period, a convective environment of dimension 1000 km

can transport air downward in sufficient quantities to significantly affect the domain mean by

at most 5 to 8 km within the regional domain, but the influence is less than a few percent.

Figure 3.13: Regional time- and domain-averaged profiles of passive tracer mass mixing ratios
emitted from 9 different model levels with vertical thicknesses ranging from 16 m at the surface
(blue) to 2000 m at 16 km (black) in altitudes.

Figure 3.14: Maps of the mixing ratio of a passive tracer emitted at 13-16 km altitude. Mixing
ratios are shown at 14 km, 9 km, 5 km, and 500 m at 21 UTC on 17 September 2014 (47 hours
after the first release of the tracer). The upper limits in the four maps are different.

Amazonia in East-West direction is around a factor of 3 of the size of the regional domain.

Therefore, if air masses keep the descending motion, the number of particles being transported

into the boundary layer would be expected to increase. A regional simulation with a higher

resolution would be likely to be more efficient at transporting aerosol vertically but such a

simulation is not performed in this study in order to keep a reasonably large domain. In

contrast, the model exhibits strong upward transport which allows substantial amount of tracers,
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especially for those emitted below 4 km to reach 16 km in altitude. Other tracers are transported

upward by around 0.5-4 km. Therefore, in the regional domain, the aerosol can be transported

upward by as far as 16 km, but downward by at most 8 km.

3.4 Discussion and Conclusions

A a global model with a 4 km-resolution nested regional domain is used (of size 1080 km by 440

km) to study the influence of deep convection on new particle formation (NPF) and the budget

of cloud-forming aerosol particles in Amazonian boundary layer.

The regional-scale simulations show that deep convection regulates the vertical distribution of

trace gases and aerosol particles by efficiently transporting monoterpenes from the surface to

the UT. In the UT, monoterpenes can be oxidised within a few hours, and with low temperature

and condensation sink, new particles are efficiently formed. Consistent with observations (An-

dreae et al. 2018; Williamson et al. 2019) and global model simulations (Pierce and Adams 2007;

Merikanto et al. 2009; Wang and Penner 2009; Dunne et al. 2016), the regional simulations of a

convective environment show that NPF is strongest in the UT, leading to the greatest number

concentrations of nucleation and Aitken mode particles (a total of more than 10000 cm−3).

The rate of NPF in the UT is reduced and spatially strongly modulated by the condensation

sink of trace gases and nuclei on cloud droplets and ice particles. When this additional ‘cloud

condensation sink’ is included in the regional model, mean concentrations of nucleation and

Aitken mode particles in the UT are reduced by 50%. The formation of particles primarily in

detraining convective clouds is consistent with several observations (Clarke et al. 1998; Twohy

et al. 2002; Andreae et al. 2018; Williamson et al. 2019). This localised cloud sink is straight-

forward to include in a convection-resolving model, but would be more difficult to include in a

global model in which clear and cloudy air parcels in the UT are not explicitly simulated.

The typical vertical profiles of nucleation mode and Aitken mode particles, with peak concen-

trations in the UT, are created through NPF in the regional model on the timescale of a few

days. With typical easterly winds in the simulated area, the nucleation and Aitken mode par-

ticle profiles in the UT are therefore created on spatial scale of a few hundred kilometres as air

advects across the rainforest. However, below the UT the environmental conditions required

to create the nucleation and Aitken mode profiles are not ideal in the regional domain. The
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regional influence of NPF on the accumulation mode particle profile is important only at the

highest altitudes in the UT (around 15 km) and is negligible at lower altitudes. Similarly, the

influence of regional-domain NPF on Aitken mode aerosols is significant in the UT, but NPF

accounts for only around 10-25% of particle concentrations in the boundary layer with the other

more than 75% of the particles from the global model. This weak effect is because of the longer

time taken to form the larger particles following NPF, which means that particles formed by

NPF above the boundary layer are advected out of the domain before they reach the larger

sizes or before they can be transported downwards.

Below approximately 10 km altitude, the regional model simulations show that nucleation and

Aitken mode particles are not substantially affected by NPF on the timescale of 3 days. In the

regional domain of size around 1000 km aligned with the mean easterly wind, aerosol in the

boundary layer is mostly produced outside the region (in the global model) and advected into

the domain below 10 km altitude. Consistent with previous global model studies, the results

show that these advected particles were mostly formed by NPF, but on much larger spatial

scales than the 1000 km domain in the simulations.

NPF is strongest above 10 km altitude, but the simulations show that it can affect particles

below this altitude through vertical transport in the deep convective environment. The regional

simulations show clear plumes of particles being transported in downdrafts, and these have been

observed Wang et al. (2016). However, extremely few particles formed above 10 km altitude are

transported all the way to the boundary layer (less than 1%) during the 3 days of the regional

simulation. Rather, the simulations show that NPF-formed aerosol above 10 km altitude is

transported only a few kilometres downwards (to around 8-10 km in altitude), while the aerosol

entering the boundary layer originated from altitudes below 7 km. This lower-altitude aerosol

was not formed by NPF during the 3-day simulation, but was advected into the regional domain

and then transported downwards. Figure 3.15 shows a sketch of this vertical transport. This

limited vertical transport, especially for Aitken and accumulation mode, is because the down-

draft within one convective cycle in the regional domain is not strong enough to bring a large

number of particles from the UT down to the boundary layer, not even for the passive tracers

that are not scavenged during vertical transport. These results show that new aerosols that are

formed within a 1080 km by 440 km regional domain in the Amazonian dry-to-wet season are

not the major source of the boundary layer aerosol particles for such a domain.
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Figure 3.15: A schematic diagram of downward transport and mixing of aerosols associated with
NPF. The nucleation and Aitken mode aerosol profiles in upper panels are example number
concentrations in the upwind, within, and in the downwind of the simulated 1000 km by 400
km region.

The results are similar to those of Clarke et al. (2013), who reported that particles in the free

troposphere are likely to be transported from thousands of km away before they finally con-

tribute to boundary layer CCN. The extent of aerosol vertical transport in the simulations is in

line with Gerken et al. (2016) who showed that O3 from 2-7 km altitude may enter the boundary

layer during convective storms occurring during GoAmazon2014/5. Other observational studies

(Giangrande et al. 2016; Machado et al. 2021) also reported that downdrafts occurred most

frequently below the freezing level (10 km) in Amazonia and that the horizontal extent of the

downdraft decreased with increasing altitude. Similarly during GoAmazon2014/5, observations

in Tang et al. (2016) showed that the air exhibited downward motion between around 700 hPa

and the surface during the day (10-18 local time), and above around 700 hPa during the rest of

the day, but these two periods were interrupted by the upward motion, inhibiting the downward

motion from the UT to the boundary layer. The results do not show any significant increases in

particle number concentrations below 2 km associated with convective downdrafts, which is con-

sistent with the analysis of observations during GoAmazon2014/5 and ACRIDICON-CHUVA

campaigns (Machado et al. 2021). Wang et al. (2016) reported rapid downward transport of

free tropospheric aerosols that could have been formed in the cloud outflow. With ATTO tower

data, Franco et al. (2022) found particles smaller than 50 nm to enter the boundary layer that

was likely to be caused by gust front downdrafts or rain. The results of this chapter also show

instantaneous increase of Aitken mode particles up to 100 cm−3 associated with cloudy down-
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draft but only occurs occasionally. However, over the 3-day simulation of the 1000 km domain,

these downward transported particles are negligible, making the downward transport efficiency

small in the simulations.

In the dry-to-wet season transition, NPF in the boundary layer has a very limited effect on

Aitken mode and accumulation mode particles below 2 km in altitude. Instead, in the wet

season when the environment is less polluted, the percentage contribution of convective down-

draft from UT to the boundary layer particles are likely to be greater. The small effect of NPF

upon boundary layer CCN may be further weakened by strong biomass burning events that

took place in September 2014, which would increase the aerosol condensation sink and suppress

NPF. These events were not included in the simulations. This additional condensation sink

may be less important in the wet season when biomass burning is rarer and the condensation

sink is generally lower than the season studied here.

The results support the conclusion of Andreae et al. (2018) that NPF in the Amazonian UT

is sustained by the upward transport of biogenic vapours in deep convection. The simulations

show that very high particle concentrations above 10 km altitude are created within a few days

of advection of air over the rainforest. However, the results show that these newly formed

particles in the UT do not contribute to boundary layer particles via vertical mixing and trans-

port on the timescale of a few days. The results agree with Andreae et al. (2018) and Wang

et al. (2016) that Aitken mode particles can be transported downwards from the lower free

troposphere into the boundary layer, and such downdraft events associated with convection are

apparent in the model. However, on the timescale of a few days and a spatial scale of 1000 km,

such transport has a small effect on mean particle concentrations in the boundary layer. This

is even the case for passive tracers, so transport is the limiting factor, not aerosol microphysics.

Although the results are consistent with Andreae et al. (2018) in that NPF in the free tropo-

sphere is an important overall source of CCN in Amazonian boundary layer, the results show

that these particles are formed on spatial scales much larger than 1000 km, and not necessarily

over Amazonia.

Overall, I have high confidence that, during the dry-to-wet transition season, Amazonian rainfor-

est controls aerosol particle concentrations in the UT, and that the observed high concentrations

are produced directly within regions of deep convection on the timescale of a few days. I have
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moderate confidence that particle concentrations below the UT are controlled by processes oc-

curring on much larger scales than 1000 km. Therefore, the concept of a cycle of trace gas

vertical transport, particle formation, and subsequent CCN transport into the boundary layer

is unlikely to be a ‘closed loop’ over the selected region in Amazonia which is around 1/3 of the

forest in East-West direction, but is likely to be strongly influenced by advection of aerosol into

this regional domain.

There are some limitations of the simulations that would need to be overcome to confirm the

conclusions. In particular, the regional domain size and 4 km resolution may limit the gener-

alisability of the results and understandings of the regional NPF to CCN link. The relatively

coarse 4 km resolution may limit the extent of downward transport of aerosol from the UT to

the boundary layer in distinct plumes. Nevertheless, there are thermodynamic limits on the

extent to which air can be exchanged in this way. If the domain were larger, the particles would

be allowed to grow and be transported in the domain for a longer time, then the number parti-

cles enters the boundary layer from UT may experience moderate increases. A domain covering

the whole of Amazonia would be about 2-3 times larger in linear dimension than the domain

in this chapter, which would provide about 2-3 times longer for vertical mixing assuming the

same mean advection speed. This increase alone would not be sufficient to affect the conclusion

that Amazonia is not a closed CCN production loop through new particle formation. Such

a loop could exist in regions where air is stagnant over Amazonia or in the wet season with

considerably more convection.

It is strongly recommended that future regional modelling studies of Amazonian particles include

a driving global model to fully capture the long-range transport of aerosol. I also recommend

that the regional nests use an increased resolution and domain size; and that more chemical

complexity is included. Comparing the wet and dry season would be helpful to gain a com-

plete picture of the evolution of the particle number concentrations and size distributions in

Amazonia.

57



Chapter 4

The influence of Amazonian

anthropogenic emissions on aerosol,

cloud and surface rain

4.1 Introduction

Anthropogenic aerosols contribute a high fraction of uncertainty in radiative forcing of climate

change by acting as cloud condensation nuclei (CCN) (Jones et al. 1994; Pierce and Adams

2007; Wang and Penner 2009; Merikanto et al. 2009; Kazil et al. 2010; Yu et al. 2013; Dunne

et al. 2016; Gordon et al. 2016; Gordon et al. 2017). Several modelling studies have showed

that anthropogenic emissions can affect aerosol concentrations and thus, CCN (Manktelow et al.

2009; Laakso et al. 2013; Yu et al. 2013; Shrivastava et al. 2019; Zhao et al. 2021). Changes

in CCN concentration affect cloud properties such as cloud droplet number concentration (Nd),

which then provides cloud adjustments of liquid water path (LWP) and cloud fraction (Twomey

1977; Albrecht 1989). Evidence for the effect of aerosol and pollution on cloud optical depth,

cloud thickness, Nd and precipitation have been confirmed by observational studies (Kawamoto

2006; Sporre et al. 2012; Gonçalves et al. 2015; Fan et al. 2018; Douglas and L’Ecuyer 2021).

However, it is hard to interpret and quantify the influences of anthropogenic emissions on clouds

from observations, especially for deep convective clouds.

Satellite observations from MODIS (Moderate Resolution Imaging Spectroradiometer) show
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that more aerosols could cause taller clouds and larger anvils for convective clouds (Koren et al.

2010). Observations from GoAmazon2014/5 (Observations and Modeling of the Green Ocean

Amazon 2014-2015) showed that under polluted conditions, the warm-phase cloud droplet ef-

fective diameter undergoes changes of 10%-40% and Nd is increased by a factor of 10 compared

to clean conditions (Cecchini et al. 2016).

Regional models and large-eddy simulations (LES) have widely been used to study aerosol-cloud

interactions. Anthropogenic emissions as well as new particle formation (NPF) mechanisms are

found to be likely to affect CCN concentration between preindustrial and present-day environ-

ments (Pierce and Adams 2009; Wang and Penner 2009; Makkonen et al. 2012; Gordon et al.

2016; Gordon et al. 2017). For deep clouds, increasing aerosol concentrations may produce more

smaller sized cloud droplets and ice crystals which release extra latent heat, then the changed

cloud microphysics will potentially affect cloud dynamics such as updraft velocity, cloud fraction

etc. (Kawamoto 2006; Rosenfeld et al. 2008; Marinescu et al. 2021). The response of clouds

to increasing aerosol concentrations may depend on aerosol sizes. A continuous supply of CCN

can sustain a storm cloud and extra sub-micron aerosol activation was found to invigorate deep

convective clouds (Ekman et al. 2004; Fan et al. 2018), while adding large particles to the envi-

ronment can cause reduction of rain in mixed-phase clouds (Pan et al. 2022). A greater aerosol

concentration can produce more ice number because of increased cloud droplets (Fan et al. 2013;

Herbert et al. 2015; Grabowski and Morrison 2020). The effects of aerosol on precipitation in

deep convective clouds vary with region, background aerosols, environmental conditions and

model setups (Heever and Cotton 2007; Connolly et al. 2013; Heikenfeld et al. 2019; Dagan

et al. 2022). Even the differences between deep convective clouds themselves affect the response

of precipitation to aerosol changes, e.g. whether the rain events are light or heavy, warm or cold

etc. (Qian et al. 2009; Li et al. 2011; Fan et al. 2012; Tao et al. 2012; Guo et al. 2014; Jiang

et al. 2016; Barthlott and Hoose 2018). Nevertheless, the effects of anthropogenic emissions on

clouds via NPF and aerosols are still not well understood.

Amazonia is one of the most pristine environments in present-day, especially during the wet

season when rain cleans the air, but the environment is still affected by pollution from cities like

Manaus in central Amazonia. Aircraft measurements over Manaus and the downwind forest

have shown that around 20% of the total particulate matter at 1 µm diameter are composed

of anthropogenic sources which include sulfates, nitrates and ammonium (Shilling et al. 2018)
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and observations from a research tower downwind of Manaus showed that the total sub-micron

particulate matter concentration is up to a factor of 2 higher in polluted conditions than in

background conditions (Sá et al. 2018). Cirino et al. (2018) used observations from two towers

downwind of Manaus to show that the fractional contribution of organic gas molecules to aerosol

mass increased when the sites were further away from emission sources, implying the decreas-

ing influences of pollution with longer distance from the emission source. Glicker et al. (2019)

also reported higher particle concentrations during high-pollution days from observations and

their back-trajectory model showed that the high concentrations were due to emissions from

Manaus. Other modelling studies have also confirmed that anthropogenic emissions enhanced

aerosol mass by a up to factor of 4 and enhanced concentrations by a factor of 5-25 downwind of

Manaus (Shrivastava et al. 2019; Zhao et al. 2021). However, these studies did not investigate

the effects of anthropogenic emissions on clouds in the convective environment.

Inspired by the aforementioned studies, which either studied effects of emissions on aerosols

or investigated the effects of aerosols on clouds, this chapter aims to investigate the extent to

which changes in aerosol concentrations caused by anthropogenic emissions affect cloud, rain,

and the underlying mechanisms in the convective environment in Amazonia. Here, the anthro-

pogenic emissions in this study are defined in Table 4.1. The atmosphere-only configuration of

HadGEM3 (Hadley Centre Global Environment Model version 3) climate model with a nested

regional domain that covers the Manaus region and most of the rainforest region will be run

(720 km by 1200 km with 3 km resolution) under several regional emission scenarios, with the

baseline model simulation evaluated against observations from the GoAmazon2014/5 campaign.

The questions for this chapter are addressed as follows:

(1) What are the effects of anthropogenic emissions on aerosol, cloud and rain in Amazonia?

(2) What mechanisms drive the changes in cloud water and rain?

4.2 Methods

4.2.1 GoAmazon2014/5 campaign and G-1 aircraft observations

The observations used in this study are from the 2-year field campaign Observations and Mod-

eling of the Green Ocean Amazon 2014-2015 (GoAmazon2014/5) in central Amazonia (Martin

et al. 2016; Martin et al. 2017). The campaign aimed to study the response of Amazonian en-
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vironment under pollution plumes transported from Manaus in 2014 and 2015. The campaign

included aircraft measurements onboard a low-altitude G-159 Gulfstream I (G-1) in February,

March, August, September and October 2014, and 9 fixed research sites that collected obser-

vations in various environments such as urban, forest, pasture, both upwind of Manaus and

downwind transects of the pollution plume and the surrounding areas. The measured data

include meteorology, aerosol, gas pollutants, and cloud properties (Martin et al. 2016; Martin

et al. 2017).

The aircraft measurements of aerosol number concentrations onboard the G-1 aircraft on 11,

12, 14, 16 and 17 March 2014 were used. There were 15 flights available in February and

March 2014. The selected five days are within the regional model simulation time (11-18 March

2014). Figure 4.1 shows the flight tracks of the selected five days and the measured regions

are mainly the transects of the plume from Manaus. The measured aerosols with diameters

greater than 3 nm (ND>3nm), 10 nm (ND>10nm) and 100 nm (ND>100nm) are compared with the

model. ND>3nm and ND>10nm were measured using a Condensation Particle Counter (CPC)

with the cutoff diameters between 3 nm - 3 mm, and 10 nm - 3 mm for the two size ranges.

ND>100nm was measured with a Passive Cavity Aerosol Spectrometer Probe (PCASP). Full de-

tails of the instruments can be found in Martin et al. (2016). During the five days, most of

the measurements were made below 2 km altitude, and occasionally at 2-6 km altitude where

particle number concentrations are between around 100 and 200 cm−3, significantly lower than

the concentrations in the lowest 2 km layer.

Figure 4.1: G-1 flight tracks on 11, 12, 14, 16 and 17 March 2014. The aircraft flew at below 2
km in altitude on 11, 12 and 16 March and reached around 6 km on 14 and 17 March 2014.

The 3-hourly precipitation rate measured by the S-band Amazon Protection National System

radar between 11-17 March 2014 is also used in this chapter for comparison.
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4.2.2 Global and regional model configurations

A configuration which has the regional model nested in a global model is used, and the global

model is based on Unified Model version 11.6 with GA7.1 (Global Atmosphere v7.1), similar

to the models in Chapter 3, and other details can be found in Chapter 2. The global model

resolution is N96 (around 135 km) in the horizontal direction and there are 85 vertical levels

up to 80 km in altitude. The regional domain is centred at (3.1◦ S, 62.7◦ W), downwind of

Manaus. The domain is 1200 km (east to west direction) by 700 km (north to south direction)

with 3-km horizontal resolution. There are 70 vertical model levels with the highest altitude at

40 km and the lowest 64 levels cover the vertical extent from the surface to 20 km in altitude,

mainly where cloud and aerosol interact. Convection, cloud microphysics, aerosol microphysics

in UKCA (United Kingdom Chemistry and Aerosol) and the coupling settings are described in

Chapter 2.

UKCA uses monthly averaged emissions for natural gases. CMIP6 emission inventories provide

CH4. Monoterpene, isoprene and natural SO2 are obtained from CMIP5 inventories. The ma-

rine source of DMS has been parameterised based on Lana et al. (2011) and the land source is

biomass burning (Werf et al. 2006; Lamarque et al. 2010; Granier et al. 2011; Diehl et al. 2012).

The emitted CH4 from biomass burning data have been generated by the JULES (Joint UK

Land Environment Simulator) model (Mangeon et al. 2016; Walters et al. 2019). Monoterpene

and isoprene are obtained from monthly averaged emission inventories that include vegetation

(Guenther et al. 1995; Pacifico et al. 2012). Natural SO2 comes from volcano eruption (Stier

et al. 2005).

Most of the emissions of anthropogenic gases and primary aerosols are obtained from the high-

resolution (0.1◦ by 0.1◦) EDGAR (Emissions Database for Global Atmospheric Research) inven-

tories which allows us to better reproduce the locations and concentrations of aerosol (Janssens-

Maenhout et al. 2015). The emissions used in the model are monthly averages for the year 2010

and Table 4.1 shows all the included species. Here, the emissions of BC (black carbon) and OC

(organic carbon) are the sum of anthropogenic sources and biomass burning of each species.

NVOC (non-volatile organic compounds) comes from the anthropogenic emission inventory,

MACCity MEGAN (Monitoring Atmospheric Composition and Climate project, The Model

of Emissions of Gases and Aerosols from Nature), and the emissions are read in and used as

methanol in the UKCA model (Sindelarova et al. 2014). NO emission from CMIP6 inventory
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includes the NO emitted during aircraft flights and biomass burning events (Hoesly et al. 2018).

All biomass burning emissions are considered anthropogenic in this study. A temporal evolution

is applied for NO, BC and OC to align with the traffic hours.

Table 4.1: Gaseous species and aerosol emissions that are anthropogenic

Species names

BC OC SO2 NH3

NOx CH3CHO CH3COCH3 CH2O
CO C3H8 C2H6 Biomass burning

UKCA uses a coupled chemistry scheme (StratTrop) which involves 84 species with 81 of them

having chemical reactions (Archibald et al. 2020), including several chemical reactions with

anthropogenic gas species (ammonia, ethane, nitrogen monoxide etc.). StratTrop chemistry

scheme can better (than offline chemistry) represent reactions associated with pollution plumes

from Manaus and the biogenic emissions from the surrounding forest in Amazonia, and subse-

quently affects NPF in this study. Here, monoterpenes are oxidised by the same oxidants (OH,

O3 and NO3) as described in Chapter 3, but the oxidants in StratTrop chemistry scheme can

be transported, deposited as tracers, and vary the concentrations with chemical reactions. The

StratTrop scheme has been used in global modelling studies (Mulcahy et al. 2020), and was

firstly incorporated in regional modelling in the study of Gordon et al. (submitted).

4.2.3 New particle formation

In this chapter, the biogenic nucleation mechanism introduced in Chapter 2 and a nucleation

scheme that includes sulfuric acid and organic gas molecules (BioOxOrg) (Riccobono et al. 2014;

Kirkby et al. 2016) are used for new particle formation in UKCA.

The inorganic-organic (InorgOrg) nucleation mechanism has been established by CLOUD cham-

ber experiments and parameterised in GLOMAP (Global Model of Aerosol Processes) (Ric-

cobono et al. 2014). It produces particles at 1.7 nm in diameter with H2SO4 and BioOxOrg

clusters. The BioOxOrg is an oxidation product of monoterpenes oxidised by OH (Riccobono

et al. 2014). Nucleation rates at 1.7 nm in diameter are derived using the concentrations of

BioOxOrg and H2SO4 (Eq. 4.1).

JInorgOrg1.7nm = exp(−(T− T0)/B1)× (B2 × k× [H2SO4]
2 × [BioOxOrg]), (4.1)

63



4.2. Methods
Chapter 4. The influence of Amazonian anthropogenic emissions on aerosol, cloud and surface

rain

where, JInorgOrg1.7nm represents nucleation rate at 1.7 nm in cm−3 s−1, T is temperature in K,

T0 is a constant temperature (278 K), [BioOxOrg] and [H2SO4] represent the concentrations in

molecules per cm−3, k is kinetic factor with a constant value (3.27×10−21 cm6 s−1) (Riccobono

et al. 2014). The nucleation rate is also applied with the dimensionless constant B2 (equals to

0.5) and a temperature dependency exp(−(T− T0)/B1) (equals to 10).

4.2.4 Simulation details

The global and regional models were run from 11 to 18 March 2014, in the Amazonia wet season

and covering the days of 5 research flights during GoAmazon2014/5 (Martin et al. 2016; Martin

et al. 2017). The global model was run 70 days prior to the start of the regional simulation for

the initialisation of the aerosol fields.

Table 4.2: A table of simulations with different anthropogenic emissions and nucleation mech-
anisms.

Gas
emission

Primary aerosol
emission

Biogenic
nucleation

InorgOrg
nucleation

CTL ✓ ✓ ✓ ✓

offREG ✓ almost off
0.5×emis ✓0.5× ✓0.5× ✓ ✓

1.5×emis ✓1.5× ✓1.5× ✓ ✓

2×emis ✓2× ✓2× ✓ ✓

5×emis ✓5× ✓5× ✓ ✓

Prim emis ✓ ✓

0.25×aero ✓ ✓ ✓ ✓

CTL 1-month ✓ ✓ ✓ ✓

offREG 1-month ✓ almost off
almost off: The InorgOrg nucleation makes use of H2SO4, which is an anthropogenic gas for
nucleation. When anthropogenic emissions within the domain are set to zero, nucleation from
InorgOrg scheme only depends on H2SO4 from the global model advection. In this case, the
height and domain averaged InorgOrg nucleation rate at 100 m - 1 km in the regional domain is
reduced by a factor of 3000 resulting in a nucleation rate that is not strong enough to produce
aerosols. Therefore, it is marked as ‘almost off’.

Table 4.2 shows the simulations in this study. For all the simulations, the NPF mechanisms were

limited to above 100 m altitude so that unrealistic surface nucleation is avoided (Shilling et al.

2018; Wimmer et al. 2018); nucleation above 1 km altitude is disabled so that the model has

a better representation of the observed particle number concentration in the CTL simulation

which uses default anthropogenic emissions from EDGAR and CMIP6 emission inventories. In

the test simulations, switching on nucleation in the upper troposphere always caused overesti-

mations of the observed particle number concentrations by factors of more than 20 in the free
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troposphere. Thus, all nucleation above 1 km altitude is switched off. The reason for this large

overestimation, which was not seen in Chapter 3, has not been diagnosed. As shown below, the

aerosol vertical profile has extremely (and unusually) low concentrations above the boundary

layer, which differ substantially from those observed in the dry-wet transition season (Chapter

3). Two explanations may be that precipitation constantly removes aerosol particles in the free

troposphere or because of much less biomass burning events during the wet season.

In all simulations, cloud condensation sink is used, as described in Chapter 2.

The default emission set simulation (CTL) uses both anthropogenic gas and primary aerosol

emissions and the offREG (off regional) simulation has anthropogenic emissions switched off in

the regional domain. The regionally switched off species can be found in Table 4.1, as well as NO,

NVOC from anthropogenic sources, BC and OC. Because the InorgOrg nucleation mechanism

is strongly controlled by the concentrations of H2SO4 and that global transport cannot supply

enough H2SO4 below 1 km to this region for nucleation, switching off emissions in the regional

domain almost disables this nucleation process. All anthropogenic emissions were perturbed by

factors of 0.5, 1.5, 2 and 5 in additional simulations to understand the sensitivity of aerosols and

cloud properties to the changes. The effects of primary anthropogenic aerosol emissions to the

environment can be identified in Prim emis (primary emission) simulation where only anthro-

pogenic primary aerosol emissions are kept and the InorgOrg nucleation is switched off in the

regional domain. The primary aerosol contribution to the total particle concentration and cloud

properties can be roughly derived with the equation 100% × (Prim emis − offREG)/CTL. An

extra simulation with the number of total CCN that is passed from UKCA to CASIM (Cloud-

AeroSol Interacting Microphysics) aerosol activation process being scaled down by a factor 4

(simulation 0.25×aero) was run to understand whether the environment has a significant re-

sponse with 75% less aerosols available for activation. As shown below, the 7-day simulations

of the six emission scenarios showed an insignificant response of cloud properties to reductions

in aerosol emissions, therefore the CTL and offREG simulations were also run for a month so

that a longer-term effect for the clouds could be quantified.
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4.3 Results

4.3.1 Comparison with observations

Figure 4.2 shows the time series of the observed and modelled particle number concentrations

with diameters greater than 3 nm (ND>3nm), 10 nm (ND>10nm) and 100 nm (ND>100nm) on

5 days from 11 to 17 March 2014. As shown in Fig. 4.1, the G-1 aircraft measured particle

number concentrations in Manaus pollution plumes and for most of the time flew downwind of

the city. Therefore, several peaks in particle number concentrations were observed during the

flights. The modelled results in the CTL and offREG simulations are interpolated according to

the flight time, coordinates and altitude for comparison with the observations.

Figure 4.2: Time series of observed (grey dots) and modelled (CTL, offREG and Prim emis;
solid lines) particles number concentrations with diameters greater than 3 nm (upper row), 10
nm (middle row) and 100 nm (lower row) on 11, 12, 14, 16 and 17 March 2014. The observa-
tions were measured onboard the G-1 aircraft during GoAmazon2014/5 campaign and model
data are interpolated according to the time, coordinates and altitudes of the G-1 flight tracks.
Black solid lines are for the CTL simulation, blue lines are for the offREG simulation where
anthropogenic emissions are switched off, and yellow lines are for the Prim emis simulation
where anthropogenic gas emissions and the InorgOrg nucleation are switched off in the regional
domain.

All the observed particle concentrations (ND>3nm, ND>10nm and ND>100nm) exhibit strong tem-

poral as well as spatial variations that are related to pollution plumes from Manaus. Among

the five days of measurement, 16 and 17 March have the greatest number concentrations for

all particle size ranges (around 11000 cm−3 for ND>3nm, 3200 cm−3 for ND>10nm, 270 cm−3 for
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ND>100nm averaged over time) which implies that the downwind air was most polluted on 16

and 17 September and was most distinct from the surrounding environments. The background

particles are around 1000 cm−3 for ND>3nm and ND>10nm, and around 300 cm−3 for ND>100nm

during the five days. The least polluted day is 12 March when the time averaged particle num-

ber concentrations are 1300 cm−3 (ND>3nm), 900 cm−3 (ND>10nm), and 75 cm−3 (ND>100nm),

and the range of ND>3nm is more than 8 times smaller than that of the 16 and 17 March. On

the other two days (11 and 14 March), the time averaged particle number concentrations are

factors of 2-4 greater than 12 March, and are equivalent to factors of around 0.3-0.6 of the

particle concentrations on 16 and 17 March for ND>3nm and ND>10nm, and factors of 0.9-1.6 for

ND>100nm.

The interpolated model results in the CTL simulation reproduce most of the observed peak

number concentrations for ND>3nm and ND>10nm, and the most of the temporal evolution for

ND>100nm. The modelled particle concentrations of the three size ranges well reproduce the ob-

servations on 11, 14, 16, and 17 March 2014, but the particle concentrations are overestimated

on 12 March 2014. Of all the five days, the modelled results are the closest to the observations

on 11 March, with an averaged underestimation of the observed ND>3nm by -8%; for ND>10nm

the mean differences between model and observations are around -3%; the modelled results

overestimate ND>100nm by 70%. On 14 and 16 March, compared to the observations the par-

ticle number concentrations are generally overestimated by the model, by between 15% and

20% for ND>3nm, underestimated by around -25% to -28% for ND>10nm, and between 63% and

130% for ND>100nm, but overall, the model captures the spatial and temporal variations well

in these two days. On 17 March 2014, the observed particles larger than 3 nm and 10 nm are

underestimated by around -20 % and -40 %, and are on average overestimated by 10 % for

particles larger than 100 nm. The comparisons are worse on 12 March for all three size ranges,

with the modelled particle concentrations being factors of 11 (ND>3nm), 2 (ND>10nm) and 3.6

(ND>100nm) too high. This discrepancy is likely to be caused by the residuals of particles from

11 March that have not been scavenged for all 3 size modes on 12 March because the back-

ground particle concentrations are around a factor of 3 higher than observed, or because the

surface emission in UKCA on 12 March is higher than reality. For the former hypothesis, the

precipitation measurement by S-band radar during GoAmazon2014/5 shows that precipitation

rate reaches approximately 2.6 mm hr−1 on 11 March at around 3.2◦S, 60.6◦W, and it could
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remove aerosol (Fig. 4.3). In the CTL simulation, surface precipitation averaged over the radar

domain (approximately 2◦ by 2◦ W domain that centres at 3.2◦ S, 60.6◦ W) shows precipitation

rate at relatively similar magnitude, but whether the modelled rain removed equivalent amount

of aerosols remains unknown. The modelled results reproduce most of the observed temporal

and spatial variations for ND>100nm during the five days, but with some overestimations. Al-

though the number concentrations of ND>100nm are less associated with NPF, there are still

simultaneous peak concentrations of ND>100nm, ND>3nm and ND>10nm on most of the days. It

indicates the fast NPF and particle growth processes.

Figure 4.3: Precipitation rate observed by S-band Amazon Protection National System radar at
3.2◦ S, 60.6◦ W during GoAmazon2014/5 from 11 to 17 March 2014 (black) and precipitation
rate from the model in CTL simulation (red) averaged over the radar domain (approximately
2◦ by 2◦ W domain that centres at 3.2◦ S, 60.6◦ W).

The model is able to match the temporal and spatial evolution of the observations. Thus, this

simulation (CTL) is used as a baseline for the sensitivity test to anthropogenic emissions.

4.3.2 Effects of anthropogenic emissions on aerosol

In this section, the influence of anthropogenic emissions along the G-1 aircraft flight tracks on

ND>3nm, ND>10nm and ND>100nm particles is investigated. The effects of emissions on aerosol

and cloud profiles in the regional domain but only the areas that are affected by pollution are

studied. Polluted regions are defined according to the instantaneous column integrated sulfur

from H2SO4 and SO2 in the lowest 2 km in the CTL simulation. Polluted, high-sulfur air is

defined as having a total sulfur column of 6×10−5 g m−2. The column-integrated sulfur is

calculated with
∫ z=2
z=0 (1000ρzSz) dz, where z is altitude, ρz is air density at a height of z, and

Sz denotes sulfur mass mixing ratio obtained from H2SO4 and SO2. The same high-sulfur

regions of the CTL simulation are used for the other simulations for consistency (offREG,
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0.5×emis, 1.5×emis, 2×emis 5×emis and 0.25×aero), irrespective of the sulfur content in the

five simulations. Here, only the data to the west of the red line in the domain are analysed

for each simulation (Fig. 4.4) because it represents the area affected by Manaus pollution.

The areas to the east of the red line are not included in the following analyses because these

regions are not necessarily affected by emissions from Manaus, but are needed as a part of the

regional domain in order to allow space for the regional domain boundary conditions to evolve

before air masses advect into the the regions of interest. Here, sulfur alone may not be able

to mark all the regions that are affected by anthropogenic emission in the domain, but it has

the closest relationship to NPF of all the emissions. Figure 4.4 shows example definitions of

where the high-sulfur (within the contours) are at 21 UTC on 14 March 2014; most of the high-

sulfur regions are around the Amazon river. Although the high-sulfur regions evolve with time,

Manaus, Tapauá and other river-side areas (where most of the cities are located) are always the

most polluted areas in the regional domain.

Figure 4.4: Maps of instantaneous column integrated sulfur (g m−2) at 21 UTC on 14 March
2014 in CTL, offREG, 0.5×emis, 1.5×emis, 2×emis and 5×emis simulations. The contours in
both maps denote column integrated sulfur equal to 6×10−5 g m−2 in the CTL simulation.
The sulfur content is integrated from surface to 2 km in altitude where most of the pollutants
persist. The dotted rectangles mark where the G-1 aircraft flew in March 2014 with the red
line marking the eastern edge of that region. For the rest of the chapter, only the region to the
west of the red line is analysed.

Figure 4.2 also shows the particle number concentrations along the flight tracks when both
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anthropogenic gas and primary aerosol emissions are switched off in the regional domain (of-

fREG simulation) and when anthropogenic gas emission and InorgOrg nucleation are switched

off in the regional domain (Prim emis simulation). In offREG simulation, the temporal and

spatial variations of ND>3nm and ND>10nm are very small compared to the concentrations in the

CTL simulation. Although ND>100nm in offREG simulations captures the background values,

it misses most of the peak values in ND>3nm and ND>10nm. The lack of temporal and spatial

variability in the offREG simulation indicates that the variability shown in the CTL simula-

tion is caused by emission and NPF in the region, especially for ND>3nm which is reduced by

between -70% and -90% and ND>10nm which is reduced by between -50% and -70% during the

5 days compared to the CTL simulation. ND>100nm is least affected (-6% to -20% reduction).

Apart from primary anthropogenic aerosol emissions, the response of ND>100nm to anthropogenic

emissions are also associated with NPF as well as the subsequent particle growth. Switching

off anthropogenic emissions causes the averaged nucleation rates (biogenic and InorgOrg) along

the track to decrease by up to a factor of 2.4×105 (16 March). On the same day, condensation

sink is reduced by a factor of 125 in the offREG simulation, suggesting the significant effects

of anthropogenic emission in affecting nucleation. ND>100nm has both increases and reductions

in number concentrations when anthropogenic emissions are switched off and the reductions

dominate for most of the time. The increases in ND>100nm at certain times may be caused by

the suppression of NPF when there are no anthropogenic emissions, which thereby allows more

condensable gases for particle growth (Sullivan et al. 2018). The occurrence of both increases

and decreases in ND>100nm for CTL vs offREG implies that the effect of anthropogenic emissions

in the simulations on CCN is quite variable.

The temporal and spatial variations of ND>3nm and ND>10nm in Prim emis simulation are sim-

ilar to offREG simulation (Fig. 4.2). During most of the time, Prim emis simulation is able

to reproduce the ND>100nm while missing some peak values. Compared to offREG simulation,

the Prim emis simulation has a few more overlaps with the CTL for ND>10nm and ND>100nm,

indicating the contribution of large primary anthropogenic aerosol particles. The missing peak

concentrations in Prim emis show that the discrepancies between Prim emis and CTL simula-

tion are mainly caused by the anthropogenic emissions induced NPF (InorgOrg mechanism).

The contribution of primary aerosols to the environment is less than 3 % for ND>3nm, between

1 % and 10 % for ND>10nm, and less than 20 % for ND>100nm, and the overall it contributes
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to around 0.5% of the height-averaged total particle concentrations below 4 km altitude in the

polluted regions (Fig. 4.5). Thus, the majority of the changes in concentrations are caused by

the combination of precursor gas emission and NPF.

The modelled NPF is shown to be aware of and sensitive to the locations of the plume from

urban cities. Consequently, to better understand the response of aerosols and clouds to anthro-

pogenic emissions using the UKCA-CASIM model, it is necessary to amplify the difference in

emissions between the offREG, Prim emis and CTL simulations in the additional simulations

(0.5×emis, 1.5×emis, 2×emis, and 5×emis). Here, the effects of anthropogenic emissions on

aerosol and cloud properties are analysed by taking the ratios of the changes in aerosol and

cloud from the baseline CTL simulation to the changes in anthropogenic emissions. Then, the

changes of aerosol and cloud due to each unit increase of anthropogenic emissions are derived.

I compare the changes to CTL simulation because it has the default anthropogenic emissions

and the particles in the CTL simulation are most close to the real environment.

Figure 4.5: Profiles of (a) nucleation, (b) Aitken and (c) accumulation mode aerosol number
concentrations, averaged over time and the area of the high-sulfur region in the CTL (black),
offREG (light blue), 0.5×emis (blue), 1.5×emis (grey), 2×emis (light purple), and 5×emis
(red) simulations. The high-sulfur regions are areas with column integrated sulfur greater than
6×10−5 g m−2 in the CTL simulation.

Figure 4.5 shows the vertical profiles of aerosol number concentrations averaged over the high-

sulfur regions. The concentrations have similar variations with height in all the six simulations.

The number concentrations are the greatest below 2 km for all three modes of aerosol in the six

simulations. For example, in the CTL simulation the height-averaged concentrations below 2 km

are 130 cm−3 for nucleation mode, 530 cm−3 for Aitken mode, and 430 cm−3 for accumulation

mode. Above 2 km, the aerosol number concentration quickly falls to very low concentrations

at 6 km in altitude and remains at very low concentrations above 6 km in the CTL simulation.
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The differences in aerosol number concentrations among the six simulations are evident below

around 4 km where aerosols are affected by emissions at the surface and NPF between 100 m - 1

km, and higher anthropogenic emission produces more aerosols. The height-averaged nucleation

mode aerosol number concentration below 4 km altitude increases by 29 cm−3 (29% of the CTL

simulation) for each unit increase in anthropogenic emissions. Similarly, Aitken mode increases

by 68 cm−3 (16%) and accumulation mode increases by 12 cm−3 (4%) for each unit increase in

anthropogenic emissions. For the total aerosol number which also includes the insoluble Aitken

mode and coarse mode, the increase is around 113 cm−3 (13% or by a factor of around 1.1)

with anthropogenic emissions.

4.3.3 Effects of anthropogenic emissions on cloud

Figure 4.6: Profiles of (a) Nd and (b) Ni, averaged over time and over the cloudy area of the high-
sulfur region in the CTL (black), offREG (light blue), 0.5×emis (blue), 1.5×emis (grey), 2×emis
(light purple), 5×emis (red), and 0.25×aero (orange) simulations. The high-sulfur regions are
areas with column integrated sulfur greater than 6×10−5 g m−2 in the CTL simulation, and
the cloudy areas have total cloud liquid and ice content greater than 0.1 g kg−1.

Figure 4.6 shows the profiles of Nd and Ni (ice number concentration) averaged over time and the

cloudy areas in high-sulfur regions. The cloudy areas are defined as grid cells with total cloud

water mass greater than 0.1 g kg−1 for each simulation. In the CTL simulation, the averaged

Nd in cloudy areas increases with height until around 1.3 km where it reaches a maximum of 135

cm−3, then the concentration decreases until around 10 km altitude. Nd in other simulations

also has similar vertical variations. Most of the differences that are caused by anthropogenic

emissions exist below 4 km and the relative magnitude follows the aerosol concentrations. The

height-averaged Nd below 4 km altitude are similar in CTL (95 cm−3), offREG (84 cm−3),

0.5×emis (87 cm−3), 1.5×emis (98 cm−3), and 2×emis (102 cm−3) simulations, and the 5×emis

simulation produces 120 cm−3 Nd. The greatest change in Nd in the lowest 4 km layer occurs
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in 5×emis simulation, with an averaged increase in concentration of 26% relative to the CTL

simulation. Concluding from all the six simulations, the time and cloudy domain in high-sulfur

regions averaged Nd increases by 9 cm−3 (9% of the CTL simulation) for each unit increase in

anthropogenic emissions. Below 4 km altitude, the 0.25×aero simulation has an averaged Nd

of 36 cm−3, which is a factor of approximately 0.38 of the CTL simulation. This simulation

has (36% of the CTL simulation) stronger change in Nd than 5×emis simulation because of the

significant change of CCN concentration in 0.25×aero simulation and likely because Nd has a

greater response to aerosol reductions than increases in the Amazonia.

Figure 4.7: Profiles of (a) total cloud water mass mixing ratio (cloud liquid, ice crystal, snow,
and graupel), averaged over time and over the cloudy area of the high-sulfur region in the
CTL (black), offREG (light blue), 0.5×emis (blue), 1.5×emis (grey), 2×emis (light purple),
5×emis (red) and 0.25×aero (orange) simulations. The high-sulfur regions are areas with column
integrated sulfur greater than 6×10−5 g m−2 in the CTL simulation, and the cloudy areas have
total cloud liquid and ice content greater than 0.1 g kg−1. The box plots of total cloud water
mass mixing ratios from all the 3-hourly instantaneous output in the high-sulfur regions in five
simulations for (b) deep clouds (cloud thickness greater than 3 km), (c) shallow clouds at high
altitude (cloud thickness smaller than 3 km and at above 4 km in altitude), and (d) shallow
clouds at low altitude (cloud thickness smaller than 3 km and at below 5 km in altitude). The
three arrows indicate the vertical extent of the data that are used to identify deep cloud (blue),
shallow cloud at high altitude (red), and shallow clouds at low altitude (green).

In-cloud Ni is negligible from surface to around 11 km in altitude, from which height it increases

and peaks at around 15 km (11 cm−3 in the CTL simulation) and then decreases until 20 km

in the seven simulations. Changing the anthropogenic emissions in the regional domain does

not cause evident differences in Ni between 10-20 km. Averaged over height between 10-20

km, Ni in the simulations with six emission scenarios have similar values (roughly 6 cm−3) and
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the differences are negligible and are likely caused by natural variability. While in 0.25×aero

simulation, Ni is on average reduced by a factor of 3 compared to CTL simulation. Therefore,

clouds are expected to have a greater response under a clean than polluted environment.

Figure 4.8: Profiles of (a) cloud liquid, (b) graupel, (c) snow and (d) ice crystal mass mixing
ratio, averaged over time and over the cloudy area of the high-sulfur region in the CTL (black),
offREG (light blue), 0.5×emis (blue), 1.5×emis (grey), 2×emis (light purple), 5×emis (red),
and 0.25×aero (orange) simulations. Profiles of (e) rain mass mixing ratio are averaged over
time and the area of the high-sulfur region for the seven simulations. The high-sulfur regions
are areas with column integrated sulfur greater than 6×10−5 g m−2 in the CTL simulation, and
the cloudy areas have total cloud liquid and ice content greater than 0.1 g kg−1.

The profiles of in-cloud liquid and ice mass mixing ratios averaged over the high-sulfur regions

exhibit several peaks at 3 km, 6 km and around 13 km in altitude for the seven simulations (Fig.

4.7.a). The cloud water is liquid phase below 4 km altitude, mixed phase between 4 and 10 km,

and ice phase above 10 km altitude (Fig. 4.8). Cloud liquid water mass mixing ratio is similar

among the seven simulations and it quickly increases with altitude from 1 to 3 km reaching a

maximum (0.46 g kg−1), then it keeps decreasing with height. Some clearer (but still random)

differences among the seven simulations are shown for cloud ice mass mixing ratio which exists

above about 5 km altitude, allowing the mixed-phase cloud to reach 0.6 g kg−1 at around 6

km and cloud ice mass to become 0.61 g kg−1 at 14 km altitude. The results show that the

variations of cloud ice with height are not affected by changes in anthropogenic emissions by
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factors between 0 and 5 within the regional domain, or when CCN concentrations are reduced

by a factor of 4.

The box plots (Fig. 4.7.b-d) show the distribution of total cloud liquid and ice mass mixing

ratios from all the 3-hourly instantaneous output in the six emission scenarios and 0.25×aero

simulation separated into deep clouds (thickness greater than 3 km), shallow clouds (thickness

smaller than 3 km) situated below 5 km altitude, and shallow clouds situated above 4 km

altitude. All three cloud types have the same cloud water mass mixing ratio for the lower

whiskers (minimums of the data) (0.1 g kg−1). For deep clouds, the lower whisker (the edge of

the lower 25 % of the data), lower quartile and median values in the seven simulations generally

differ by less than 0.03 g kg−1, while the upper quartile values differ by at most 0.08 g kg−1 and

upper whisker values differ by 0.2 g kg−1. The greatest values for the upper quartile (the edge

of the upper 75 % of the data) and upper whisker (maximums of the data) for deep clouds occur

in the offREG and 0.25×aero simulations which have the least cloud droplets due to the least

number of CCN. For shallow cloud situated at high altitudes, the whisker, quartile and median

values of all seven simulations are almost the same, with differences among the simulations to

be within 0.02 g kg−1. For shallow clouds situated at low altitudes, the whiskers, quartiles and

median values are also similar (differences within 0.04 g kg−1) and simulations with higher cloud

droplets number concentrations generally have greater cloud water mass. Overall the box plots

show that the occurrence of ‘extreme’ values is random under varied anthropogenic emissions.

Figure 4.9: The map (left) of the differences between CTL and 0.25×aero simulations for the
time averaged surface rain rate in the high-sulfur regions that have appeared at all time between
12 and 18 March 2014. The histograms (right) of surface rain rate in high-sulfur regions in the
CTL (black) and 0.25×aero (orange) simulations.
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Figure 4.10: The histograms of surface rain mass mixing ratios in high-sulfur regions in the
CTL (black), offREG (light blue), 0.5×emis (blue), 1.5×emis (grey), 2×emis (light purple),
5×emis (red), and 0.25×aero (orange) simulations. The high-sulfur regions are areas with
column integrated sulfur greater than 6×10−5 g m−2 in the CTL simulation.

Figure 4.9 shows a map of the time-averaged differences in surface rain rate between the CTL

and 0.25×aero simulations for the simulation period (12-18 March 2014) and the histograms

of the surface rain rate. The map shows all the locations that rain has ever occurred in high-

sulfur regions during the 7-day simulation. The changes in surface rain mostly occur close to

the Amazon river where cities are located. Averaged over time, the surface rain in high-sulfur

regions is increased by 0.16 mm day−1 (4% of the CTL simulation) when the number of CCN

to enter CASIM activation by a factor of 4 (0.25×aero minus CTL). The changes in rain rate

is twice as much as the changes in offREG from CTL simulation. The histograms of surface

rain rate do not show strong differences between CTL and 0.25×aero simulations, except for

the upper end of the distribution. Similarly, the histograms of surface rain mass mixing ratios

for all the seven simulations (Fig. 4.10) show that the changes are only clear for the maximum

values (greater than 2 g kg−1), while light rain is rarely affected. Neither do the histograms

show clear relationship between the level of anthropogenic emissions nor surface rain mass

mixing ratio in the six anthropogenic emission simulations, except for 0.25×aero simulation

which has relatively a greater rain mass mixing ratio. However, the profiles of rain mass mixing

ratio averaged over time and the high-sulfur regions show that 0.25×aero simulation exhibits

the statistically significant changes (p value is 0.04) that are twice as much as those in other

emission scenarios from the baseline CTL simulation (Fig. 4.8). Overall, reducing the total CCN

concentration (0.25×aero) produces the greatest changes in rain, implying the suppression of

rain in the six simulations with varied emissions, and that the role of anthropogenic emissions

is limited in influencing rain.
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Figure 4.11: Profiles of (a) CDNC, (b) INC and (c) total cloud water mass mixing ratio, averaged
over time and over the cloudy area of the high-sulfur region in the CTL (solid black) and offREG
(solid light blue) simulations that are run for 7 days (solid), and two extra simulations that are
run for 1 month, CTL 1-month (dotted black), and offREG 1-month (dotted light blue). Profiles
of rain mass mixing ratio (d) are averaged over time and the area of the high-sulfur region for the
four simulations. Here, the high-sulfur regions are areas with column integrated sulfur greater
than 6×10−5 g m−2 in the CTL simulation, and the cloudy areas have total cloud liquid and
ice content greater than 0.1 g kg−1.

The differences in cloud properties between the simulations with perturbed anthropogenic emis-

sions are very small and not significant over the 7 day simulations. Two 1-month CTL and

offREG simulations were therefore run from 11 March to 10 April 2014 to investigate whether

the changes in cloud liquid and ice water mass mixing ratio and rain are different for a longer

time (Fig. 4.11). The results are similar to the six 1-week simulations that Nd, ice and liquid

cloud mass mixing ratio and rain mass mixing ratio are not significantly different between CTL

1-month and offREG 1-month simulations. For example, the differences of Nd between the CTL

1-month and offREG 1-month simulations are 10 cm−3 (10% of the CTL 1-month simulation)

when averaged over time, height below 10 km altitude, and cloudy area of the high-sulfur re-

gions. The mean difference for Ni above 10 km altitude is -0.2 cm−3 (-31%) and total cloud

mass mixing ratio at all altitudes is -0.03 g kg−1 (-7.2%). Rain mass mixing ratio differences

are 0.002 g kg−1 (16%) below 10 km altitude in the high-sulfur regions.
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4.4 Discussion and conclusions

The influences of anthropogenic emissions on aerosol particles, clouds and rain in central Ama-

zonia are investigated with a regional model nested within a global atmosphere-only model,

and the regional domain is perturbed with several anthropogenic emission scenarios relative to

a control simulation. The baseline simulation (CTL) with high-resolution emissions compared

well with the observations in the areas where G-1 aircraft flew (mostly below 2 km), and the

averaged observation-model differences in the regional domain of all the 5 days are between

-8% and a factor of 11 for the 3 nm (ND>3nm), -40% to a factor of 2 (ND>10nm) and 11% to a

factor of 3.6 (ND>100nm) particles (Martin et al. 2016; Martin et al. 2017). Upper tropospheric

nucleation, along with subsequent downward transport, has been proven to be important for

determining low-level particle concentrations (Clarke et al. 1998; Clarke et al. 1999a; Clarke et

al. 1999b; Clarke and Kapustin 2002; Pierce and Adams 2007; Merikanto et al. 2009; Wang and

Penner 2009; Weigel et al. 2011; Wang et al. 2016; Williamson et al. 2019), and it is important

for Amazonia during the dry season (Andreae et al. 2018). However, in the test simulations,

switching on upper tropospheric nucleation caused an overestimation of particle concentrations

compared to the observations which are available mostly below 2 km altitude and occasionally at

2-6 km altitude. Because there are not enough observations to identify or evaluate the strength

of new particle formation in the free and upper troposphere during the wet season, nucleation

above 1 km is disabled to achieve consistency between the model and observations in March

2014.

Switching off anthropogenic emissions in the regional domain (CTL to offREG simulation)

causes reductions of aerosol number concentrations along the flight track by -70% to -90% of

the observed ND>3nm, -50% to -70% for ND>10nm, and reductions of up to -20% for ND>100nm

particles. The reduced aerosols involve both primary and nucleated particles with the latter

being the dominant source of the changes. Primary aerosol has very small contribution to the

smallest particles (ND>3nm) and has moderate contributions to ND>10nm and ND>100nm, but

overall only contributes to around 0.5% of the total particle concentrations in the polluted

regions. In this study, both the pure biogenic nucleation mechanism and the nucleation mecha-

nism that additionally uses H2SO4 (InorgOrg) create new particles. The simulations show that

it is mainly the InorgOrg nucleation rate that responds to changes in anthropogenic emissions

(SO2 that forms H2SO4) at lower altitudes. The InorgOrg nucleation mechanism is therefore
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the more important factor in controlling the particle concentration variations along the flight

tracks. The enhancement of particle number concentrations in Amazonia due to anthropogenic

emissions was also found in Shrivastava et al. (2019) and Zhao et al. (2021).

To quantify the effects of anthropogenic emissions, I focused on the regions that are strongly

affected by anthropogenic emissions in the regional domain (termed high-sulfur regions) defined

as an instantaneous column-integrated sulfur column (from H2SO4 and SO2) below 2 km alti-

tude that exceeds than 6×10−5 g m−2 in the CTL simulation. Then, the changes in aerosol,

cloud and rain properties among the simulations in the high-sulfur regions are compared. The

high-sulfur regions are dependent on the time and intensity of emissions as well as the wind

fields.

For each unit increase in anthropogenic emissions in the regional domain (e.g. from CTL to

2×emis), the equivalent total aerosol number concentrations in the high-sulfur region increase

by approximately 13% averaged over time. The positive relationship between aerosol and an-

thropogenic emissions has also been found from an observational study in which days of clean

and polluted air in Amazonia were compared (Glicker et al. 2019) and are found in the mod-

elling studies (Shrivastava et al. 2019; Zhao et al. 2021).

In the lowest 4 km altitude, the cloudy Nd increases by 9% for each unit increase of anthro-

pogenic emissions. Higher anthropogenic emissions result in more cloud droplets because greater

aerosol concentrations can produce more CCN which subsequently form cloud droplets (Polonik

et al. 2020; Pöhlker et al. 2021). Reducing the aerosol concentration causes a reduction of Nd

by a factor of 2 in the 0.25×aero simulation compared with the CTL simulation. For ice particle

number concentrations (Ni), reductions are only found in 0.25×aero simulation which is caused

by a smaller Nd, which allows fewer droplets to freeze, while the rest of the simulations have

similar Ni because of similar Nd. The correlation between Ni and Nd in the results is consistent

with previous studies that have shown that ice nucleation is affected by cloud droplet concen-

trations (Fan et al. 2013; Herbert et al. 2015; Grabowski and Morrison 2020).

The simulations explored how changes in aerosol affect cloud and rain water mass mixing ratios.

The responses of total cloud water and rain mass mixing ratios are not statistically different

among the various perturbation simulations. The results are not too different when the CTL

and offREG simulations are run for three more weeks. Cloud droplets should be much smaller
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in size under higher Nd conditions in high-sulfur regions making clouds less likely to rain or

delaying the onset of rain (Albrecht 1989; Ackerman et al. 2004; Kawamoto 2006; Xue and

Feingold 2006; Hill et al. 2008; Xue et al. 2008), which may subsequently lead to increases in

cloud water content. However, no such clear and systematic increases were found in cloud liquid

water mass mixing ratio or reductions in precipitation in the six emission scenarios (offREG,

0.5×emis, CTL, 1.5×emis, 2×emis, and 5×emis). It can be explained by the complex processes

of aerosol-deep convection interactions. Connolly et al. (2013) stated that aerosols affected

deep convective clouds in an non-linear way which caused contrasting changes for cloud and

rain. Similar complexity has been addressed by Ekman et al. (2007) and Heever and Cotton

(2007). Compared to idealised simulations, Dagan et al. (2022) showed that changes in specific

humidity due to aerosol were much smaller when the models are constrained by realistic large-

scale forcing for both shallow and deep convective clouds. The strength of large-scale forcings

also affects the response of convective clouds to aerosol changes (Kipling et al. 2020). In the

0.25×aero simulation, the liquid cloud mass mixing ratios averaged over the cloudy areas of the

high-sulfur regions are similar to the CTL simulation, indicating insensitive cloud water content

to a significant reduction of CCN concentration.

For surface rain, the results show that the frequencies of occurrence among the six emission

scenarios are very similar for surface rain rate and are similar when rain mass mixing ratios

are smaller than 2 g kg−1 but vary in a manner that is inconsistent with the emission changes

when the rain is heavier. This similarity in frequencies and no correlation to emissions for

heavy rain suggest that the changes to rain induced by changes in anthropogenic emissions

are negligible in the six simulations (offREG, 0.5×emis, CTL, 1.5×emis, 2×emis, and 5×emis)

because other environmental factors such as atmospheric conditions have stronger influences

on clouds. Gonçalves et al. (2015) used radar data and found that atmospheric instability has

a significant influence on how aerosol particles affect cloud and rain in Amazonia. It has also

been shown that other factors such as wind shear, cloud structure and air humidity may have

a large influence on aerosols to alter precipitation (Khain et al. 2008).

In contrast, reducing the concentrations of aerosol by a factor of 4 in the activation process

(0.25×aero simulation) produces at least a factor of 2 greater changes in Nd and Ni than the

rest of the emission scenarios from the baseline CTL simulation. It increases the averaged rain

rate by around 4% of the CTL simulation in the high-sulfur regions, although the histograms of
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rain rate do not show significant differences between CTL and 0.25×aero simulation. The much

greater response implies that the perturbations to aerosol and Nd are not large enough in the

six anthropogenic emission scenarios to trigger significant changes, and therefore the differences

in the simulations were caused by natural variability. The results also show significant changes

to the domain- and time-averaged profiles of rain mass mixing ratio in the polluted regions

because the reductions of Nd are large enough in this extremely low-aerosol condition, while

the other extreme scenario, 5×emis does not show such effects, even though it has around 26%

more Nd than in CTL. The increase in rain mass mixing indicates the suppression of rain in

CTL than in 0.25×aero simulation due to greater aerosol concentrations. Therefore, it is likely

that rain has already been suppressed as much as it can be or because a 26% increase is too

small to significantly affect clouds. The latter could suggest that, in this study, the changes in

anthropogenic emissions in the regional domain are not large enough to cause effective pertur-

bations to Nd and thus, the clouds and rain are not significantly affected.

Review studies (Rosenfeld et al. 2008; Tao et al. 2012; Fan et al. 2016) have highlighted more

complex potential relationships among aerosol, clouds, and precipitation, and similar messages

have been conveyed by some modelling studies although the focus was not on the environment

in Amazonia (Seifert et al. 2012; Fan et al. 2016; Alizadeh-Choobari 2018; Barthlott et al. 2022;

Furtado and Field 2022). For example, Alizadeh-Choobari (2018) investigated mid-latitude

cloud systems and pointed out that aerosols could cause a redistribution of rain and that the

response of rain to aerosol loadings depended on rain intensity. Also for mid-latitude clouds,

Barthlott et al. (2022) used the ICON (Icosahedral Nonhydrostatic) model and found that the

microphysical effects of higher CCN caused narrower cloud droplet distributions and reduced

rain water content. However, using the COSMO (Consortium for Small-scale Modeling) weather

forecast model, Seifert et al. (2012) found that aerosols had a negligible effect on surface precip-

itation over Germany. Over the Asia monsoon region, the changes in clouds caused by aerosols

were also found to be complex (Furtado and Field 2022).

Overall, the relationships between anthropgoenic emission, aerosol, cloud and rain are complex

and no clear correlations were found for changes in cloud liquid water, cloud ice water or rain

to any changes in anthropogenic emissions. The insensitivity is caused by the already polluted

environment and the small perturbations of Nd as a result of small changes in aerosols, because

distinct responses of clouds were found when the number of aerosols were reduced by a factor
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of 4 and the subsequent change in Nd is a factor of 2. It means that clouds as well as rain will

be significantly changed if the cloud droplet concentrations are significantly affected.

The limitation of this study lies in the missing upper tropospheric NPF mechanism and missing

aerosol interactive heterogeneous ice nucleation microphysics. NPF is disabled outside of the

layer between 100 m and 1 km in altitude so that the regional model has a better representation

of the observed aerosol particle concentrations. The compromise inhibits the descent of newly

formed aerosols from the upper troposphere and their possible interactions with deep convection

in the free and upper troposphere (Ekman et al. 2004; Yin et al. 2005; Fan et al. 2018). Lacking

the aerosol-dependent heterogeneous ice nucleation causes the ice water content changes to be

not directly related to aerosol concentration. Thus, this study may not fully represent response

of cloud to changes in aerosol. It is also recommended that future studies can focus on the

response of a single cloud to anthropogenic emissions in order to better understand the phys-

ical processes of the affected cloud, similar to the study of Miltenberger et al. (2018b) which

developed an ensemble to evaluate the response of cloud properties. Nevertheless, this study

provides new insights of small effects of anthropogenic emissions and NPF to clouds and rain.
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Chapter 5

Effects of model resolution on

non-linear biogenic new particle

formation in Amazonia

5.1 Introduction

Observations found strong new particle formation (NPF) in the upper troposphere (UT) and

global modelling studies have proved that the newly-formed particles are important sources for

aerosol particles in the boundary layer (Merikanto et al. 2009; Clarke et al. 1998; Clarke et al.

1999a; Clarke et al. 1999b; Clarke and Kapustin 2002; Weigel et al. 2011; Williamson et al.

2019). NPF is affected by the intercorrelated factors which include gas precursor volatility,

concentrations, condensation sink, and the surrounding environment. In Amazonia, NPF that

involves biogenic sources is generally supported by deep convection which transports insoluble

gas precursors (e.g. monoterpene) from the surface to the UT, then their oxidation products

can nucleate (Thornton et al. 1997; Twohy et al. 2002; Kulmala et al. 2006; Andreae et al.

2018). The concentrations of the oxidised BVOCs are used to derive nucleation rate. Apart

from condensation sink from aerosol particles, nucleation is also suppressed by cloud hydrome-

teors which have relatively larger surface areas than particles, and thus, suppresses nucleation

rate by generating a condensation sink that allows gases to condense on existing surfaces rather

than form new particles (Kulmala et al. 2001b; Kulmala et al. 2001a; Dal Maso et al. 2002;

Kazil et al. 2011). Deep convection is found to perturb the temperature fields and moisture in
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the UT (Sassi et al. 2001; Johnston et al. 2018) which affect the efficiency of NPF (Zhao et al.

2020; Simon et al. 2020).

NPF supported by deep convection occurs in many tropical regions (Andreae et al. 2018;

Williamson et al. 2019) and has a large-scale effect on CCN. It is therefore important to under-

stand how well this process is simulated by a large-scale (global) model compared to a much

higher resolution regional model that explicitly resolves convection and the cloud-scale pro-

cesses, including gas transport and removal. The global model used in this thesis has a coarse

resolution that is much larger than cloud scales, and it uses a parameterised convection scheme

(Fritsch and Chappell 1980; Gregory and Rowntree 1990; Stratton et al. 2009; Derbyshire et

al. 2011; Walters et al. 2019), which simplifies the sub-grid transport processes. Even though

sub-grid parameterisation produces approximations for the ‘transported’ gas as well as for con-

vection, rain, cloud fraction etc., the spatial variability within each global model grid box (e.g.

100 km) is not fully represented. This is because the global model uses cloud, rain, particle

concentrations and gas concentrations for each grid box, which creates a homogeneous region,

while in reality the grid box is representing several unresolved cloud systems that vary within

each grid box. Gas fields that are significantly affected by convective transport may not be

correctly represented by global model approximations.

The high spatial variability of trace gases and aerosols has been demonstrated by observations

of black carbon which has a spatial scale of around 85-155 km (Weigum et al. 2012), approxi-

mately the resolution of a global climate model can capture. WRF-Chem model results showed

that sub-grid variability of the 75 km resolution is most significant near the sources of the gases

and may not be well represented by 75 km grid spacing (Qian et al. 2010). Effects of resolution

have been investigated in the modelling study of Weigum et al. (2016). The results showed that

80 km resolution WRF-Chem simulations can cause large discrepancies in aerosol optical depth

and CCN concentrations compared to 10 km resolution simulations, via differences in aerosol

and gas processes (Weigum et al. 2016). The study also pointed out that convective transport

exaggerated the discrepancies in gas and aerosol concentrations (Weigum et al. 2016), indicating

the potential effects of deep convection in enhancing spatial variability. Therefore, missing the

sub-grid variability may result in incorrect gas and aerosol fields which will subsequently affect

nucleation rates because nucleation is a non-linear process, eventually affecting aerosol radiative

forcing (Gustafson Jr. et al. 2011).
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The chemical lifetime of gases may partly determine whether the concentrations vary greatly

within an area equivalent to a coarse global model grid box that is perturbed by clouds. The

chemical lifetime represents the time for the species to be removed (Seinfeld and Pandis 2012).

The key consideration is the chemical lifetime versus the rate of creation of concentration gradi-

ents caused by convective transport and mixing. In Amazonian UT, gases such as SO2 usually

have relatively long chemical lifetimes (more than 1 day) and the concentrations within a re-

gion will therefore mainly depend on long-range transport, meaning that the concentrations

may quickly return to equilibrium after being perturbed. However, monoterpene, which is used

as a NPF precursor gas in the UKCA model (United Kingdom Chemistry and Aerosol model),

usually has chemical lifetime of less than a few hours against oxidation (less than 10 hours)

(Yáñez-Serrano et al. 2018), which is a similar timescale of deep convective transport and mix-

ing. In reality, monoterpene represents several biogenic terpene species (α-pinene, β-pinene,

Limonene etc.) with different chemical lifetimes. In the UKCA nucleation process, monoter-

penes are treated similar to α-pinene based on the results from CLOUD experiments (Kirkby

et al. 2016) and model parameterisation (Gordon et al. 2016), thus, 10 hours is a rough estimate

according to the lifetime of α-pinene (Yáñez-Serrano et al. 2018). Therefore, the spatial distri-

butions of short-lived monoterpene concentrations over a region will be significantly affected by

deep convection, because they may not live long enough to be evenly distributed over a region,

or reach the regions of low condensation sink, before being oxidised. A short lifetime also affects

whether biogenic vapours can be efficiently transported by deep convection upward (Li et al.

2017), and partly affects the amount of monoterpenes to eventually reach the upper troposphere.

Because NPF is non-linear to monoterpene concentrations, and high spatial variability of the

short-lived gas precursor (monoterpene) caused by deep convection, NPF rates are likely to be

spatially non-linear due to insufficient mixing, and thus may not be well represented by coarse

resolutions. Whether NPF rates are sensitive to the precursor gas (monoterpene) lifetime needs

to be understood.

To understand how coarse resolutions in the global models may affect the spatially non-linear

NPF, this chapter uses output from high-resolution regional model simulations and applies av-

eraging to imitate the the lower resolution of a global model, and investigate how nucleation

rate changes. The averaging method may not fully represent processes in the global model,

but is a simplified step that resembles some of the deficiencies of a global model. The benefit
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of comparing high-resolution results and the averaged results is that only the effect of spatial

resolution of the chemical fields is tested while the other factors including convection, cloud

microphysics, model time step, resolutions of the emissions and regional model boundary con-

ditions that all affect the spatial distribution of monoterpene are kept under control. Questions

for this chapter are addressed as follows:

(1) How are nucleation rates affected by averaging the input variables?

(2) What are the causes of the changes in nucleation rates by averaging?

(3) How will monoterpene oxidation rate affect the spatially non-linear nucleation rate?

5.2 Methods

5.2.1 Global and regional model configurations

This chapter uses the same model configuration in Chapter 4, which includes a nested regional

model in a global model based on Unified Model version 11.6 with GA7.1 (Global Atmosphere

v7.1). Other details can be found in Chapter 2. The global model resolution is N96 (135 km)

with 85 vertical levels up to 80 km in altitude. The regional domain is centred at (3.1◦ S, 62.7◦

W) in central Amazonia at 3 km resolution horizontally. The region covers around 1200 km

in the east to west direction and around 700 km in the north to south direction. There are

70 vertical model levels with the highest altitude at 40 km and the lowest 64 levels cover the

vertical extent from the surface to 20 km in altitude, mainly where cloud and aerosol interact.

The regional model uses explicit convection and CASIM microphysics (Shipway and Hill 2012;

Hill et al. 2015; Grosvenor et al. 2017; Miltenberger et al. 2018a; Gordon et al. 2020; Field et al.

2023). Details of the convection, cloud microphysics, aerosol microphysics in UKCA and the

coupling settings are described in Chapter 2.

UKCA uses monthly mean emissions for gases and aerosols. CMIP6 emission inventories provide

CH4, and anthropogenic BC, OC and SO2 for the year 2014 (Eyring et al. 2016; Walters et al.

2019). Monoterpene, isoprene and natural SO2 are obtained from CMIP5 inventories for the

year 2000. The marine source of DMS has been parameterised based on Lana et al. (2011) and

the land source is biomass burning (Werf et al. 2006; Lamarque et al. 2010; Granier et al. 2011;

Diehl et al. 2012). The emitted CH4 from biomass burning data have been generated by the

JULES (Joint UK Land Environment Simulator) model (Mangeon et al. 2016; Walters et al.
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2019). BC and OC are from biofuel, biomass burning and fossil fuel burning events (Marle

et al. 2017; Hoesly et al. 2018). Monoterpene and isoprene are obtained from monthly averaged

emission inventories that include vegetation (Guenther et al. 1995; Pacifico et al. 2012). Natural

and anthropogenic SO2 comes from volcanic eruption, biomass burning, biofuel and fossil fuel

burning (Andres and Kasgnoc 1998; Stier et al. 2005; Lamarque et al. 2010; Hoesly et al. 2018).

The same coupled chemistry scheme (StratTrop) is used as introduced in Chapter 4.

5.2.2 New particle formation

In this chapter, the biogenic nucleation mechanism introduced in Chapter 2 is used for NPF

in UKCA. Similar to Chapter 3, NPF only occurs above 100 m altitude to prevent unrealistic

boundary layer nucleation. The parameterisation produces new particles at 3 nm in diameter

with oxidised organic gas molecules (highly-oxygenated molecules, HOMs) (Kirkby et al. 2016).

The parameterisation of biogenic nucleation in UKCA allows HOMs to be oxidised from monoter-

penes by OH and O3 (Gordon et al. 2016), but monoterpenes are first oxidised to SecOrg by

OH, O3 and NO3, then the rest of the monoterpene in the environment is used to derive HOM

concentrations as has been showed in Fig. 2.1. The concentration of HOMs is derived with Eq.

5.1 based on the study of Gordon et al. (2016).

[HOM] = (1.2%× [OH]× [MT]× k1 + 2.9%× [O3]× [MT]× k2)/CS1, (5.1)

where [HOM] is the concentrations of pure biogenic nucleation gas in molec cm−3, [OH] and

[O3] are the concentrations of the oxidants, OH and O3, in molec cm−3, [MT] represents the

concentrations of monoterpene in molec cm−3, T is temperature in K, and CS1 is condensation

sink in s−1. The constant 1.2 % represents that yields of HOM are 1.2% when α-pinenes are

oxidised by OH, 2.9 % is the yields of HOM when α-pinenes are oxidised by O3, k1 and k2 are

the rate constants in cm3 molec−1 s−1 taken from Gordon et al. (2016), which was based on

CLOUD chamber experiments. k1 is equal to 1.2 × 10−11 multiplied by a dimensionless temper-

ature dependence exp (440/T). k2 is 8.05 × 10−16 multiplied by a dimensionless temperature

dependence exp (−640/T), As α-pinene is a subset of monoterpene (Yáñez-Serrano et al. 2018),

monoterpene is used as α-pinene in UKCA when producing [HOM].

Equation 5.2 is the same as in Chapter 2 (Eq. 2.1) to derive nucleation rate at 1.7 nm diameter
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(Gordon et al. 2016).

JBio1.7nm = exp(−(T− T0)/B1)× (A1 × ([HOM]/B2)
A2+

A5
[HOM]/107

+ [Ion]×A3 × ([HOM]/B2)
A4+

A5
[HOM]/B2 ), (5.2)

where JBio1.7nm is the NPF rate at 1.7 nm in cm−3 s−1, T is the temperature in K, T0 is 278 K,

A1−5, B1 (equals to 10) and B2 (equals to 107) are constant parameters, [Ion] is the assumed

constant ion concentrations (400 cm−3) (Gordon et al. 2016). Both neutral and ion-induced

rates are multiplied with a dimensionless temperature dependency exp(−(T−T0)/B1)) (Gordon

et al. 2016; Simon et al. 2020).

Then, the nucleation rate at 3 nm diameter (Eq. 5.3) is parameterised according to Kerminen

and Kulmala (2002) equation.

JBio3nm = JBio1.7nm × exp(γ × (d1
−1 − d2

−1)× CS2/GR, (5.3)

where JBio3nm is the nucleation rate at 3 nm in cm−3 s−1, γ is a constant factor (0.23 nm2 m2

s−1), d1 and d2 are particle diameters in nm, CS2 is the condensation sink in m−2, and GR is

growth rate in m s−1, and GR is derived with [H2SO4] and H2SO4 concentrations (molec cm−3).

CS1 and CS2 are both condensation sink but in different units (CS1 = 4πDv × CS2, Dv is the

diffusion coefficient).

The equations above show that NPF rate at 3 nm diameter is determined by concentrations of

the intercorrelated gases, strength of condensation sink and temperature ([monoterpene], [OH],

[O3], [H2SO4], CS1, CS2, and T), and NPF rate is a non-linear function to the variations of

these variables. Affected by deep convection, the spatial homogeneity of these input variables

may contribute to extra non-linearity for NPF rate.

5.2.3 Simulation details

The global and regional models were run from 16 to 18 September 2014. The global model ran

a spin-up from 1 to 15 September 2014 in order to initialise the aerosol fields.

Two simulations with different oxidation rates of monoterpene are used in this chapter, BioEm-

CCS (faster oxidation) and Bio0.1OxEmCCS (slower oxidation). The biogenic nucleation mech-

anism in Bio0.1OxEmCCS simulation is the same as BioOxEmCCS simulation in Chapter 3, but
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Bio0.1OxEmCCS simulation is based on coupled chemistry. In Bio0.1OxEmCCS simulation,

oxidation rates of monoterpenes (oxidised by OH, O3 and NO3) are reduced by a factor of 10

(slower), and monoterpene emission rate is increased by a factor of 10. Reducing the oxidation

rate allows monoterpene to stay in the upper troposphere for longer than 12 hours. The sim-

ulation BioEmCCS used default (faster) monoterpene oxidation rate in UKCA and increased

monoterpene emission rate by a factor of 10. With varied oxidation rates, the response of NPF

rate at 3 nm diameter to averaged fields can be investigated under different monoterpene life-

times.

The purpose of increasing monoterpene emission rates by a factor of 10 in both simulations is

to allow UKCA to generate at least some moderate nucleation rates in the UT. Chapter 3 has

shown that very few particles were produced with default monoterpene emission and oxidation

rate. Therefore, to enable nucleation to occur in the UT, monoterpene emission rate is increased

by a factor of 10 in both simulations.

Cloud condensation sink is used in both simulations, as described in Chapter 2.

5.2.4 Methods for analyses

Degraded resolution and offline nucleation rate

Based on the 3 km resolution results from the regional model, this chapter uses three additional

degraded resolutions (30 km, 60 km, and 120 km) to calculate nucleation rate at 3 nm diameter

offline. The 3 km, 400 by 240 regional model domain is split into 40 by 24 for 30 km resolution,

20 by 12 for 60 km resolution, and 10 by 6 for 120 km resolution (Table 5.1). Each of the cells

at the first degraded resolution (30 km) contains 100 (10 by 10) original model grid boxes at

3 km resolution; second degraded resolution (60 km) has 400 (20 by 20) original model grid

boxes; and the third degraded resolution (120 km) contains 1600 (40 by 40) original model

grid boxes. Then, the 3 km resolution output within each degraded cell are averaged, and the

newly averaged values of the model output represent the results for degraded resolutions. The

outcome of the degraded resolutions by averaging is shown in Fig. 5.3 and 5.4.
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Table 5.1: A table of original model resolution, degraded resolutions and the number of grid
boxes within each degraded cell

Resolution 3 km 30 km 60 km 120 km

Number of grids/cells in the domain 400 by 240 40 by 24 20 by 12 10 by 6
Number of 3 km grids in each of the
cells with degraded resolutions

— 10 by 10 20 by 20 40 by 40

Figure 5.1: Profiles of modelled (black and red lines) and offline calculated (grey and light red)
nucleation rate averaged over time and 3-km resolution domain in Bio0.1OxEmCCS (black and
grey) and BioEmCCS (red colors) simulations.

Deriving the nucleation rate at 3 nm diameter offline allows us to examine the effects of averag-

ing to influence nucleation rate. The time- and domain-mean offline nucleation is comparable

to the nucleation rate from model output (Fig. 5.1). The offline nucleation rate at 3 nm di-

ameter (JBio3nm) is calculated with Eq. 5.1, Eq. 5.2, and Eq. 5.3 by feeding input variables

([monoterpene], [OH], [O3], [H2SO4], CS1, CS2, and T) from the model output at 3 km res-

olution, averaged variables at 30 km resolution, averaged variables at 60 km resolution, and

averaged variables at 120 km resolution.

Kernel Distribution Estimation and idealised offline nucleation rate

Probability densities of monoterpene concentrations and condensation sink (CS1) at 14 km

altitude are derived with Gaussian kernel distribution estimation (KDE) method (Scott 2012).

KDE uses a smoothing method to derive the densities of probability of the dataset. Each

smoothed probability density is derived with weighted averaged data. Using KDE method allows

us to understand the probability densities of monoterpene concentrations and condensation sink.

Both monoterpene concentrations and condensation sink are divided into 1000 bins, which are

then fed into the equations (Eq. 5.1, 5.2, and 5.3) to derive idealised offline nucleation rate at 3
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nm diameter while keeping the rest of the variables constant ([OH], [O3], [H2SO4], CS2, and T).

The constants are the medians of the 3 km resolution model output when CS1 is smaller than

0.02 s−1, because particle production is more likely to occur under such environment (Table

5.2). The same constants are used for idealised offline nucleation rate at all four resolutions

for each simulation. Such application will show how nucleation rate varies with monoterpene

concentrations and condensation sink specifically.

Table 5.2: Constant values of OH, O3, H2SO4, CS2, and T used to derive idealised offline nucle-
ation rate at 3 nm diameter that varies with only monoterpene concentration and condensation
sink in Bio0.1OxEmCCS and BioEmCCS simulations

Variables Bio0.1OxEmCCS BioEmCCS

[OH] 22781.075520 21588.492811
[O3] 7.687413×1011 7.518136×1011

[H2SO4] 287.078880 1691.777106
CS2 43.240222 35.329285
T 265.299960 268.680637

The justifications of choosing the variables CS1 and [monoterpene] to be examined are described

in Section 5.3.

Weighted NPF

The idealised offline nucleation rate (Section 5.2.4) takes account of the binned monoterpene

concentration and condensation sink, but it does not consider the probability densities of the

input variables (monoterpene concentration and condensation sink). Therefore, multiplying the

idealised offline nucleation rate with the probability densities gives the weighted NPF at 3 nm

diameter, indicating the relative importance and magnitude of NPF to occur under various

combinations of monoterpene concentration and condensation sink.

5.3 Results

5.3.1 Offline nucleation rates with degraded resolutions

Figure 5.2 shows the vertical profiles of time- and domain-mean nucleation rate at 3 nm diam-

eter that is calculated offline with Eq. 5.1, 5.2, and 5.3 and input variables ([monoterpene],

[OH], [O3], [H2SO4], CS1, CS2, and T), at the original 3 km resolution and three degraded

resolutions (30 km, 60 km, and 120 km) in the Bio0.1OxEmCCS and BioEmCCS simulations.
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In the simulation with reduced oxidation rate of monoterpene (Bio0.1OxEmCCS), offline nucle-

ation rate in the original 3 km resolution decreases with height from surface until around 1 km,

then gradually increases up to 11-18 km altitude, where it reaches a maximum of 1.6 cm−3 s−1.

The offline nucleation rate calculated with input variables at degraded resolutions have similar

profiles as the original 3 km resolution, but as resolution becomes lower, the discrepancies are

greater from the original 3 km resolution. Degraded resolutions produce smaller nucleation rate

at most of the altitudes. In the simulation with reduced oxidation rate (Bio0.1OxEmCCS),

the ratios of the rates in degraded resolutions to the original 3 km resolution are 0.7 (30 km

resolution), 0.6 (60 km resolution), and 0.4 (120 km resolution) averaged over height, indicating

that averaging the input variables causes nucleation rate to shift away from the high-resolution

results.

Figure 5.2: Profiles of offline calculated nucleation rate using the original model resolution (3
km, solid), degraded resolution (30 km, dotted), degraded resolution (60 km, thin dashed), and
degraded resolution (120 km, thick dashed) in the simulations Bio0.1OxEmCCS (black) and
BioEmCCS (red).

In the simulation with default monoterpene oxidation rate (BioEmCCS), offline nucleation rate

at 3 km resolution are around a factor of 100 smaller than Bio0.1OxEmCCS simulation, because

monoterpene in BioEmCCS simulation is oxidised at faster rates and thus is less likely to con-

tribute to NPF. The offline nucleation rate decreases from surface until around 100 m altitude

where it starts to increase with height and reaches a maxima at 7 km altitude (0.006 cm−3

s−1), then nucleation rate decreases with height until 12 km (0.0003 cm−3 s−1) and eventually

increases up to 15-17 km altitude (0.012 cm−3 s−1). Calculated with inputs from degraded

resolutions, offline nucleation rate shows reductions at most of the heights except for around

12 km altitude. Lower resolutions generally produce smaller offline nucleation rates from the

original 3 km resolution, the height-averaged ratios of the rates in the degraded resolutions to
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the original 3 km resolutions are 1×10−5 (30 km resolution), 4×10−5 (60 km resolution) and

4×10−6 (120 km resolution) in BioEmCCS simulation, which represent more significant changes

than Bio0.1OxEmCCS simulation with a slower oxidation rate.

The occurrence of differences between degraded resolutions and original resolution is caused

by averaging within each degraded cell in 30 km, 60 km, and 120 km resolution, indicating

a spatially non-linear nucleation rate as a result of input variables that vary across the hor-

izontal domain. The cause of inhomogeneous gas, temperature and condensation sink fields

is convection, especially deep convection which can efficiently transport sufficient amount of

monoterpenes upwards from surface, affects oxidants, temperature and condensation sink at

higher altitude.

In 30 km, 60 km, and 120 km domain, lower resolutions are associated with stronger averaging

of the original 3 km resolution input variables, which causes discrepancies between the original

offline nucleation rate profiles. The degraded resolutions produce stronger or similar nucleation

rates than the original 3 km domain at around 11-17 km altitude in Bio0.1OxEmCCS simulation

with reduced oxidation rate, and around 12 km altitude in BioEmCCS simulation with default

oxidation rate. It is partly caused by the existence of very low monoterpene concentrations at

these altitudes in the 3 km regional domain (e.g. empty areas in Fig. 5.3). When some grid

boxes with low monoterpene concentrations are averaged with the surrounding grid boxes, the

resulted nucleation rate in degraded cells can be larger than the averaged nucleation rate in the

same area, because of the loss of extremely low nucleation rates at 3 km resolution. Overall,

at most of the altitudes, simulations Bio0.1OxEmCCS and BioEmCCS show that a greater

degradation of resolution usually produces smaller offline nucleation rates. The discrepancies

caused by averaging to degraded resolutions and the magnitudes of discrepancies in each de-

graded resolutions are investigated in Section 5.3.2.

The discrepancies between degraded resolutions and original resolutions are different for simu-

lations Bio0.1OxEmCCS and BioEmCCS, with the latter (a faster monoterpene oxidation rate)

having greater changes relative to the original 3 km resolution results. Reducing the oxidation

rate of monoterpene by a factor of 10 in Bio0.1OxEmCCS simulation extends the lifetime of

monoterpenes so that they persist for a longer time before being oxidised by OH, O3 and NO3.

Consequently, more monoterpene molecules can survive longer, so that they can be well mixed
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after being detrained from clouds, and eventually contribute to NPF where condensation sink

is low. Then, a well mixed region is less likely affected by averaging. A longer lifetime also

allows more monoterpene molecules to be transported from surface to the upper troposphere by

deep convection, which also affects the nucleation rates calculated with averaged concentrations

in each degraded cell. However, in the BioEmCCS simulation where default (faster) monoter-

pene oxidation rate is used, monoterpenes have shorter lifetime, and thus fewer will escape

clouds and have time to be well mixed with the surrounding environment. Insufficient mixing

due to shorter lifetime causes a less homogeneous distribution, therefore averaging within the

degraded resolutions causes larger discrepancies of offline nucleation rates in BioEmCCS than

Bio0.1OxEmCCS simulation. Similarly, fewer monoterpene molecules reach regions of low con-

densation sink in BioEmCCS simulation, which leads to generally lower nucleation rates than

Bio0.1OxEmCCS simulation.

5.3.2 Spatial variability of monoterpene and condensation sink

Here I investigate how convection introduces significant spatial variability for gas, condensation

sink and temperature fields and thereby affects calculated nucleation rates at 3 nm diameter.

Monoterpene concentrations and condensation sink in the UT, which determine the nucleation

rate, are controlled by convection. Therefore, in the following analyses, the effects of averag-

ing on monoterpene concentrations and condensation sink (CS1) at around 14 km altitude are

investigated. The condensation sink is used for further investigation because CS1 is used to

derive the concentrations of HOMs and subsequently indirectly affects nucleation rate at 3 nm

diameter, while CS2 is used to derive nucleation rate from 1.7 nm to 3 nm (Section 5.2.2). The

condensation sink in the following sections refer to CS1.

Figure 5.3 and 5.4 show maps of monoterpene and condensation sink at all four resolutions in

the simulations Bio0.1OxEmCCS and BioEmCCS. Monoterpene concentration and condensa-

tion sink are roughly positively correlated, because monoterpenes are transported by convection

and condensation sink is determined by the cloud water content formed by convection. Thus,

high monoterpene concentrations usually occur at the same locations of high condensation sink

in the maps.

In the simulation with reduced oxidation rate (Bio0.1OxEmCCS), monoterpene concentrations

are generally between 108 and 1012 molec cm−3 (or higher) with some lower concentrations at
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the edge of the clouds, likely caused by the entrained air from higher altitude. Lower monoter-

pene concentrations also occur in the cloud-free regions indicated by white patches. Here, the

white colour means that the concentrations are smaller than the lower limit (1 molec cm−3) of

the maps. Averaging to degraded domains reduces the contrasts of the high and low concentra-

tions as the resolution becomes coarser, and the smoothing effect is stronger when more 3 km

grid boxes are averaged within each degraded cell. Eventually monoterpenes in the 120 km reso-

lution are almost homogeneously distributed at 14 km altitude in Bio0.1OxEmCCS simulation.

Condensation sink in Bio0.1OxEmCCS simulation, which takes into account of the contribu-

tion from clouds, is higher in the clouds than outside at 14 km altitude, showing a great spatial

variability. In Bio0.1OxEmCCS simulation, the smoothing effect is similar for condensation

sink, which reduces high condensation sink while increases low condensation sink in the region.

Different from monoterpenes which can mix with the surrounding air, high condensation sink

(> 0.1 s−1) which can completely prevent nucleation, usually occurs in clouds. The gradients

of condensation sink in- and outside the clouds are large, meaning that nucleation may rarely

occur in the clouds. Therefore, degrading the resolutions will generally cause reduced conden-

sation sink in clouds, but should hardly affect nucleation rate in the cloudy regions. Unless

at 120 km resolution in which each grid box covers an area greater than the clouds, then the

nucleation rates outside the cloud region at 3 km resolution will be affected.

BioEmCCS simulation with default oxidation rate has in general lower monoterpene concentra-

tions than Bio0.1OxEmCCS simulation because monoterpenes are more rapidly oxidised and

less likely to create a region of homogeneous concentrations, or less likely to reach the UT

in this environment. Due to rapid oxidation rate, monoterpene concentrations at the original

3 km resolution in BioEmCCS simulation show a wider range of concentrations in log-scale

and significant spatial variability across the domain. Averaged monoterpene concentrations

in degraded resolutions show increasingly more homogeneous concentrations as the resolution

becomes coarser, but the log-scale maps still appear less homogeneous than Bio0.1OxEmCCS

simulation which has a slower oxidation rate. The maps of condensation sink in BioEmCCS

simulation at the original 3 km resolution and degraded resolutions are similar to the maps

in Bio0.1OxEmCCS simulation, because condensation sink in the low-aerosol UT is primarily

driven by clouds which are hardly affected by different NPF mechanism (see also Chapter 3).
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Figure 5.3: Maps of monoterpene (left) and condensation sink (right) at 14 km altitude in
Bio0.1OxEmCCS simulation. The maps in each column use the same colour scale shown at the
bottom. Maps in the first row are at the original 3 km resolution and the contours highlight
the locations of clouds and are drawn where the cloud water content is equal to 0.002 g kg−1,
in the second row are at 30 km resolution, in the third row are at 60 km resolution, and in the
fourth row are at 120 km resolution.
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Figure 5.4: Maps of monoterpene (left) and condensation sink (right) at 14 km altitude in
BioEmCCS simulation. The maps in each column use the same colour scale shown at the
bottom. Maps in the first row are at the original 3 km resolution and the contours highlight
the locations of clouds and are drawn where the cloud water content is equal to 0.002 g kg−1,
in the second row are at 30 km resolution, in the third row are at 60 km resolution, and in the
fourth row are at 120 km resolution.
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Figure 5.5: Probability densities of the occurrence of monoterpene and condensation sink in
the Bio0.1OxEmCCS (left) and BioEmCCS (right) simulation at 14 km altitude for all the
instantaneous output in the original model resolution (3 km, first row), 30 km resolution (second
row), 60 km resolution (third row), and 120 km resolution (fourth row). The frequency in the
color bars denotes probability densities.

Figure 5.5 shows the 2-dimensional probability densities for occurrence of monoterpene con-
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centrations and condensation sink in Bio0.1OxEmCCS and BioEmCCS simulations for the four

resolutions. The KDE method is used and introduced in Section 5.2.4. Figure 5.5 at the original

3 km resolution show that the monoterpene concentrations and condensation sink have great

spatial variability for both Bio0.1OxEmCCS and BioEmCCS simulations, indicated as the range

of the results of each colour being relatively large and the edge of the colours being far from

the neighbouring colours. At the 3 km resolution, higher probability densities (orange and red

colours) are shown for monoterpene concentrations smaller than around 0.7 molec cm−3 and

condensation sink smaller than 0.08 s−1 in Bio0.1OxEmCCS simulation; in BioEmCCS simu-

lation, higher probability densities are shown for monoterpene concentrations smaller than 0.2

molec cm−3 and condensation sink smaller than 0.11 cm−3; meaning that distributions in both

simulations are generally skewed to lower monoterpene concentration and condensation sink at

14 km altitude. However, the ranges in light blue and green in the two simulations show that

there are still many grid boxes with relatively higher monoterpene concentration and conden-

sation sink which can be easily lost due to coarse resolutions.

The ranges of the 14-km altitude colour map at 3 km resolution is greater in Bio0.1OxEmCCS

simulation because in general, it has a slower oxidation rate which causes higher monoterpene

concentrations than BioEmCCS simulation, and thus, the colour map of probability density is

narrower in BioEmCCS simulation in the axis of monoterpene.

Averaging to the degraded resolutions in Bio0.1OxEmCCS simulation reduces the range of the

colour maps especially for the light blue-to-green regions, meaning that the 3 km resolution

grid boxes that contain monoterpene concentrations and condensation sink that fall into the

light blue-to-green range are much greater than their surrounding grid boxes. Then, the de-

graded resolutions lose many high monoterpene concentrations and condensation sink due to

averaging. As resolutions become coarser, many more grid boxes are averaged from 30 km to

120 km resolution, then the range of the colour maps becomes smaller. Most of the changes

occur when condensation sink is greater than 0.1 s−1 which are in the clouds as indicated in the

maps (Fig. 5.3 and 5.4), and nucleation rates are zero or extremely low in the clouds. Thus, if

these extreme nucleation rates exist in the cloudy regions of 3 km resolution, they will be lost

with degraded resolution, but will not significantly affect the domain averaged nucleation rates.

The edge of the colours are also more smoothed with degraded resolutions. Interestingly, the

orange and red colours, which represent relatively higher probability densities of occurrence,
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cover larger ranges of condensation sink (up to 0.1 s−1) when the resolutions are degraded.

It is because more grid boxes, which have even higher condensation sink in the original 3 km

resolution, after averaging, now become smaller and are grouped into condensation sink ranges

that are lower than 0.1 s−1. Therefore, the probability densities are increased for monoterpene

concentration and condensation sink that are below the condensation sink threshold (0.1 s−1)

in 30 km, 60 km, and 120 km resolutions. The changes in orange and red colour ranges may

have great effects on nucleation rates due to a large number of grid boxes.

Similar to Bio0.1OxEmCCS simulation, averaging to the degraded resolutions in BioEmCCS

simulation also produces smaller colour maps especially for the relatively high monoterpene

concentration and condensation sink in light blue-to-green colours; the edges of the colours

are more smoothed after averaging; the probability densities represented by orange and red

colours now reach higher condensation sink (0.13 s−1). However, the percentage shrinkage of

the range of the colour maps as resolution degrades is more significant in BioEmCCS than in

Bio0.1OxEmCCS simulation, which results in greater changes in offline nucleation rate as shown

in Fig. 5.2.

Both simulations with default and slowed-down monoterpene oxidation rate show that averag-

ing to the degraded resolutions generally reduces monoterpene concentrations and condensation

sink. Although, other variables ([OH], [O3], [H2SO4], CS2, T) that are used to derive nucleation

rates are not shown in maps, they are expected to be changed in a similar way during averaging.

Figure 5.6 shows the same probability densities plots as in Fig. 5.5 but with lines of idealised

offline nucleation rate derived with binned monoterpene concentrations and condensation sink,

with the rest of the input variables as constants (see Section 5.2.4). It is referred to as idealised

offline nucleation rate. In reality, other variables used to calculate nucleation rate ([OH], [O3],

[H2SO4], CS2, and T) should also change when monoterpene concentration and condensation

sink (CS1) vary, but they are kept constant to simplify the processes.
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Figure 5.6: The same probability densities plots of monoterpene and condensation sink (same
as Fig. 5.5) in the Bio0.1OxEmCCS (left) and BioEmCCS (right) simulation at 14 km altitude
for all the instantaneous output in the original model resolution (3 km, first row), 30 km
resolution (second row), 60 km resolution (third row), and 120 km resolution (fourth row). The
additional lines represent idealised offline nucleation rate calculated with binned monoterpene
concentration and condensation sink and assumed [OH], [O3], [H2SO4], CS2, and T to be
constant (see Section 5.2.4). The inset figures are the same but zoomed in to below 5×1010

molec cm−3 for monoterpene and below 0.02 s−1 for condensation sink. The frequency in the
color bars denotes probability densities.
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Figure 5.7: Correlation scatters of nucleation rate (colour map), monoterpene (x-axis), and
condensation sink (y-axis) for all the modelled output at 14 km altitude in Bio0.1OxEmCCS
(left) and BioEmCCS (right) simulations.

Figure 5.8: Idealised offline nucleation rate weighted by the probability densities in Fig. 5.5
(probability density × idealised nucleation rate), plotted against monoterpene and condensation
sink in Bio0.1OxEmCCS (left) and BioEmCCS (right) at 14 km altitude in the original model
resolution (3 km, first row), 30 km resolution (second row), and 60 km resolution (third row).
The idealised offline nucleation rates are calculated with binned monoterpene concentration and
condensation sink and assumed the [OH], [O3], [H2SO4], CS2, and T to be constant (see Section
5.2.4). Weighted NPF can indicate show the probability of occurrence of NPF.
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The idealised offline nucleation rate lines are the same for the degraded resolutions (30 km, 60

km, and 120 km) because the four probability density plots use the same bins for monoterpene

concentration and condensation sink for clear comparisons. But the side effect of using same

bins for all four resolutions is that it does not take into account of individual distributions for

each simulation and resolution, and thereby results in the same idealised offline nucleation rate

lines for each resolution. Idealised offline nucleation rate does not show up when condensation

sink is smaller than 0.0004 s−1. It is because lack of number of bins to plot the figure. Figure

5.7 shows the correlation scatter plots of condensation sink, monoterpene and nucleation rate

from model output in Bio0.1OxEmCCS and BioEmCCS simulations. NPF does occur in the

model when condensation sink is smaller than 0.0004 s−1, although very rare and at low rates,

because lower condensation sink is usually associated with lower monoterpene concentrations

which are not ideal for high NPF rates to occur.

Lines of smaller idealised offline nucleation rates have greater slopes, and intersect with the edge

of the colour maps at relatively higher condensation sink, which is consistent to the fact that con-

densation sink suppresses NPF. The areas under the lines are greater in Bio0.1OxEmCCS than

in BioEmCCS simulation because slower oxidation rate of monoterpene increases the probabil-

ity of NPF to occur. Interestingly, the ‘slopes’ are greater in BioEmCCS than Bio0.1OxEmCCS

simulation when idealised offline nucleation rate is smaller than 0.001 cm−3 s−1, which seems

to suggest that nucleation could occur under higher condensation sink in BioEmCCS than in

Bio0.1OxEmCCS simulation. However, the intersect points of the lines with the colours show

that the idealised offline nucleation rates are constrained by the monoterpene concentrations

and condensation sink. Accounting for the extent of the colour maps, BioEmCCS simulation

still produces idealised offline nucleation rates much less efficiently than Bio0.1OxEmCCS sim-

ulation.

The calculation of idealised offline nucleation rates are not associated with the probability den-

sities of the occurrence of different monoterpene concentrations and condensation sink in Fig.

5.6. Therefore, weighted NPF is calculated by multiplying the idealised offline nucleation rates

with the probability densities in Fig. 5.5 (see also Section 5.2.4). The weighted NPF then links

idealised offline nucleation rates with realistic occurrence of monoterpene concentrations and

condensation sink in Fig. 5.8. Weighted NPF is able to show the probability of occurrence of

NPF within a range of realistic monoterpene concentration and condensation sink.
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Combining the idealised offline nucleation rate and the probability densities of monoterpene con-

centration and condensation sink, the weighted NPF in monoterpene-CS space shows similar

triangle shapes for Bio0.1OxEmCCS and BioEmCCS simulations at the four resolutions (Fig.

5.8). The colour maps in Bio0.1OxEmCCS simulation cover greater ranges than BioEmCCS

simulation. This is because Bio0.1OxEmCCS simulation uses a smaller oxidation rate which

is more likely to allow NPF to occur because of reduced monoterpene volatility (Fig. 5.9),

and eventually contribute to nucleation rates that can occur in a wider range of condensation

sink. A slower oxidation rate also results in a region with more homogeneously distributed

monoterpene concentrations. It additionally causes more monoterpene molecules being able

to survive for a longer time, then, accumulate to higher concentrations everywhere. At the

original 3 km resolution, the weighted NPF is greater than 1×10−15 for almost all monoter-

pene concentrations but only exceeds 1×10−15 when condensation sink is smaller than 0.06 s−1

(Bio0.1OxEmCCS) and 0.02 s−1 (BioEmCCS) which are outside the clouds (Fig. 5.3 and 5.4).

The weighted NPF is skewed to higher monoterpene concentrations and lower condensation

sink. Weighted NPF distributions are skewed because nucleation rates are positively correlated

with monoterpene concentration and negatively correlated with condensation sink. In the dark

blue regions, NPF also occurs, but with much lower probabilities, because very few cells have

very high monoterpene concentration and very low condensation sink at the same time, or

low monoterpene concentration and high condensation sink. Because monoterpenes are trans-

ported by deep convection and condensation sink is calculated with cloud water content formed

by convection, the monotepene concentrations and condensation sink are positively correlated.

Figure 5.9: Profiles of offline calculated (grey and light red) nucleation rate divided by monoter-
pene concentrations (MT), averaged over time and domain in Bio0.1OxEmCCS (grey) and
BioEmCCS (red) simulations at 3 km (solid), 30 km (dotted), 60 km (thin dashed), and 120
km (thick dashed) resolution.
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The original 3 km resolution and the three degraded resolutions are very similar in the simulation

with slower oxidation rates (Bio0.1OxEmCCS), with the range of colours of high monoterpene

concentration and relatively high condensation sink being reduced after averaging. The reduc-

tions of the coloured ranges are mainly sensitive to changes in monoterpene concentrations,

because Fig. 5.8 has already filtered out the range of condensation sink that is significantly af-

fected by resolution (> 0.1 s−1) while the rest (< 0.06 s−1) are less likely affected by resolution.

In each condensation sink range (e.g. 0.0004-0.0008 s−1), weighted NPF in red colour band

tends to be narrower as resolution degrades, converging to a certain middle point of monoter-

pene concentration by losing the high and low concentrations with averaging. The overall similar

ranges of weighted NPF that are greater than 1×10−15 implies that the nucleation rates are

less significantly affected by averaging to degraded resolutions in Bio0.1OxEmCCS simulation.

In contrast, weighted NPF in BioEmCCS simulation changes significantly due to averaging to

degraded resolutions. The upper limit for light blue colour in 3 km resolution is around 4×1010

molec cm−3 for monoterpene concentration and 0.02 s−1 for condensation sink (Fig. 5.8). At 30

km resolution, the upper limits are reduced to around 2×1010 molec cm−3 and 0.018 s−1 which

means that NPF is likely to occur within a smaller range of monoterpene concentration and

condensation sink at degraded resolutions, and is accompanied by a smaller range of the colour

map. Both upper limits and ranges of the colour maps are reduced further in 60 km and 120

km resolutions. Narrowing of the bands caused by averaging to degraded resolutions becomes

clearer in BioEmCCS simulation, especially for the lowest condensation sink bin (0.0004-0.0008

s−1) where the weighted NPF ranges tend to converge to the monoterpene concentration range

between 2×109 and 8×109, which is approximately where the orange-to-yellow band of proba-

bility densities (3×10−11-3×10−10) in Fig. 5.5 at 14 km altitude. The overall changes show that

averaging causes narrowing of the weighted NPF, restricting NPF to occur in a smaller range of

monoterpene concentration and condensation sink by averaging out the extreme monoterpene

and condensation sink. Then, it can prevent extreme nucleation rates to occur.

BioEmCCS simulation shows more significant changes in colour maps of weighted NPF with

resolution than Bio0.1OxEmCCS simulation, because of faster oxidation rates. Faster oxidation

rates cause monoterpene to be less likely to contribute to NPF, have great spatial variability

over the regional domain, and have generally lower concentrations. In conclusion, the faster oxi-

dation rate of monoterpene, the stronger reductions of the likelihood of NPF to occur, especially
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for extremely high and low nucleation rates.

5.4 Discussions and Conclusions

The effect of deep convection on the non-linear relationship of NPF (nucleation) rate, monoter-

pene and condensation sink is investigated with the output from a high-resolution regional

model (grid spacing 3 km) with two monoterpene oxidation rates differing by a factor of 10

(Bio0.1OxEmCCS and BioEmCCS simulations). Both simulations use additional condensation

sink from clouds to suppress in-cloud NPF. The simulations were carried out in September

2014, in a domain covering part of Amazonia where the oxidised biogenic gases can efficiently

produce particles in the UT, as was observed during ACRIDICON-CHUVA campaign Andreae

et al. (2018) and shown in modelled results in Chapter 3. Model output variables (gas con-

centrations, oxidant concentrations, condensation sink and temperature) were used to calculate

nucleation rates offline for a range of degraded resolutions (30 km, 60 km, and 120 km) in order

to understand how the non-linear dependence of nucleation rates on these variables are affected

by averaging.

The changes across the four resolutions show that the time- and domain-mean nucleation rate is

reduced in degraded resolutions in the Bio0.1OxEmCCS simulation which has slower monoter-

pene oxidation rates, while changes are much more significant in BioEmCCS simulation which

has faster monoterpene oxidation rates. The changes in offline nucleation rates due to degraded

resolution are caused by inhomogeneous gas, condensation sink and other meteorological fields

modulated by clouds. It highlights the potentially significant effect of deep convection on NPF

in the UT. At around 14 km altitude, averaging to degraded-resolution cells leads to a more

homogeneous domain at the expense of losing extremely high and low input values which may

produce extreme nucleation rates, and degrading the resolutions produces smaller time- and

domain-mean nucleation rates at most of the altitudes. The overall nucleation rates are shown

to be reduced at degraded resolutions along with reduced monoterpene concentrations and

condensation sink. Although nucleation rate is positively correlated with monoterpene concen-

trations, it is suppressed by condensation sink, indicating the non-linearity of nucleation rate

to monoterpene and condensation sink when the two are related. Thus, nucleation rates will

be sensitive to the spatially inhomogeneous distribution of monoterpene concentration and con-

densation sink which are shown in the maps (Fig. 5.3 and 5.4).
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Seen from the probability densities of the occurrence of monoterpene concentrations and con-

densation sink in Fig. 5.5, the distributions are skewed to lower monoterpene concentrations

and condensation sink, indicating the significant variability and meaning that there are much

less high monoterpene concentrations and condensation sink. Then, it implies that the likeli-

hood of losing high values is greater than losing low values during averaging. The maps and

weighted NPF (Fig. 5.3, Fig. 5.4 and Fig. 5.8) show that the high condensation sinks (> 0.1

s−1) that are lost due to degraded resolutions do not necessarily affect the overall nucleation

rates, because NPF rarely occurs in regions of high condensation sink. Consequently, compar-

ing to condensation sink, the reduced monoterpene concentrations in degraded resolutions may

play an important role in affecting nucleation rates. However, other input variables that are

all correlated ([OH], [O3], [H2SO4], CS2, and T) in the degraded resolutions may also affect

nucleation rate but are not investigated in detail (see Section 5.2.2).

The idealised offline nucleation rate calculated with binned monoterpene concentrations and

condensation sink show positive correlation of nucleation rate with monoterpene and negative

correlation with condensation sink, but the idealised offline nucleation rates need to be weighted

by realistic probability densities of the occurrence of monoterpene concentrations and conden-

sation sink. The weighted NPF directly shows reductions of the ranges of the colour maps as a

result of averaging monoterpene concentration and condensation sink. The weighted NPF ranges

reduce to smaller ranges of both variables in degraded resolutions and the reduction is intensified

when more 3 km resolutions grid boxes are averaged within each degraded cell. Additionally,

the weighted NPF ranges tend to converge to a narrower set of conditions of monoterpene con-

centrations and condensation sink, approximately where the probability densities of occurrence

of monoterpene concentrations and condensation sink are between 3×10−11-3×10−10. It also

happens to be close to the edge of the probability densities which cover relatively similar ranges

in the four resolutions, i.e. the edge inside which the range is hardly affected by averaging.

Consequently, nucleation rates are incorrectly represented with averaging which restricts nucle-

ation rates to occur for smaller ranges of monoterpene concentrations and condensation sink.

The results show that losing the spatial variability by averaging to degraded cells affects BioEm-

CCS simulation more significantly than Bio0.1OxEmCCS simulation. It can be speculated that

a 10 times faster oxidation rate of monoterpene in BioEmCCS simulation reduces the probabil-

ity of monoterpene concentrations to be homogeneous in a region, because of insufficient mixing.
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Consequently, monoterpenes can be easily lost during transport from surface to the UT and

detraining by deep convection, because they are oxidised to SecOrg. While in Bio0.1OxEmCCS

simulation, monoterpene has relatively longer lifetime and can become more homogeneously

distributed across the domain because monoterpene in Bio0.1OxEmCCS has more time to be

transported and mixed to the surrounding environment. Therefore, it is expected that nucle-

ation rates will not be affected by averaging if monoterpene has a lifetime that is long enough

against transport and mixing. Then, monoterpene will be more dependent on long-range trans-

port like SO2 which has chemical lifetime longer than a day. Consequently, the spatial variability

of monoterpene concentration at 3 km resolution is more strongly affected by averaging to 30

km, 60 km, and 120 km resolutions in BioEmCCS simulation than Bio0.1OxEmCCS simulation,

because reduced oxidation rates allow substantial amount monoterpene molecules to be more

evenly distributed. Thus, averaging to degraded resolutions for Bio0.1OxEmCCS simulation

does not significantly affect the nucleation rates as it does for BioEmCCS simulation.

The simulation with slower oxidation rates (Bio0.1OxEmCCS simulation) produces greater nu-

cleation rates than with faster oxidation rates (BioEmCCS simulation) because two factors

affected by a reduction in oxidation rate. First, monoterpenes are less volatile which makes

NPF rate more efficient per monoterpene at the level of detrainment (Fig. 5.9). It is similar

to previous studies which found that BVOC species usually had a wide range of volatility and

those with lower vapour volatility were more likely to form new particles (Tröstl et al. 2016;

Simon et al. 2020). Second, a slower oxidation rate will allow more monoterpene molecules to be

transported to the upper troposphere by deep convection, causing higher concentrations which

can additionally enhance nucleation rate. The efficiency of vertical transport are also consis-

tent to the findings of Li et al. (2017) and Bardakov et al. (2020) which found that BVOCs,

especially isoprene and alpha-pinene could be more efficiently transported by convection.

Investigating the non-linear nucleation rate with monoterpene concentrations and condensa-

tion sink by averaging shows a general picture that deep convection can perturb the UT by

transporting monoterpenes from the surface (Thornton et al. 1997; Yin et al. 2001; Yin et al.

2002; Twohy et al. 2002; Devine et al. 2006; Kulmala et al. 2006; Andreae et al. 2018), form

cloud condensation sink to suppress HOM production and nucleation rate (Kazil et al. 2011),

and cause a domain with significant spatial variability that can be less well represented by

coarse resolutions, even though algorithms such as probability density functions and sub-grid
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parameterisations have been used in global models. Then, averaging or using a coarse grid

spacing to represent a relatively large region will result in nucleation rate with great uncertain-

ties, especially when the lifetime of a gas precursor is relatively short (a few hours), because

much important sub-grid variability will be smoothed out, NPF will occur over a smaller range

of monoterpene and condensation sink, and thereby hamper our understandings of NPF-deep

convection interactions.

There are limitations of the work presented in this chapter. First, only two sets of monoterpene

oxidation rates were investigated, while increasing monoterpene oxidation rates from the default

state, interpolating the rates between the two sets, or doing both are expected to provide new

insights. Second, variables other than monoterpene concentrations and condensation sink were

not investigated. Including the probability density analyses of [OH], [O3], [H2SO4], CS2, and T

may present a more complete picture of the non-linear nucleation rates affected by deep convec-

tion. Therefore, it is recommended for future studies to use ensemble simulations to investigate

nucleation rates affected by the spatial variability of [monoterpene], [OH], [O3], [H2SO4], CS1,

CS2, and T under a wider range of monoterpene oxidation rates. It is also recommended to

investigate how binary nucleation which depends on longer-lived gas precursor SO2 will be af-

fected by spatial variability, as well as comparing the high-resolution regional model results with

a global model.
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Conclusions

A global model with a regional nested domain over central Amazonia has been used to investi-

gate NPF-aerosol-cloud interactions. Both models are coupled to the UKCA aerosol-chemistry

model and the regional model with explicit convection is additionally coupled with CASIM two-

moment cloud microphysics. The study first quantified the NPF and particle concentrations

under the influence of deep convection during the dry-to-wet transition season in a 1000 km re-

gion of Amazonia (Chapter 3). Second, effects of anthropogenic emissions on aerosol and cloud

in the Manaus and downwind region and the underlying mechanism were studied (Chapter 4).

Finally, the non-linear relationship of nucleation rate in the Amazonian upper troposphere and

the influencing factors of condensation sink and monoterpenes were investigated (Chapter 5).

Overall, the PhD thesis provides new insights concerning the origins of particles in the Amazonia

region, the efficiency of transport of particles by deep convection, and an improved understand-

ing of the NPF-cloud interactions in the convective environment of Amazonia. A summary of

the major findings is presented below in response to the questions raised in section 1.2.

6.1 Summary of major findings

6.1.1 Chapter 3: The contribution of regional aerosol nucleation and trans-

port to low-level CCN in an Amazonian deep convective environment

(1) How do NPF-deep convection interactions on regional scales (around 1000 km)

affect the vertical distributions of particles in the Amazonian tropical rainforest?

110



Chapter 6. Conclusions 6.1. Summary of major findings

Deep convection can efficiently transport monoterpene, which is an insoluble nucleation pre-

cursor gas that can be oxidised within a few hours, from the surface to the upper troposphere.

Because of low temperature and generally low condensation sink, NPF is strongest in the up-

per troposphere (above 10 km altitude, 3.5 cm−3 s−1) and thus produces higher total particle

concentrations there (more than 10000 cm−3) than at lower altitudes. The profiles of the total

particle concentrations are consistent with the observations during ACRIDICON-CHUVA (An-

dreae et al. 2018). (Section 3.3.1, 3.3.2 and 3.3.3)

Clouds suppress nucleation by creating a large condensation sink from droplets and ice (cloud

condensation sink) for nucleating vapours and particles smaller than 3 nm. Therefore, NPF is

spatially strongly modulated by clouds. Over a horizontal domain in the upper troposphere,

the averaged nucleation and Aitken mode particle concentrations are reduced by 50% with the

addition of a cloud condensation sink. (Section 3.3.3)

(2) How much does NPF occurring on a regional scale affect the CCN budget of

the region? What fraction of CCN is created regionally versus being transported

into a region from outside?

Within a 1000 km regional domain, NPF from the regional model contributes more than 50%

of the nucleation and Aitken mode particle concentrations in the upper troposphere where nu-

cleation rates are the greatest. The smaller particle diameters, the larger fraction of particle

concentrations are formed by NPF in the regional upper troposphere. However, the contribu-

tion of NPF occurring in the regional domain to particles is negligible below 10 km altitude.

The rest of the NPF-induced particles have been formed from outside the domain in the global

model before they enter the 1000 km regional domain, and this fraction is more than 75% for

Aitken and accumulation mode below 2 km altitude. Thus, only a small fraction of CCN are

formed by NPF in the regional domain, with the rest being transported from outside. (Section

3.3.4)

The weak contribution of NPF in the relatively polluted regional domain to CCN below 2 km

altitude is partly because most of the newly formed particles do not have enough time to grow

to CCN sizes before they are transported outside the domain. Air in the Amazonian 1000 km

domain has an average residence time of 20-40 hours with typical easterly wind speeds. How-

ever, a few days are needed for the whole process of nucleation and subsequent growth to Aitken
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and accumulation mode sizes, longer than the residence time of air mass in the domain.

(3) How effective is deep convection at transporting particles downwards to low-

levels?

In the Amazonian deep convective environment, particles from the upper troposphere can be

transported downward to around 8-10 km altitude within a day and then are transported out-

side the domain by the easterlies, but the particles below 2 km altitude (75% in question (2))

were formed in the global model, then entered the regional domain at altitudes below 7 km.

Less than 1% of the instantaneous domain-mean total particle concentrations in the lowest 2 km

altitude are due to downward transport by deep convection from the upper troposphere to the

boundary layer in the 1000 km regional domain during the 3-day simulation. The small vertical

transport shows that one convective cycle of deep convection is not long enough to transport

significant amount of particles from upper troposphere to the boundary layer. (Section 3.3.5)

(4) How are particle concentrations, nucleation and growth rates in the regional

domain sensitive to changes in nucleation mechanisms?

Several NPF mechanisms have been used to test the sensitivity of nucleation rate, growth rate

and particle concentrations, including binary nucleation which forms new particles with sulfuric

acid and water clusters with default nucleation rate, binary nucleation rate increased by a fac-

tor of 10, biogenic nucleation, biogenic nucleation with reduced oxidation rate of monoterpene

(÷10), and biogenic nucleation with reduced oxidation (÷10) and emission rates of monoter-

penes were also increased by a factor of 10. (Section 3.3.1, 3.3.2 and 3.3.3)

Particle concentrations of various sizes and nucleation rates are not significantly affected when

binary nucleation rates are increased by a factor of 10. Only minor differences are shown for

nucleation rate, nucleation mode, and Aitken mode particles above 10 km altitude. The smaller

effect compared to biogenic nucleation is because binary nucleation is determined by the SO2

trace gas field that, due to its long lifetime relative to monoterpenes, is more controlled by the

global model.

The three biogenic nucleation mechanisms have more significant effects on the particles and

rates at all altitudes. It implies that organic molecules in Amazonia are important for NPF as

has been stated by the observational study Andreae et al. (2018). In the upper troposphere
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where NPF is the strongest, the biogenic nucleation and growth rates are increased by up to

a factor of 1800 and 10 respectively when oxidation and emission rates are both changed from

default values. Subsequently, the nucleation mode concentration is enhanced by a factor of

18 due to the changed oxidation and emission rates. In the boundary layer, Aitken and ac-

cumulation mode aerosols are significantly affected by biogenic nucleation mechanisms (factors

of 3-5). Particle concentrations, especially nucleation and Aitken mode, are very sensitive to

biogenic nucleation is because the biogenic nucleation mechanism precursor, monoterpene, can

be quickly transported and mixed by deep convection, and oxidised within a few hours.

6.1.2 Chapter 4: The influence of Amazonian anthropogenic emissions on

aerosol, cloud and surface rain

(1) What are the effects of anthropogenic emissions on aerosol, cloud and rain in

Amazonia?

In this chapter, six simulations with varied anthropogenic emission scenarios by factors of 0-5

in a regional domain in Amazonia were performed. The simulation with default emission setup

is used as a baseline simulation. The biogenic nucleation mechanism of (Kirkby et al. 2016) and

a nucleation mechanism that involves sulfuric acid and organic gas molecules (Riccobono et al.

2014) are used for all simulations in Chapter 4. Such a combination of nucleation mechanisms

was determined based on the observations from GoAmazon2014/5 which measured aerosols of

various sizes below 2 km in altitude (Martin et al. 2016). Aerosol particle number concen-

trations have a positive relationship with anthropogenic emissions. Increasing anthropogenic

emission enhances total particle concentrations by providing more H2SO4, which subsequently

determines the nucleation rate based on the study of Riccobono et al. (2014). The ratios of the

change in total particle concentrations to the change in emission rate show that the total par-

ticle concentration increases by 13% (relative to the baseline simulation) for each unit increase

in anthropogenic emission in the polluted regions. The changes in aerosol concentrations are

mainly driven by anthropogenic gas emissions within the regional domain, while anthropogenic

primary aerosol emissions change the total aerosol concentrations by only 0.5% of the total

particle concentrations averaged below 4 km altitude. It again confirms the results in Chapter 3

that particle concentrations in the Amazonian boundary layer are strongly dependent on long-

range transport and that NPF in the regional domain has a limited effect on particle population
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even when anthropogenic emissions are involved. (Section 4.3.2)

Cloud droplets are positively correlated with anthropogenic emissions, but cloud water and rain

mass mixing ratios are not sensitive to the change in anthropogenic emissions. Cloud droplet

number concentration increases by 9% in the cloudy area of the polluted regions as a result

of 13% more aerosol particles. However, ice number concentration and total cloud water mass

mixing ratio show random changes that are not correlated with anthropogenic emissions but

rather likely caused by natural variability of different clouds. Surface rain in the six emission

scenarios are similar with slight differences for the greatest rain water mass mixing ratios. The

results of cloud and rain here help rule out the potential effects of rain scavenging in affecting

total particle concentrations in the boundary layer during the dry-to-wet season in Chapter 3,

and show that the changes in total particle concentrations are primarily caused by nucleation.

(Section 4.3.3)

(2) What mechanisms drive the changes in cloud water and rain?

NPF associated with pollution plumes causes the increases in the total particle concentrations,

which enhance CCN concentrations. Consequently, through microphysics, cloud droplet num-

ber concentrations are enhanced in the cloudy area of the polluted regions.

The insensitivity of cloud water and rain mass mixing ratio to anthropogenic emissions is either

because the changes to anthropogenic emission do not efficiently affect cloud droplet concen-

trations, or because there are a lot of particles that have already suppressed rain in Amazonia,

then additional particles formed by increasing anthropogenic emissions are buffered, and cloud

and rain mass mixing ratio appear to be barely affected with additional aerosol particles in the

environment. (Section 4.3.3)

6.1.3 Chapter 5: Effects of model resolution on non-linear biogenic new

particle formation in Amazonia

(1) How are nucleation rates affected by averaging the input variables?

Chapter 3 and observations (Andreae et al. 2018) have demonstrated the significant number

of particles that are produced by upper tropospheric NPF and the role of deep convection in

supporting and affecting the NPF process. This chapter aimed to understand NPF in the upper

troposphere and how it is affected by horizontal resolution by applying averaging. By calcu-
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lating nucleation rates offline with averaged input values of the variables that control NPF,

Chapter 5 found that the time- and domain-mean nucleation rates are generally reduced by

spatial averaging, and are increased at a few altitudes. The changes vary with the assumed

monoterpene oxidation rate. A slower monoterpene oxidation rate, which increases the length

of time that monoterpenes can stay in the upper troposphere to at least more than 12 hours,

shows smaller changes in nucleation rates after averaging. While a faster oxidation rate that

only allows monoterpenes to persist for only around less than 10 hours, results in more signifi-

cant changes (mostly reductions) in nucleation rates. The reductions in offline nucleation rates

increase as resolutions decrease. (Section 5.3.1)

(2) What are the causes of the changes in nucleation rates by averaging?

In an horizontal domain of Amazonian upper troposphere, the monoterpene concentration and

condensation sink are not homogeneously distributed because of deep convection and the inho-

mogeneity of monoterpenes are affected by a relatively short lifetime of monoterpene. Averaging

to degraded resolutions smooths out the spatial variability of monoterpene and condensation

sink. Because NPF rate is an non-linear function of spatially inhomogeneous monoterpene

concentration and condensation sink, averaging causes changes in nucleation rates. Due to

averaging, nucleation rate only occurs for smaller ranges of monoterpene concentration and

condensation sink compared with high-resolution results, and thus coarse resolutions are not

ideal for representing nucleation rates from monoterpenes.

The results show that averaging first smooths the domain by reducing the spatial variability

of monoterpene and condensation sink which are not homogeneously distributed in Amazonian

region because of deep convection. Second, averaging to degraded resolutions mostly leads to

reduced and sometimes increased monoterpene and condensation sink. As resolution becomes

lower, the changes in monoterpene concentration and condensation sink are stronger. It is

because the distributions of monoterpene concentrations and condensation sink are skewed to

lower values, suggesting that higher monoterpene and condensation sink are more likely to be

lost due to averaging than the lower ones. As resolutions degrade, monoterpene concentrations

and condensation sink tend to be more homogeneous over a region because larger areas are

smoothed. (Section 5.3.2)

(3) How will the monoterpene oxidation rate affect the spatially non-linear nucle-
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ation rate?

Inhomogeneous gas and condensation sink fields exist for both slow and fast monoterpene oxida-

tion rates, but offline nucleation rates are more significantly affected by averaging to degraded

resolutions when monoterpenes a have faster oxidation rate or a shorter lifetime. Short-lived

monoterpenes have greater spatial variability because they do not have enough time to be well

mixed with the surrounding air after being transported from surface and detrained by deep con-

vection. Then, averaging to degraded resolutions will significantly smooth out the spatial vari-

ability of the concentrations, and will subsequently cause the domain averaged nucleation rates

with relatively higher levels of uncertainties at coarser resolutions. However, when monoter-

penes have a lifetime that is long enough, nucleation rates are less affected by averaging and

monoterpenes will depend more on long-range transport instead of deep convective transport.

(Section 5.3.2)

6.2 Limitations of this thesis and future work

Chapter 3 aimed to understand the sensitivity of particle concentrations of various sizes to

NPF within a 1000 km regional domain and the role of deep convection in supporting NPF

in the upper troposphere and transporting particles downward. This chapter uses a 1000 km

regional domain at 4 km resolution. The size and resolution of the regional domain will limit

our understandings of NPF that occurs within a regional scale to affect CCN and the efficiency

of deep convection to transport aerosol particles vertically. Apart from affecting the vertical

transport efficiency, resolution may also significantly influence nucleation rates in the region

studied in Chapter 5. Thus, future studies are recommended to use a larger domain size and a

higher resolution. It is also recommended to investigate both dry and wet seasons in Amazonia

to better understand the particles in this environment. Additionally, more complex chemistry

can be used in models to fully represent the chemical reactions for biogenic precursor gases and

interactive oxidant chemistry in Amazonia, which is similar to Chapter 4 where a more realistic

oxidant field was simulated. As chapter 3 pointed out, the importance of long-range transport

for sustaining boundary layer CCN means that it is advantageous to use a driving global model

or realistic time-varying chemical boundary conditions so that high-resolution regional models

can better reproduce CCN concentrations in Amazonia. Unrealistic boundary conditions will

dominate aerosol simulations over domains of the 1000 km and smaller.

116



Chapter 6. Conclusions 6.2. Limitations of this thesis and future work

Chapter 4 aimed to study the effects of anthropogenic emissions on aerosol and cloud in an

Amazonian convective environment. In contrast to Chapter 3, Chapter 4 uses the biogenic

nucleation mechanism with the default monoterpene oxidation and emission rates, and it also

uses a mechanism that takes into account H2SO4 to allow nucleation to be affected by anthro-

pogenic emissions. Additionally, NPF is only allowed between 100 m and 1 km in altitude.

These choices were made to both include the effect of anthropogenic emissions on NPF and

to match the modelled particle concentrations (ND>3nm, ND>10nm and ND>100nm) to the ob-

servations, but caused some limitations for the study. One of the limitations is that NPF in

the upper troposphere was not included. The reasons for this were partly related to the data

availability which were below around 2 km altitude in GoAmazon2014/5, while the observations

in the ACRIDICON-CHUVA campaign in Chapter 3 were available in the upper troposphere,

so that what happens in the upper troposphere in the wet season is unknown. Despite the

lack of availability of observations, Chapter 3 as well as previous studies (Andreae et al. 2018;

Williamson et al. 2019) have shown that NPF in the tropical upper troposphere can produce

a significant number of new aerosol particles and can potentially supply boundary layer CCN

(Merikanto et al. 2009). Consequently, removing upper tropospheric nucleation may cause a

misrepresentation of the total particle concentrations in the region. Another limitation lies in

the monoterpene oxidation rate, which was shown in Chapter 3 to significantly affect NPF in

Amazonia. Although, Chapter 3 and 5 have shown that monoterpenes with a smaller oxida-

tion rate can significantly enhance NPF compared to a faster oxidation rate, whether or how

the oxidation rate is different between the dry and wet seasons is not clear. The influence of

background aerosol and pollutant (biomass burning in dry-to-wet season and anthropogenic

emission in wet season) is also not well understood. Thus, the choices of nucleation mechanism

and monoterpene oxidation rate are uncertain for this region. Therefore, it is recommended

for future studies to investigate the cause of inconsistency in modelled and observed ND>3nm,

ND>10nm and ND>100nm with the addition of upper tropospheric NPF and improve the NPF

mechanism if necessary. It is also recommended that future studies focus on the response of

a single cloud to anthropogenic emissions in order to understand the physical processes of an

individual cloud and include heterogeneous ice nucleation microphysics.

In Chapter 5, two monoterpene oxidation rates were simulated and only the effects of monoter-

pene concentrations and condensation sink on nucleation rates were investigated in detail.
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Therefore, the analyses may benefit from extra simulations with a faster oxidation rate, al-

though some test simulations in Chapter 3 have indicated suppressed nucleation rate under this

circumstance. The fifth chapter can also benefit from analysing the sensitivity of nucleation rate

to the variation of the other input variables (concentrations of OH, O3, H2SO4, and tempera-

ture) that are used to calculate nucleation rates. It is recommended for future regional modelling

studies to further investigate the oxidation rate in a wider range and ideally a sequence of ox-

idation rates to produce a range of nucleating vapours, similar to the study of Murphy et al.

(2015) which defined four ranges of volatility for organic vapours to form particles (extremely

low volatility, low volatility, semivolatile, and intermediate volatility). Additionally, bringing

oxidants, sulfuric acid and temperature fields that influence nucleation rates to the analyses

will help understand the non-linear nucleation rates as a full picture. Thus, ensemble simula-

tions which perturb all the input variables (monoterpene, oxidants, sulfuric acid, condensation

sink and temperature) that affect nucleation at various resolutions are recommended to fully

understand the nucleation in convective environment. It is also recommended to investigate

how binary nucleation which depends on longer-lived gas precursor (SO2) will be affected by

spatial variability. Comparing NPF-deep convection interactions between a regional model and

a global model is also recommended.

6.3 Implications of the research

The thesis shows the importance of using a regional model with high resolution and resolved

convection to investigate NPF under the support of and interacts with deep convection in Ama-

zonia, which can be achieved with a global model, but will be difficult because global models

will need extra work on parameterisations, validations or tunings.

Chapter 3 showed the unique benefit of using a nested regional model which was driven by

a global model through the model boundary conditions. The relative contribution of Amazo-

nian particles from the region itself and from long-range transport were quantified. The results

highlight the importance of long-range transport to sustain the majority of the boundary layer

CCN, and also show the dominance of NPF in the regional domain to form particles in the

upper troposphere.

With explicit convection, Chapter 3 was able to simulate cloud-scale processes, and allowed
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transport of aerosols and gases by convection. Chapter 3 simulated biogenic NPF which is

significantly affected by the vertically transported biogenic gas precursors (monoterpenes in the

model). Transporting the right amount of monoterpene molecules by deep convection is vital be-

cause it will eventually affect the subsequently calculated NPF rates. Convection in the regional

model allows the monoterpenes to quickly reach the upper troposphere, and allows monoterpene

concentrations to vary across the heights from surface to 20 km altitude, and thereby affecting

nucleation rates at different altitudes. Subsequently, the results show significant effect of deep

convection to support NPF when it transports monoterpenes to the upper troposphere in this

convective environment. Chapter 3 also shows that including explicit convection and advanced

cloud microphysics (CASIM) will form clouds which can contribute to cloud condensation sink

and suppress in-cloud NPF, while a global model may not be able to generate the right amount

of cloud condensates to suppress NPF. Regional model results show the importance of including

cloud condensation sink because it will affect nucleation and Aitken mode concentrations in the

upper troposphere by 50%. Then, with explicit convection, only a few of the newly formed

particles in the upper troposphere were found to be transported into the boundary layer in

convective downdrafts within the 1000 km regional domain and occasionally account for less

than 1% of the instantaneous boundary layer total particle concentrations. It indicated that

particles could travel through a few convective cycles before they could be transported from

upper troposphere to the boundary layer.

Chapter 4 and Chapter 5 show the importance of using both high-resolution and explicit con-

vection in the models. Regional model simulations in Chapter 4 quantified the aerosol and

cloud properties affected by six anthropogenic emission scenarios in the regional domain. High-

resolution pollution plumes emitted from Manaus city were included, and the analyses focused

precisely in the polluted regions. The results show that convective clouds were not sensitive

to changes in regional anthropogenic emissions in this complex convective environment unless

cloud droplet number concentrations are significantly changed. Or the rain has already been

suppressed by large number of particles in the pristine Amazonia, thereby causing insensitive

response of clouds to increments in anthropogenic emissions. The results improved our under-

standings of aerosol-cloud interactions under the influence of regional anthropogenic emissions

within a complex convective environment.

Chapter 5 made use of high-resolution model output and investigated effects of coarse resolu-
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tions on non-linear biogenic nucleation rate under the influence of spatially inhomogeneous gas

precursors, oxidants, condensation sink and temperature in the Amazonian upper troposphere.

The results highlight the importance of using high resolution models with resolved convection

to simulate biogenic nucleation in the upper troposphere. It is because NPF rate is a non-linear

function of the above variables and is affected by the significant spatial variability of conden-

sation sink and gas precursor concentrations. The spatial variability of condensation sink was

caused by deep convection which contributes to cloud condensation sink. The spatial variability

of gas precursors was significant because gas precursors were transported by deep convection,

and because the short-lived monoterpenes do not have enough time to be homogeneously dis-

tributed in the upper troposphere and to reach the regions of low condensation to contribute to

NPF. In contrast, the global models with coarse resolutions may not well represent the sub-grid

spatial variability, subsequently the global models may produce less accurate domain-mean nu-

cleation rates, and eventually it will affect the production of particle number concentrations.

In conclusion, this thesis investigated the processes that happen in a regional model under the

influence of global long-range transport, and thus uniquely provides new insights for the Ama-

zonian region and for many other regions. Aerosol populations and anthropogenic emissions in

the regional model are also affected by processing in the global model outside of the domain,

since aerosols and gases enter the regional domain through the boundary conditions that are

set by the global model. The effect from the global model is found to have a significant in-

fluence on the processes in the selected Amazonian regional model domain. This is because

the global model can simulate longer time periods and represents connected regions over larger

scales than are possible with regional model domains. However, many sub-grid scale processes

may not be well-represented by global models, and the rough estimation by the global models

may substantially change the results (e.g. nucleation rate) over the global scale. In the thesis,

deep convection is found to strongly modulate processes such as vertical transport, oxidation

of short-lived species (monoterpenes) and nucleation which usually occurs over spatiotemporal

scales of a few hours and a few kilometers. Then, these features are difficult for global models

with coarse resolution and parameterised convection to simulate, which may subsequently in-

crease the level of uncertainty in driving the regional models. Such uncertainty can be reduced

by performing global models at a high enough resolution to explicitly simulate convection which

would resolve the cloud-scale processes, as has been reported in Stevens et al. (2019). However,
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two-moment aerosol microphysics would need to be added to the already expensive simulations

to achieve aerosol-cloud interactions. Therefore, this thesis shows that it is necessary to improve

the global models with regards to clouds, biogenic nucleation and vertical transport in order to

gain a better understanding of the global scale.
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Suzane S de, Jimenez, Jose L, Palm, Brett B, Carbone, Samara, Lavric, Jost V, et al. (2018).

“Observations of Manaus urban plume evolution and interaction with biogenic emissions in

GoAmazon 2014/5”. In: Atmospheric Environment 191, pp. 513–524. doi: https://doi.

org/10.1016/j.atmosenv.2018.08.031.

Clarke, A. D., Freitag, S., Simpson, R. M. C., Hudson, J. G., Howell, S. G., Brekhovskikh, V. L.,

Campos, T., Kapustin, V. N., and Zhou, J. (2013). “Free troposphere as a major source of

CCN for the equatorial pacific boundary layer: long-range transport and teleconnections”. In:

Atmospheric Chemistry and Physics 13.15, pp. 7511–7529. doi: https://doi.org/10.5194/

acp-13-7511-2013.

Clarke, AD, Eisele, F, Kapustin, VN, Moore, Ko, Tanner, D, Mauldin, L, Litchy, M, Lienert, B,

Carroll, MA, and Albercook, G (1999a). “Nucleation in the equatorial free troposphere: Favor-

able environments during PEM-Tropics”. In: Journal of Geophysical Research: Atmospheres

104.D5, pp. 5735–5744. doi: https://doi.org/10.1029/98JD02303.

Clarke, AD, Kapustin, VN, Eisele, FL, Weber, RJ, and McMurry, Peter H (1999b). “Particle

production near marine clouds: Sulfuric acid and predictions from classical binary nucleation”.

In: Geophysical Research Letters 26.16, pp. 2425–2428. doi: https://doi.org/10.1029/

1999GL900438.

Clarke, AD, Varner, JL, Eisele, F, Mauldin, RL, Tanner, D, and Litchy, M (1998). “Particle

production in the remote marine atmosphere: Cloud outflow and subsidence during ACE 1”.

In: Journal of Geophysical Research: Atmospheres 103.D13, pp. 16397–16409. doi: https:

//doi.org/10.1029/97JD02987.

Clarke, Antony D and Kapustin, Vladimir N (2002). “A Pacific aerosol survey. Part I: A decade

of data on particle production, transport, evolution, and mixing in the troposphere”. In:

Journal of the atmospheric sciences 59.3, pp. 363–382. doi: https://doi.org/10.1175/

1520-0469(2002)059<0363:APASPI>2.0.CO;2.

128

https://doi.org/10.1038/s41561-022-00991-6
https://doi.org/https://doi.org/10.1016/j.atmosenv.2018.08.031
https://doi.org/https://doi.org/10.1016/j.atmosenv.2018.08.031
https://doi.org/https://doi.org/10.5194/acp-13-7511-2013
https://doi.org/https://doi.org/10.5194/acp-13-7511-2013
https://doi.org/https://doi.org/10.1029/98JD02303
https://doi.org/https://doi.org/10.1029/1999GL900438
https://doi.org/https://doi.org/10.1029/1999GL900438
https://doi.org/https://doi.org/10.1029/97JD02987
https://doi.org/https://doi.org/10.1029/97JD02987
https://doi.org/https://doi.org/10.1175/1520-0469(2002)059<0363:APASPI>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0469(2002)059<0363:APASPI>2.0.CO;2


REFERENCES REFERENCES

Cofala, Janusz, Amann, Markus, and Mechler, Reinhard (2005). “Scenarios of World Anthro-

pogenic Emissions of Air Pollutants and Methane up to 2030. International Institute for

Applied Systems Analysis. Laxemburg, Austria”. In: Tech. rep., International Institute for

Applied Systems Analysis (IIASA), Laxenburg, Austria.

Collow, Allison B Marquardt, Miller, Mark A, and Trabachino, Lynne C (2016). “Cloudiness

over the Amazon rainforest: Meteorology and thermodynamics”. In: Journal of Geophys-

ical Research: Atmospheres 121.13, pp. 7990–8005. doi: https : / / doi . org / 10 . 1002 /

2016JD024848.

Connolly, PJ, Vaughan, G, May, PT, Chemel, C, Allen, G, Choularton, TW, Gallagher, MW,

Bower, KN, Crosier, J, and Dearden, C (2013). “Can aerosols influence deep tropical convec-

tion? Aerosol indirect effects in the Hector island thunderstorm”. In: Quarterly Journal of

the Royal Meteorological Society 139.677, pp. 2190–2208. doi: https://doi.org/10.1002/

qj.2083.

Cotton, William R. and Walko, Robert (2021). “Examination of Aerosol-Induced Convective

Invigoration Using Idealized Simulations”. In: Journal of the Atmospheric Sciences 78.1,

pp. 287–298. doi: 10.1175/JAS-D-20-0023.1.

Crumeyrolle, S., Kontkanen, J., Rose, C., Velasquez Garcia, A., Bourrianne, E., Catalfamo, M.,

Riffault, V., Tison, E., Ferreira de Brito, J., Visez, N., Ferlay, N., Auriol, F., and Chiapello,

I. (2022). “Measurement report: Atmopsheric new particle formation in a peri-urban site in

Lille, Northern France”. In: Atmospheric Chemistry and Physics Discussions 2022, pp. 1–35.

doi: 10.5194/acp-2022-436.

Cui, Zhiqiang and Carslaw, Kenneth S (2006). “Enhanced vertical transport efficiency of aerosol

in convective clouds due to increases in tropospheric aerosol abundance”. In: Journal of Geo-

physical Research: Atmospheres 111.D15. doi: https://doi.org/10.1029/2005JD006781.

Dagan, Guy, Stier, Philip, Spill, George, Herbert, Ross, Heikenfeld, Max, Heever, Susan C. van

den, and Marinescu, Peter J. (2022). “Boundary conditions representation can determine sim-

ulated aerosol effects on convective cloud fields”. In: Communications Earth & Environment

3.1, p. 71. doi: 10.1038/s43247-022-00399-5.

129

https://doi.org/https://doi.org/10.1002/2016JD024848
https://doi.org/https://doi.org/10.1002/2016JD024848
https://doi.org/https://doi.org/10.1002/qj.2083
https://doi.org/https://doi.org/10.1002/qj.2083
https://doi.org/10.1175/JAS-D-20-0023.1
https://doi.org/10.5194/acp-2022-436
https://doi.org/https://doi.org/10.1029/2005JD006781
https://doi.org/10.1038/s43247-022-00399-5


REFERENCES REFERENCES

Dal Maso, M, Kulmala, M, Lehtinen, Kari EJ, Mäkelä, JM, Aalto, P, and O’Dowd, CD
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G., Rannik, Ü., Maso, M. Dal, Seidl, W., Hoffman, T., Janson, R., Hansson, H.-C., Viisanen,

Y., Laaksonen, A., and O’Dowd, C. D. (2001a). “Overview of the international project on

biogenic aerosol formation in the boreal forest (BIOFOR)”. In: Tellus B 53.4, pp. 324–343.

doi: https :/ /doi .org / 10. 1034/ j. 1600 - 0889. 2001 .530402 .x. eprint: https :/ /

onlinelibrary.wiley.com/doi/pdf/10.1034/j.1600-0889.2001.530402.x.
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Radovan, Tunved, Peter, Petäjä, Tuukka, Kulmala, Markku, Artaxo, Paulo, et al. (2018).

“Multi-year statistical and modeling analysis of submicrometer aerosol number size distri-

butions at a rain forest site in Amazonia”. In: Atmospheric Chemistry and Physics. doi:

https://doi.org/10.5194/acp-18-10255-2018.

Rosenfeld, Daniel, Lohmann, Ulrike, Raga, Graciela B, O’dowd, Colin D, Kulmala, Markku,

Fuzzi, Sandro, Reissell, Anni, and Andreae, Meinrat O (2008). “Flood or drought: How do

aerosols affect precipitation?” In: science 321.5894, pp. 1309–1313. doi: 10.1126/science.

1160606.
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Sá, Suzane S de, Dreiling, Volker, Fütterer, Daniel, Jurkat-Witschas, Tina, Klimach, Thomas,

et al. (2018). “Aircraft-based observations of isoprene-epoxydiol-derived secondary organic

152

https://doi.org/10.5194/acp-6-471-2006
https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.11.002
https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.11.002
https://doi.org/https://doi.org/10.5194/acp-18-10255-2018
https://doi.org/10.1126/science.1160606
https://doi.org/10.1126/science.1160606
https://doi.org/10.5194/acp-18-12185-2018
https://doi.org/https://doi.org/10.1029/2001JD900121
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2001JD900121
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2001JD900121


REFERENCES REFERENCES

aerosol (IEPOX-SOA) in the tropical upper troposphere over the Amazon region”. In: Atmo-

spheric Chemistry and Physics 18.20, pp. 14979–15001. doi: https://doi.org/10.5194/

acp-18-14979-2018.

Scott, David W. (2012). “Multivariate Density Estimation and Visualization”. In: Handbook

of Computational Statistics: Concepts and Methods. Ed. by James E. Gentle, Wolfgang Karl
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Appendix A

Appendix for Chapter 3: The

contribution of regional aerosol

nucleation and transport to low-level

CCN in an Amazonian deep

convective environment

The videos to show the vertical transport of nucleation, Aitken and accumulation mode aerosols

in the regional model from the NPF 13-16km simulation can be accessed from below.

https://drive.google.com/file/d/1DTWCyaevqFDTk5UfkMrxDjArjaNq3-TY/view?usp=sharing

https://drive.google.com/file/d/19JnwQNFG-NjUETIpcaWD620kXGx0bGF0/view?usp=sharing

https://drive.google.com/file/d/10v5Ygb8zDje8GpoH00pbbBIC4aGpPJ z/view?usp=sharing
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Chapter A. Appendix for Chapter 3: The contribution of regional aerosol nucleation and
transport to low-level CCN in an Amazonian deep convective environment

Figure A.1: The observed and modelled vertical profiles of median number concentrations of
particles with diameters >20 nm (ND>20nm, top) and >90 nm (ND>90nm, bottom). The observa-
tions are shown in dots and grey line (repeated for all panels), and the modelled results are from
the regional simulations averaged from 0 UTC on 17 September to 23 UTC on 18 September
2014, (a) Bn, (b) Bn×10, (c) Bio and BioCCS (dashed line), (d) BioOx and BioOxCCS (dashed
line), and (e) BioOxEm and BioOxEmCCS (dashed line), corrected to standard temperature
and pressure (Eq. 3.1). The shading represents 2.5% and 97.5% percentiles from the modelling
results. The grey dots are individual observations from all flights during ACRIDICON-CHUVA
with a time resolution of 1 minute, and the thick grey lines are the medians of the observations
binned within the same height ranges as the regional model levels.

Figure A.2: The time- and domain-averaged profiles of the nucleation, Aitken and accumulation
mode aerosol in the simulations BioOx, and BioOxEm from the global model in the upwind
(East) of the regional domain.
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Chapter A. Appendix for Chapter 3: The contribution of regional aerosol nucleation and
transport to low-level CCN in an Amazonian deep convective environment

Figure A.3: The time- and regional domain-averaged profiles of nucleation mode aerosol con-
centrations, nucleation rate and condensation sink in the simulations BioOxEmCCS (solid),
off allNPF (dotted dashed), and off regNPF (dashed) in the global model (red) and regional
model (black).

Figure A.4: Time series of the global domain averaged aerosol number concentrations at the
same location of the regional domain. The number concentrations are the differences between
the BioOxEmCCS and off allNPF simulations.

168


	Motivation and background
	Aerosol and climate
	New particle formation and growth
	Aerosol-cloud interactions

	Research questions
	Chapter 3: Where do Amazonian aerosol particles come from?
	Chapter 4: How do anthropogenic emissions and newly formed particles affect cloud and rain?
	Chapter 5: How is non-linear new particle formation affected by coarse resolutions?


	Model description
	Global and regional model configurations
	New particle formation

	The contribution of regional aerosol nucleation and transport to low-level CCN in an Amazonian deep convective environment
	Introduction
	Methods
	Observations
	Models and simulations

	Results
	Model-observation comparison
	Analysis of particle formation and growth
	Cloud condensation sink
	Contribution of NPF to low-level regional particles
	Convective transport of particles

	Discussion and Conclusions

	The influence of Amazonian anthropogenic emissions on aerosol, cloud and surface rain
	Introduction
	Methods
	GoAmazon2014/5 campaign and G-1 aircraft observations
	Global and regional model configurations
	New particle formation
	Simulation details

	Results
	Comparison with observations
	Effects of anthropogenic emissions on aerosol
	Effects of anthropogenic emissions on cloud

	Discussion and conclusions

	Effects of model resolution on non-linear biogenic new particle formation in Amazonia
	Introduction
	Methods
	Global and regional model configurations
	New particle formation
	Simulation details
	Methods for analyses

	Results
	Offline nucleation rates with degraded resolutions
	Spatial variability of monoterpene and condensation sink

	Discussions and Conclusions

	Conclusions
	Summary of major findings
	Chapter 3: The contribution of regional aerosol nucleation and transport to low-level CCN in an Amazonian deep convective environment
	Chapter 4: The influence of Amazonian anthropogenic emissions on aerosol, cloud and surface rain
	Chapter 5: Effects of model resolution on non-linear biogenic new particle formation in Amazonia

	Limitations of this thesis and future work
	Implications of the research

	References
	Appendix for Chapter 3: The contribution of regional aerosol nucleation and transport to low-level CCN in an Amazonian deep convective environment

