
Quantifying Feedbacks between
Pollution, Radiation and Dynamics in a

Polluted Megacity

A thesis submitted to The University of Manchester for the degree of Doctor of Philosophy in the Faculty

of Science and Engineering.

2021

Jessica Slater

School of Earth and Environmental Sciences



Contents

List of Figures 4

Abstract 6

Declaration 7

Copyright Statement 8

Acknowledgements 9

1 Urban Air Pollution 10

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Atmospheric Aerosols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.1 Primary Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.2 Secondary Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.3 Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3.4 Regional Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.3.5 Aerosol Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.3.6 Chemical Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3.7 Aerosol Hygroscopicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.4 Air Pollution and Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.5 Aerosols and Climate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.5.1 Aerosol-Radiation Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.5.2 Aerosol-Cloud Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.6 Urban Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.7 Aerosols and the Planetary Boundary Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.7.1 The Planetary Boundary Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.7.2 Aerosol-PBL interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.7.3 The Role of Absorbing Aerosols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.7.4 Impact on Air Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2 Air Pollution in Beijing 43

1



Contents

2.1 Pollution sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2 Policy and Mitigation Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.3 Heavy Pollution Episodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.3.1 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.3.2 Causes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.4 Aerosol-PBL feedback in Beijing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.4.1 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.4.2 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.4.3 The BC effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.5 APHH Beijing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3 Methodology 59

3.1 LES Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2 Modelling Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.1 UCLALES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.2 SALSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.3 UCLALES-SALSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.3 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.3.1 Surface Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4 Model Adaptations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4.1 Surface Heat Capacity (Ch) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4.2 Anthropogenic Heat Flux (Qf ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.4.3 Water Fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.4.4 Surface Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5 Model Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5.1 Urban Surface Energy Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5.2 Synoptic Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.5.3 Mass Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.5.4 Semi-Volatile Condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Papers 79

4.1 Paper 1: Using a coupled LES-aerosol radiation model to investigate urban haze: Sensitivity

to aerosol loading and meteorological conditions . . . . . . . . . . . . . . . . . . . . . . . . . 80

Paper Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Author Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Paper 2: Using a coupled LES aerosol-radiation model to investigate the importance of

aerosol-boundary layer feedback on a Beijing haze episode . . . . . . . . . . . . . . . . . . . 111

2



Contents

Paper Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Author Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.3 Paper 3: The effect of black carbon on aerosol boundary layer feedback: Potential

implications for Beijing haze episodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Paper Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Author Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5 Conclusions 149

5.1 Summary of Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.2 Implications and Future Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.2.1 Modelling the Urban Boundary Layer . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.2.2 Threshold PM Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.2.3 Absorbing Aerosols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.3 Overall implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.4 Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

3



List of Figures

1.1 Schematic showing the process of aerosol formation, growth and removal in the atmosphere

and interactions with solar radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.2 Schematic to show the diurnal cycle of the boundary layer and the structures within it.

Adapted from Stull (2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.3 Typical urban log-normal aerosol size distribution. a) Number distribution, b) Surface

distribution and c) Volume distribution. Plot taken from Seinfeld and Pandis (2006a) . . . 17

1.4 a) Distribution of megacities around the world in 2018 and projected megacities by 2030

(United Nations, 2018), b) Annual mean PM2.5 concentrations in urban areas (2016)

(World Health Organization, 2018b) and c) Deaths attributed to ambient air pollution (age

standardised) for 2012 (World Health Organization, 2018a). . . . . . . . . . . . . . . . . . . 21

1.5 Outline of the workings of the LUCY model and overall things to consider when calculating

the anthropogenic heat flux (Qf ) (Allen et al., 2011) . . . . . . . . . . . . . . . . . . . . . . 27

1.6 Outlines of the typical processes and interactions of the planetary boundary layer on a clean

day, overnight and on a polluted day(Stull, 2015) . . . . . . . . . . . . . . . . . . . . . . . . 29

1.7 Schematic to describe the aerosol-radiation interactions and their impact on PBL dynamics

which feeds back on surface aerosol concentrations, based on (Slater et al., 2020) . . . . . . 31

2.1 Beijing skyline in clear and hazy conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.2 Timeseries of measurements taken during the APHH winter field campaign from Nov 15th -

Dec 4th 2016. Tower meteorological measurements of a) Temperature, b) Relative Humidity,

c) Wind Speed, d) Non Refractory PM1 composition and e) Non Refractory-PM1 concentration 53

3.1 Schematic of the size bin layout for SALSA including the internal and external mixing size

bins and the corresponding cloud and rain droplet bins. Taken with permission from the

paper by (Slater et al., 2020) and based on the work by (Tonttila et al., 2017) . . . . . . . . 62

4



List of Figures

3.2 Potential Temperature, Surface Temperature, and Latent and Sensible Heat Flux for

initial model simulations compared to meteorological tower measurements (Potential

Temperature), ECMWF-ERA5 reanalysis data (surface temperature) and measured heat

fluxes (sensible and latent heat flux) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3 Potential temperature profile comparisons between modelled and measured values. Different

surface volumetric heat capacities were used for each simulation. a)2e6 b) 5e6 c)7e6 Jm−2K−1 67

3.4 Figures showing sensitivity to varying surface heat capacity (Ch) between 2e6 (Red lines),

7e6 (Blue lines) and 9e6 (Turquoise lines) on a) Sensible Heat Flux and b) PBL Height . . 68

3.5 Measured sensible and latent heat flux from 22/11 and estimates of anthropogenic heat flux

in Singapore(Quah and Roth, 2012) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.6 Sensible heat flux (SHF) and Potential Temperature (θ) for simulations on 22/11 with (blue

lines) and without (red lines) the diurnal Qf included . . . . . . . . . . . . . . . . . . . . . 69

3.7 Diurnal profiles of Sensible Heat Flux (solid lines) and Latent Heat Flux (dotted lines) for

simulations with water fractions set at 0.3 (red lines) and 0.4 (blue lines), compared to

observations (turquoise lines) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.8 PBL Height, Turbulent Kinetic Energy (TKE) and Sensible Heat FLux (SHF) for simulations

with surface temperature set at 3K lower than air temperature (blue lines) and at 2K lower

than air temperature (red lines) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5



Abstract

Air pollution is a major global health concern, contributing to an estimated 7 million premature deaths per

year. 91 % of the world’s population live in areas with unsafe air which is a particular issue in urban areas.

This is due to high levels of anthropogenic emissions from sectors such as: industry, transport, heating and

biomass burning. However, natural emissions from wildfires, volcanoes, sea spray and desert dust can also

contribute to poor air quality. Pollutants in the atmosphere undergo physical and chemical changes which

can greatly affect their physical and chemical properties. Furthermore, they can interact with radiation to

impact the climate and cause changes in meteorology, which can enhance atmospheric pollution.

Rapid urbanisation and industrialisation in countries like China and India has led to large

populations living in urban environments with poor air quality. Beijing, a megacity in North Eastern

China, is well known for its air quality problems. This is due to high anthropogenic emissions combined

with unfavourable meteorology and topography. Despite policy interventions improving average annual air

quality in Beijing, it still experiences extreme pollution episodes or haze. During haze episodes, aerosol

particles accumulate in a shallow planetary boundary layer (PBL), to reduce visibility < 10 km. The

interactions of aerosol particles with radiation in Beijing is believed to suppress turbulent motion, inhibit

pollutant dispersion and allow for high aerosol concentrations to accumulate in a shallow PBL. This further

increases the extent of aerosol-radiation interactions. The feedback between aerosols, radiation and PBL

meteorology is believed to contribute significantly to the intensity and longevity of haze episodes in Beijing.

However, quantifying this effect has proven difficult through observational and regional modelling studies

alone. These studies struggle to fully characterise the urban PBL and directly elucidate some of the

important processes and variables affecting the aerosol-PBL feedback mechanism. This work presents the

development and use of a fully coupled LES-aerosol radiation model, which allows for isolation of processes

and variables that impact the aerosol-PBL feedback. This has allowed for further understanding of the

contribution of this process to Beijing haze episodes.
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Chapter 1

Urban Air Pollution

1.1 Motivation

Increased urbanisation and industrialisation around the world, combined with increasing populations has

led to increased emissions of aerosol particles in the atmosphere. High aerosol concentrations, particularly

in urban environments, can lead to severe air pollution with negative consequences for human health

Aerosols are also of interest worldwide due to their significant but uncertain climatic impact. Aerosol

particles can impact climate in two ways: firstly by either scattering or absorbing radiation to directly

alter the global radiation budget (aerosol-radiation interactions), and secondly through their impacts on

clouds (aerosol-cloud interactions). The majority of aerosol particles exist in the planetary boundary layer

(PBL). The PBL is the lowest layer of the atmosphere and is directly affected by changes in radiative flux,

which can be impacted by seasonal and diurnal variations, as well as by perturbations caused by aerosol-

radiation interactions (ARI). Aerosols within the PBL can interact with radiation to alter the thermal

balance of the PBL and affect atmospheric stability. This can inhibit the dispersion of pollutants, leading

to enhanced atmospheric stagnation and increases in surface pollutant concentrations (Kappos et al., 2004;

Hertel and Goodsite, 2009; Lazaridis, 2011; Boucher, 2013; Gao et al., 2015; Kalberer, 2015; Stull, 2015;

Petäjä et al., 2016).

1.2 Thesis Overview

An interdisciplinary project between UK and Chinese researchers, Air Pollution and Human Health

(APHH) Beijing, aimed to further understanding of the sources, processes and health impacts of Beijing

pollution episodes. The project included two field campaigns in Winter (Nov-Dec) 2016 and Summer (May-

June) 2017. This research fits into the project work through providing understanding on the contribution

of the aerosol-PBL feedback to pollution episodes in wintertime Beijing. This thesis is set out as follows.

Chapter 1 provides an introduction to the factors influencing urban air quality, with particular focus on

pollutant particulates, their health impacts, properties and interactions in the atmosphere, as well as a

description of the urban environment. Chapter 2 describes the issue of air pollution in Beijing, including
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a review of the current literature investigating the contribution of aerosol-PBL feedback to Beijing haze.

Chapter 3 outlines the research method used, including limitations and benefits compared to other studies.

Chapter 4 displays the three papers which outline the main research results and contributions performed

over the PhD. Paper 1 sets out the use of a novel coupled large eddy scale (LES)-aerosol radiation model in

an urban environment and its capabilities to investigate the aerosol-PBL feedback. Paper 2 highlights the

importance of changing synoptic conditions on Beijing pollution episodes, and disputes the idea that aerosol-

PBL feedback only occurs above a certain ‘threshold’ value. Paper 3 shows the impact and implications

of aerosol optical properties on the aerosol PBL feedback, including the altitude and concentration of the

absorbing aerosol layer. Chapter 5 highlights the importance and impact of these findings on policy and

provides recommendations for future research in this area.

1.3 Atmospheric Aerosols

Aerosols, defined as suspensions of small solid or liquid particles in air, are abundant in the Earth’s

atmosphere. Sources of atmospheric aerosols can be both anthropogenic and natural. Aerosol particles

are either directly emitted (primary aerosols) or they can form in the atmosphere from gaseous precursors

(secondary aerosols). Atmospherically relevant aerosol particles typically have sizes ranging from 1 nm to

10 µm and are composed of various inorganic and organic components (Finlayson-Pitts and Pitts, 2000).

Particulate matter (PM) is often used to describe mass concentrations of aerosols. Specifically, air pollution

mass concentrations of PM2.5 (particulate matter with a diameter < 2.5 µm) are often used when referring

to air quality and the health effects of air pollution. The use of PM2.5 as a metric for air quality is most

commonly used for several reasons. Firstly, exposure to ambient particulate matter was found by the

Global Burden of Disease study to be the fifth largest cause of all age deaths in 2015 worldwide. PM2.5

encompasses a wide range of aerosol compositions and so takes into account both primary and secondary

aerosols, which can have both natural and anthropogenic sources. Consequently, it has been found to be

the air pollutant with the largest effect on human health and there is now a clear relationship between high

concentrations of PM2.5 and increases in mortality and morbidity. Furthermore, reducing concentrations

of PM2.5, when all other factors remain the same, results in reduced mortality and morbidity. Finally,

particulate matter (either PM10 or PM2/5) is often measured and so it is a useful metric for monitoring air

quality particularly in highly polluted environments (Forouzanfar et al., 2016; Yue et al., 2020).

The size and composition of an aerosol particle has an influence on its: lifetime in the atmosphere,

surface reactivity and light scattering ability, and are important when considering aerosol human health

and climate impacts (Lazaridis, 2011; Zheng et al., 2015). Pollutants are generally removed from the

atmosphere due to meteorology, i.e transportation or dispersion through strong winds or wash out by rain.

Under high humidity conditions, certain aerosol particles can also become cloud droplets (Figure 1.1).

Consequently, the concentrations and properties of aerosols in urban environments are highly dependent

on both pollutant sources and atmospheric conditions. There is large spatiotemporal variation in the

11
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composition, concentration and type of aerosol particles. For example, in the Arabian gulf, countries

experience severe pollution episodes due to extreme dust storms, coastal industrial and shipping emissions

which contribute significantly to measured PM concentrations (Farahat, 2016). Major sources in Asian

cities are typically biomass or fossil fuel burning for residential use, while some of the main sources of

particulate matter (PM) in Western Europe and Northern America are from vehicles and industry (Derwent

and Hjellbrekke, 2013; Marlier et al., 2016). The different sources of PM have a strong impact on particle

properties. Some particles are emitted directly into the atmosphere, however, a major component of

measured PM globally are secondary aerosols and are formed in the atmosphere (Figure 1.1). The formation

and characteristics of secondary aerosols are strongly dependent on gaseous sources, existing particulate

concentrations and atmospheric conditions (Seinfeld and Pandis, 2006a; Chan and Yao, 2008; Fiore et al.,

2012; Kalberer, 2015; Fuzzi et al., 2016). This section outlines sources and removal of atmospheric aerosols

as well as their physiochemical properties, with a particular focus on aerosols in urban environments.

Figure 1.1: Schematic showing the process of aerosol formation, growth and removal in the atmosphere
and interactions with solar radiation

1.3.1 Primary Emissions

An aerosol’s physical and chemical properties impact the processes and interactions that it will undergo in

the atmosphere. Aerosol particles in the atmosphere can be emitted directly from anthropogenic sources,

such as combustion or mechanical processes as well as naturally from volcanic eruptions or desert dust

storms. Primary aerosols in the atmosphere include: carbonaceous compounds (black and organic carbon),

mineral dust, sea salt and some biological organic species such as exudate from decaying marine biota,

fungal spores and algae. Primary sources of air pollution in the atmosphere vary both by region and

season. The main sources of primary aerosols in urban environments are thought to be traffic, biomass

12
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burning for residential heating and cooking, and industrial coal combustion, with open waste burning being

a source in some areas. Desert dust, volcanic ash and sea spray are all forms of natural aerosol particles

which can also contribute to air pollution events in urban environments. Main sources of pollutants and

thus composition of typical PM2.5 mass shows large spatial heterogeneity, with a regional variation due to

differences in: local climate, meteorology and topography. Furthermore, differences in anthropogenic and

industrial activity, and typical energy sources and fuel type can also lead to variation in observed pollutants

(Finlayson-Pitts and Pitts, 2000; Hopke et al., 2008; Lazaridis, 2011; Quan et al., 2014; Gulia et al., 2015;

Meng et al., 2016).

1.3.2 Secondary Formation

Secondary aerosols are formed in the atmosphere through gas to particle conversion. Examples of common

secondary aerosols are: nitrate, sulphate and oxidation products of volatile organic matter, which can

be both natural or anthropogenic. A species is considered to be volatile if it easily evaporates at room

temperature, while semi-volatile species will often partition between the liquid and gas phase. A significant

proportion of PM2.5 globally is formed in the atmosphere as secondary aerosols. Major secondary aerosols

in the atmosphere are inorganic salts such as: sulfate, nitrate, and ammonium as well as a variety of organic

compounds. These compounds are formed from precursor gases such as ammonia (NH3), nitrogen dioxide

(NO2), sulphur dioxide (SO2) and volatile organic compounds (VOCs). The gases undergo reactions in the

atmosphere to form oxidised low volatility products which under favourable conditions rapidly condense

onto existing particle surfaces (heterogeneous nucleation) or coagulate to form new particles (homogeneous

nucleation). Homogeneous nucleation typically only occurs under low temperatures and when particle

concentrations are sufficiently low. However, studies in urban environments show a high formation rate

of new particles when gases released from combustion, such as traffic, cool rapidly due to exposure to

ambient air. This formation of new particles ambiently can be observed by high concentrations of ultrafine

particles (PM < 100 nm). Formation rates of secondary aerosols are dependent on gaseous precursor

concentration, particle size, availability of solar radiation and meteorological variables, specifically humidity.

The conversion of sulphur dioxide (SO2), nitrous oxides (NOx) and ammonia (NH3) into secondary inorganic

aerosols such as sulphate (SO2−
4 ), nitrate (NO−

3 ) and ammonium (NH+
4 ) is reasonably well understood,

however the large number and variety of VOC’s abundant in the atmosphere means formation mechanisms

of secondary organic aerosols is less well characterised (Finlayson-Pitts and Pitts, 2000; McMurry, 2002;

Molina and Molina, 2004; Seinfeld and Pandis, 2006a; Quan et al., 2014; Aksoyoglu et al., 2017).

Emissions of gases such as NOx, SO2 and VOC’s from traffic, industry and residential energy

sources mean that concentrations of aerosol precursors in urban environments can be extremely high. This

leads to high rates of secondary aerosol formation. Secondary aerosol formation is believed to be one of

the most important factors explaining rapid increases in PM2.5 concentrations during severe air pollution

episodes. Huang et al. (2014) found that during haze episodes in four Chinese megacities, secondary

aerosols contributed 30 - 77 % of average PM2.5 and secondary organic aerosol (SOA) contributed 44-71
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% of total organic aerosol. Furthermore, relative humidity (RH) is often enhanced during heavy pollution

episodes which is proposed to further increases the rate of secondary aerosol formation. This can lead to

rapidly increasing PM2.5 concentrations under certain conditions (Molina and Molina, 2004; Huang et al.,

2014; Zhong et al., 2018).

1.3.3 Removal

The removal of aerosol particles from the atmosphere is an essential process which can improve air quality

in urban environments. Wet and dry deposition are the main ways in which aerosol particles are removed

from the atmosphere. Dry deposition is the direct transfer of atmospheric species, either gaseous or

particulate, to a surface and is most common for larger particles which can settle on the earth’s surface due

to gravity (Tomasi and Lupi, 2017b). Wet deposition encompasses all processes that lead to removal through

precipitation, including dissolved atmospheric gases in cloud droplets, wash out by precipitation or removal

through acting as cloud condensation nuclei (CCN). Factors that influence the deposition process include:

surface type and terrain, size and shape of particles, chemical composition, precipitation, and atmospheric

turbulence. Wet deposition can occur through several different processes including precipitation scavenging,

cloud interception and fog and snow deposition, where precipitation scavenging is the main form of wet

deposition and involves the removal of species by a raining cloud (Finlayson-Pitts and Pitts, 2000; Seinfeld

and Pandis, 2006a; Kalberer, 2015).

High concentrations of aerosols can exist in urban environments for several days. These periods

are often referred to as pollution episodes, smog or haze. To ’clean up’ these episodes normally requires

either strong winds to disperse and transport the pollutants out of the city or rain to wash them out.

However, aerosol particles can interact with meteorology to enhance stabilisation and reduce wind speeds

and precipitation, meaning these episodes can often occur for long periods. Aerosol properties such as size,

composition and hygroscopicity will affect the ability of a particle to be removed through wet scavenging to

become a cloud droplet, which under certain conditions can significantly decrease number concentrations

of aerosols (Ohata et al., 2016). Several studies have linked both the onset and dissipation of pollution

episodes to large scale circulations or changes in synoptic scale meteorology. This is well characterised in

the megacity, Beijing. In Beijing, pollution episodes are often linked to the strength and direction of wind.

Pollutants are often advected from southern industrial areas, while clean up of the episodes is linked to

advection of cold clean air (Wang et al., 2014a; Zheng et al., 2015; Panagi et al., 2019). For example, in

their characterisation of a heavy pollution episode which occurred between 1st and 4th December 2016

in Beijing, Wang et al. (2019) found that changes in synoptic conditions were responsible for atmospheric

stagnation, which allowed for rapid accumulation of pollutants. Furthermore, they found that a change in

the synoptic conditions resulted in strong winds on 4th December which allowed for pollutant dispersion.
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1.3.4 Regional Transport

High concentrations of air pollutants are frequently observed in megacities. However, particulates can be

transported large distances (100’s to 1000’s of kilometers), to severely impact air quality in surrounding

regions. The transport of pollutants is highly dependent on the strength and direction of the prevailing

winds. Most aerosols are emitted into and exist within the planetary boundary layer, which is the lowest

layer of the atmosphere, impacted by interactions with the surface. Typically, if particles exist in the free

troposphere (above the planetary boundary layer) they will be transported further, dependent on large

scale atmospheric circulations. However, this regional transport of pollutants can also impact air quality

in megacities themselves. Combined with local emissions from sources such as traffic and heating, regional

transport of pollutants from surrounding industrial areas can lead to worsened air quality within urban

cities. This is normally caused by the entrainment of polluted air aloft into the planetary boundary layer

as it develops during the day (Figure 1.2) (Baklanov et al., 2016; Ma et al., 2017; Ji et al., 2019).

Figure 1.2: Schematic to show the diurnal cycle of the boundary layer and the structures within it. Adapted
from Stull (2015)

1.3.5 Aerosol Size

The size of an aerosol particle impacts its atmospheric interactions, lifetime and surface reactivity.

Atmospheric aerosols are a range of shapes and so for simplicity, size is defined according to a measured

physical property. A common metric is the aerodynamic diameter, which is the spherical diameter of a

particle with the same terminal velocity as the aerosol in consideration, defined as:

Da = Dgκ

√
ρp
ρo

(1.1)

15



Chapter 1 | Urban Air Pollution

Where Dg is the geometric diameter, κ is the shape factor, ρp is the density of the particle

and ρo is unit density (1 g/cm3). Aerosols are often represented through size distributions. A particle

size distribution presents concentration (usually mass or number) as a function of diameter or radius.

From the size distributions, aerosol particles can be binned according to their diameter range to assist

in categorising their behaviour in the atmosphere. The distinct size ranges are commonly described by 4

modes, which generally characterise the aerosol source, properties and reactivity in the atmosphere (Figure

1.3) (Finlayson-Pitts and Pitts, 2000; John, 2011; Kulkarni et al., 2011; Lazaridis, 2011).

Particles in the nucleation mode have diameters < 10 nm and are either directly emitted or

formed through nucleation in the atmosphere. These particles often have a short lifetime due to their fast

coagulation rates. Typically, they will efficiently collide with and coagulate onto the surface of a larger

particle. This process removes nucleation mode particles, while increasing average aerosol size. Gaseous

precursors can also condense on the particle surface, causing them to grow in size. For this reason, urban

aerosols in this size range are highest close to the emission source, decreasing in concentration away from the

source due to atmospheric processing. Particles in the Aitken mode (10 nm > 100 nm) typically form from

such processing and can have significant lifetimes in the atmosphere, with most urban aerosols existing in

this size range. Coagulation of these particles in the atmosphere and condensation of semi-volatile species

on the particle core leads to growth to the accumulation mode (100 nm < 1 µm). Furthermore, some

particles in the accumulation mode can take up water to swell and grow significantly in size. Particle

composition and water vapour concentrations affect an ambient aerosol particle’s rate of water uptake. In

cases where aerosols in the accumulation mode grow significantly, they may be removed through acting as

cloud condensation nuclei (CCN) and becoming activated cloud droplets. However, under low humidity

conditions, water and semi-volatile species can evaporate from the CCN to increase aerosol concentrations

in the accumulation mode (Figure 1.1). Particle sources and atmospheric processing strongly impacts the

size distribution of aerosol particles in the atmosphere, for example marine, arctic and urban aerosol size

distributions vary greatly. The majority of urban aerosols typically have a size ranging between 20 nm

< 1 µm, predominantly existing in the Aitken and accumulation modes. Particles in the coarse mode

(> 1 µm) are present in urban environments due to mechanical processes such as road dust, construction

activities and, brake and tyre wear. However, transportation of desert dust can also contribute significantly

to increased levels of coarse particles. Typically, the number concentrations of larger particles is low, due

to their short lifetime, however, due to their large size they can contribute large amounts to volume and

mass distributions (Figure 1.3). (Seinfeld and Pandis, 2006a; Bloss, 2009; Boucher, 2013; Kalberer, 2015;

Tomasi and Lupi, 2017a).

1.3.6 Chemical Composition

Aerosol composition is an important factor when understanding aerosol processes, aerosol-radiation

interactions and aerosol toxicity (Lelieveld et al., 2015; Gilardoni and Fuzzi, 2017). Determining aerosol
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Figure 1.3: Typical urban log-normal aerosol size distribution. a) Number distribution, b) Surface
distribution and c) Volume distribution. Plot taken from Seinfeld and Pandis (2006a)

composition is also useful in understanding sources of anthropogenic aerosols, particularly during heavy

pollution episodes (Sun et al., 2006; Lv et al., 2016). Developments in measurement techniques have

allowed for real time analysis of aerosol composition through the use of aerosol mass spectrometers (AMS)

(Coe and Allan, 2006). Changes in composition over time result in high spatiotemporal variation and this

can be monitored in order to better understand aerosol sources and processes. Analysis of compositional

measurements can provide information on the relative contribution of primary and secondary aerosols to

PM2.5 concentrations. It can also allow for some understanding of whether pollutants have been locally

emitted or regionally transported, which is useful when developing air quality policy (Finlayson-Pitts and

Pitts, 2000; Pöschl, 2005; Seinfeld and Pandis, 2006a; Elser et al., 2016; Tomasi and Lupi, 2017a).

Particle mixing state, which is the distribution of chemical species within an aerosol, provides

important information on surface reactivity of an aerosol particle and its optical properties. Aerosol

mixing occurs primarily through particle coagulation and semi-volatile condensation. Aerosols can either

be internally or externally mixed. When an aerosol is internally mixed, the different chemical species

have mixed within the particle. In an ideal situation this would mean that all the aerosol particles have

the same chemical composition and size distribution. If they are externally mixed, the particles have not

chemically interacted with each other and each aerosol type will have a distinct chemical composition and

size distribution. When there is condensation of a soluble species on an insoluble core, the particle is known

to be externally mixed, with a distinct core and a surrounding coating or ‘shell’. This type of mixing is

common in black carbon (BC) and other insoluble particles such as dust (Jacobson, 2005; Lazaridis, 2011;

17



Chapter 1 | Urban Air Pollution

Boucher, 2013).

Black carbon (BC) is a well known primary aerosol emitted from incomplete combustion and

is prevalent globally, with high concentrations found in urban environments, particularly in Indian and

Chinese megacities. BC is of particular interest due to its ability to strongly absorb light in the visible

spectrum, which has a positive radiative forcing effect on the atmosphere and has potential implications for

global climate . BC is emitted directly into the atmosphere as a by-product of carbonaceous combustion or

biomass burning. However, BC morphology, structure and size varies greatly, changing during its lifetime

in the atmosphere. BC undergoes processing in the atmosphere, known as atmospheric aging. Gas phase

condensation of other particles on the BC surface and coagulation with other particles can alter the mixing

state of BC affecting its physical and chemical properties (Jacobson, 2001; Cappa et al., 2012; Bond et al.,

2013; Wang et al., 2015; Liu et al., 2017, 2018a, 2020).

Quantification of BC radiative forcing is dependent on the magnitude and type of mixing. Liu

et al. (2018a) found that the mixing state of black carbon impacts its ability to absorb radiation. Their

results found that particle mixing was impacted by the source of BC and the length of time it had spent in

the atmosphere. Freshly emitted particles in Beijing, from traffic, were found to be externally mixed, and

aged particles, from biomass burning, were found to be internally mixed. Furthermore, their research found

that black carbon particles, internally mixed with non-black carbon particles, resulted in an absorption

enhancement of the BC core by the non-BC coating. The magnitude of this absorption enhancement was

found to be dependent on the ratio of non-BC to BC mass in the particle and its mixing state.

1.3.7 Aerosol Hygroscopicity

The processes that urban aerosols undergo in the atmosphere are dependent on their physiochemical

properties, as described above. These properties are further affected by the amount of water in the particle.

The proportion of water that contributes to fine aerosols is dependent upon the relative humidity of the

aerosol environment but also on the hygroscopicity of components within the aerosol (Friedlander, 2000).

Aerosol hygroscopicity is size and composition dependent and describes the ability of an aerosol particle

to absorb water as a function of RH. The ratio between a particle’s wet diameter (diameter including

condensation of water vapour) at high RH and its corresponding dry diameter describes its ability to take

up water. This is known as the aerosol hygroscopic growth factor and is highly dependent on aerosol

composition (Chen et al., 2019; Tang et al., 2019). The rate and extent of water uptake by an aerosol

particle is also dependent on the amount of water vapour available in the atmosphere. High ambient

humidity will cause soluble aerosols to grow in size, leading to decreased visibility as the mass scattering

efficiency of aerosols increases. For this reason, it is important to consider aerosol hygroscopicity when

examining aerosol-radiation interactions. Furthermore, aerosol liquid water content and size also strongly

affect the rate of heterogeneous surface reactions and the rate of gas condensation on the aerosol surface.

Consequently, aerosol hygroscopic growth can lead to higher rates of secondary aerosol formation, which
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can contribute significantly to air pollution. Furthermore, if particle takes on enough water it may activate

into a cloud droplet, which may impact cloud properties, with potential impacts for climate (Boucher et al.,

2013; Kreidenweis and Asa-Awuku, 2013).

Inorganic salts, such as nitrates, sulphates and chlorides are extremely hygroscopic and take

on water even at low RH, whereas black carbon (BC) is much less likely to take on water at all RH

values. However, particle mixing state and atmospheric processing also impacts aerosol hygroscopicity. For

example, in the atmosphere BC often undergoes atmospheric processing termed ‘aging’ where semi-volatile

species condense on a BC core (Valsaraj and Kommalapati, 2009). Zhang et al. (2008) found that when

sulphuric acid vapour condenses on a BC particle, the particle experiences substantial hygroscopic growth

under subsaturated conditions (RH < 90 %).

1.4 Air Pollution and Health

Particulate matter (PM), is a term used to describe total suspended aerosol particles, particularly in

relation to their health effects. Commonly used indicators of describing air quality or levels of air pollution

are mass concentrations of PM10, (PM with a diameter < 10 µm) and PM2.5, (PM with a diameter <

2.5 µm). PM2.5 is of particular interest due to its ability to penetrate into airways, alveoli and the blood

stream. This can cause: problems with the immune system, inflammation of the lungs, heightened allergic

symptoms, and accelerated atherosclerosis. PM2.5 is also a carrier of toxic compounds including chemical

elements and heavy metals, which can cause damage to chromosomes and DNA (WHO, 2000; Lv et al.,

2016). Exposure to PM is linked to cardiovascular and respiratory disease, with responses being both acute

and chronic. Air pollution has thus far been linked to increased rates of chronic obstructive pulmonary

disease (COPD), lung cancer, acute lower respiratory illness (ALRI) and ischaemic heart disease (IHD).

Furthermore, increased risks of dementia, Parkinson’s disease and multiple sclerosis have also been cited

as potential health impacts (Zhang et al., 2010; Chen et al., 2017). Exposure to PM2.5 has been linked

to reduced life expectancy, representing around 7 % of total global deaths; 59 % of these in South and

East Asia (Cohen et al., 2017). It is therefore clear that PM2.5 exposure has a large human health impact,

however, despite several countries and the World Health Organization (WHO) implementing air quality

standards with strict PM2.5 limits, scientific understanding on the safe level of PM2.5 exposure is not clear

(Lelieveld et al., 2015).

Research assessing the health impacts of PM2.5 are numerous, and include extensive

epidemiological and toxicological studies (WHO, 2006). Epidemiology is the study of the prevalence and

cause of diseases in different population groups. These studies are essential in finding links between

concentrations of ambient PM and the prevalence of cardiovascular or respiratory disease (Coggon et al.,

2003). An exposure assessment from 22 European cohort studies looked at the effect of long term PM

exposure on natural mortality. The results show a statistically significant association between PM2.5
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exposure and mortality of a natural cause. This was found even for PM2.5 exposure of less than the

existing WHO guidelines (annual 24-hourly average value of 25 µg/m3), suggesting that there may be no

safe level of exposure (Beelen et al., 2014). Furthermore, several studies have outlined the difference in

toxicity for components of PM2.5, with some sources of pollution known to be more damaging than others.

For example, Park et al. (2018) found that particles produced from combustion are more toxic to human

health compared to other sources, with particularly high toxicity found for vehicular emissions (diesel and

gasoline). Understanding of particle sources in the atmosphere and their toxicity can therefore allow for

better and more informed policy targeting of specific emission sources.

Air pollution is a significant issue in densely populated urban areas. Rapid economic growth and

industrialisation in South and Eastern Asia particularly has led to an increase in megacities (cities with a

population greater than 10 million), with air quality issues. The impact of this is two-fold: megacities tend

to have high emissions, as well as having large populations, which are consequently exposed to pollutants.

This leads to a high impact per pollutant concentration on human health. Health impacts of air pollution

have been observed to increase rapidly with increasing city and population size Gurjar et al. (2008, 2010);

Krzyzanowski et al. (2014); Marlier et al. (2016); Liu et al. (2018b). The main sources of increased air

pollution in developing countries are : private vehicle use, biomass and coal burning for residential uses such

as heating and cooking and nearby industrial emissions (Molina and Molina, 2004). Overall, it is estimated

that 96 % of people living in the 10 largest cities are exposed to PM2.5 concentrations higher than the WHO

guidelines, with China and India having the highest premature mortality linked to outdoor air pollution

in 2010 (Lelieveld et al., 2015). Furthermore, from 1960 to 2009, PM2.5 concentrations increased by 38 %

globally, while deaths attributed to air pollution increased by a minimum of 89 % over the same period.

These increases were predominantly dominated by large increases in China and India, with slight decreases

in Western Europe and the United States (Butt et al., 2017). Figure 1.4 shows the association with the

location of megacities, concentrations of PM2.5 and deaths attributed to air pollution. There is a clear

correlation between the prevalence of megacities, annual PM2.5 concentrations and deaths attributed to

outdoor air pollution, which are high in China and India.

Epidemiological evidence clearly shows the negative health impacts associated with poor air

quality, while toxicological studies show that the magnitude of the health impact is dependent on the

properties of the pollutants. It can therefore be considered essential for human health to understand the

composition and size of pollutants in the urban atmosphere, as well as their sources (Davidson et al.,

2005; Maynard, 2009). A major limitation in tackling urban air pollution is the reliability and scope of

measurements in the region. Furthermore, particles in the atmosphere undergo a variety of chemical and

physical transformations and so their physicochemical properties at emission source, or at a measured point

in the atmosphere, may change prior to human exposure. Therefore, even understanding the sources of PM

in a region will not directly correlate to understanding exposure in that same area (Russell and Brunekreef,

2009; Fuzzi et al., 2016; Liu et al., 2016). Composition and characteristics of PM2.5 are globally varied and

tend to depend on the aerosol source and atmospheric conditions, with strong observed spatiotemporal
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Figure 1.4: a) Distribution of megacities around the world in 2018 and projected megacities by 2030 (United
Nations, 2018), b) Annual mean PM2.5 concentrations in urban areas (2016) (World Health Organization,
2018b) and c) Deaths attributed to ambient air pollution (age standardised) for 2012 (World Health
Organization, 2018a).

variations (Davidson et al., 2005). Characterisation of aerosol sources, properties and the processes which

occur in the atmosphere will therefore help understand the health impacts of air pollution on human health

and allow for targeted policy to improve air quality in urban environments.
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1.5 Aerosols and Climate

Through directly interacting with radiation and clouds, aerosols can have a significant effect on global

climate. This is particularly important in urban areas where concentrations of aerosols are high.

Interactions of aerosols, can affect atmospheric temperatures, cloud cover, and both local and regional

meteorology. It is essential to fully understand these interactions to better constrain and parameterise

climate and air quality models.

1.5.1 Aerosol-Radiation Interactions

Aerosols are considered important due to their health impacts but also for their role in affecting the climate,

both directly through radiative forcing and also through changing the properties of clouds. Aerosol radiative

forcing is the perturbations caused by aerosol-radiation interactions to radiative fluxes in the atmosphere,

and is one of the most uncertain components in the climate system. Overall aerosols are believed to have

a global cooling effect, with a direct radiative forcing between -0.95 to + 0.05 W/m2. Aerosol radiation

interactions (ARI) describe the absorption or scattering of solar radiation by aerosol particles to alter the

global radiative flux at: the surface, top of the atmosphere (TOA) and within the atmospheric column.

Atmospheric aerosols can interact with both shortwave (SW) and longwave (LW) radiation. The magnitude

and type of the interaction is mostly dependent on aerosol size and composition, which influence the aerosols

optical properties. Aerosols such as black carbon and mineral dust can absorb SW radiation to heat the

atmosphere, while inorganic aerosol particles such as sulphate, scatter solar radiation, resulting in surface

cooling (Yu et al., 2006; Boucher, 2013; Boucher et al., 2014; Fu, 2015).

Factors that influence the scattering and absorption of light by a particle are: particle size,

composition and wavelength (λ) of incident radiation. Types of light scattering mechanisms include: elastic

scattering, when the λ of emitted radiation is the same as the incident radiation, and inelastic scattering,

when the λ of emitted radiation is shifted compared to the λ of the incident beam. Elastic scattering is the

main way in which aerosols interact with radiation in the atmosphere, and is described mathematically in

two main ways: Rayleigh and Mie scattering. Particle size relative to the λ of the interacting radiation will

impact the relative strength and type of the scattering. Rayleigh scattering describes interactions when

the particle diameter is much smaller than the λ of incident radiation (normally particles with a diameter

< 100 nm). Particles in this range scatter and absorb light in the shortwave (solar radiation) to a much

higher extent than longwave (terrestrial) radiation. Mie scattering covers a wider range of particle sizes,

particularly those whose diameter is similar to the λ of incident radiation (Seinfeld and Pandis, 2006b;

Kokhanovsky, 2008; Fu, 2015).

In terms of their direct radiative effect, aerosols can be divided into those that scatter incoming

radiation, thereby having a cooling effect, and those that absorb radiation creating a net warming effect.
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The scattering efficiency of a particle, Qscat, can be described by its scattering cross section, Cscat divided

by the cross-sectional area of the particle (A = πr2). Where Cscat is related to the intensity of incident

radiation (I0), the intensity of scattered radiation (Iscat) and the surface of the particle (S) (Eq. 1.2-1.3)

(Seinfeld and Pandis, 2006b).

Cscat = 1
I0

∫
IscatdS (1.2)

Qscat = Cscat
A

(1.3)

The absorption efficiency of a particle Qabs is described by its absorption cross section (Cabs)

divided by the cross sectional area, A. Where Cabs is related to the wavelength of radiation (k=2π
λ ) the

particle volume, V, the electric vector of the incident wave (| ~E0|), the electric vector of the scattered light

(| ~E| and the absorption (χ) and scattering (n) parts of the refractive indices (Eq. 1.4-1.5).

Cabs = k

| ~E0|2

∫
V
| ~E|2(2nχ)dV (1.4)

Qabs = Cabs
A

(1.5)

The refractive index of a particle characterises the way an aerosol particle will interact with various

wavelengths of electromagnetic radiation. The refractive indices is composed of a scattering (real) part

and absorbing (imaginary) part, which combined will provide information on the interaction of the particle

with radiation. Each part of the refractive index is mainly dependent on its chemical composition and the

wavelength of radiation under consideration and takes the form (m = n + iχ).

The extinction of an aerosol medium, is the sum of the scattering and absorption components and

overall describes the interaction of radiation as it passes through an aerosol column. The aerosol extinction

coefficient (σext) is related to the size averaged extinction cross section (Cext) and the number of particles

in a given volume (N) (Eq. 1.6-1.7) Kokhanovsky (2008, 2016)

Cext = Cscat + Cabs (1.6)

σext = NCext (1.7)

Direct radiative forcing by aerosol particles is not only linked to their individual properties but

also the vertical distribution and total concentration of aerosols throughout the column, otherwise known

23



Chapter 1 | Urban Air Pollution

as the aerosol optical depth (AOD), which is the sum of extinction in each layer across the depth of the

column (Eq. 1.8). This information tells us how much of solar incident radiation reaches the surface.

Furthermore, if the incidence of radiation at TOA and at the surface under clear sky conditions is known,

the AOD can provide information on the amount of attenuation caused by aerosols, which can allow for

estimates of aerosol mass concentrations in the column.

τ =
∫ TOA

Surf
σext(z).dz (1.8)

The surface albedo, describes the fraction of solar radiation which will get reflected back to space

after reaching the surface. Consequently, the extent to which an absorbing or scattering aerosol layer

has a net negative or positive radiative effect also depends on whether it is over a low or high albedo

surface. For example, absorbing aerosols will have little effect on top of the atmosphere (TOA) short wave

incoming solar radiation if the surface below is already dark and highly absorbing, as the relative increase

in absorption will be low. These types of surface are common in cities. On the other hand if the underlying

surface is bright, for example a cloud top or an arctic surface, then a partially absorbing aerosol layer

above will lower the effective surface albedo and ability to reflect solar radiation. Thus the enhancement

of absorption and consequently warming due to aerosols will be higher (Valsaraj and Kommalapati, 2009;

Bond et al., 2013; Myhre et al., 2013; Fu, 2015).

An effective way to understand the impact of aerosol-radiation interactions in the atmosphere and

their dependencies is through the use of a radiative transfer model. This can allow for understanding of the

importance of factors such as aerosol composition, aerosol size and vertical distribution of the aerosol layer

on scattering and absorption of solar radiation. Mishra et al. (2015) used a radiative transfer model to

examine the impact of aerosol vertical distribution on the aerosol radiative effect. They varied the vertical

aerosol profiles for four different aerosol types: dust, polluted dust, pollution and pure scattering aerosols.

Overall, they found that the aerosol-radiative effect variation with height is dependent on both the type

of aerosol and the wavelength of incident radiation. In a study of biomass burning aerosols, Johnson et al.

(2008) showed that a low-level dust layer increased the absorption by biomass burning aerosol, due to the

low level dust back-scattering solar radiation which was then absorbed by the biomass burning layer.

The sign and magnitude of aerosol’s radiative forcing is dependent on bothe the aerosol properties

and the albedo and properties of the underlying surface. However, aerosols can also alter the Earth’s

radiative budget through interacting with radiation to affect cloud properties. This is known as the semi-

direct effect. The semi-direct effect can have either a positive or negative radiative forcing and is dependent

on the cloud and aerosol properties. Clouds have a cooling effect on the atmosphere and so any process

which reduces cloud cover will have a positive radiative forcing, while processes that enhance cloud cover

will have a negative radiative forcing effect. Heating in the atmosphere by aerosols can reduce relative

humidity (RH) in the planetary boundary layer (PBL), which reduces cloud formation at low altitudes.

Furthermore, heating of the atmosphere can also cause evaporation of cloud droplets, further reducing cloud
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cover. However, if scattering aerosols cause a cooling in the atmosphere this can have the opposite effect,

increasing RH and cloudiness. Furthermore, in stratocumulus clouds, an absorbing aerosol layer above

the cloud top has shown to strengthen temperature inversions, reduce entrainment of dry air, and enhance

cloudiness (Ramanathan et al., 2001; Johnson, 2003; Johnson et al., 2004; Fiore et al., 2012; Tao et al., 2012;

Boucher, 2013; Archer-Nicholls et al., 2016). In a recent study Herbert et al. (2020) used a Large Eddy

Simulation (LES) model to examine the impact of various properties of absorbing aerosol layers on cloud

and PBL dynamics. They find that an absorbing aerosol layer above cloud top increases the temperature

inversion at PBL (cloud) top through warming the layer above. This reduces buoyant turbulent motion

and the rate of entrainment, as more energy is required to overcome the larger temperature inversion at

PBL top. Consequently, there is a reduction of entrainment of clean, warm, dry air, which suppresses

PBL development, reduces cloud top height and enhances cloudiness. This produces an overall negative

radiative forcing due to the clouds cooling effect on the climate.

1.5.2 Aerosol-Cloud Interactions

An aerosols ability to directly impact cloud formation through acting as cloud condensation nuclei

(CCN), is known as the aerosol-indirect effect. By acting as CCN, anthropogenic aerosols modify the

number concentration and size of cloud water droplets, leading to changes in cloud albedo. High aerosol

concentrations can lead to increased numbers of CCN. This will mean that under the same atmospheric

conditions (the same concentrations of water vapour) there will be less water vapour per CCN to condense

onto the particle core. Consequently, there will be an increase in the number of cloud droplets but a

reduction in the average size of each cloud droplet. This generally increases cloud coverage and lifetime

through suppressing precipitation. However, aerosol impacts on precipitation are affected by cloud type,

cloud depth and aerosol concentrations, further complicating the climatic impacts of aerosols (Twomey,

1977; Albrecht, 1989; Andrejczuk et al., 2010; Ekman et al., 2011; Li et al., 2011; Cheng et al., 2016a;

Malavelle et al., 2017)

1.6 Urban Environments

The number of people living in urban environments is constantly increasing. As of 2018, 55.3 % of the

world’s population lived in urban settlements, this is expected to increase to 60 % by 2030 (United

Nations, 2018). Increasing urban populations causes changes to the natural environment. Urban and

rural environments have different characteristics which impact the development of the boundary layer and

its structure. The urban heat island (UHI) effect describes the higher temperatures observed in urban areas

compared to surrounding areas. The energetic basis for the UHI can be described through alterations to

the surface energy balance equation (Eq. 1.9). Alterations include changes to the rate of heat storage (Qs)

and the inclusion of an anthropgenic heat flux (Qf ). The urban environment typically has higher sensible
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heat flux, lower latent heat flux and slightly higher planetary boundary layer height than comparable

suburban or rural areas. This is due to higher heat storage (Qs) in urban environments caused by higher

surface heat capacity, lower thermal conductivity and reduced water volume fraction of urban surfaces.

Typical considerations when examining the urban boundary layer include surface type, surface roughness

and surface heterogeneity. Surface type will impact the storage and re-release of heat. Surfaces with

high heat capacity such as concrete, delay the release of heat, which consequently reduces the impact of

nocturnal radiative cooling and allows for a turbulent boundary layer to exist longer through the night.

Increased surface roughness can lead to stronger turbulent motion under high wind conditions, while the

typical layout of a city can lead to the formation of an urban canopy which inhibits pollutant dispersion

(Oke, 1973, 1982; Grimmond et al., 1991; Grimmond and Oke, 1999; Barlow, 2014a).

A heat flux caused by human activities, known as the anthropogenic heat flux (Qf ), is thought

to impact urban meteorology. The anthropogenic heat flux can be split into contributions from vehicles

(Qv), buildings (Qb) and human metabolic activity (Qm) (Eq. 1.10). Due to its varied nature, calculations

of both anthropogenic heat flux and urban heat storage are often difficult to perform. Most estimates use

the surface energy balance scheme (Eq. 1.9) and measurements of net radiation (Q*), sensible (SHF) and

latent heat fluxes (LHF), with Qs and Qf as the remaining fractions. Grimmond et al. (1991) developed

an objective hysteresis model (OHM), to incorporate an equation to estimate urban heat storage (Eq 1.11)

where ∆Q∗

∆t has units W/m2h−1 and relates the change in radiation (∆Q∗) over time (∆t). The coefficients

a1, a2 and a3 are dependent on land cover and have no units, hour and W/m2 respectively. Values of these

coefficients for roof, green space, canyon and paved environments have been calculated and can be found

in Grimmond et al. (1991). Their work found that this equation worked well for calculation of daytime

heat storage but was not efficient at estimating nocturnal heat storage which is assumed to be significantly

lower.

Q∗ +Qf = SHF + LHF + dQs (1.9)

Qf = Qb +Qv +Qm (1.10)

Qs = a1Q
∗ + a2(∆Q∗

∆t ) + a3 (1.11)

Estimates of anthropogenic heat flux in urban environments are strongly linked to emissions. Allen et al.

(2011) developed the large scale urban consumption of energy (LUCY) model to simulate the anthropogenic

heat flux on the city and global scale, finding large variations within countries, cities and seasons as well

as diurnally. Globally on average Qf is higher on weekdays and in winter. Heat from metabolic activity

(Qm) generally has the lowest contributor to Qf and is often based on population data assuming an

average metabolic activity per person, however this can be outdated. Qv can be calculated based on

vehicle fleet, number and average speed, with typical peaks around rush hour due to the association with

traffic emissions. Heat from buildings (Qb) is the largest contributor to Qf , it can be divided into sectors

(industrial, commercial, residential and non-residential) with estimates normally coming from either energy

consumption estimates or through grouping by building type using land use data.
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Figure 1.5: Outline of the workings of the LUCY model and overall things to consider when calculating
the anthropogenic heat flux (Qf ) (Allen et al., 2011)

Dou et al. (2019) estimated the anthropogenic heat flux for Beijing summertime using the large

scale urban consumption of energy (LUCY) model. Through making assumptions on vehicle fleet and

vehicle speed, as well as performing footprint analyses and detailed surface properties, they found that the

mean midday Qf value was 67.2 W/m2 while the contributions of sensible heat flux (SHF) and latent heat

flux (LHF) were 94.3 and 96.4 W/m2 respectively. This indicates that the contribution of Qf to the urban

surface energy balance scheme in certain conditions may be similar in magnitude to that of SHF and LHF.

The differences between urban and rural environments is important for understanding of pollutant

dispersion. The contribution of anthropogenic heat flux (Qf ) and urban heat storage (Qs) to the urban

surface energy balance reduces nocturnal cooling and increases turbulence in the urban boundary layer.

This can act to enhance the vertical mixing of pollutants. Urban areas are further impacted by the urban

layout. Specifically, the height and distribution of buildings, streets and parks, varies the roughness of

the surface, which can create strong mechanical turbulence. The layout of buildings and streets in cities

can create an urban canopy layer, which typically decreases surface wind speeds and consequently the

distribution of pollutants (Grimmond et al., 1991; Cao and Lin, 2014; Tao et al., 2016; Auvinen et al.,

2020).

The urban heat island effect, which causes urban areas to be warmer than their surrounding

areas, can enhance the dispersion of pollutants. As temperatures in the lower atmosphere are higher in

urban environments, this causes a larger level of turbulent mixing due to buoyancy. This leads to a higher

maximum PBL height, particularly through the evening and night time. This can lead to less stagnation and

a higher vertical distribution, causing less pollutants to be concentrated at the surface. This is evidenced by

urban areas often having higher maximum PBL height compared to rural areas (Barlow, 2014b). This effect

works in contrast to the effect of aerosols in cooling the surface layer and increasing stagnation. As urban

environments, such as cities, often also have higher aerosol concentrations compared to rural environments,

these effects work in contrast to each other. However, the magnitude of each effect and which will have

the largest impact is dependent on several factors including aerosol concentrations, composition and size,
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the strength of the UHI effect in a particular area (governed by the variables outlined in the previous

paragraphs) as well as the meteorology at the time. Under conditions where aerosol concentrations are

very high in urban areas, the effect of aerosols on PBL height and vertical mixing is likely to be a more

important process.

1.7 Aerosols and the Planetary Boundary Layer

Aerosols are emitted into and primarily exist in the planetary boundary layer (PBL), here they interact

with radiation to impact boundary layer meteorology such as temperature, humidity and wind speed. They

can cause large alterations to the thermal profile of the PBL which has significant impacts on turbulent

motion and pollutant dispersion. This is believed to be important for heavy pollution episodes in urban

environments. This section details the processes affecting the PBL and the perturbations caused by aerosols.

1.7.1 The Planetary Boundary Layer

The lower layer of the atmosphere which is directly affected by the change in radiative flux is known as

the planetary boundary layer (PBL). The PBL experiences a diurnal cycle which impacts temperature,

humidity, wind speed and direction, as well as causing variations in pollutant levels. Most pollutants will

typically be emitted into and reside in the PBL. The height of the PBL varies regionally, seasonally and

has a distinct diurnal profile. It is an important factor determining the intensity of air pollution due to its

strong impact on the vertical dispersion and distribution of pollutants. The average height of the boundary

layer is usually 1-2 km although this varies greatly with region and time. In polluted conditions, maximum

PBL height can be < 500 m (Wang et al., 2019). PBL development is strongly dependent on turbulent

motion which can be both formed through buoyancy or mechanical shear (Stull, 2015).

During the daytime, a well mixed boundary layer typically forms due to shortwave (SW) radiative

heating of the surface. However, during the evening, the turbulently mixed PBL collapses due to longwave

(LW) radiative cooling from the surface, to leave a static shallow boundary layer under a neutral residual

layer. The residual layer contains all moisture and pollutants from the well mixed boundary layer of the

previous day, but is not turbulent (Figure 1.2). The turbulence of the layer is important to consider when

examining urban air quality due to its impact on PBL height and pollutant dispersion. Turbulence in

the PBL is primarily caused by eddies. Eddies are rotating motions of air caused by strong wind shear

and buoyancy. Heating of air by the surface causes the air to rise, forcing the air above it to sink to

replace the rising air thus causing a system of circulation. Through these circulations of air, eddies transfer

momentum, energy, gases and particles both vertically and horizontally. This governs the vertical mixing

of pollutants in the PBL (Jacobson, 1997; Lazaridis, 2011; Stull, 2015).

The free troposphere, which exists above the PBL is not impacted by heating of the surface. In

28



Chapter 1 | Urban Air Pollution

the free troposphere, temperature decreases rapidly with height. A large temperature change between

the top of the PBL and the free troposphere, known as a temperature inversion, creates an extremely

stable zone which acts to trap air in the PBL. During the daytime, this zone is turbulent and is known as

the entrainment zone, while at night, the turbulence in this zone stops, forming a stable layer known as a

capping inversion. PBL development typically experiences a clear diurnal cycle. When the surface is heated

during the day, it warms the air at the surface which rises through buoyant motion until it reaches the

entrainment zone. These thermal movements result in pollutants and moisture being vertically well mixed

throughout the PBL. Although the air from the mixed layer cannot escape through the entrainment zone

to mix with the free atmosphere, the entrainment zone can bring in clean, dry air from the free troposphere

into the mixed layer. This maximises the amount of mixing that can occur, increasing the height of the

PBL, to effectively dilute pollution. However, if the residual layer contains pollution, the pollutants can be

entrained into the PBL as it develops through the day, effectively increasing pollutant concentrations. At

night, the lower boundary layer is cooled through interaction with the radiatively cooling surface, which

forms an unmixed, stable layer. Above this, a residual turbulent layer can exist which is not affected by

the cooling of the surface. As the air close to the surface is now cooler than that above it, this inhibits

the buoyant movement of air parcels and so the layer has low turbulence. The capping inversion cannot

bring in clean dry air like the entrainment zone and therefore PBL height remains shallow (Figure 1.6)

(Jacobson, 1997; Seinfeld and Pandis, 2006b; Stull, 2015).

Figure 1.6: Outlines of the typical processes and interactions of the planetary boundary layer on a clean
day, overnight and on a polluted day(Stull, 2015)

In addition to the diurnal cycle, the PBL structure also experiences seasonal variations. Summer

time is characterised by longer days and shorter nights, amplifying the effects of warming on the surface layer

and the creation of a vertically well mixed boundary layer. In the winter, this effect is usually reversed. The

most important factor affecting the stability of the boundary layer is the temperature difference between

the surface and the air above it. Consequently, the boundary layer structure and evolution is extremely

dependent on several other factors including clouds and aerosol concentrations, and the properties of the
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surface. Clouds will both reduce the amount of SW radiation reaching the surface and reflect LW radiation

back to the surface, to potentially have alternative impacts on PBL development. Thus the impact of clouds

on PBL structure will depend on cloud type, cover, thickness and altitude of the cloud layer. Similarly,

high concentrations of aerosol particles are expected to cool the surface while warming the atmosphere;

this can increase boundary layer stability and suppress PBL development. However, black carbon (BC)

a strong absorber of SW radiation, will warm the atmosphere and depending on its concentration and

the altitude of the aerosol layer could enhance PBL development. Consequently, the effect of aerosols on

PBL development is dependent on aerosol concentrations, composition, size and the vertical profiles of the

various aerosol layers (Wang et al., 2014b; Stull, 2015; Ding et al., 2016; Petäjä et al., 2016).

1.7.2 Aerosol-PBL interactions

Aerosols can impact PBL development through interacting with radiation and altering the thermal profile

of the atmosphere. Urban aerosols scatter and absorb incoming solar radiation, to reduce the amount

of shortwave radiation reaching the surface. This reduces the amount of SW radiation available to be

absorbed and re-emitted by the surface to warm the air above the ground. This reduction results in

less thermal energy at the surface and can significantly reduce buoyant turbulence. Consequently, this

impacts the growth of the PBL which has been observed to be shallower on days where pollution is high.

A shallow boundary layer feeds back to result in further aerosol accumulation which consequently causes

more interactions between aerosols and radiation (Figure 1.7). A shallow boundary layer will also result

in an increase in water vapour concentrations, causing hygroscopic aerosols to swell and grow in size and

thus enhancing the aerosol-radiation interactions. Furthermore, high humidity will also enhance aqueous

heterogeneous interactions, thereby increasing the rate of secondary aerosol formation through gas to

particle condensation reactions (Gao et al., 2015; Ding et al., 2016; Petäjä et al., 2016; Li et al., 2017; Wu

et al., 2019).

1.7.3 The Role of Absorbing Aerosols

Black carbon (BC) is a strongly absorbing aerosol, present in the atmosphere due to combustion processes.

Through absorbing SW radiation, BC causes atmospheric warming, which has impacts for climate but also

local meteorology. BC could either enhance or suppress the aerosol-PBL feedback effect, depending on

several factors, the most important of which is believed to be the altitude of the aerosol layer. Ferrero

et al. (2014) examined the impact of the altitude of BC and its effect on PBL dynamics over the Italian

basin valleys. Their results found that the effect of BC was to promote atmospheric instability, weakening

the temperature inversion and promoting dissipation of pollutants. This was due to the larger effect of

BC surface heating compared to BC aloft. However, when examining the role of BC on aerosol-PBL

interactions in 3 megacities in China, Ding et al. (2016) found the opposite effect. Their results show

that BC aloft has a higher heating efficiency per unit of BC, and causes cooling below and heating above
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Figure 1.7: Schematic to describe the aerosol-radiation interactions and their impact on PBL dynamics
which feeds back on surface aerosol concentrations, based on (Slater et al., 2020)

the PBL to enhance atmospheric stagnation, leading to worsened pollution episodes. Therefore, the exact

impact of BC on the aerosol-PBL feedback and its potential impact on pollution episodes is not yet fully

understood and is likely dependent on several different factors.

As well as black carbon, some other types of organic aerosol can also absorb radiation in the

SW spectrum, these aerosols are termed brown carbon (BrC). Quantifying the contribution of BrC to

atmospheric warming is difficult due to the varied optical properties of BrC which can be dependent

on emission source and atmospheric conditions. For example, a common anthropogenic source of BrC

is biomass burning but studies have found that the optical properties are not only dependent on the

combustion source but also the temperature at which the combustion occurs. Furthermore, it is difficult to

fully measure exact atmospheric concentrations of BrC. However, BrC has generally been found to be less

absorbing than BC at visible wavelengths, but able to absorb radiation at a wider range of wavelengths,

with enhanced absorption at shorter wavelengths. Furthermore, organic aerosols (OA) are often present

at much higher concentrations than BC, if a significant fraction of the OA is made up of BrC then the

overall warming effect of BrC could be equivalent to or higher than that of BC in some environments. BrC

could therefore have significant impact as a climate forcer as well as having implications in the aerosol-PBL

feedback effect(Cheng et al., 2016b, 2017; Yan et al., 2018).
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1.7.4 Impact on Air Quality

This chapter has outlined some of the properties of aerosols and the processes they undergo in the

atmosphere, which are important in order to understand the problem of urban air pollution. Sources

of pollution and atmospheric conditions greatly influence the properties of particulate pollution and their

interactions which impact both global climate and local meteorology. More people are moving to urban

areas, with urbanisation and industrialisation occurring rapidly in developing countries in South America,

Asia and Africa. This leads to increased emissions but also changes to the natural environment which

can impact pollutant dispersion. Heavy pollution episodes, which are characterised by extreme peaks in

pollution, are an issue in megacities around the world. The interactions between aerosols, radiation and

PBL dynamics may enhance and elongate pollution in urban environments. The influence of aerosols on

PBL dynamics is inherently complex and can be dependent on the properties and altitude of the aerosol

layer, the existence of clouds and initial meteorological conditions (Gao et al., 2015; Petäjä et al., 2016).

The aerosol-PBL feedback and its implication on air pollution has been widely researched by both

measurement and modelling studies in the past decade. Including aerosol-radiation interactions in regional

modelling studies of polluted environments decreases surface SWR and PBL height, leading to increased

surface PM2.5 concentrations. Several factors are believed to influence the intensity of the aerosol-PBL

feedback on pollution, with varied intensities observed in different cities and seasons (Zhang et al., 2019).

The feedback has typically been found to be enhanced in autumn and winter due to the already limited solar

radiation from shorter days and longer nights. This increases nocturnal cooling and makes temperature

inversions more likely, furthermore shorter days, mean that there will be limited solar heating to break

the inversion. Research of the aerosol-PBL feedback in polluted environments has focussed on Beijing due

to the frequent occurence of wintertime haze episodes, commonly associated with stagnant atmospheric

conditions and a shallow PBL. The next chapter will focus on air pollution in Beijing and outline current

knowledge on the influence of the aerosol-PBL effect on winter haze episodes (Gao et al., 2015; Petäjä

et al., 2016; Zhong et al., 2018).
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Air Pollution in Beijing

Beijing, a megacity situated in the North East of China, is well known for its problems with air pollution.

Situated 43 m above sea level, Beijing is surrounded by high mountains to the north and west, industrial

areas to the south and the Gobi desert to the north west. The surrounding mountains, although providing

a source of clean air, often hinder the dispersion of pollutants (Meng et al., 2019; Zheng et al., 2015).

Rapid industrialisation has transformed the Chinese economy throughout the 20th century, this combined

with large populations migrating from rural to urban areas has led to air quality issues in many of the

major cities (Fu and Chen, 2016; Tao et al., 2016; Zhang et al., 2016). Although annual air quality has

improved in Beijing over the past decade, heavy pollution episodes termed ‘haze’ are still a massive issue

(Chen et al., 2014; Zhang et al., 2016). Here, haze is characterised by visibility of < 10 km, caused

by high concentrations of PM2.5 (Jiang et al., 2015). Understanding of the processes affecting the haze

episodes is therefore vital in order to improve air quality in Beijing and limit populatiuon exposure to high

concentrations of pollutants.

Beijing, as a megacity in one of the world’s most rapidly developing economies, has high

anthropogenic emissions which combined with unfavourable meteorology leads to heavy pollution or ‘haze’

episodes. PM2.5 concentrations during wintertime frequently exceed 100 µg/m3, with major components

being carbonaceous aerosols (organic matter and black carbon) and secondary inorganic aerosols such as

nitrate, ammonium and sulphate (Sun et al., 2013, 2014; Wang et al., 2015). Beijing is impacted both

by local emissions, secondary particle formation and regional transport of pollutants from surrounding

provinces (Wang et al., 2017). These pollutant gases and particulates can interact in the atmosphere

to potentially change their physical and chemical properties. Sources of air pollutants can be both

anthropogenic and biogenic. The biggest source of natural pollutant in Beijing is dust, transported from

the Gobi desert in the North; although isoprene and terpene are also significant sources in the summer.

Major local sources of anthropogenic pollution in wintertime Beijing come from vehicle use (both emissions

and suspended road dust), and coal combustion for residential heating and cooking (Sun et al., 2006; Zikova

et al., 2016; Chang et al., 2019). Pollutants can also be transported regionally from surrounding provinces

and industries (Du et al., 2019). Difficulties arise in trying to further quantify pollutant sources due to

inaccurate or outdated emissions inventory, particularly from sources other than industry such as: vehicles,

agriculture and cooking, which are less easily monitored. Source apportionment techniques aim to clarify
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the major sources of pollutants during pollution episodes and the relative importance of regional transport

vs local emissions in order to better influence policy (Pui et al., 2014; Zikova et al., 2016; Squires et al.,

2020).

2.1 Pollution sources

Chang et al. (2019) examined the impact of local and regional contributions of pollutants on air pollution

episodes in Beijing for January, March, July and October 2014 and found that contributions of each

vary seasonally and daily. For example, they found that in Beijing, local emissions contributed 62 % of

total PM in January, while in July contribution of local emissions to total PM was 33 %. Furthermore,

regional transport of pollutants from surrounding provinces were found to be more important when PM2.5

concentrations were already high, contributing 39 % of PM2.5 in polluted days in January compared to 12

% of total PM2.5 during clean days. Furthermore, several studies have examined the correlation between

wind direction and pollutant concentrations, finding that preceding southerly winds strongly correlate with

increasing PM2.5 concentrations in Beijing. Due to policy interventions aimed at improving air quality

within the city, many industries were relocated from Beijing to southern provinces, meaning that high

levels of industrial emissions occur to the south of Beijing and are transported into the city, when synoptic

conditions change wind flow from the north to the south (Jiang et al., 2015; Wang et al., 2019).

Zikova et al. (2016) performed a year round study examining source contributions of PM2.5

concentrations in Beijing, using Positive Matrix Factorisation (PMF), a commonly used model for source

apportionment, on collected samples. They discovered the six major sources of PM2.5 to be: secondary

sulphate (29.3%), traffic (24.7%), secondary nitrate (18.8%), biomass burning (11.7%), coal combustion

(11.1%) and soil dust (4.3%). However there was significant seasonal variation, with traffic sources

dominating during autumn and winter and biomass burning dominating in the summertime. Furthermore,

Li et al. (2015) examined the changing contributions of individual sectors to PM2.5 pollution in the Beijing

region. Their results showed that industrial and residential sectors are the dominant contributors to average

annual PM2.5 concentrations. Separating the results by season, they found the residential sector to be the

highest contributor in winter and the industrial sector in all other seasons.

Coal combustion for energy is considered to be the main industrial emission source impacting

Beijing’s air quality, with other important sources being iron and steel manufacturing and petroleum

refining. Residential coal combustion is also believed to contribute significantly to total concentrations

of PM in wintertime Beijing. In Northern China, the centralised winter heating season, which is the

government subsidised central heating for homes, normally runs from mid-November to March. Many

studies have found a significant contribution of residential centralised heating to pollution concentration

(Zhang et al., 2015b; Lin et al., 2016; Liu et al., 2016; Li et al., 2017, 2018). Xiao et al. (2015) found that

in all cities across China, air pollution worsened after the centralised heating began, but that overall the

centralised heating system contributed less to PM pollution than private household heating e.g from biomass
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burning and cookstoves. Li et al. (2018) used the regional model WRF-CHEM to examine the contribution

of residential coal combustion to pollution episodes in the Beijing–Tianjin–Hebei (BTH) megacity cluster,

finding that it contributed 23.1 % of PM2.5 during a pollution episode in January 2014. Emissions due to

transport are believed to be another major contributor to air pollution in Beijing (Sun et al., 2006). Strict

emission controls on private vehicles have reduced this contribution significantly over the past decade, with

the use of ultra-low sulphur fuels being implemented, reducing concentrations of sulphate aerosol (Yang

et al., 2019). However, high vehicular emissions of NOx and hydrocarbons are thought to contribute

significantly to formation of both nitrate and secondary organic aerosols, which make up significant

proportions of PM2.5. Estimates of the contribution of transport to local PM2.5 pollution in Beijing

vary significantly, ranging from 7 to 25 %, while a source apportionment study by the Chinese Ministry of

Environmental Protection found that vehicle emissions were the largest contributor to PM2.5 concentrations

in Beijing (Wu et al., 2017). Traffic and coal combustion are both significant sources of carbonaceous

compounds (black and organic carbon) in Beijing. These compounds are of interest globally due to their

ability to absorb radiation, thus having potential impacts on the climate. Black carbon (BC), otherwise

known as soot, is a primary aerosol which absorbs light across the solar spectrum, and is well known for

its radiative properties. Brown carbon (BrC) also absorbs SW radiation in the UV-VIS wavelength range

to heat the atmosphere and cause positive radiative forcing. The magnitude of absorption by BrC is less

than BC it can be present in high concentrations in urban environments, potentially contributing to global

warming (Liu et al., 2020). BC and BrC may have an impact on pollution episodes through the processes

outlined in section 1.7.3 and is further discussed in section 2.4.3.

2.2 Policy and Mitigation Measures

Many studies examining the success of emission controls in Beijing have focussed on the 2008 Beijing

Olympics and the 2014 Asia-Pacific Economic Cooperation (APEC) Summit. Both periods were preempted

by strict short term policy controls including limiting vehicles in the city, shutting or slowing down industrial

output and stopping construction activities. Furthermore, both periods had so-called ‘blue sky days’ where

air quality standards were met for the entire period (Sun et al., 2016; Wang et al., 2016). A sampling study

performed by Yang et al. (2016) during winter 2013 and 2014 examined the efficiency of mitigation measures

in place during APEC. Secondary aerosols were found to be the main contributor to PM2.5 in all cases

except for during the APEC period; where aerosols from biomass burning dominated. A lower average

PM2.5 mass concentration of 89.6 µg/m3 was recorded during the APEC period compared to 117.4 µg/m3

for the same period in 2013, this was also accompanied by a strong decrease in NO3, SO4 and NH4. This

indicates that the short term mitigation measures were effective in this instance, particularly in reducing the

amount of secondary inorganic aerosol formed. However, the average PM2.5 concentrations after APEC

during the heating period were significant at 196.3 µg m3 compared to 138.2 µg/m3 in 2013, implying

that after the controls had ended, the effects were counteracted by a strong surge in industrial activity.

Furthermore, Ansari et al. (2019) found that the good air quality for the duration of the APEC summit
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was more to do with favourable meteorological conditions rather than the success of emission controls,

which only improved air quality by ∼ 25 %.

2.3 Heavy Pollution Episodes

When locally emitted and regionally transported pollutants interact together they accumulate to cause

heavy pollution episode, known as haze. These haze episodes which most commonly occur in autumn and

winter, severely impact visibility (Figure 2.1). Concentrations typically build up quite rapidly during these

episodes with mass concentrations of PM2.5 peaking > 300 µg/m3.

2.3.1 Characteristics

Typically haze episodes in Beijing, can be characterised by three stages with distinct meteorology. The

clean stage occurs prior to the onset of pollution and is identified by strong northerly winds, low humidity

and high surface pressure. During the clean stage, there is a strong high pressure anticyclone system to the

northwest of Beijing, which allows for the advection of cold, clean air into Beijing. This stage is typically

cold and dry with high surface wind speeds and a deep turbulent mixed layer. Following this, during the

transport stage, a weakened high pressure to the North and a weakened high pressure system to the south

west of Beijing, brings southerly winds into Beijing. This transports, warmer, humid air and typically

pollutants from the surrounding industrial air from the south. The cold air mass from the north and warm

polluted air mass from the south converge over Beijing, which exists in a saddle type pressure field between

the two high pressure systems. This forces the cold air down and creates a temperature inversion over

Beijing and is associated with high atmospheric stability and weak surface winds. In the third stage, known

as the cumulative stage, regionally transported and locally emitted pollutants will rapidly accumulate in

a stable and shallow planetary boundary layer. This provides conditions favourable for rapid increases

in pollutant concentrations. During this stage, pollutant concentrations increase rapidly (often doubling

within several hours), humidity increases, pressure decreases and a strong temperature inversion occurs

(Zheng et al., 2015; Zhong et al., 2018; Chen, 2019; Wang et al., 2019; Zhong et al., 2019b). When these

conditions exist, the interactions of aerosols with radiation are believed to enhance haze episodes further,

through reducing surface temperatures and buoyant turbulence, increasing atmospheric stagnation. This

aerosol-PBL feedback (described in section 1.7) is believed under appropriate conditions, to increase the

intensity and longevity of pollution episodes in Beijing.

Changes in synoptic conditions are also primarily responsible for the dissipation of wintertime

pollution episodes in Beijing. Following the build up of pollutants during the cumulative stage of the

episode, there is increased atmospheric stagnation, and greatly reduced surface heating. Therefore, the

dissipation of the pollution is reliant on strong advection of winds from the north west, which breaks

the feedback between aerosols and atmopsheric stability. This strong wind may work to clean up the air
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Figure 2.1: Beijing skyline in clear and hazy conditions

aloft, with a slight lag in the clean up of surface pollutant concentrations due to the extremely strong

atmospheric stability, and high aerosol concentrations preventing PBL growth and entrainment of clean

air to the surface (Wang et al., 2019).

2.3.2 Causes

Beijing and other areas in North China suffer from pollution episodes termed haze. Haze episodes in

Beijing occur due to a combination of high pollutant loading combined with atmospheric processes and

unfavourable meteorological conditions. In a thorough investigation of a haze episode which occured from

1st-4th December 2016, Wang et al. (2019) showed that the cause of heavy pollution episode was primarily

synoptic conditional changes from the clean to transport stage as described above. These conditions lead

to a temperature inversion and atmospheric stagnation, and are suggested to be the primary reason for

the reduction in PBL height observed during pollution episodes. This reduction in PBL height leads to

locally emitted and regionally transported pollutants being trapped in a shallow layer, which increases

their concentrations at the surface. This will enhance aerosol-radiation interactions which can feedback on

aerosol concentrations through affecting boundary layer dynamics. Aerosol-PBL interactions are thought

to be important in enhancing haze longevity and intensity, through allowing for pollutant accumulation in

a shallow boundary layer (Gao et al., 2015a; Petäjä et al., 2016).

However, although large scale atmospheric conditions preempt pollution episodes in Beijing,

locally emitted and regional transported pollutants are also an essential contributor. As described in section
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2.1, the sources of these pollutants are varied but are mainly caused by high sources of anthropogenic

emissions, with main sources being transport, combustion for heating and residential energy use and

industrial emissions from surrounding provinces. Furthermore, secondary aerosol formation is believed

to contribute significantly to the high concentrations of PM2.5 in Beijing. Understanding which sources

and processes contribute most to haze episodes, will be important for effective air quality policy and

improvement in Beijing.

Humidity levels also impact haze formation in several ways, for example, Yang et al. (2015) focused

on the effect of relative humidity changes on heavy pollution episodes in Beijing during Autumn 2014 and

found that RH levels higher than 40 % were found to accelerate secondary aerosol formation, showing

a particularly strong correlation with the formation of sulphate. In humid conditions, RH > 80 %, the

aerosol scattering coefficients were also recorded to be twice as high compared to dry conditions, meaning

that humidity directly impacts on visibility reduction during haze episodes. Furthermore, increased

concentrations of water vapour in the atmosphere directly increases the size of hygroscopic aerosols, which

take up water at a faster rate when RH is high. Water vapour also absorbs long wave terrestrial radiation,

leading to increased heat in the atmosphere in conditions of high RH, likely to reduce vertical mixing due

to the potential that the atmosphere may be warmer than the surface beneath it. Increasing temperature

of the atmosphere can also accelerate chemical reactions of aerosols, further causing aerosol growth and

haze persistence.

2.4 Aerosol-PBL feedback in Beijing

When the boundary layer in urban settings is deep and strongly turbulent, concentrations of pollutants

at the surface are dispersed, resulting in clean or moderately polluted air. However, megacities in China

experience extreme variations in boundary layer depth and dangerously high levels of air pollution. Petäjä

et al. (2016) suggest that this abrupt change in boundary layer properties under polluted conditions is

due to feedback between aerosol mass concentration and static stability. If the planetary boundary layer

(PBL) in a city becomes heavily polluted due to increased emissions and suitable conditions for secondary

formation, the magnitude of shortwave radiation (SWR) reaching the surface is reduced. This reduction

in PBL height is strongly dependent on the optical depth of the layer and the aerosol optical properties.

A significant portion of the incoming radiation will be absorbed by the aerosol layer, while the rest will

be scattered in numerous directions. Increased temperatures at the top of the PBL compared to the

surface reduces turbulence and vertical mixing, consequently reducing PBL height and increasing aerosol

concentrations. The study also makes the claim for a supercritical pollution level, dependent on other

conditions, whereby at a certain aerosol concentration level, SWR is decreased to a point where the PBL

static stability changes from unstable to stable. During haze episodes in the North China Plain, the PBL

height is around 50% lower than on non-haze days as the growth of the PBL is dependent upon surface

solar radiation, which is often lower when aerosol concentrations are high. Meteorological stagnation is one
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of the major factors affecting the formation and lifetime of haze. Weak surface winds suppress mixing of

polluted and clean air, with typical wind speeds during haze episodes at around 1 m/s (Guo et al., 2014;

Quan et al., 2014; Jia et al., 2015; Zhang et al., 2015a).

2.4.1 Observations

Research examining the feedback between aerosols, radiation and meteorology has increased over the past

decade, with several studies focusing on Beijing. Multi-year observations of aerosol concentrations and

PBL height have found a clear anti-correlation between the two, with PBL height decreasing as aerosol

concentrations increase. Petäjä et al. (2016). suggested that under stable synoptic conditions, the polluted

to non-polluted ratio of PBL height can scale to the square root of vertical turbulent fluxes. E.g – a PBL

height decrease of 400 m would be equivalent to a 20 W/m2 decrease in, for example, sensible heat flux.

Zhong et al. (2019b) estimated that in the North China Plain, feedback of unfavourable meteorological

conditions explained 60-70 % of the increase in PM2.5 during the cumulative stages of haze episodes.

Furthermore, through comparison of radiosonde and ECMWF reanalysis data, they estimated that when

PM2.5 > 400 µg/m3, aerosol-radiation interactions caused a 4 degree near surface cooling, which led to

stratification of the lower boundary layer. This study and another by Zhong et al. (2019a) also suggests the

importance of a threshold value of 100 µg/m3, above which the aerosol-PBL feedback effect is enhanced,

leading to rapid accumulation and formation of aerosol particles in a shallow PBL.

Zou et al. (2017) studied the impact of high aerosol concentrations (PM > 75 µg/m3) on Beijing

meteorology over a year-long period. Their results found that the aerosol impact on meteorology was

different depending on the season, with particularly large reductions in sensible heat flux, boundary layer

height and shortwave surface radiation (SWR) reported in autumn and winter .Liu et al. (2018) used

the same PM threshold to estimate the impact of high aerosol concentrations on observed meteorological

data over a one month period where haze episodes occurred every 4-7 days. During high aerosol periods

they found that on average, SWR was 36 % lower and daily maximum boundary layer height was 0.6 km

compared to 1.3 km during low aerosol periods .Bi et al. (2014) characterised aerosol optical and radiative

properties during a heavy haze episode in Beijing. By using both measurements and a radiative transfer

model, they found that during a heavy haze episode in Beijing, aerosol radiative forcing was negative at

the surface and top of the atmosphere, but positive in the middle part of the atmosphere. This suggests

cooling of the surface and warming of the air above it, potentially caused by the impact of black carbon

(BC) on the aerosol-PBL feedback.

High relative humidity and reduced visibility are characteristic of Beijing haze episodes. Liu et al.

(2013) suggests that aerosol hygroscopic growth links these two phenomena through causing aerosols to

increase in size and increasing aerosol-radiation interactions under high ambient relative humidity (RH).

Furthermore, Jia et al. (2019) suggests that the aerosol-PBL feedback varies in magnitude between haze

pollution episodes (RH < 90 %) compared to polluted fog conditions (RH > 90 %). This is because

49



Chapter 2 | Air Pollution in Beijing

when the air is supersaturated and becomes a polluted fog, the fog can feed back on meteorology through

interacting with long wave radiation. This causes long wave cooling at the fog top, which results in the

upper part of the fog being cooler than the lower part. This enhances turbulence through both buoyancy

and increasing LHF, particularly during the nightime. However, during the daytime, when SW radiation

is dominant the fog particles prevent SW radiation reaching the surface to a large degree, thus resulting in

decreased turbulence within the PBL and enhanced stability. These conditions, although rare in Beijing,

can occur overnight, towards the end of the haze period when there is strong cooling and water vapour

accumulates in a shallow PBL.

Through the development of the PLAM (Parameter Linking Aerosol Pollution and Meteorological

Elements), Zhong et al. (2018) attempted to isolate the impact of aerosol-PBL feedback through examining

several heavy pollution episodes which occurred over a multi-year period in Beijing. By removing the impact

of synoptic scale meteorology from the episodes, PLAM allows for the aerosol-PBL feedback contribution

to Beijing pollution episodes to be isolated. Their work found that in 10 out of 12 heavy pollution

episodes examined, high concentrations of PM were responsible for anomalous temperature inversions.

These inversions were associated with reduced buoyant turbulence, as well as reduced mechanical turbulence

due to weakened vertical shear of horizontal winds. Due to the reduced turbulence and increased static

stability caused by the aerosol radiative cooling effect, pollutants became further concentrated in the

shallow boundary layer. When these conditions occur, PLAM suggests that these stable conditions are

found to explain > 70 % of explosive growth of PM2.5 in the cumulative stages of haze episodes.

Petäjä et al. (2016), performed theoretical analysis using observations of aerosol concentrations,

radiation and meteorological measurements in Nanjing, China and used this analysis to suggest the

increasing importance of aerosol-PBL feedback in megacities across China. They suggest a critical value

of PM2.5 (250-300 µg/m3) above which the aerosols cause a change in the static stability of the PBL from

unstable to stable, and the aerosol-PBL feedback effect increases its impact on PBL height. So the decrease

in PBL height due to PM is non-linear at these concentrations.

2.4.2 Modelling

The PLAM index is a useful tool for understanding the general contribution of aerosol-PBL feedback and

synoptic meteorological changes to Beijing haze episodes. However, it cannot isolate specific factors of

the aerosol-PBL feedback which may contribute to the intensity and longevity of the polluted periods.

Therefore, modelling studies which can further isolate the different processes affecting the aerosol-PBL

feedback are essential in furthering understanding of pollution episodes. The majority of modelling studies

examining the aerosol-PBL feedback in Beijing use regional models such as the weather research and

forecasting (WRF) model. For example, Wang et. al used WRF-CMAQ (WRF- Community Multi-scale

Air Quality Model) to explore interactions between aerosols and meteorology during the severe Beijing

haze in 2013. They performed simulations with and without aerosol-radiation interactions, in an attempt
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to quantify the effect this may have on PBL dynamics. The study provides strong evidence for the

importance of including aerosol-radiation interactions in models, as inclusion of these interactions led to

better agreement with observed meteorological measurements and surface PM2.5 concentrations (Wang

et al., 2014).

Several studies have used WRF with an added chemistry module (WRF-CHEM) to quantify the

impact of secondary aerosol formation and aerosol-radiation interactions on boundary layer meteorology.

In this way, models have the ability to isolate factors which are not possible through observations alone. For

example, Wu et al. (2019) used WRF-CHEM to understand how aerosol-PBL feedback impacted surface

PM2.5 concentrations in the North China Plain over a month-long period in winter 2015. Their results

showed that on average, aerosol-PBL feedback accounted for a 7.8 % increase in surface PM2.5. This effect

was found to be enhanced under high aerosol concentrations (> 50 µg/m3) which resulted in an increase

of 20 % in surface PM2.5. Gao et al. (2015b) also used WRF-CHEM to study aerosol-PBL feedback on

a haze-fog episode in January 2015. Their results found that in Beijing, inclusion of aerosol-radiation

interactions in the model led to a 70 % increase in maximum PM2.5 concentrations, a surface cooling of

between 0.8 - 2.8 K and a 7 - 12 % increase in surface RH. Overall, the implications of the aerosol-PBL

feedback are likely to vary depending on the specific time period in question, with enhanced effects under

particularly high aerosol loadings.

2.4.3 The BC effect

Ding et al. (2016) showed that black carbon (BC) can have potential negative impacts on Beijing haze

episodes through absorbing shortwave radiation (SWR) above the PBL. The impact of this on boundary

layer dynamics is two-fold. 1) BC above the PBL will causes warming aloft, 2) BC aloft will lower the

amount of SW radiation available for absorption by the surface and by any absorbing aerosols at the

surface. These two effects combined will enhance temperature inversions, leading to reduced buoyant

turbulence, enhancing atmospheric stability and suppressing PBL growth. To examine the effects of

changing composition, size and relative vertical distribution of aerosols while keeping other variables

constant, Wang et al. (2018) varied the altitude of black carbon aerosols to examine specifically the

interactions of BC and it’s impact on pollution episodes. They found high sensitivity of PBL height

to the altitude of aerosols, with higher level BC being more essential in suppressing PBL development.

Furthermore, they found a > 15 % decrease in PBL height when BC aerosols were mixed with scattering

aerosols, likely due to the absorption enhancement, which is believed to occur when BC is internally mixed

(see section 1.3.6).
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2.5 APHH Beijing

Due to the frequency and severity of pollution episodes in Beijing, as well as the strong motivation to

explore the problem, research examining air pollution has increased over the past few years. A joint UK-

China collaborative project, Air Pollution and Human Health (APHH) Beijing, took place from 2016-2019

and encompassed two major field work campaigns in Nov-Dec 2016 and May-June 2017. This project had 4

themes, each with different aims and objectives: 1) AIRPOLL which aimed to provide more understanding

of the sources of air pollutants, 2) AIRPRO which aimed to provide more understanding of the processes

affecting air pollution in Beijing, 3) AIRLESS which studies the exposure and health impacts of air pollution

and 4)INHANCE which looked at potential policy interventions and mitigation solutions (Shi et al., 2018).

The work presented in this thesis was part of the AIRPRO strand of the APHH Beijing project

and has focussed on understanding of the aerosol-PBL feedback process and its implications for Beijing

haze episodes in wintertime. To understand this process this work used a coupled aerosol-radiation large

eddy simulation model which can directly calculate turbulent motion and aerosol perturbations to the

PBL development. This work utilised several measurements taken during the APHH Beijing winter field

campaign to initialise and validate the model simulations. These include: meteorological measurements

taken at 15 levels of a 320 m tower, aerosol size and composition at the surface, sensible and latent heat

fluxes and PBL height from ceiliometer data. During the winter field campaign, there were 5 haze episodes,

where concentrations of PM2.5 > 100 µg/m3. These were often accompanied by temperature inversions,

reduced surface wind speed, decreased surface temperature and increased surface humidity (Figure 2.2).

Figure 2.2 shows a timeseries of measurements taken through the whole APHH winter campaign

period. This showcases the 5 periods, considered to be haze episodes, where PM concentrations (Figure

2.2 d) peak above 100 µg/m3. Figure 2.2 (b) shows that these periods often also coincide with increases in

humidity and decreases in temperature are shown in figure 2.2 (a). Figure 2.2 (d) showcases the changing

relative composition of the aerosols over the period, which allows for understanding of the importance of

secondary aerosol formation in each of the pollution episodes.
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Figure 2.2: Timeseries of measurements taken during the APHH winter field campaign from Nov 15th
- Dec 4th 2016. Tower meteorological measurements of a) Temperature, b) Relative Humidity, c) Wind
Speed, d) Non Refractory PM1 composition and e) Non Refractory-PM1 concentration
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Methodology

Atmospheric models, alongside observations, are a fundamental method for understanding important

atmospheric processes. These models resolve processes at different scales depending on their intended

area of focus, with large differences in both domain size and timescale. Often the choice between which

processes to represent in atmospheric models is a trade off between accuracy and computational efficiency.

Furthermore, the domain size, resolution and timescale will all be chosen depending on the problem which

is being addressed. For example, climate models often parameterise processes on the small scale but can

simulate decades at a time across the entire global domain, providing important information for future

projections. Regional models can span whole countries or continents and typically have resolutions in

the 10’s of km’s. Choosing the necessary resolution and domain size will depend on the area of interest.

The Weather Research and Forecasting (WRF) model is a meso-scale numerical weather forecast system

used in weather forecasting and meteorological processes. The WRF model can be used with an added

chemistry module (WRF-CHEM), and includes online calculation of dynamical inputs, transport, aerosol

and gaseous chemical and physical processes and interactions with radiation. WRF-CHEM is frequently

used to examine aerosol interactions, often for air pollution studies, including the examination of the

aerosol-PBL feedback (Jacobson, 1997; Boucher, 2013; Zou et al., 2017).

Although useful in understanding processes affecting pollution events in the atmosphere, regional

models such as WRF-CHEM are too coarse to capture some atmospheric dynamical processes such

as turbulent motion and the energy cascade from eddies, even when performed at high resolutions.

Furthermore, they are often reliant on chosen boundary layer schemes, which are heavily parameterised for

computational efficiency. Consequently, boundary layer development, dynamics and processes are reliant

on the chosen boundary layer schemes, which impacts model results (Cuchiara and Rappenglück, 2018).

High resolution models with small domains, such as Large Eddy Simulation (LES) models, allow for direct

interpretation of boundary layer meteorology and coupling of boundary layer processes. For this reason,

they are useful in understanding aerosol-radiation interactions and their impacts on dynamics. In order

to fully elucidate the Beijing haze problem detailed aerosol schemes, aerosol-radiation interactions and

aerosol-dynamical feedbacks are essential (Hu et al., 2010; Herbert et al., 2020).
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3.1 LES Models

Large eddy simulation (LES) models solve the Navier-Stokes equation which governs the motion of fluids,

describes viscous flow and directly calculates the energy cascades caused by boundary layer eddies. The

high resolution of LES models enables a detailed representation of boundary layer structure and dynamics,

allowing for direct interpretation of turbulent motion. LES models directly calculate larger scale eddies

while parameterising small eddies below the grid size for computational efficiency. The advantage of LES

models is their high resolution (in the order of tens of metres) and direct calculation of turbulent fluxes.

This allows for direct representation of boundary layer dynamics without the need for parameterisation.

LES models are frequently used to research boundary layer interactions, with particular focus on convection,

stratocumulus and cumulus clouds and in the study of radiation fogs. Furthermore, LES models have been

used to examine the impact of aerosol properties on convective and marine boundary layer development,

cumulus cloud dynamics and pollutant dispersion (Jiang et al., 2002; Siebesma et al., 2003; Ackerman

et al., 2009; Stevens and Feingold, 2009; Ovchinnikov and Easter, 2010; Jiang and Wang, 2014; Hoffmann

et al., 2015; Maalick et al., 2016; Boutle et al., 2017; Tonttila et al., 2017).

Herbert et. al (2020) used an LES model to look at the impact of biomass burning plumes on

stratocumulus clouds. Through altering the properties of the absorbing aerosol layer, they could examine

the semi-direct effect on the cloud properties and subsequent boundary layer development. Their results

show high sensitivity to both the distance between the bottom of the aerosol layer and cloud top and the

AOD of the aerosol layer, with strong feedback on both cloud and boundary layer dynamics. Using an

LES model for this study allows for full coupling of boundary layer processes and can quantify the effect

of different variables and the diurnal cycle. This work shows the ability and usefulness of coupling aerosol-

radiation interactions within an LES model to further understanding of the development and interactions

of aerosol on PBL dynamics (Herbert et al., 2020).

The use of an LES model to investigate boundary layer dynamics is common, normally they

are employed in rural environments, with only a few recent studies employing an LES model in urban

environments. Recently, LES models have been acknowledged as a way to better understand the problem

of urban air pollution. However, the main focus of this has been the application of LES models at the

local scale to examine the impact of the street/urban canyon on pollutant dispersion (Ikeda et al., 2012;

Nakayama et al., 2012; Burman et al., 2019). LES models provide the perfect opportunity to capture the

changing boundary layer dynamics caused by aerosol interactions, which are thought to be important in

Beijing haze episodes (section 2.4). The high resolution and direct calculation of boundary layer processes

by LES models and the sensitivity to dynamical perturbations will allow for quantification of the properties

affecting the aerosol-PBL feedback. For the first time, in this work, a coupled dynamical aerosol model has

been developed, tested and set up for the urban environments of Beijing to investigate the aerosol-PBL

feedback effect on heavy pollution episodes. UCLALES-SALSA, a small scale, high resolution 3D model

which includes aerosol-radiation, aerosol-meteorology and thermodynamic schemes has been developed for
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urban Beijing in order to examine the sensitivity of boundary layer dynamics to changing aerosol properties.

3.2 Modelling Tools

3.2.1 UCLALES

UCLALES is an LES model designed to study convective dry boundary layers, as well as stratocumulus

and cumulus clouds. Variables include the three components of wind (u,v,w), the potential temperature

(θ), total water mixing ratio (qt) and a number of parameters to support microphysical and chemical

processes. The model has high adaptability with the ability to calculate a range of microphysical processes

as well as methods for specifying sub-grid fluxes at the lower boundary and radiation types. The LES

uses a third-order Runga-Kuta scheme for time integration, fourth order centered scheme for advection of

momentum and a fourth order upwind scheme for scalar advection. In the standard model a two-moment

warm rain microphysical scheme is used, the vertical is spanned by a stretchable grid and a sponge layer is

applied at the domain top to prevent gravity waves being released into the boundary. Boundary conditions

are periodic (Stevens, 2010; Maalick et al., 2016; Tonttila et al., 2017)

3.2.2 SALSA

SALSA (Sectional Aerosol Module for Large Scale Application) is a sectional model which treats non-

activated aerosol, cloud and precipitation processes separately. In the sectional approach, the particle size

distribution is split into a discrete number of size bins (Figure 3.1). Sectional models are advantageous for

studying aerosol interactions as they generally include more detailed microphysics than the more common

modal and moment approaches. This provides a more accurate representation of the aerosol population size

distribution. In the modal approach, the particle size distribution is split into modes based on the lognormal

size distribution as in figure 1.1, however this approach can lead to difficulties in including relevant aerosol

processes such as; formation, growth and aging. The moment approach has similar limitations as the

modal approach but involves describing the size distribution through a limited number of moments, which

are parameterised. The sectional approach is less computationally efficient but can describe different

microphysical processes more accurately (Zhang et al., 2002; Kokkola et al., 2008). Models often make

a compromise between accuracy and computational efficiency, resolution and size of domain. Therefore,

different approaches are often taken to treat the aerosol population in both large and small scale models

as a way to compromise between computational efficiency and detail.

SALSA is used to calculate nucleation, condensation, coagulation, cloud activation and sulphate

production, however to reduce computational cost and optimise performance only relevant chemical

compounds and processes are included for specific size bins. Furthermore, these processes can be switched

off to allow for isolation of the importance of certain processes. Figure 3.1 describes how SALSA treats
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Figure 3.1: Schematic of the size bin layout for SALSA including the internal and external mixing size
bins and the corresponding cloud and rain droplet bins. Taken with permission from the paper by (Slater
et al., 2020) and based on the work by (Tonttila et al., 2017)

aerosols, sub-range 1 is made up of 3 size bins containing particles ranging from 3 to 50 nm in diameter and

only contains organic carbon and sulphate. Aerosols in this sub-range are assumed to be internally mixed,

with only condensation growth, coagulation and wet deposition as active processes. Subrange 2a includes

particles larger than 50 nm and can include all chemical compositions (sulphate, organic carbon, nitrate,

ammonium, black carbon, dust and sea salt). SALSA has a parallel set of bins in sub-range 2. This is to

allow for externally mixed particles, with separate size distributions and fractional compositions. Although

not considered in this work, particles in sub-range 2 can also take part in cloud activation. SALSA calculates

all microphysical processes for each time step individually, apart from nucleation and condensation which

are calculated simultaneously due to the importance of competition within these processes. After each

time step there may be a redistribution of particles as they grow or shrink and move into different size

bins. The SALSA module solves relevant microphysical processes for each size bin. In this thesis, the

processes of nucleation, condensation of water and coagulation are considered. Wet and dry deposition and

semi-volatile condensation are not considered. Nucleation is accounted for by calculating the formation

rate of 3 nm particles, using a parameterised formation rate. Condensation of water vapour is based on

the Analytical Predictor of Condensation scheme with a saturation vapour of zero (Kokkola et al., 2008;

Tonttila et al., 2017).

SALSA has thus far been coupled to the LES models, UCLALES and PALM, as well as in the

climate model ECHAM, showing its high versatility and ability to capture a variety of aerosol processes

(Kokkola et al., 2008; Tonttila et al., 2017; Kokkola et al., 2018; Kurppa et al., 2019). In this work, we focus

on the direct aerosol radiation interactions and the impact on PBL dynamics, this utilises both the ability

of UCLALES to capture at high resolution boundary layer development and SALSA’s ability to simulate

aerosol processes, for different size ranges and compositions. The coupled model UCLALES-SALSA was

used for all simulations in this thesis, and includes a fully coupled aerosol-radiation scheme. UCLALES-

SALSA was developed at the Finnish Meteorological Institute (FMI), and the work presented here was done

in collaboration and with the help of those colleagues. A comprehensive description of UCLALES-SALSA
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is outlined below.

3.2.3 UCLALES-SALSA

UCLALES-SALSA, fully couples the aerosol sectional scheme with UCLALES and has thus far been used

to study stratocumulus clouds, radiation fog and cloud seeding. In the paper by Tonttila et al. (2017)

UCLALES-SALSA v1.0 was fully introduced and a case study compared the coupled UCLALES-SALSA

with UCLALES only simulations for marine stratocumulus clouds observed during the DYCOMS II field

campaign Stevens et al. (2003). Their results show the importance of including aerosol modules in modelling

of cloud microphysical processes and dynamics. The model was also tested to see if it could correctly

simulate a radiation fog event which occurred in Cardington, UK, finding that aerosols were essential in

the interaction and formation of a well mixed radiative fog event. More recently, Tonttila et al. (2021), used

UCLALES-SALSA to examine weather modification, specifically the impact of cloud seeding to enhance

precipitation events in arid or semi-arid regions.

Atmospheric radiation in UCLALES is interactive and calculated through the four stream

radiative transfer by Fu and Liou (1993), which takes into account atmospheric gases and is fully coupled to

the aerosol properties outlined in SALSA to allow for examination of direct aerosol-radiation interactions.

In this work the coupled four stream aerosol radiative transfer scheme was used for the first time. For

the work presented in this thesis, UCLALES-SALSA, was set up for the first time to examine an urban

environment, specifically Beijing, which required development due to the differences in urban and rural

boundary layers. This is the first time to our knowledge an LES model has been used to examine the urban

boundary layer in Beijing and to examine the aerosol-PBL feedback in an urban setting. Experimental

setup, adaptations to the modelling framework for set up in the urban environment of Beijing for the three

pieces of research in Paper 1, 2 and 3 and limitations of the modelling framework are outlined below.

3.3 Experimental Setup

UCLALES-SALSA setup as described here is the baseline set up for all simulations presented in the research

papers outlined. Horizontal resolution of 30 m was applied across a domain size of 5.4 km x 5.4 km in the

horizontal. The height of the domain was set to 1.8 km in the vertical with a resolution of 10 m. The

horizontal domain size was chosen to be at least three times that of the vertical to allow for the movement

of larger eddies. Sensitivity runs with larger domain sizes were performed (8km x 8km) but results were

the same as in the smaller domain. Therefore, to save resources and time, the smaller domain size of 5.4

km x 5.4 km was used. A vertical height of 1.8 km was chosen as being higher than maximum PBL height

in all cases. As with the horizontal domain test cases, sensitivity test cases were performed with vertical

domain stretched to 2.5 km but this had no influence on results. A damping layer was imposed at the top

of the model domain to prevent gravity waves reflecting back into the model top, which would otherwise
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influence the upper boundary of the model (Maalick, 2017). Potential temperature, water vapour mixing

ratio, and the u and v components of wind were used for profile initialisation which is detailed in each

of the corresponding papers. Upper air soundings of ozone, temperature and water vapour were taken

from ECMWF-ERA5 reanalysis data and used for radiative transfer calculations. For all results, potential

temperature (θ) vertical profiles are plotted and referred to when talking about aerosol warming or cooling

effects. Vertical profiles of potential temperature (θ) are plotted and referred to as the vertical variation in θ

provides information on the stability of the atmosphere, whereas vertical variation in absolute temperature

will be influenced by pressure changes (Stull, 2015).

3.3.1 Surface Scheme

The surface scheme used was based on the work by Ács et al. (1991). This uses soil moisture, run off and

heat conductivity of the soil to calculate the surface temperatures. Concrete, the predominant surface in

Beijing, has very different thermal properties than soil. Specifically compared to soil, concrete has lower

porosity, higher surface heat capacity, higher thermal conductivity and lower moisture content, this leads

to higher heat storage. Directly this means the absorption and release of heat into the atmosphere will

be slower (Roberts et al., 2006; Russell et al., 2015; Meyn and Oke, 2009). Key equations for the surface

scheme calculations include direct calculation of the sensible (Eq. 3.1) and latent (Eq. 3.2) heat flux and

heat storage (Eq. 3.3) terms of the surface energy balance scheme (Eq. 3.4):

SHF = ρCp
Tg − Ta
ra

(3.1)

LHF = ρCp
λ

fhes(Tg)− ea
rsurf + ra

(3.2)

∆Qs = (ωCλ2 )
1
2 (Tg − T ) (3.3)

The sensible heat flux (SHF) term is influenced by the difference between surface temperature

(Tg) and air temperature (Ta). While latent heat flux (LHF) is dependent on the difference between

saturation vapour pressure (es) at surface temperature (Tg) and water vapour mixing ratio of air (ea). The

heat storage term is shown to be influenced by volumetric heat capacity (C) and thermal conductivity (λ)

of the surface and the difference between surface temperature (Tg) and average daily temperature in the 2

cm soil layer (T ). These terms combined with calculations of net shortwave (SW) and net longwave (LW)

radiation, allow for calculation of the surface energy balance component (F(Tg)) which is used to estimate

changing surface temperature (Tg) over time (Eq. 3.5).

F (Tg) = S −R(Tg)− LHF (Tg)− SHF (Tg)−∆Qs (3.4)

T t+∆t
g = T tg + F t(Tg)/(

c1
∆t −

δF(Tg)

δTg
) (3.5)
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The calculation of surface temperature at each time-step then influences the SHF, LHF and

∆Qs terms of the surface energy balance, which in turn effect the future surface temperature calculation.

Therefore, these terms are coupled and strongly influence each other. Different environments are known to

have different characteristics in terms of their surface energy components, for example tropical environments

typically have low Bowen ratios, calculated as the ratio of SHF to LHF (SHFLHF ), while urban environments

have high Bowen ratios and high heat storage terms. As this surface scheme and UCLALES-SALSA

generally have only previously been used for rural environments, the next section details adaptations made

to the model framework to make it suitable for an urban environment.

Furthermore, in urban environments, as detailed in section 1.6, an additional anthropogenic heat

flux (Qf ) term influences the energy balance. For the set up of the model for an urban environment this

term was included in the surface energy balance scheme so that Eq. 3.5 is changed to Eq. 3.6:

F (Tg) = S −R(Tg)− LHF (Tg)− SHF (Tg)−∆Qs + Qf (3.6)

The inclusion of Qf and model sensitivity to the term are outlined in the next section (3.4).

3.4 Model Adaptations

UCLALES-SALSA has been previously employed to investigate aerosol-cloud and aerosol-fog interactions

in rural environments (Tonttila et al., 2017, 2021). To set up the model for the urban environment of

Beijing, adaptations to the model were performed. Primarily, the alterations and testing were to the

surface scheme. Adaptations and sensitivity analyses were performed against observational and reanalysis

data in Beijing. Initial simulations showed a large discrepancy between observed and measured potential

temperature profiles, particularly at the surface. As well as large differences in sensible and latent heat

flux results (Figure 3.2). Research and discussion with colleagues outlined that this was likely due to the

differences in modelling urban and rural environments. The large differences shown between modelled

and measured surface heat fluxes and temperature profiles were thought to be due to differences in the

physical properties of an urban environment. The surface scheme in UCLALES-SALSA is based on a

coupled soil-surface model by Ács et al. (1991). As outlined in the previous section, this scheme directly

calculates heat fluxes based on the temperature and water content of the soil at different depth levels as

well as at the surface. Information on soil water and temperature fractions, as well as surface heat capacity

was unavailable for the area in focus. Furthermore, the materials of the urban surface (e.g concrete) have

different physical properties than typical rural surfaces (grassland/soil etc.) and therefore alterations and

testing to the model framework were performed against measurements taken in Beijing on clean days. The

use of days which had low aerosol concentrations allowed for testing of this set up without the influence of

aerosols influencing either observed or measured results.
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Figure 3.2: Potential Temperature, Surface Temperature, and Latent and Sensible Heat Flux for initial
model simulations compared to meteorological tower measurements (Potential Temperature), ECMWF-
ERA5 reanalysis data (surface temperature) and measured heat fluxes (sensible and latent heat flux)

Initial simulation comparisons of the vertical potential temperature profiles of the model results

and the tower measurements show that the largest and most distinct discrepancy was in the lowest 100

m of the atmosphere. With the model simulating a distinct radiative cooling (of θ) around sunset (5pm

in late November Beijing). In contrast, measured values show a less pronounced radiative cooling effect

until around 11pm (Figure 3.2). The first part of the work therefore focussed on examining and tuning the

surface parameters to better simulate an urban environment. These include water fraction of the surface,

anthropogenic heat flux and surface heat capacity. Figure 3.2 also shows that initial simulations show a

large difference in the measured and modelled sensible and latent heat flux diurnal profiles. Particularly

with relation to the maximum values. The simulation underestimated sensible heat flux and overestimated

latent heat flux. Due to the importance of these values as determiners for boundary layer turbulence and

the surface energy balance scheme, correctly modelling these fluxes and the potential temperature profiles

in the clean periods is essential in order to later examine the impact of aerosol radiation interactions on

boundary layer turbulence.

3.4.1 Surface Heat Capacity (Ch)

Surface heat capacity directly impacts the rate of absorption and re-release of solar thermal energy which

is responsible for radiative cooling and heating of the air above the surface. Surface heat capacity is seen as

a major component governing the heat storage term (∆Qs) in the surface energy balance (Eq. 3.3 and 3.4).

This further feeds back on the surface heat fluxes (Eq. 3.1, 3.2 and 3.5). Colleagues who developed the

model at FMI, suggested that this might be the most dependent variable for adapting UCLALES-SALSA

for urban environments. Therefore, the focus of the adaptation primarily focused on this value. Using

the clean day of 22/11, alterations to the surface heat capacity were performed within a sensible range

(Takebayashi and Moriyama, 2012). Higher surface heat capacity values resulted in less surface radiative

cooling in the evening and showed a better match in this regard to modelled tower measurements. However,
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increasing surface heat capacity also decreased temperatures throughout the column, particularly during

the daytime (Figure 3.3).

Figure 3.3: Potential temperature profile comparisons between modelled and measured values. Different
surface volumetric heat capacities were used for each simulation. a)2e6 b) 5e6 c)7e6 Jm−2K−1

Furthermore, increasing surface heat capacity decreased and delayed maximum peaks in SHF and

PBLH. Figure 3.4 shows that increasing surface heat capacity from 2e6 to 9e6 in these test simulations

delays PBL development to 12:00 LST from 09:00 LST and delays the peak in SHF from 11:00 LST to

14:00 LST. Increasing this value also delays the collapse of the PBL in the evening. High values of Ch
correspond to high heat storage, which in turn means slower absorption and re-release of heat from the

surface (Eq. 3.3), consequently when this value is high, the heat absorbed by the surface is slowly released

to heat the air, resulting in slightly longer but slower initial heating of the PBL throughout the day (fig.

3.3-3.4).

After several attempts of adjusting this value it became apparent that solely tuning this surface

parameters could not solely account for the discrepancies in observed and modelled results, as a shift in

the temperatures in the lowest 100m lowered temperatures above the surface (Figure 3.3). This resulted in

a larger difference between modelled and measured results. I therefore concluded that solely altering heat

capacity was not sufficient to model the urban environment of Beijing and so I explored other options.
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Figure 3.4: Figures showing sensitivity to varying surface heat capacity (Ch) between 2e6 (Red lines), 7e6

(Blue lines) and 9e6 (Turquoise lines) on a) Sensible Heat Flux and b) PBL Height

3.4.2 Anthropogenic Heat Flux (Qf)

Through further discussion with colleagues from the APHH Beijing project, it was concluded that the

higher measured surface nocturnal temperatures were likely a result of the Urban Heat Island Effect which

the model wasn’t accounting for. Built up cities have a delayed and lower rate of radiative cooling due

to additional heat storage and release from buildings, and activities which produce heat. To account for

this, the equation which calculates the surface energy balance in the model was altered to include the

additional anthropogenic heat term, Qf (Eq.3.6). Several studies have calculated the anthropogenic heat

flux for different cities as described in section 1.6. Some studies calculate Qf as the remainder after the

heat storage, sensible and latent heat flux and net all wave radiation. Other studies directly calculate

all individual components of Qf , using emissions from traffic and industry and building information to

attribute heat to each of the components as in equation 3.7. Where QB is heat from buildings, QV the

heat from vehicles and QM the heat from human activity (Allen et al., 2011).

Qf = QB +QV +QM (3.7)

Figure 3.4 shows an estimated anthropogenic heat flux from Singapore in comparison to measured

latent and sensible heat fluxes on 22/11/2016 in Beijing. This shows the anthropogenic heat flux as having

a similar profile to the sensible and latent heat flux, emphasising the importance in including it in urban

boundary layer studies. To account for the anthropogenic heat flux in this case, different constant values

were first input into the surface balance equation to examine sensitivity to the term. Typical diurnal

profiles of anthropogenic heat flux is low at night, peaks at morning and evening rush hour, remaining

constant throughout the day before falling off again at night.
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Figure 3.5: Measured sensible and latent heat flux from 22/11 and estimates of anthropogenic heat flux in
Singapore(Quah and Roth, 2012)

For initial simulations, Qf was set to the constant values of 0, 50 and 100 W/m2. Higher values of

Qf increased temperatures across the profiles, while also reducing radiative cooling at the surface, through

delaying the release of heat in the evening. A diurnal profile of Qf was included in the surface energy

balance scheme based on estimations from literature on Beijing and other cities (Quah and Roth, 2012;

Lu et al., 2016). This profile was assumed to be the same for all days modelled and peaked at 70 W/m2.

Figure 3.5 shows that inclusion of the anthropogenic heat flux delayed the release of and increased modelled

maximum sensible heat flux. With a particularly large effect in the evening. Potential temperature profiles

show that inclusion of Qf in simulations decreases radiative cooling and slightly increases PBL height

(taken here as the height at which there is the largest gradient change in θ). This is due to the additional

heat flux is being added into the model domain, which will increase temperature and promote turbulence,

increasing SHF (Eq. 3.2 and 3.5). As anthropogenic heat flux is not solely released from the surface, ideally

a vertical anthropogenic heat flux which would account for the release from buildings would be modelled

in order to fully elucidate the impact of the anthropogenic heat on the urban boundary layer. Although

this was tried, it proved too difficult and time consuming and was therefore considered to be a limitation

of this work.

Figure 3.6: Sensible heat flux (SHF) and Potential Temperature (θ) for simulations on 22/11 with (blue
lines) and without (red lines) the diurnal Qf included
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3.4.3 Water Fractions

A clear discrepancy between the initial model simulations and observations was the sensible and latent

heat flux diurnal profiles. As shown in figure 3.2, LHF was much higher than observations in the original

simulations, while SHF was much lower. In the initial model set up, water volume fractions were 0.9,

suggesting a wet vegetative surface. However, urban areas are largely known for their irrigated surfaces

and in Beijing wintertime particularly there is very little rainfall meaning the surface is typically quite dry

and latent heat flux is low, while the Bowen ratio remains high (Wang et al., 2019). In the interactive

coupled soil surface temperature and moisture scheme, the water volume fraction (W1) directly impacts

the calculation of LHF through the dimensionless constant (fh) as seen in Eq. 3.2 and Eq. 3.8. Decreasing

surface water volume fractions (water saturation) decreased LHF significantly, while increasing SHF to be

closer to observed values. Figure 3.6 shows the variation in sensible and latent heat flux through altering

the water fraction from 0.3 to 0.4.

fh = W1/0.75 (3.8)

A higher water volume fraction meant that the contribution to the surface energy balance is

higher and the Bowen ratio is lower. Reducing this term even by 0.1 increases buoyant turbulence and

increases maximum PBL height (Figure 3.6(b)) in the test simulations. Values were chosen for simulations

which showed results closest to measured SHF and LHF on the chosen test case. This meant that in all

simulations presented in this thesis, the water fraction value was set to 0.3. Although in reality this value

might change on different days, there were not reliable measurements of this value at the measurement site

and so to minimise the variation between simulations, this value was kept constant.

Figure 3.7: Diurnal profiles of Sensible Heat Flux (solid lines) and Latent Heat Flux (dotted lines) for
simulations with water fractions set at 0.3 (red lines) and 0.4 (blue lines), compared to observations
(turquoise lines)
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3.4.4 Surface Temperature

Most surface variables included in the surface energy balance scheme (Eq. 3.6) had an impact on the model

simulations. Initial surface temperature values were taken from ECMWF-ERA5 reanalysis data, however

the resolution of this data (11 km) was larger than the model domain and it is likely that within a city

there is variation of surface temperature. Figure 3.7 shows the effect of initialising the model with surface

temperatures varied by 1 K. This shows that the initial surface temperature effects the diurnal profile and

maximum PBL height, turbulent kinetic energy and SHF. For the higher initial surface temperature (red

line), PBL height, SHF and TKE were all higher through the day. As the surface temperature varies by

day, this variable is important to keep right or standardised. The main effect of surface temperature on the

surface energy balance was the difference between surface and air temperature causing heat flux variations

(Eq. 3.1, 3.2 and 3.3). Therefore, as all simulations began at the same time (8am) and were initialised

by air temperature measurements from the same site, initial surface temperatures for all cases were taken

as being 2K lower than the measured air temperature. This assumption was made to avoid variability

between days due to uncertainty around the spatial variability of using ECMWF-ERA5 data.

Figure 3.8: PBL Height, Turbulent Kinetic Energy (TKE) and Sensible Heat FLux (SHF) for simulations
with surface temperature set at 3K lower than air temperature (blue lines) and at 2K lower than air
temperature (red lines)

3.5 Model Limitations

3.5.1 Urban Surface Energy Balance

Urban and rural environments have significantly different characteristics. To set up the model for the urban

environment of Beijing, sensitivity studies of several surface parameters were performed in an attempt

to match observations. This included alterations to several urban surface parameters which are known

to impact heat storage and heat fluxes including: water volume fraction, surface heat capacity, surface

roughness and thermal conductivity of the surface. Furthermore, an estimated inclusion of an anthropogenic

heat flux which peaked at ∼ 70 W/m2 was included. UCLALES showed high sensitivity to all parameters,

which were tuned to best match observations as detailed in the previous section. However, UCLALES

assumes surface homogeneity, whereby specified surface parameters which are equivalent across the entire
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domain. However, urban surfaces are known to be heterogeneous, this heterogeneity impacts advection

of heat and momentum as well as impacting pollutant dispersion. Consequently, this has an impact on

the vertical structure of the urban boundary layer, which cannot be fully resolved with the simple surface

scheme (Barlow, 2014). Attempts were made in this work to include some form of surface heterogeneity

into the surface energy balance scheme, however their were several issues with this, including due to the

periodic boundary conditions and the direction of flow through the boundaries. Therefore, the inclusion

of surface heterogeneity in the existing version of UCLALES-SALSA would have taken too much time

and resources which were not available at this stage of the PhD. This is consequently seen as a limitation

of the modelling framework and may have an impact on the accuracy of boundary layer development in

all simulations presented in this work. However, although inclusion of a specific urban surface energy

balance scheme such as the Surface Urban Energy and Water Balance Scheme, would likely improve the

accuracy of model simulations of the urban boundary layer, I believe this would have had limited effect

on the conclusions presented in later chapters. This is because the main focus of the work is to examine

the impact of aerosol feedback on boundary layer meteorology under different aerosol and meteorological

conditions. As this limitation is present in all simulations, the effect of these different conditions can still

be analysed. It is therefore acknowledged that the high sensitivity to surface parameters as well as the

simplicity of the surface scheme used can be considered a limitation of the current setup of UCLALES-

SALSA in investigations of urban environments. Consequently, adaptations of the surface scheme to make

it more suitable to urban should be considered for future development.

3.5.2 Synoptic Conditions

UCLALES uses periodic boundary conditions, which means it is not influenced by and cannot simulate

changing synoptic conditions. A significant cause of the onset and dissipation of Beijing haze episodes is

considered to be the changing pressure systems bringing about stagnant atmospheric conditions, whereas

the dissipation of pollution is caused by strong winds. Both of these processes are essential in the onset and

longevity of pollution episodes. In particular, the shallow PBL conditions observed around the beginning

of the haze episodes are brought about by changing conditions, without which the pollution episodes would

be unlikely to occur. However, the aerosol-PBL feedback conditions are believed to occur under already

stagnant conditions, which can be well simulated in the LES model. Although not responsible for the onset

of haze episodes, aerosol-PBL feedback is thought to significantly enhance the episodes through promoting

stagnation further and reducing PBL height, which allows for more aerosols accumulating and interacting

with radiation. Consequently, the work presented in this thesis primarily focuses on the cumulative stage

of the pollution episode.
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3.5.3 Mass Loss

When performing simulations with varied vertical aerosol profiles, there was a noticeable loss in mass of

aerosols over time, despite dry deposition being switched off. The reason for the decrease in total mass

mixing ratio over time is due to UCLALES-SALSA’s use of the anelastic approximation. Anelastic models

filter out acoustic waves for computational efficiency and are accurate in isentropic systems, which although

useful, has limitations when applied to realistic atmospheric processes when the isentropic base state doesn’t

hold true. The Ogura-Phillips anelastic approximation assumes that there are only small variations in

pressure and density from static reference values over time, i.e they are non prognostic variables (Ogura

and Phillips, 1962; Pressel et al., 2015) According to Byun (1999), "The anelastic assumption ignores

the tendency term in the continuity equation and therefore provides a diagnostic relation among wind

components and density". Perturbation of air density is not calculated directly but inferred from other

meteorological fields such as temperature and pressure. In UCLALES-SALSA, heating throughout the

day from surface fluxes increases temperature, while subsidence at the model top causes sinking of air

which decreases air density. This temperature increase does not fully feed back on pressure changes due

to the limitations of using the anelastic approximation, while the model volume stays constant due to

static vertical boundary conditions. Consequently, when the mass tracers are pulled downward, the total

mass of the air increases while the mass of SALSA tracers remains the same and therefore there is an

apparent decrease in aerosol mass mixing ratio, as the model holds to constant volume of air rather than

constant mass. The so called ‘mass loss’ is impacted by variations in density and so it will be altered for

different case studies and for different vertical aerosol profiles. This can be considered a limitation in using

meteorological models for air quality analysis. The author recognises that ∼ 5 % decrease in mass mixing

ratio of aerosol occurs over the time-span of the simulation, when using vertical aerosol profiles. As a

consequence, overall conclusions must be mindful of this impact and the effect it may have on aerosol-PBL

interactions. However, the relative reduction is the same for different meteorological and aerosol conditions

and so comparisons examining the main effects of the aerosol-PBL feedback can still be performed (Durran,

1989; Byun and Schere, 2006; Pauluis, 2008; Smith and Bannon, 2008; Randall, 2013; Pressel et al., 2015).

3.5.4 Semi-Volatile Condensation

Condensation of semi-volatiles has been found to be important in Beijing pollution episodes, particularly

when humidity increases during the later stages of the pollution episode. UCLALES-SALSA allows for

the condensation of sulphuric acid vapour, semi-volatile organics and non-volatile organics on aerosol

particles, however there is no current setup for the condensation of ammonia and nitric acid. The process

of ammonium nitrate formation is considered to be one of the most important secondary aerosol formation

pathways during Beijing haze, as shown by large increases in ammonium nitrate aerosol during pollution

episodes (Xu et al., 2019). As not all these processes are fully considered in SALSA at the present moment

and for simplicity, the results presented in this study does not consider semi-volatile condensation in any
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form. Therefore, the effect that secondary aerosol formation may have in changing the composition, mixing

state and size of the aerosols cannot be considered in this work.
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4.1 Paper 1: Using a coupled LES-aerosol radiation model to

investigate urban haze: Sensitivity to aerosol loading and

meteorological conditions

Authors: Jessica Slater, Juha Tonttila, Gordon McFiggans, Paul Connolly, Sami Romakkaniemi, Thomas

Kühn and Hugh Coe

Journal: Atmospheric Chemistry and Physics Discussions, 5, 1–23, 202, as part of the Special issue:

In-depth study of air pollution sources and processes within Beijing and its surrounding region (APHH-

Beijing)

Paper Overview

This paper lays out the set up of UCLALES-SALSA for an urban environment, which includes examining

sensitivities in the urban surface energy balance scheme through comparing simulation outputs to

meteorological observations. For this test case, we examined the 22nd November 2016, which was considered

to be a classic example of a clean day with low measured levels of pollutant concentrations. This meant

that we could focus on correctly simulating the urban boundary layer for our domain and compare with

observations, which have not been influenced by aerosol interactions. This work shows that performing

alterations to the surface energy balance in UCLALES-SALSA to account for the urban environment

of Beijing, brought the modelled simulations closer to observations. Altering the surface parameters

decreased nocturnal cooling and temperature throughout the profile and decreased both sensible and latent

heat fluxes. Including an anthropogenic heat flux which peaked at 70 W/m2 increased heat fluxes and

temperatures in the profile, reducing nocturnal radiative cooling at the surface.

This work then examines three days over which observed pollutant concentrations increase (24th-

26th November 2016), the first set of simulations in case 1 show that boundary layer development and

dynamics over a day is dependent on the initial meteorological conditions, which vary over the three

days. Case 2 shows that including aerosols causes a reduction in turbulent motion, heat fluxes and PBL

height, due to the aerosol-radiation interactions. For all days simulated, the effect is larger for increased

aerosol loading in the column, showing the direct impact of increasing aerosol concentrations on PBL

meteorology. However, this work also shows that the magnitude of the impact is dependent on the initial

meteorological conditions, with some periods being more susceptible to perturbations caused by aerosol-

radiation interactions. This shows a decrease of 67 % in PBL height due to high aerosol concentrations on

simulations of 26th Nov 2016 compared to a 16 % on 24th Nov 2016. In case 3, the impact of including an

aerosol vertical profile is examined, which shows that simulations in case 2 with high aerosols aloft resulted

in the formation of a turbulent layer to form close to model top, which decreases surface wind speeds.
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Overall, this paper demonstrates the ability of a novel coupled LES-aerosol-radiation model for the

first time. This work shows the models ability in simulating aerosol-radiative feedback on PBL dynamics

in an urban environment. Furthermore, this work outlines sensitivities to be examined in the future work,

including: aerosol loading, meteorological conditions and the aerosol vertical profiles.

In between submission and examination of this thesis, this paper was published. After the viva

and subsequent discussion with the examiners some improvements to the paper were made for the revised

thesis. Therefore, the paper presented here is different to the published paper, for which the reference

is: Atmos. Chem. Phys., 20, 11893–11906, 2020 (https://doi.org/10.5194/acp-20-11893-2020). The main

differences in the paper are to the results and discussion section including replotting of some of the key

figures, this doesn’t change the findings of the paper but clarifies some of the key points.

Author Contributions

The idea for this paper was conceived by Jessica Slater, Hugh Coe, Paul Connolly and Gordon

McFiggans. The simulations were performed by Jessica Slater with assistance from Juha Tonttila and

Sami Romakkianemi and model analysis was done by Jessica Slater, with help from Gordon Mcfiggans,

Hugh Coe and Paul Connolly. The manuscript was written mainly by Jessica Slater, with input from all

co-authors, including Thomas Kühn who contributed to the methods section aerosol-radiation interactions.

81



Using a coupled LES-aerosol radiation model to investigate urban
haze: Sensitivity to aerosol loading and meteorological conditions
Jessica Slater1, Juha Tonttila2, Gordon McFiggans1, Paul Connolly1, Sami Romakkaniemi2,
Thomas Kühn2,3, and Hugh Coe1

1Centre for Atmospheric Sciences, School of Earth and Environmental Sciences, University of Manchester, Manchester, UK
2Finnish Meteorological Institute, Atmospheric Research Centre of Eastern Finland, Kuopio, Finland
3Department of Applied Physics, University of Eastern Finland, Kuopio, Finland

Correspondence: Hugh Coe (hugh.coe@manchester.ac.uk)

Abstract. The aerosol-radiation-meteorological feedback loop is the process by which aerosols interact with solar radiation

to influence boundary layer meteorology. Through this feedback, aerosols cause cooling of the surface, resulting in reduced

buoyant turbulence, enhanced atmospheric stratification and suppressed boundary layer growth. These changes in meteorology

result in the accumulation of aerosols in a shallow boundary layer, which can enhance the extent of aerosol-radiation interac-

tions. The feedback effect is thought to be important during periods of high aerosol concentrations, for example during urban5

haze. However, direct quantification and isolation of the factors and processes affecting the feedback loop has thus far been

limited to observations and low resolution modelling studies. The coupled LES-aerosol model, UCLALES-SALSA, allows for

direct interpretation on the sensitivity of boundary layer dynamics to aerosol perturbations. In this work, UCLALES-SALSA

has for the first time been explicitly set up to model the urban environment, including addition of an anthropogenic heat flux

and treatment of heat storage terms, to examine the sensitivity of meteorology to the newly coupled aerosol-radiation scheme.10

We find that: a) Sensitivity of boundary layer dynamics in the model to initial meteorological conditions is extremely high, b)

Simulations with high aerosol loading (220 µg/m3) compared to low aerosol loading (55 µg/m3) cause overall surface cooling

and a reduction in sensible heat flux, turbulent kinetic energy and planetary boundary layer height for all three days examined

and c) Initial meteorological conditions impact the vertical distribution of aerosols throughout the day.

1 Introduction15

Severe air pollution events are a major health issue for megacities worldwide, particularly in nations with large populations

and high levels of industrialisation such as India and China. Beijing, situated in the North China Plain is well known for its

air quality issues, where concentrations of PM2.5 (particulate matter with an aerodynamic diameter < 2.5 µm) frequently

exceed the World Health Organisation’s recommended 24 hour average hourly exposure limit of 25 µg/m3. Heavy ‘haze’

periods envelop Beijing due to a complex combination of emission sources and unfavourable meteorology. Observations have20

identified the importance of changing synoptic conditions on the onset of haze episodes, while the longevity and intensity of the

episodes are found to be affected by aerosol-radiation interactions (Wang et al., 2019). These interactions feedback on boundary
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layer meteorology to cause unfavourable conditions such as temperature inversions, increased humidity and decreased wind

speed (Dou et al., 2015; Zhang et al., 2015, 2017; Zhong et al., 2019b).

In addition to the unfavourable meteorological conditions; heavy emissions and regional transport of pollutants into Beijing25

cause high concentrations of urban aerosol particles to accumulate. These particles can either scatter or absorb solar radiation,

depending on their composition. Observations predominantly show that aerosol particles cause net cooling at the surface and

warming above the PBL. This consequently alters the thermal profile of the atmosphere, reducing turbulence due to buoyancy.

Reduced turbulent mixing suppresses boundary layer development during the day, minimises the vertical mixing of pollutants

and increases surface aerosol concentrations. Furthermore, reduction in planetary boundary layer (PBL) height due to the feed-30

back effect also increases water vapour concentrations which can result in enhanced aqueous heterogeneous reactions, thus

increasing the rate of secondary aerosol formation. If the aerosol particles are hygroscopic, increased water vapour concentra-

tions will also cause particle growth, resulting in stronger aerosol-radiation interactions. This positive feedback loop between

aerosols, radiation and meteorology can lead to sustained periods of stagnation and has been found to enhance pollution events

(Figure 1) (Petäjä et al., 2016; Liu et al., 2018b; Luan et al., 2018).35

Figure 1. Schematic of the positive feedback loop between aerosols, radiation and meteorology thought to enhance pollution episodes in

Beijing

Aerosol composition and size are the main factors impacting an aerosol particle’s single scattering albedo thus impacting the

extent by which it will interact with radiation. Most aerosol particles predominately scatter radiation and thus have an overall

cooling effect, stabilising the boundary layer and allowing for further accumulation of aerosol particles. However, black carbon
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(BC), an absorbing aerosol which can contribute up to 10 % of PM in Beijing (Liu et al., 2016) has the potential to have the

opposite effect, through warming of the lower atmosphere, which promotes buoyancy and destabilises the boundary layer.40

However, depending on the vertical distribution of the BC layer, BC can also enhance stratification through causing warming

in the upper PBL (Liu et al., 2018b; Zhong et al., 2018a; Ding et al., 2016).

Research examining the feedback effect on Beijing haze episodes has thus far relied upon observations or regional modelling

studies. Gao et al. (2015), Liu et al. (2018b), Zhong et al. (2018b) and Wu et al. (2019) performed model simulations of pollu-

tion episodes using the Weather Research and Forecasting model with added chemistry (WRF-CHEM) to examine the feedback45

effect. Their results all confirm that aerosol-radiation interactions, aerosol hygroscopic growth and aqueous heterogeneous re-

actions all factor in the suppression of boundary layer development and result in increased surface PM2.5 concentrations during

polluted episodes in the North China Plain. Gao et al. (2015) suggests that aerosol-radiation interactions decrease temperature

and shortwave (SW) radiation at the surface while increasing them aloft (925 hPa). Examining the feedback from a quantita-

tive perspective, Wu et al. (2019) found that when PM2.5 increased from 50 to 200 µg/m3, maximum average boundary layer50

height decreased from 700 to 400 m. Furthermore, Zhong et al. (2019a) suggested that threshold PM2.5 concentrations of 75 –

100 µg/m3 exist in Beijing, above which the feedback effect is increasingly important and leads to aerosol accumulation and

exacerbation of pollution episodes.

Observational studies also show a link between aerosol concentrations and boundary layer meteorology. Zou et al. (2017)

studied the impact of high aerosol concentrations (PM2.5 > 75 µg/m3) on Beijing meteorology over a year long period. Their55

results demonstrate that the aerosol impact on meteorology was different depending on the season, with particularly large

reductions in sensible heat flux (SHF), PBL height and surface SW radiation reported under high aerosol conditions in autumn

and winter. Liu et al. (2019) used the same PM2.5 threshold (> 75 µg/m3) to estimate the impact of high aerosol concentrations

on observed meteorological data over a one month period where haze episodes occurred every 4-7 days. Comparing high and

low aerosol periods they found that on average surface SW radiation was 36 % lower and daily maximum PBL height was60

reduced from 1.3 km to 0.6 km for high compared to low aerosol periods.

Despite an increase in research in this area, quantification of aerosol perturbations on boundary layer meteorology is still un-

certain. In WRF-CHEM, results are strongly dependent on the boundary layer scheme or parameterisation employed throughout

the simulations, while observations of this effect, although useful, only show links between the phenomena without being able

to quantify the processes or separate factors. High resolution sensitivity studies which allow for direct analysis of boundary65

layer meteorology are therefore needed to be able to assimilate the major contributions to haze events.

Large-eddy simulations (LES) can explicitly resolve large, high energy eddies while parameterising smaller eddies for

computational efficiency. This allows for direct investigation of boundary layer meteorology, turbulent fluxes and statistics,

while easily controlled conditions allow for insight into the sensitivity of aerosol interactions on PBL dynamics (Mazoyer

et al., 2017; Liu et al., 2018b). Several studies have used LES models to examine the impact of aerosols on convective boundary70

layers, cumulus clouds and radiation fogs, primarily in rural or marine environments (Sullivan and Patton, 2011; Bellon and

3

Chapter 4 | Papers

84



Stevens, 2012; Andrejczuk et al., 2014; Mukherjee et al., 2016; Tonttila et al., 2017). In this work, a novel LES with a coupled

sectional aerosol module (UCLALES-SALSA) has been developed to make it suitable for the urban environment of Beijing.

The newly coupled aerosol-radiation scheme has been tested for the first time, in order to examine the feedback effect of

aerosol loading on boundary layer dynamics. Model description and details of set up for an urban environment are outlined in75

section 2. Section 3 describes the experimental set up for all simulations. Section 4 shows results of the simulations for Case

1- No aerosols (4.1), Case 2- High and Low Aerosol Loading (4.2) and Case 3- Aerosol Vertical Profiles (4.3) and section 5

discusses the results, including sensitivity of UCLALES-SALSA to: 5.1 - Meteorological conditions, 5.2 – Aerosol loading

and 5.3- Aerosol vertical profiles.

2 Model Description80

The model used in this work is UCLALES-SALSA. A comprehensive description of the model and its previous uses can be

found in the paper by Tonttila et al. (2017). The version used here can be downloaded at https://www.github.com/UCLALES-

SALSA. A description of the model set up, validation and sensitivity to parameters are described below.

2.1 UCLALES

UCLALES is a large eddy simulation which has mainly been used in idealised cloud and fog studies. It is based on the85

Smagorinsky–Lilly subgrid model and solves the Ogura–Phillips anelastic equations with an Asselin filter. Boundary conditions

are doubly periodic in the horizontal and fixed in the vertical. Momentum variables are advected with leapfrog time stepping

and scalar variables through forward time stepping. In the standard model a two-moment warm rain microphysical scheme is

used, the vertical is spanned by a stretchable grid and a sponge layer is applied at the domain top to prevent gravity waves being

released into the boundary (Stevens et al., 2003, 2005; Tonttila et al., 2017). The surface scheme explicitly calculates sensible90

(SHF) and latent heat (LHF) fluxes at each time step and is based on a coupled soil moisture and surface temperature scheme

by Ács et al. (1991) (Eq.1-2). This relates both SHF and LHF to surface temperature, SHF to changes in air temperature and

LHF to changes in water vapour concentrations.

SHF = ρCp(
(Tg −Ta)

(ra)
) (1)

LHF =
(ρCp)

γ

(fhes(Tg)− ea)

(rsurf + ra)
(2)95

Here ρ is air density, Cp is specific heat capacity of dry air, Tg and Ta are surface and air temperature respectively, γ is

the psychrometric constant, fh is a dimensionless function related to water volume fraction and takes the value 0.267 in our

case. es(Tg) is saturation vapour pressure at surface temperature (Tg) and es is water vapour at 2 m height. rsurf is the surface

resistance to bare soil and is related to surface friction velocity (u*). ra is atmospheric resistance to water vapour and heat and100

is dependent on atmospheric stability (Ács et al., 1991).
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∆Qs = (
ωChλ

2
)

1
2 (Tg − T̄ ) (3)

Surface parameters, which vary greatly in different environments, can be varied within the model input and largely affect

the heat storage term (∆Qs) (Eq.3). Where Ch is volumetric heat capacity (J m−3K−1), λ is thermal conductivity (W m−1

K−1), ω is angular frequency (s−1) and T̄ (K) is the average daily temperature in the 2 cm soil layer., ∆Qs describes the rate105

of absorption and re-release of radiation by the surface. This in turn impacts surface fluxes through altering the surface energy

balance (Eq.4). Further all parameters (SHF, LHF, ∆Qs) interact and impact one another through the surface energy balance

scheme detailed in (Eq. 4) where Q∗ is net all wave radiation.

Q∗ = SHF +LHF + ∆Qs (4)

2.2 SALSA110

The Sectional Aerosol Scheme for Large Scale Applications (SALSA), was developed by Kokkola et al. (2008) and has been

coupled with large eddy simulation models (UCLALES) as well as a climate model (ECHAM) (Tonttila et al., 2017; Kokkola

et al., 2018). SALSA bins aerosols according to size, allowing for a variety of aerosol sizes and compositions as well as for

aerosols to be either internally or externally mixed (Figure 2) (Kokkola et al., 2008). When SALSA is used in these simulations,

aerosol species included are black carbon, sulphate, organic carbon, nitrate and ammonium, with all aerosols assumed to be115

internally mixed. In terms of aerosol processes- coagulation and water vapour condensation are switched on, while nucleation,

aerosol deposition, emissions and semi-volatile condensation are not considered here for simplicity but may be considered in

future work.

Figure 2. Schematic of the size bin layout for SALSA including the internal and external mixing size bins and the cloud and rain droplet

bins (Tonttila et al., 2017)
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2.3 UCLALES-SALSA

UCLALES-SALSA couples the UCLALES with SALSA and is primarily described in the paper by Tonttila et al. (2017). The120

version of UCLALES-SALSA here is a fully coupled radiation-dynamical model, whereby the aerosol-radiation interactions in

SALSA are fully coupled with the four stream radiative solver in UCLALES which feeds back on boundary layer turbulence.

This is the first time that aerosol-radiation interactions have been dynamically coupled to UCLALES and the work outlined

here examines the sensitivity of aerosol loading on these interactions and feedback.

2.3.1 Aerosol-radiation interactions125

The solution for radiative transfer in UCLALES is based on the 4-stream method integrating over 6 shortwave bands and 12

longwave bands according to Fu and Liou (1993). In this work, the scheme has been adapted to account for the sectional size

distribution of the atmospheric aerosol. To this end we use pre-compiled look-up tables of the aerosol extinction cross-section,

asymmetry parameter and single scattering albedo, which are given as a function of the size parameter (particle diameter

divided by wavelength) and the real and imaginary parts of the refractive index. For a given aerosol constituent, the refractive130

indices are catalogued at specific wavelengths. Nearest-neighbour interpolation is used to find the values closest to the centres

of the wavelength bands used by the radiation solver. Assuming a perfect internal mixture of all aerosol constituents within one

aerosol size section, the refractive index in that size section is then calculated as a volume-weighted average of its constituents.

This yields the optical thickness, single scattering albedo and phase function parameters weighted by the actual particle size

distribution resolved by SALSA, which are then taken to the 4-stream integration.(Fu and Liou, 1993) The real and imaginary135

refractive indices for each aerosol component and their use in this simulation are based on (Bond and Bergstrom, 2006) and

are detailed for the shortwave wavelengths in the table below.
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λ (nm) n (SO−
4 ) k (SO−

4 ) n (OC) k (OC) n (BC) k(BC) n (NO−
3 ) k (NO−

3 ) n (NH+
4 ) k (NH+

4 )

3460 1.361 1.4E-01 1.530 2.75E-02 1.984 8.98E-01 1.416 0.04 1.820 2.80E-01

2790 1.295 5.5E-02 1.510 7.33E-03 1.936 8.51E-01 1.177 0.124 1.440 9.51E-03

2330 1.364 2.1E-03 1.510 7.33E-03 1.917 8.12E-01 1.313 0 1.550 1.96E-03

2050 1.382 1.3E-03 1.420 4.58E-03 1.905 7.94E-01 1.333 0 1.560 1.91E-03

1780 1.393 5.1E-04 1.464 6.42E-03 1.894 7.77E-01 1.344 0 1.550 0

1460 1.406 9E-05 1.520 1.43E-02 1.869 7.40E-01 1.352 0 1.540 0

1270 1.413 7.9E-06 1.420 1.77E-02 1.1.861 7.27E-04 1.355 0 1.450 0

1010 1.422 1.3E-06 1.420 2.01E-02 1.861 7.11E-01 1.359 0 1.460 0

700 1.427 5.2E-08 1.530 1.50E-02 1.850 6.94E-01 1.361 0 1.450 0

530 1.432 1E-09 1.530 7.70E-03 1.850 7.21E-01 1.310 0 1.450 0

390 1.445 1E-09 1.530 9.75E-03 1.839 7.30E-01 1.300 0 1.470 0

300 1.450 1E-09 1.443 1.63E-02 1.839 7.59E-01 1.320 0 1.430 0

230 1.450 1E-09 1.530 5.27E-03 1.713 7.26E-01 1.350 0 1.420 0

Table 1. Real (n) and Imaginary (k) refractive indices across 13 shortwave wavelengths (λ for all aerosol components considered for aerosol-

radiation interactions in this simulation

2.3.2 Set up in an urban environment

In the past few decades, rapid urbanisation has transformed the landscape in Beijing, creating a microclimate which can be

represented by its own distinct physics. Part of this is the Urban Heat Island (UHI), which refers to the phenomenon where a city140

is significantly warmer than its surrounding areas. This is a result of: increased SW radiation absorption, decreased longwave

(LW) radiation loss, decreased turbulent transport, increased heat storage and anthropogenic heat sources. Furthermore, urban

environments often consist of mainly impervious surfaces, and therefore the urban heat island is also often characterised by

low latent heat and comparatively higher sensible heat fluxes (Oke, 1982; Ikeda et al., 2012; Yang et al., 2016; Tong et al.,

2017). To set up UCLALES for an urban environment, alterations to the surface energy balance equation (4) were performed.145

Studies by Oke (1982) outline two terms which can be used to represent the presence of the urban heat island. The first

is the alteration to ∆Qs or the heat storage term which alters the rate of surface absorption and re-release of heat. In an

urban environment, typically the surface has higher surface heat capacity (Ch), water fraction, soil hygroscopicity and lower

thermal conductivity (λ) compared to rural environments. The second term is an additional anthropogenic heat flux (Qf ), which

accounts for all activities which result in additional heat in a city. This can be split into heat from: buildings, industry, transport150

and human metabolism. Estimates of the anthropogenic heat flux are difficult to perform and have not been done in wintertime

Beijing, although a recent study gives anthropogenic heat estimates for the summertime, which have a mean midday value of

67.2 W/m2 (Dou et al., 2019). The anthropogenic heat flux has a distinct diurnal profile, attuned to anthropogenic activities

within a given city. It is high in the daytime and decreases at night. The additional term is included in the surface energy balance
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scheme for an urban environment as described in equation 5 (Grimmond and Oke, 1999; Schwarz et al., 2011; Hu et al., 2012;155

Xie et al., 2016; Yang et al., 2016).

Q∗ +Qf = SHF +LHF + ∆Qs (5)

In order to set up UCLALES-SALSA for an urban environment, alterations to the heat storage term and a simplistic addi-

tional anthropogenic heat flux were included in the surface scheme and sensitivity studies were performed for a non polluted

day in Beijing (Figure 3). Simulation results were compared with observations taken during the Air Pollution and Human160

Health (APHH) Beijing field campaign as well as with ECMWF and radiosonde meteorological profiles. The 22nd November

2016 was chosen for the initial sensitivity simulations. As a non polluted day in Beijing, observations on 22nd November

are not impacted by aerosol interactions. Potential temperature, moisture and wind profiles were taken from ECMWF ERA-5

reanalysis data and surface meteorological values taken from an automatic weather station based at the Institute for Atmo-

spheric Physics (IAP) in Beijing. In the simulation with no adaptation to the surface scheme there was a clear discrepancy165

between modelled and measured sensible and latent heat flux and potential temperature profiles. Particularly, there was a large

difference in the lower potential temperature profiles in the evening, where the modelled simulations showed early radiative

cooling when compared to observations. Delayed and reduced radiative cooling at the surface is frequently observed in urban

environments including Beijing.

The model showed high variability to volumetric heat capacity (Ch). Increasing this term decreased maximum SHF, notice-170

ably delayed nocturnal radiative cooling and slightly lowered the temperature through the profile (Figure 3). This is due to

slower release of outgoing radiation, which is stored for longer in urban surfaces. Figure 3 shows the sensitivity to varying

surface volumetric heat capacity (J m−3K−1) between the initial value (2x106) and chosen value (7x106). Higher volumetric

heat capacity of the surface causes delayed nocturnal cooling, resulting in higher sensible and latent heat flux in the evening.

The surface urban energy balance is also affected by an anthropogenic heat flux which varies seasonally and spatially. A di-175

urnal anthropogenic heat flux which peaks at 70 W/m2 during the afternoon and remains around 20 W/m2 in the evening was

included in a further simulation. This diurnal profile (Fig 3c) was chosen as an estimate of Beijing wintertime based on Dou

et al. (2019) estimation of Qf in Beijing summertime. Inclusion of a diurnal Qf profile increased overall temperatures as well

as latent and sensible heat fluxes (Figure 3).

Figure 3 shows that modelled potential temperature profiles in the evening are lower than observations, while observed180

latent heat flux (Fig 3b) is higher than modelled values throughout the day and sensible heat flux for observations and model

values are similar. A potential explanation for the difference in latent heat flux between observations and simulations may

come from assumptions made in model setup about surface water. In our model simulations we assumed an initial constant

water volume fraction at the surface and in each soil layer for each day. However, in reality, the environment will change and

measurements of latent heat flux will be affected by the variations of surface and soil water, which themselves are dependent185
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Figure 3. Plots of simulations and observations on 22/11 of (left) potential temperature (θ) profiles at 8 pm and (right) a) Sensible Heat Flux

(SHF), b) Latent Heat Flux (LHF) and c) anthropogenic heat flux (Qf ) diurnal profiles. Simulations have different initial surface conditions:

A) Ch = 2 x 106, Qf=0 (red lines), B) Ch = 7 x 106, Qf=0 (blue lines) and C) Ch = 7 x 106, Qf=diurnal as shown in panel c) (green

lines). Observations (ECMWF-ERA5 reanalysis for potential temperature (θ)) are shown in turquoise and are ECMWF-ERA5 reanalysis for

potential temperature (θ). and calculated flux values (SHF and LHF) from measurements taken during the APHH Beijing campaign. Errors

for ECMWF-ERA5 reanalysis were around 0.1 K and there is natural variability in the SHF and LHF results which take into account the

errors associated with the meteorological measurements of temperature, humidity and wind speed, used in the calculations

on surface properties as well as precipitation. The model also underestimates overall potential temperature profiles at 8pm

(Figure 3 (left)) for all simulations, this might be a limitation of the homogeneous surface scheme, but could also be due to the

changing synoptic conditions during the day which cannot be captured by the model.

This sensitivity work provides the setup for UCLALES-SALSA in an urban environment and this is utilised for the remainder

of results presented below which all include a diurnal Qf profile and heat capacity (Ch) set at 7x106 Jm−3K−1 , which is a190

value typical of concrete (Takebayashi and Moriyama, 2012). The scope for variation of surface parameters within UCLALES

is extremely high, therefore we recognise that within the model framework there is a strong dependence on parameters such as

temperature, roughness, heat capacity, albedo and soil moisture. It is also likely that due to the simple homogeneous surface

scheme used, some features of the urban environment that are observed cannot be replicated in the chosen model framework.

Although the effect of these surface parameters is important to understand, the purpose of this paper is to examine the suitability195

of using an LES model in investigating urban haze. The parameters chosen here are based on identification of the urban
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measurement site’s characteristics, as well as from chosen literature values and are to the best of the authors’ knowledge a fair

representation of urban Beijing, as described in the next section.

3 Experimental Method

3.1 Observational Data200

All measurements used in this study were taken at the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences,

as part of the APHH Beijing campaign. Measurements taken include but are not limited to: NR-PM1 (non refractory PM with

a diameter < 1 µm) composition and aerosol and black carbon size and concentration measurements at the surface, as well as

meteorological measurements at 15 levels on a 320 m tower. Sensible and latent heat flux measurements were calculated and

a ceilometer was used to infer PBL height. For more information concerning the measurements taken as well as the APHH205

project and field campaign the reader is directed to the ‘Introduction to the special issue “In-depth study of air pollution sources

and processes within Beijing and its surrounding region (APHH-Beijing)’ by Shi et al. (2019).

3.2 Experimental setup

The domain size for all model simulations spanned 5.4 km in the horizontal, with a resolution of 30 m and the model top was

set to 1.8 km in the vertical with a resolution of 10 m. The model uses an adaptive timestep with a maximum timestep of 1 s. A210

haze period which took place within the APHH winter campaign period from 24th - 26th November 2016 was used to examine

the sensitivity of boundary layer meteorology to varying aerosol concentrations. Meteorological data taken from ECMWF-

ERA5 reanalysis and tower meteorological data was used to initialise vertical profiles at 8am (local time) on 24/11, 25/11 and

26/11 (Figure 4). Simulations were run from 8 am for 14 hours (10pm) including 1 hour spin up time. Simulations for all

days were considered to be cloudless. Case studies for each day were simulated and compared to each other and are described215

as follows: Case 1 – No aerosols, Case 2-High and low aerosol loading, Case 3-Aerosol vertical profiles. For case 2 aerosol

vertical profiles were constant in the column whereas case 3 examined the impact of including a varying aerosol vertical profile.

Aerosol size distribution parameters and volume fraction of aerosol components were the same for all simulations, detailed in

tables 1 and 2. The values for aerosol size distribution data used were measured by a scanning mobility particle sizer (SMPS)

and aerosol composition measurements with an aerosol mass spectrometer (AMS). All in situ measurements were taken at220

IAP and values used were averaged between 07:30 and 08:30 on 24th November 2016. In all cases, BC can be considered

to be the primary absorbing aerosol, with sulphate (SO−
4 ), nitrate (NO−

3 ) and ammonium (NH+
4 ) strongly scattering and OC

predominantly scattering with a small absorbing component (Table 1). Aerosol growth is considered through the processes

of coagulation and water condensation, but semi-volatile condensation is not considered. Both wet and dry deposition are

switched off in all simulations.225
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Low High

Dg (nm) 100 100

σg 1.55 1.55

N (#/mg) 10,000 40,000

PM (µg/m3) 55 220

Table 2. Size distribution parameters used in the setup for simulations which included aerosols. Dg (geometric mean diameter), σg (geometric

standard deviation), N (number concentration), as well as calculated surface PM concentration for low and high aerosol simulations

Composition Fraction

OC 0.5

SO4 0.1

NO3 0.21

NH4 0.09

BC 0.1

Table 3. Volume fraction of aerosols included in SALSA for all simulations in case 2 and case 3

4 Results

The results highlighted in this section aim to test the sensitivity of the newly coupled aerosol-radiation scheme in UCLALES-

SALSA to aerosol loading, using meteorological conditions, urban characteristics and simplified aerosol conditions, associated

with Beijing haze episodes. Case 1 shows boundary layer development for 24/11, 25/11 and 26/11 with no aerosols, case 2230

examines the effect of high and low aerosol loading for each of the days and case 3 focuses on the impact of varying aerosol

vertical profiles for 24/11 and 26/11. In all simulated results presented here, PBL height is taken as the height at which there is

a maximum gradient in θ and SHF is surface SHF, all other variables unless stated are a direct model output. In this section we

outline the influence of aerosols on the buoyant and shear terms of TKE generation, which are directly output from simulations.

Equations 6 and 7 show how these are calculated and how the shear (S) term is related to wind speed and buoyancy (B) to235

temperature (Stull, 2015).

S =u ∗2 +
∆M

∆z
(6)

B =
|g|
Tv
.FHsfc (7)
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Figure 4. Initial vertical profiles of Potential Temperature (θ), Wind Speed (WS) and Total Water Mixing Ratio (q) for 24/11 (red), 25/11

(blue) and 26/11 (turquoise) for simulations with no aerosols (Case 1)

Where u*2 is surface frictional velocity and ∆M
∆z is wind shear, calculated as the change in wind speed (∆M) over height240

(∆z). g is gravitational acceleration (9.8 m/s2), Tv is the absolute virtual air temperature, and FHsfc is the effective surface

heat flux, which is normally positive during the daytime over land and negative at night.

4.1 Case 1- No Aerosols

Case 1 simulations built on the setup of the model to examine a haze episode which occurred from 24/11-26/11/2016. This

case modelled the development of boundary layer dynamics on each day (24/11, 25/11 and 26/11) from 8am to 10pm without245

aerosol-radiation interactions. All 3 days were initialised with different meteorological vertical profiles taken from ECMWF-

ERA5 reanalysis data, including potential temperature, wind speed and total water mixing ratio. On 25/11, a stronger tem-

perature inversion existed at 8am compared to on 24/11, while on 26/11 there is a strong vertical wind shear, higher surface

humidity and strong stability (large gradient in θ) in the lowest 300 m (Figure 4). Strong wind shear can cause mechanical

turbulence while a large temperature inversion can prevent the growth of a turbulent boundary layer from buoyancy as the250

heating of the surface air throughout the day is not strong enough to create enough buoyant turbulence to move air parcels

across the strong inversion, resulting in a shallow PBL.
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Figure 5 shows the diurnal profiles of PBL height and SHF for each of the three days compared to observations. On 24/11, a

well mixed PBL develops in the simulation, while ceilometer measurements show a constant PBL throughout the day (Fig.5a).

On 25/11, the PBL is much shallower in both simulated and measured results (Fig. 5b) while on 26/11 the PBL is much slower255

to develop in both simulations and measurements, remaining low until around 13:00 hours where simulated values peak much

higher than observations (Fig.5c). Simulated SHF is similar in magnitude for all 3 days, with a slight decrease in maximum

values from 24/11 to 26/11, while observations show a large decrease in maximum and average daily SHF as the haze episode

continues (Fig 5 d-f). From this we can see that the measurements of diurnal PBL and SHF profiles on each of the days in the

pollution episode have differently shaped PBL and SHF diurnal profiles as well as different magnitudes and maximum values.260

On 26/11, measured PBL height and SHF are lower, suggesting less turbulence. The modelled simulations of each day without

aerosols also show this variation, suggesting that although aerosol-PBL feedback may also influence the changing observed

conditions, initial meteorological conditions have an impact on the maximum values of PBL and SHF as well as the shape of

the diurnal profile.

Figure 5. Simulated (solid line) and observed (dashed line) of PBL height (a-c) and SHF (d-f) for 24/11 (red), 25/11 (blue) and 26/11

(turquoise) where simulations have no aerosols included (Case 1)

The aim of this work is to showcase the development of turbulent dynamics on different days due to initial meteorological265

conditions without the influence of aerosol interactions. While observations are influenced both by meteorology and aerosol

interactions. Therefore, simulations aren’t trying to replicate observations but rather showcase the variation due to meteoro-

logical conditions in Beijing and compare this to observations. The changing conditions used here are typical for a Beijing

haze episode and show that even without the consideration of aerosols, meteorological conditions can largely affect the diurnal

development of boundary layer dynamics. The initial meteorological profiles for the simulations on 24/11 are taken prior to270
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the onset of the haze and are associated with clean conditions. This is likely the reason for the quick turbulent boundary layer

development along with high SHF throughout the day. Observations show that aerosol concentrations begin to build up around

midday on 24/11 and remain constant until the afternoon of 25/11 when concentrations build up rapidly, peaking overnight on

25/11 and remaining high until the afternoon of 26/11. Therefore, the initial conditions used in the simulation of 25/11 will

have been slightly affected by aerosol-radiation interactions of the previous evening.275

4.2 Case 2- High and Low Aerosol Loading

Section 4.1 shows that simulated boundary layer dynamics are impacted by initial meteorological conditions. In the simulations

presented here, the sensitivity of boundary layer dynamics to aerosol loading is examined, where aerosol mixing ratios were

constant throughout the profile. ‘High’ and ‘low’ aerosol loadings were chosen to be similar mass concentrations to what was

observed at 8am on 26/11 and 24/11 respectively, and are detailed in Table 2. This was to approximately simulate aerosol280

conditions from the beginning and end of the haze period. However, aerosol size and composition were kept constant in all

simulations, to minimise the variables examined (Table 3).

Table 4 shows the impact of including high and low aerosol loading on maximum SHF and maximum PBL height between

12:00 and 16:00 LST (Local Standard Time). Compared to ’low’ aerosol loading simulations, high aerosol loading causes the

largest % decrease in PBL height and SHF on 26/11 compared to simulations of 24/11 and 25/11. Ceiliometer measurements285

of PBL height on 26/11 show a delayed development of PBL but a maximum height of 826 m (Fig 5.c), which is between the

maximum PBL height for 26/11 ’high’ (391 m) and ’low’ (1169 m) aerosol loading simulations. On 24/11, the ‘low’ aerosol

loading case simulation had a maximum PBL height of 1088 m while ceiliometer measurements show a maximum PBL height

of 903 m. Therefore, the simulations overestimated the PBL height on 24/11 by a small amount (17 %) and underestimated in

the case of 26/11 by a much larger amount (52 %) (Table 4). Potential reasons for this and a further discussion of these results290

is detailed in section 5.2.

In all cases inclusion of ’high’ aerosol loading causes cooling in the lower planetary boundary layer, and warming above it

(Figure 6). This is due to aerosol-radiation interactions absorbing and scattering incoming SW radiation to reduce the amount

of solar radiation reaching the surface. However, on 24/11 and 26/11, we see a slight warming in the potential profiles for ’Low’295

aerosol loading compared to no aerosol simulations. Aerosols, specifically black carbon, in the atmosphere absorb radiation

to causes warming. Including high aerosol concentrations (220 µg/m3) compared to low aerosol concentrations (55 µg/m3)

maximised this effect. As in these cases aerosols are present at the same concentration through the column, in the ’high’

aerosol case, the aerosols at higher altitudes will interact with incoming SW radiation first, reducing the degree of radiation

available for aerosols-radiation interactions at lower levels. However, in the ’low’ aerosol loading case, there are fewer aerosol-300

radiation interactions at higher altitudes which can result in absorption of BC at lower levels which might be the reason for the

slight warming observed in figure 6.
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Day 24/11 25/11 26/11

Max PBL height (None) 1240 695 1424

Max PBL height (Low) 1088 592 1169

Max PBL height (High) 915 475 391

Max PBL height (Obs) 903 857 826

% decrease in PBL height (High-Low) 16% 20% 67%

% decrease in PBL height (High-None) 26% 32% 73%

Max SHF (None) 148 123 129

Max SHF (Low) 126 97 100

Max SHF (High) 82 64 55

Max SHF (Obs) 111 74 68

% Decrease in SHF (High-Low) 35% 34% 45%

% Decrease in SHF (High-None) 45% 48% 57%

Table 4. Change in maximum PBL height (taken as the height between 12 and 4pm with a maximum gradient in potential temperature) and

SHF for all 3 days with high and low aerosol loading. Observations (obs) are taken from ceiliometer data (PBL height) and calculated fluxes

(SHF) as part of the APHH Beijing campaign

For the case of 25/11, the PBL is low and a temperature inversion of ∼ 4 K at 5pm exists for simulations without aerosols

increasing to ∼ 6 K when aerosols are included (Figure 6). This is likely due to the strong temperature inversion in the initial

meteorological conditions of ∼ 10 K at 8am (Figure 4) which means that SW heating of the surface is not strong enough to305

fully break the temperature inversion and allow the growth of a fully turbulent PBL. Furthermore, when aerosols interact with

radiation there is even less SW heating of the surface to break the temperature inversion and PBL growth is suppressed further.

The morning temperature inversion observed on 25/11 is likely due to a mix of synoptic conditions, and aerosols from the

previous day causing cooling. These conditions are typical in haze episodes of Beijing and can lead to enhanced stagnation

events.310

For the 26/11 simulations, there is a very large (67 %) decrease in PBL height for ’high’ aerosol loading compared to ’low’

aerosol loading conditions. This is much greater than the decrease on both 24/11 (16 %) and 25/11 (20 %). A potential reason

for this, might be the impact of aerosols on wind speeds which can reduce shear turbulence. This greater impact of aerosols

on 26/11 PBL dynamics suggests that initial meteorological conditions have an impact on the magnitude of the aerosol-PBL

feedback. However, in the simulations performed here, aerosol mass concentrations are high throughout the column to model315

top (1800 m). In reality, aerosols are more concentrated at the surface, particularly in the morning when the mixing layer

is shallow. As the PBL develops they become vertically mixed within the layer with concentrations normally decreasing

significantly above the PBL. Therefore, inclusion of high aerosols at higher altitudes in case 2 simulations are unrealistic

and aerosol-radiation interactions near model top (above the PBL) on 26/11 may be the reason for such a large decrease in
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Figure 6. Potential temperature profiles at 5pm for 24/11, 25/11 and 26/11, with no aerosols (red), low aerosol loading (blue) and high

aerosol loading(turquoise)

PBL height under high aerosol loading which is not represented in ceilometer observations. Therefore, in the next section we320

examined the impact of aerosol vertical profiles on aerosol-PBL interactions under ’high’ and ’low’ aerosol loading for 24/11

and 26/11.

4.3 Case 3- Aerosol Vertical Profiles

In these simulations, we investigate the impact of including aerosol vertical profiles for ‘high’ and ‘low’ aerosol loading cases

on 24/11 and 26/11. These two days were chosen as a direct comparison study as in simulation results presented in section325

4.1 they both had deep turbulent PBL’s develop, while 25/11 was impacted by a strong morning temperature inversion (Figure

5). The main aim of this work is to examine what effect different aerosol loadings at high altitudes had on PBL development

and therefore examination of the days where the PBL fully developed without aerosol inclusion was chosen to understand this

effect of aerosols at high loading on PBL development.
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Figure 7. Aerosol mass mixing ratio vertical profiles for low and high aerosol loading simulations on 26/11, for constant aerosol profile (red

(A)) and vertically varying aerosol profiles (blue (B)) at initial timestep (solid) and after 9 hours simulation (dashed). For the case of the

constant vertical profiles (red lines), aerosol mass mixing ratio remains constant through time and so the dashed red lines are hidden behind

the solid red

Figure 7 outlines both the varied (blue) and constant (red) vertical aerosol profiles initialised for ‘low’ and ‘high’ aerosol330

loading in case 3 (solid line). For the varied aerosol vertical profiles, as the simulated PBL develops, the aerosols become

vertically mixed through the column. Initially aerosols at the surface are vertically mixed up to 300 m. In ‘low’ aerosol loading

simulations on 26/11, by 5pm aerosols have mixed through the lowest 1000 m of the column while in high aerosol loading

simulations they are only vertically mixed up to 600 m. When aerosols are well mixed vertically, they are less concentrated at

the surface, which has implications for health, as well as reducing the intensity of aerosol-radiative feedback on PBL dynamics.335

The variation of the aerosol vertical profiles on the different days demonstrates the impact of boundary layer meteorology on

surface aerosol concentrations, which is an essential component of the aerosol-PBL feedback (Figure 1). A shallow boundary

layer will lead to more aerosols concentrated at the surface, stronger aerosol-radiation interactions and further suppression of

PBL development.

Day 24/11 26/11

Max PBL height (Model) 1111 993

Max PBL height (Obs) 903 826

% difference 17.6 16.8

Table 5. Differences in maximum PBL height (taken as the height with the largest gradient in θ) between 12 and 4pm for 24/11 (low vertical

profile) and 26/11 (high loading vertical profile) simulations and comparison with observations (taken from ceiliometer measurements)
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Table 5 shows the differences in maximum PBL height for simulations with vertical profiles of 24/11 with ’low’ aerosol340

loading and of 26/11 with ’high’ aerosol loading, both with initial aerosol vertical profiles as show in figure 7 (blue lines).

These simulations can be considered to have aerosol conditions closest to those observed. Therefore, we compare the maximum

PBL height (m) with those taken using a ceiliometer at the IAP site during the APHH Beijing campaign. Results show that for

maximum PBL height on each day the model overestimates PBL height by ∼ 17 %.

Figure 8 compares results from section 4.2 and 4.3, showing the variation in potential temperature (θ), wind speed (WS),345

and diurnal PBL height, SHF and variance in vertical velocity (σw2) at 100 m, for simulations on 24/11 and 26/11 with ’high’

and ’low’ aerosol loading, and ’high’ aerosol loading vertical profile simulations (Figure 7). We then compare the diurnal

profiles to observations taken at the IAP site. Comparing ’high’ aerosol loading (blue lines) with ’high (vprof)’ (turquoise

lines) simulations shows that the effect of varied vertical profiles on potential temperature profiles on 24/11 (Fig. 8a) and 26/11

(Fig. 8d) is a reduction in the strength of the temperature inversion, less cooling in the PBL and a higher PBL top for the ’high350

vertical profile’ simulations compared to the ’high’ aerosol loading simulations. On 26/11, this effect is significant, where

maximum PBL height is 993 m for the ‘high-vertical profile’ aerosol simulations and 391 m for ‘high’ aerosol (Table 4 and

5). The maximum PBL height in the ’high-vertical profile’ simulations are also closer to observed maximum value of 903 m

for 24/11 and 826 m for 26/11 (Table 5) and simulations including the vertical profile are also closer to observed PBL and

SHF diurnal variations, compared to ’high’ aerosol loading simulations (Figure 8). For the case of 26/11, figure 8 (θ) shows355

that there are 3 distinct layers in the vertical profile for high aerosol loading at 5pm. A neutral layer up to around 300 m,

followed by a stable layer up to 1000 m and a neutral layer to model top. For the low aerosol loading there is a neutral layer

up to 1100 m followed by a slightly stable layer to model top. In these simulations, high aerosol loading leads to a reduction

in θ and wind speed at the surface layer and increases it above the PBL compared to low aerosol loading. Figure 8 (k-i) shows

the variance in vertical velocity (σw2) at 100 m for all simulations compared to observations. σw2 can be used to describe360

the level of turbulence within a layer, with higher values relating to a larger amount of turbulent motion (Wang et al., 2019).

Model simulations generally show the diurnal variation of σw2 well compared to observations, with ’high’ and ’high-vprof’

simulations having a much smaller maximum value compared to ’low’ aerosol loading simulations.
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Figure 8. Potential Temperature (a and d), Wind Speed (b and e) and Aerosol Mass Mixing Ratios (c and f) profiles for 24/11 (a-c) and 26/11

(d-f) for low (red), high (blue) and high vertical profile (turquoise) simulations at 5pm (9 hours of simulation). Right panel - PBL height (g

and h), SHF (i and j) and σw2 (k and l) for simulations on 24/11 (g, i and k) and 26/11 (h, j and l) for low (red), high (blue) and high vertical

profile (turquoise) and observations (black dots)

To investigate further the effect of aerosol vertical profiles and loading on PBL dynamics, we plotted variance in vertical

velocity (σw2) for case 2 and case 3 simulations as a function of height and time (Figure 10). Figure 10 shows horizontal365

domain averages of σw2 for case 2 ‘low’ (a and e) and ‘high’ (b and f) aerosol loadings and case 3 ‘high-vprof’ (c and g)

aerosol loading simulations. The results show that for case 2 ‘high’ aerosol loading simulations (Fig. 9b and f) on both days

there is strong turbulent layer (σw2 > 0.2 m2/s2) that develops at high altitudes (1200-1600 m). In previous studies, which use

Doppler Lidar to extrapolate PBL height a σw2 > 0.1 m2/s2 can be used to describe a layer within the PBL (turbulent layer)

(Wang et al., 2019). This highly turbulent layer can therefore be considered unusual as ordinarily through the day the PBL370

will be turbulent (unstable) but the area above the PBL will be extremely stable with low turbulence, like in the ‘low’ aerosol

loading cases (Fig. 9a and 9e).

Plots of σw2 for case 3 ‘high’ simulations (Fig. 9c and g) show a much smaller layer of turbulence (high σw2) between

1200-1600 m compared to case 2 ‘high’ simulations. Figure 9 (d and h) shows the difference in σw2 between the ’high-vprof’

(c and g) and ’high’ (b and f) simulations for both 24/11 (Fig. 9d) and 26/11 (Fig. 9h). This shows that including the vertical375

profile of aerosol simulations in the ’high’ aerosol loading cases, reduces turbulence at model top for both days and increases
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Figure 9. Variance in vertical velocity (σ2
w) for simulations on 24/11 (a-d) and 26/11 (e-h) for case 2 ’low’ (a and e) and ’high’ (b and f)

aerosol loading simulations and for case 3 ’high-vprof’ (c and g) simulations. Panels d and f are difference plots showing ’high-vprof’ -

’high’ aerosol loading simulations

turbulence within the PBL (0-500 m). This indicates that the reason for the strong turbulence at model top seen in Fig. 9b and

9f is due to high aerosol loading and strong aerosol-radiation interactions within this layer in case 2 ‘high’ simulations. This

might alter the thermal profile of the atmosphere and reduce turbulence within the PBL, inhibiting growth. On 26/11 this effect

is very strong, which may be the reason for the large reduction in PBL height for case 2 ‘high’ simulations (Table 4). However,380

it is unusual for such high concentrations of aerosols to be present above PBL top and therefore the turbulent effect for case 2

‘high’ aerosol loading may be considered an artefact of the unrealistic constant aerosol profiles.

5 Discussion

The results highlighted above show the use of a novel coupled LES-aerosol radiation model to investigate haze in the urban

environment of Beijing. Simulated sensitivity to urban surface parameters is high and these will be different for other urban385

locations. It is therefore necessary to evaluate and tune these parameters to observations in specific environments in order to

use an LES model to fully explore boundary layer dynamic sensitivities. Aerosol-radiation interactions were tested for the first

time in the model framework and showed that sensitivity of boundary layer meteorology and turbulence to aerosol loading was

strong while also being dependent on initial meteorological conditions.

5.1 Sensitivity to meteorology390

Section 4.1 identifies the importance of meteorological conditions on boundary layer dynamics throughout the day. Many

observations in Beijing found that meteorological conditions are a main driver of both the onset and longevity of haze. Large

20

Chapter 4 | Papers

101



scale synoptic conditions such as southerly winds and low pressure often preempt pollution episodes which tend to occur

every 4-7 days in Beijing wintertime (Liu et al., 2018a; Wang et al., 2019). These conditions are associated with the beginning

of ‘haze’ as the switch in meteorological conditions from strong northwesterly to southerly winds advects pollution from395

surrounding provinces into Beijing. This change is also associated with the convergence of winds aloft which causes air to

subside and warm, leading to a temperature inversion over urban Beijing (Gao et al., 2016).

Aerosol-radiation interactions reduce the amount of solar radiation reaching the surface which causes cooling, simultane-

ously black carbon aerosols will absorb radiation at PBL top. Although absorption by black carbon (BC) occurs throughout

the column, several studies have shown that due to the higher incidence of solar radiation and lower density of air, BC causes400

warming at PBL top to a greater extent than at the surface (Ding et al., 2016). Overall, this causes a temperature inversion dur-

ing periods where pollution is high and causes a shallow PBL to form during the day. This leads to stagnant conditions and can

affect the meteorology of the next day, particularly when aerosols are suppressed in a shallow PBL. Additionally, during winter

in Beijing, changes in pressure frequently cause warm polluted air to converge with cold clean air to create a layer of cold air

under a layer of warm air, known as a temperature inversion. These conditions often preempt pollution episodes in Beijing and405

favour the accumulation of pollutants in a shallow boundary layer. These factors may cause the strong temperature inversion in

the morning observed on both 25/11 compared to 24/11, which results in a shallow turbulent boundary layer forming in these

simulations (Sun et al., 2016; Wang et al., 2017, 2018; Dang and Liao, 2019; Wang et al., 2019; Xiang et al., 2019).

On 26/11 (8 am), there is strong vertical wind shear, with slow wind speeds at the surface and strong winds above the PBL.

In wintertime Beijing, strong winds from the North are often synonymous with the end of haze episodes, through causing410

the dissipation of pollutants and breaking the aerosol-PBL feedback loop. However, often the strong winds aloft will take a

while to become entrained into the PBL, particularly when there is a strong temperature inversion and an extremely stable

boundary layer. This can result in delayed development of the PBL as it takes a while for the strong winds to become entrained

into the PBL. When this does occur, pollutants will quickly become dispersed and the PBL will grow strongly through both

mechanical and buoyant turbulent motion (Wang et al., 2019). This is most likely the reason for the slow PBL development in415

both observations and case 1 simulations of 26/11 outlined in section 4.1.

Overall, the 3 days examined have different synoptic influences which result in different PBL dynamical conditions through-

out the day. These changing conditions in turn influence the distribution and interactions of air pollutants, including aerosol-

radiation interactions.

5.2 Sensitivity to aerosol loading420

Aerosols alter the thermal profile of the atmosphere through absorbing and scattering solar radiation. The strength and type of

the aerosol interactions is dependent on aerosol size, composition and loading. The influence this has on the thermal profile of

the atmosphere is also affected by the vertical distribution of aerosols through the column as well as the total column aerosol
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optical depth (AOD). In section 4.2, we outlined results examining the effect of aerosol loading on PBL dynamics for different

days of a pollution episode. Other factors include changing aerosol size and composition which vary both during and between425

haze episodes. These factors may strongly impact aerosol-radiation interactions and a limitation of the work performed here is

that these are not examined.

However, the results outlined in section 4.2 do show that high aerosol loading reduces turbulence and PBL height and

increases temperature inversions at PBL top through causing cooling at the surface. In the case of 26/11, there is a much larger

decrease in maximum PBL height (67 %) for high vs low aerosol loading simulations compared to both 24/11 (16 %) and 25/11430

(20 %), even though the range in SHF % decrease between the days is not as large (45 % to 57 %). This indicates that although

high aerosol loading on 26/11 has a large impact on the thermal profile of the atmosphere, reducing buoyant turbulence and

the sensible heat flux by a larger amount compared to simulations on 24/11 and 25/11, other factors may be causing the large

reduction in maximum PBL height.

Turbulence can be produced through the processes of wind shear and convection (movement of hot air). The wind shear435

term typically only becomes important at the surface when convection is minimal, such as when there is high stability in the

PBL (Stull, 2015). On 26/11 there is strong wind shear and the lower PBL is stable. Therefore, it is likely that turbulence in

simulations of 26/11 with no and ‘low’ aerosol loading is driven by both wind shear and convection. High aerosol loading will

interact with solar radiation to reduce convection of air at the surface, reducing turbulence. However, high aerosol loading can

also reduce surface wind speeds. High aerosol concentrations are known to stabilise the boundary layer through the reduction440

of vertical transport of momentum to the surface (Jacobson and Kaufman, 2006). This can reduce wind speeds at lower altitudes

and thus decrease wind shear. High aerosol loading also causes a reduction in the variance of vertical velocity (σ2
w), which can

be considered a measure of turbulence (Stull, 2015).

In section 4.2 we show that high aerosol throughout the column causes warming in the upper layers and cooling in the lower

layers, which causes strong stability throughout the profile. In reality, aerosols tend to be concentrated closer to the surface445

and within the boundary layer, although occasionally in Beijing regional transport can lead to higher aerosol concentrations

aloft. Therefore, although the impact of aerosols at high altitudes may cause a strong reduction in turbulence on certain days

as described in section 4.2, these types of conditions are unlikely to occur in Beijing and so should be treated with caution and

as potential artefact of the model setup.

5.3 Vertical profiles450

Results from section 4.2 showcase the variation in aerosol-PBL feedback due to different aerosol mass loadings as well as

differences in initial meteorological conditions. As discussed in section 4.4, compared to ceiliometer measurements, simulated

PBL height on 26/11 under ‘high’ aerosol loading condition is much lower.

Including vertical aerosol profiles allowed for examination of the effect of aerosol loading in the surface layer compared to

aerosol loading aloft. When there is a reduction in high aerosol loading aloft, there is a smaller reduction in maximum PBL455
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height on both 24/11 and 26/11. However, this might be more of an impact of a lower total column aerosol loading during the

case 3 simulations than the impact of aerosols aloft. The difference in vertical velocity, particularly in the 1200-1600 m layer

in 26/11 ‘high’ loading simulations is likely due to the aerosols aloft. This work outlines the relative importance of aerosol

vertical profiles on understanding the magnitude of the aerosol-PBL feedback.

A recent study by Su et al. (2020) shows the importance of aerosol vertical profiles on the aerosol-PBL feedback. Their460

work examines three different vertical profiles of the aerosol extinction coefficient and examines the impact on PBL dynamics.

Their results show that when aerosol extinction increases with height, there is a larger decrease in buoyancy and PBL height

compared to when aerosols are more concentrated at the surface. Our work also finds that aerosol vertical profiles have an

impact on bouyancy and the magnitude of the aerosol-PBL feedback effect. However, in the results presented here there is

no variation of aerosol composition vertically in the column. The BC warming effect has been shown to be stronger at higher465

altitudes due to both the higher strength of solar radiation and lower density of air (Ding et al., 2016). Furthermore, aerosols

aloft interact with solar radiation, which reduces the amount of solar radiation available for both heating of the surface and for

interacting with aerosols in lower layers within the PBL. Consequently, in simulations with ’high’ aerosol loading aloft, the

large degree of cooling at the surface is likely due to the strong interactions of aerosols at higher altitudes. This identifies the

importance of including accurate aerosol vertical profiles.470

5.4 Model Limitations

Case 3 examined the impact of meteorological feedback on aerosol vertical mixing for high and low aerosol loading simulations

by including aerosol vertical profiles on 24/11 and 26/11. It should be noted from the varied aerosol vertical profile simulations

that total aerosol mass mixing ratio decreases by about 5 % over the course of the day. This is despite dry deposition not

being included in these simulations. This is a result of UCLALES-SALSA using the Ogura-Philips anelastic approximation475

for filtering out acoustic waves. The approximation assumes that there are only small variations in pressure and density from

static reference values over time. Throughout the day, surface fluxes increase air temperature, while subsidence of air at the

model top decreases density (Ogura and Phillips, 1962; Byun, 1999; Pressel et al., 2015). The limitations of the anelastic

approximation mean that these changes do not fully feed back to change pressure, and fixed boundary conditions mean that

volume remains constant. As the model holds to constant volume rather then constant mass, when SALSA aerosol mass tracers480

are pulled downward, the total air mass increases while the mass of aerosols remain the same, this causes the apparent decrease

in aerosol mass mixing ratio (Figure 7). We consider this to be a limitation of using a meteorological model for air quality

analysis, however as the relative reduction is the same for different meteorological conditions, comparisons between different

cases can still be performed.

6 Conclusions485

UCLALES-SALSA was set up to model an urban environment for the first time, in order to investigate the impact of aerosol-

radiation interactions on urban haze. During set up, sensitivity to urban surface parameters was shown to be high, and accounted
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for the slower release of heat throughout the day as observed in urban Beijing. Inclusion of a diurnal anthropogenic heat flux in

simulations resulted in a warmer environment typical of an urban heat island. Given the sensitivity to such parameters, accurate

measurements of these properties can be considered paramount in order to improve modelling of the urban environment.490

Turbulent motion throughout the day in each simulation is further impacted by initial meteorological profiles. Conditions

associated with clean periods in Beijing allow for the development of a highly turbulent boundary layer, while strong morning

temperature inversions prevent the growth of a turbulent boundary layer throughout the day. High aerosol concentrations in

all cases decreases surface SHF, σw2 and PBL height, as well as causing cooling at the surface and reducing surface wind

speeds. While in some cases, ’low’ aerosol loading resulted in a slight warming in the PBL due to the effect of BC absorption.495

All simulations also show large sensitivity to aerosol loading, with more than a third reduction in SHF due to high aerosol

loading in all simulations. Through comparing simulations with and without aerosol vertical profiles we observe that on 26/11

the simulated development of a turbulent boundary layer in the afternoon is impacted by high aerosol loading aloft (section

4.3).

The sensitivity work outlined above aims to isolate the aerosol and dynamical effects on pollution episodes through using500

a specific period with varying meteorological conditions and simplified aerosol conditions. LES models are limited in their

ability to represent changing synoptic conditions without additionally forcing or nudging simulated profiles with mesoscale

model results or through observations. However, these simulations do show the sensitivity to and importance of meteorological

conditions on the development of boundary layer turbulence in Beijing. As well as assessing the importance of aerosol loading

on the aerosol-meteorology feedback loop and the impact on PBL turbulent statistics. The aerosol feedback loop is thought to505

have the largest impact on haze episodes during the cumulative and dissipation stages of the pollution episode. Future work will

focus particularly on these stages and the impact of aerosol-radiation-meteorology interactions. As aerosol optical properties

play an important role in the feedback, future work will also take advantage of the SALSA framework to vary aerosol optical

properties in a case study of Beijing haze.
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Ács, F., Mihailović, D. T., and Rajković, B.: A Coupled Soil Moisture and Surface Temperature Prediction Model,

https://doi.org/10.1175/1520-0450(1991), 1991.

Andrejczuk, M., Gadian, A., and Blyth, A.: Numerical simulations of stratocumulus cloud response to aerosol perturbation, Atmospheric

Research, 140-141, 76–84, https://doi.org/10.1016/j.atmosres.2014.01.006, 2014.525

Bellon, G. and Stevens, B.: Using the sensitivity of large-eddy simulations to evaluate atmospheric boundary layer models, Journal of the

Atmospheric Sciences, 69, 1582–1601, https://doi.org/10.1175/JAS-D-11-0160.1, 2012.

Bond, T. C. and Bergstrom, R. W.: Light absorption by carbonaceous particles: An investigative review, Aerosol Science and Technology,

40, 27–67, https://doi.org/10.1080/02786820500421521, 2006.

Byun, D. W.: Dynamically consistent formulations in meteorological and air quality models for multiscale atmospheric stud-530

ies. Part II: Mass conservation issues, Journal of the Atmospheric Sciences, 56, 3808–3820, https://doi.org/10.1175/1520-

0469(1999)056<3808:DCFIMA>2.0.CO;2, 1999.

Dang, R. and Liao, H.: Severe winter haze days in the Beijing-Tianjin-Hebei region from 1985ndash;2017 and the roles of anthropogenic

emissions and meteorological parameters, Atmospheric Chemistry and Physics Discussions, 5, 1–31, https://doi.org/10.5194/acp-2019-

306, 2019.535

Ding, A. J., Huang, X., Nie, W., Sun, J. N., Kerminen, V. M., Petäjä, T., Su, H., Cheng, Y. F., Yang, X. Q., Wang, M. H., Chi, X. G.,

Wang, J. P., Virkkula, A., Guo, W. D., Yuan, J., Wang, S. Y., Zhang, R. J., Wu, Y. F., Song, Y., Zhu, T., Zilitinkevich, S., Kulmala,

M., and Fu, C. B.: Enhanced haze pollution by black carbon in megacities in China, Geophysical Research Letters, 43, 2873–2879,

https://doi.org/10.1002/2016GL067745, 2016.

Dou, J., Wang, Y., Bornstein, R., and Miao, S.: Observed spatial characteristics of Beijing urban climate impacts on summer thunderstorms,540

Journal of Applied Meteorology and Climatology, 54, 94–105, https://doi.org/10.1175/JAMC-D-13-0355.1, 2015.

Dou, J., Grimmond, S., Cheng, Z., Miao, S., Feng, D., and Liao, M.: Summertime surface energy balance fluxes at two Beijing sites,

International Journal of Climatology, 39, 2793–2810, https://doi.org/10.1002/joc.5989, 2019.

Fu, Q. and Liou, K. N.: Parameterization of the Radiative Properties of Cirrus Clouds, https://doi.org/10.1175/1520-

0469(1993)050<2008:POTRPO>2.0.CO;2, 1993.545

Gao, M., Carmichael, G. R., Wang, Y., Saide, P. E., Yu, M., Xin, J., Liu, Z., and Wang, Z.: Modeling study of the 2010 regional haze event

in the North China Plain, Atmospheric Chemistry and Physics, 16, 1673–1691, https://doi.org/10.5194/acp-16-1673-2016, 2016.

Gao, Y., Zhang, M., Liu, Z., Wang, L., Wang, P., Xia, X., Tao, M., and Zhu, L.: Modeling the feedback between aerosol and meteorological

variables in the atmospheric boundary layer during a severe fog-haze event over the North China Plain, Atmospheric Chemistry and

Physics, 15, 4279–4295, https://doi.org/10.5194/acp-15-4279-2015, 2015.550

Grimmond, C. S. B. and Oke, T. R.: Heat Storage in Urban Areas: Local-Scale Observations and Evaluation of a Simple Model, Journal of

Applied Meteorology, 38, 922–940, https://doi.org/10.1175/1520-0450(1999)038<0922:HSIUAL>2.0.CO;2, 1999.

Hu, D., Yang, L., Zhou, J., and Deng, L.: Estimation of urban energy heat flux and anthropogenic heat discharge using aster

image and meteorological data: case study in Beijing metropolitan area, Journal of Applied Remote Sensing, 6, 063 559–1,

https://doi.org/10.1117/1.JRS.6.063559, 2012.555

Ikeda, R., Kusaka, H., Iizuka, S., and Boku, T.: Development of Urban Meteorological LES model for thermal environment at city scale,

ICUC9 - 9th International Conference on Urban Climate jointly with 12th Symposium on the Urban Environment Development, 2012.

26

Chapter 4 | Papers

107



Jacobson, M. Z. and Kaufman, Y. J.: Wind reduction by aerosol particles, Geophysical Research Letters, 33, 1–6,

https://doi.org/10.1029/2006GL027838, 2006.

Kokkola, H., Korhonen, H., Lehtinen, K. E. J., Makkonen, R., Asmi, A., Järvenoja, S., Anttila, T., Partanen, A.-I. I., Kulmala, M., Järvinen,560

H., Laaksonen, A., and Kerminen, V.-M. M.: SALSA - a sectional aerosol module for large scale applications, Atmospheric Chemistry

and Physics, 8, 2469–2483, https://doi.org/10.5194/acp-8-2469-2008, 2008.

Kokkola, H., Kuhn, T., Laakso, A., Bergman, T., Lehtinen, K., Mielonen, T., Arola, A., Stadtler, S., Korhonen, H., Ferrachat, S., Lohmann,

U., and Neubauer, D.: SALSA 2.0 : The sectional aerosol module of the aerosol – chemistry – climate model ECHAM6.3.0-HAM2

.3-MOZ1.0, Geoscientific Model Development, 11, 3833–3863, 2018.565

Liu, B., Ma, Y., Gong, W., Zhang, M., and Shi, Y.: The relationship between black carbon and atmospheric boundary layer height, Atmo-

spheric Pollution Research, 10, 65–72, https://doi.org/10.1016/j.apr.2018.06.007, https://doi.org/10.1016/j.apr.2018.06.007, 2019.

Liu, C., Huang, J., Fedorovich, E., Hu, X.-M., Wang, Y., and Lee, X.: The Effect of Aerosol Radiative Heating on Turbulence

Statistics and Spectra in the Atmospheric Convective Boundary Layer: A Large-Eddy Simulation Study, Atmosphere, 9, 347,

https://doi.org/10.3390/atmos9090347, 2018a.570

Liu, Q., Ma, T., Olson, M. R., Liu, Y., Zhang, T., Wu, Y., and Schauer, J. J.: Temporal variations of black carbon during haze and non-haze

days in Beijing, Scientific Reports, 6, https://doi.org/10.1038/srep33331, 2016.

Liu, Q., Jia, X., Quan, J., Li, J., Li, X., Wu, Y., Chen, D., Wang, Z., and Liu, Y.: New positive feedback mechanism between boundary layer

meteorology and secondary aerosol formation during severe haze events, Scientific Reports, 8, 1–8, https://doi.org/10.1038/s41598-018-

24366-3, 2018b.575

Luan, T., Guo, X., Guo, L., and Zhang, T.: Quantifying the relationship between PM2.5 concentration, visibility and planetary bound-

ary layer height for long-lasting haze and fog-haze mixed events in Beijing, Atmospheric Chemistry and Physics, 18, 203–225,

https://doi.org/10.5194/acp-18-203-2018, 2018.

Mazoyer, M., Lac, C., Thouron, O., Bergot, T., Masson, V., and Musson-Genon, L.: Large eddy simulation of radiation fog: impact of

dynamics on the fog life cycle, Atmos. Chem. Phys., 17, 13 017–13 035, https://doi.org/10.5194/acp-17-13017-2017, 2017.580

Mukherjee, S., Schalkwijk, J., and Jonker, H. J. J.: Predictability of dry convective boundary layers: an LES study, Journal of the Atmospheric

Sciences, 73, 2715–2725, https://doi.org/10.1175/JAS-D-15-0206.1, 2016.

Ogura, Y. and Phillips, N. A.: Scale Analysis of Deep and Shallow Convection in the Atmosphere, https://doi.org/10.1175/1520-

0469(1962)019<0173:saodas>2.0.co;2, 1962.

Oke, T.: The energetic basis of the urban heat island, Quarterly Journal of the Royal Meteorological Society, 108, 1–24, 1982.585

Petäjä, T., Järvi, L., Kerminen, V.-M., Ding, A. J., Sun, J. N., Nie, W., Kujansuu, J., Virkkula, A., Yang, X., Fu, C. B., Zilitinke-

vich, S., and Kulmala, M.: Enhanced air pollution via aerosol-boundary layer feedback in China., Scientific reports, 6, 18 998,

https://doi.org/10.1038/srep18998, 2016.

Pressel, K., Kaul, C., Schneider, T., Tan, Z., and Mishra, S.: Large eddy simulation in an anelastic framework with closed water and entropy

balances, Journal of Advances in Modeling Earth Systems, 7, 1425–1456, https://doi.org/10.1002/2017MS001065, 2015.590

Schwarz, N., Lautenbach, S., and Seppelt, R.: Exploring indicators for quantifying surface urban heat islands of European cities with MODIS

land surface temperatures, Remote Sensing of Environment, 115, 3175–3186, https://doi.org/10.1016/j.rse.2011.07.003, 2011.

Shi, Z., Vu, T., Kotthaus, S., Harrison, R. M., Grimmond, S., Yue, S., Zhu, T., Lee, J., Han, Y., Demuzere, M., Dunmore, R. E., Ren, L.,

Liu, D., Wang, Y., Wild, O., Allan, J., Joe Acton, W., Barlow, J., Barratt, B., Beddows, D., Bloss, W. J., Calzolai, G., Carruthers, D.,

Carslaw, D. C., Chan, Q., Chatzidiakou, L., Chen, Y., Crilley, L., Coe, H., Dai, T., Doherty, R., Duan, F., Fu, P., Ge, B., Ge, M., Guan, D.,595

27

Chapter 4 | Papers

108



Hamilton, J. F., He, K., Heal, M., Heard, D., Nicholas Hewitt, C., Hollaway, M., Hu, M., Ji, D., Jiang, X., Jones, R., Kalberer, M., Kelly,

F. J., Kramer, L., Langford, B., Lin, C., Lewis, A. C., Li, J., Li, W., Liu, H., Liu, J., Loh, M., Lu, K., Lucarelli, F., Mann, G., McFiggans,

G., Miller, M. R., Mills, G., Monk, P., Nemitz, E., O’Connor, F., Ouyang, B., Palmer, P. I., Percival, C., Popoola, O., Reeves, C., Rickard,

A. R., Shao, L., Shi, G., Spracklen, D., Stevenson, D., Sun, Y., Sun, Z., Tao, S., Tong, S., Wang, Q., Wang, W., Wang, X., Wang, X., Wang,

Z., Wei, L., Whalley, L., Wu, X., Wu, Z., Xie, P., Yang, F., Zhang, Q., Zhang, Y., Zhang, Y., and Zheng, M.: Introduction to the special600

issue "in-depth study of air pollution sources and processes within Beijing and its surrounding region (APHH-Beijing)", Atmospheric

Chemistry and Physics, 19, 7519–7546, https://doi.org/10.5194/acp-19-7519-2019, 2019.

Stevens, B., Lenschow, D. H., Vali, G., Gerber, H., Bandy, A., Blomquist, B., Brenguier, J. L., Bretherton, C. S., Burnet, F., Campos, T.,

Chai, S., Faloona, I., Friesen, D., Haimov, S., Laursen, K., Lilly, D. K., Loehrer, S. M., Malinowski, S. P., Morley, B., Petters, M. D.,

Rogers, D. C., Russell, L., Savic-Jovcic, V., Snider, J. R., Straub, D., Szumowski, M. J., Takagi, H., Thornton, D. C., Tschudi, M., Twohy,605

C., Wetzel, M., and Van Zanten, M. C.: Dynamics and Chemistry of Marine Stratocumulus - DYCOMS-II, Bulletin of the American

Meteorological Society, 84, 579–593, https://doi.org/10.1175/BAMS-84-5-579, 2003.

Stevens, B., Moeng, C.-H., Ackerman, A. S., Bretherton, C. S., Chlond, A., de Roode, S., Edwards, J., Golaz, J.-C., Jiang, H.,

Khairoutdinov, M., Kirkpatrick, M. P., Lewellen, D. C., Lock, A., Müller, F., Stevens, D. E., Whelan, E., and Zhu, P.: Evalua-

tion of Large-Eddy Simulations via Observations of Nocturnal Marine Stratocumulus, Monthly Weather Review, 133, 1443–1462,610

https://doi.org/10.1175/MWR2930.1, 2005.

Stull, R.: Atmospheric Boundary Layer, in: Practical Meteorology: An Algebra-based Survey of Atmospheric Science, pp. 453–458,

https://doi.org/10.1175/BAMS-89-4-453, 2015.

Su, T., Li, Z., Li, C., Li, J., Han, W., Shen, C., Tan, W., Wei, J., and Guo, J.: The significant impact of aerosol vertical structure on lower

atmosphere stability and its critical role in aerosol8211;planetary boundary layer (PBL) interactions, Atmospheric Chemistry and Physics,615

20, 3713–3724, https://doi.org/10.5194/acp-20-3713-2020, 2020.

Sullivan, P. P. and Patton, E. G.: The Effect of Mesh Resolution on Convective Boundary Layer Statistics and Structures Generated by

Large-Eddy Simulation, Journal of the Atmospheric Sciences, 68, 2395–2415, https://doi.org/10.1175/JAS-D-10-05010.1, 2011.

Sun, Y., Wang, Z., Wild, O., Xu, W., Chen, C., Fu, P., Du, W., Zhou, L., Zhang, Q., Han, T., Wang, Q., Pan, X., Zheng, H., Li, J., Guo,

X., Liu, J., and Worsnop, D. R.: "APEC Blue": Secondary Aerosol Reductions from Emission Controls in Beijing., Scientific reports, 6,620

20 668, https://doi.org/10.1038/srep20668, http://www.nature.com/srep/2016/160218/srep20668/full/srep20668.html, 2016.

Takebayashi, H. and Moriyama, M.: Study on Surface Heat Budget of Various Pavements for Urban Heat Island Mitigation, Advances in

Materials Science and Engineering, https://doi.org/10.1155/2012/523051, 2012.

Tong, S., Wong, N. H., Tan, C. L., Jusuf, S. K., Ignatius, M., and Tan, E.: Impact of urban morphology on microclimate and thermal comfort

in northern China, Solar Energy, 155, 212–223, https://doi.org/10.1016/j.solener.2017.06.027, 2017.625

Tonttila, J., Maalick, Z., Raatikainen, T., Kokkola, H., Kühn, T., and Romakkaniemi, S.: UCLALES-SALSA v1.0: a large-eddy

model with interactive sectional microphysics for aerosols, clouds and drizzle, Geoscientific Model Development, 10, 169–188,

https://doi.org/10.5194/gmd-10-169-2017, 2017.

Wang, L., Liu, J., Gao, Z., Li, Y., Huang, M., Fan, S., Zhang, X., Yang, Y., Miao, S., Zou, H., Sun, Y., Chen, Y., and Yang, T.: Vertical

observations of the atmospheric boundary layer structure over Beijing urban area during air pollution episodes, Atmospheric Chemistry630

and Physics, 19, 6949–6967, https://doi.org/10.5194/acp-19-6949-2019, 2019.

28

Chapter 4 | Papers

109



Wang, Y., Cheng, K., Wu, W., Tian, H., Yi, P., Zhi, G., Fan, J., and Liu, S.: Atmospheric emissions of typical toxic heavy metals from

open burning of municipal solid waste in China, Atmospheric Environment, 152, 6–15, https://doi.org/10.1016/j.atmosenv.2016.12.017,

http://linkinghub.elsevier.com/retrieve/pii/S1352231016309761, 2017.

Wang, Z., Huang, X., and Ding, A.: Dome effect of black carbon and its key influencing factors: A one-dimensional modelling study,635

Atmospheric Chemistry and Physics, 18, 2821–2834, https://doi.org/10.5194/acp-18-2821-2018, 2018.

Wu, J., Bei, N., Hu, B., Liu, S., Zhou, M., Wang, Q., Li, X., Liu, L., Feng, T., Liu, Z., Wang, Y., Cao, J., Tie, X., Wang, J., Molina, L. T.,

Li, G., Chemistry, A., Physics, A., Engineering, B., City, I., and Jolla, L.: Aerosol-radiation feedback deteriorates the wintertime haze in

North China Plain, Atmospheric Chemistry and Physics Discussions, pp. 1–50, 2019.

Xiang, Y., Zhang, T., Liu, J., Lv, L., Dong, Y., and Chen, Z.: Atmosphere boundary layer height and its effect on air pollutants in Beijing640

during winter heavy pollution, Atmospheric Research, 215, 305–316, https://doi.org/10.1016/j.atmosres.2018.09.014, https://doi.org/10.

1016/j.atmosres.2018.09.014, 2019.

Xie, M., Liao, J., Wang, T., Zhu, K., Zhuang, B., Han, Y., Li, M., and Li, S.: Modeling of the anthropogenic heat flux and its effect on

regional meteorology and air quality over the Yangtze River Delta region, China, Atmospheric Chemistry and Physics, 16, 6071–6089,

https://doi.org/10.5194/acp-16-6071-2016, 2016.645

Yang, L., Qian, F., Song, D. X., and Zheng, K. J.: Research on Urban Heat-Island Effect, Procedia Engineering, 169, 11–18,

https://doi.org/10.1016/j.proeng.2016.10.002, 2016.

Zhang, X. Y., Wang, J. Z., Wang, Y. Q., Liu, H. L., Sun, J. Y., and Zhang, Y. M.: Changes in chemical components of aerosol particles in

different haze regions in China from 2006 to 2013 and contribution of meteorological factors, Atmospheric Chemistry and Physics, 15,

12 935–12 952, https://doi.org/10.5194/acp-15-12935-2015, 2015.650

Zhang, Z., Zhang, X., Zhang, Y., Wang, Y., Zhou, H., Shen, X., Che, H., Sun, J., and Zhang, L.: Characteristics of chemical composition and

role of meteorological factors during heavy aerosol pollution episodes in northern Beijing area in autumn and winter of 2015, Tellus B:

Chemical and Physical Meteorology, 69, 1347 484, https://doi.org/10.1080/16000889.2017.1347484, 2017.

Zhong, J., Zhang, X., Wang, Y., Liu, C., and Dong, Y.: Heavy aerosol pollution episodes in winter Beijing enhanced by radiative cooling ef-

fects of aerosols, Atmospheric Research, 209, 59–64, https://doi.org/10.1016/j.atmosres.2018.03.011, https://doi.org/10.1016/j.atmosres.655

2018.03.011, 2018a.

Zhong, J., Zhang, X., Wang, Y., Liu, C., and Dong, Y.: Heavy aerosol pollution episodes in winter Beijing enhanced by radiative cooling

effects of aerosols, Atmospheric Research, 209, 59–64, https://doi.org/10.1016/j.atmosres.2018.03.011, 2018b.

Zhong, J., Zhang, X., and Wang, Y.: Relatively weak meteorological feedback effect on PM 2.5 mass change in Winter 2017/18

in the Beijing area: Observational evidence and machine-learning estimations, Science of the Total Environment, 664, 140–147,660

https://doi.org/10.1016/j.scitotenv.2019.01.420, 2019a.

Zhong, J., Zhang, X., Wang, Y., Wang, J., Shen, X., Zhang, H., Wang, T., Xie, Z., Liu, C., Zhang, H., Zhao, T., Sun, J., Fan, S., Gao, Z., Li,

Y., and Wang, L.: The two-way feedback mechanism between unfavorable meteorological conditions and cumulative aerosol pollution in

various haze regions of China, Atmospheric Chemistry and Physics, 19, 3287–3306, https://doi.org/10.5194/acp-19-3287-2019, 2019b.

Zou, J., Sun, J., Ding, A., Wang, M., Guo, W., and Fu, C.: Observation-based estimation of aerosol-induced reduction of planetary boundary665

layer height, Advances in Atmospheric Sciences, 34, 1057–1068, https://doi.org/10.1007/s00376-016-6259-8, 2017.

29

Chapter 4 | Papers

110



Chapter 4 | Papers

4.2 Paper 2: Using a coupled LES aerosol-radiation model to

investigate the importance of aerosol-boundary layer feedback on

a Beijing haze episode

Authors: Jessica Slater, Hugh Coe, Gordon McFiggans, Juha Tonttila, Sami Romakkaniemi, Yele Sun,

Pingqing Fu and Zifa Wang Journal: Faraday Discussions (currently with co-authors)

Paper Overview

This paper examines a specific haze episode, which occurred in Beijing from 01-04 Dec 2016, the evolution

of which is well characterised by Wang et. al (2019). In their work, they show that changing synoptic

conditions were the main cause of a reduction in PBL height of 44 % between 01 Dec and 02 Dec 2016,

while the aerosol-PBL feedback was important in the reduction of PBL height by 20 % between 02 Dec and

03 Dec. Our work builds on this, to show directly that the difference in simulated PBL height is largely

due to the difference in initial meteorological conditions rather than aerosol-PBL feedback. Directly, this

paper identifies meteorological conditions as being responsible for a difference in maximum PBL height of

71.4 %, while aerosol inclusion on 03 Dec causes a decrease in PBL height of 17.4 %.

The observational study by Wang et. al (2019) clearly highlights the main stages of this haze

episode and suggests the key mechanisms at force during each stage. The work presented here supports the

hypothesis in that study that the impact of synoptic meteorological changes has a larger impact than the

aerosol-PBL feedback on suppressing turbulence and PBL growth. Due to the isolation of specific factors

allowed for in the high resolution modelling study presented here, in contrast to the work by Wang et. al

(2019), we can explicitly show the impact of aerosol-radiation interactions and changes in initial conditions

on the PBL height difference between two stages of this pollution episode. Further, this work examines

the hypothesis presented in other studies that the aerosol-PBL feedback is stronger under higher aerosol

loadings. Finally, this work also identifies that under some meteorological conditions, the aerosol-PBL

feedback effect is stronger.

Through a more thorough understanding of the large scale conditions effecting the period, this

work identifies the ability of UCLALES-SALSA to well characterise periods of the pollution episode which

are not impacted by large scale atmospheric changes (03 Dec 2016). This paper presents the impact of

increasing aerosol loading on the change in PBL height, to examine the idea of a threshold value above which

the process increases in importance. The results presented here show that for the aerosol compositions

examined here, the decrease in PBL height to due to increased aerosol loading is linear and so a threshold

PM value for the aerosol-PBL feedback does not exist. However, through performing model simulations on

the end of the haze episode, the paper presents the idea that the aerosol-PBL feedback effect on PBL height
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has more impact under conditions which favour a shallow initial PBL height. For example, there is a 13.6

% decrease in PBL height for the shallow PBL conditions compared to a 9.7 % decrease in PBL height for

the ’normal’ PBL conditions due to including surface aerosol concentrations of 107 µg/m3. Therefore, the

paper concludes that as the haze episode evolved and aerosol concentrations increase, the PBL becomes

shallower due to aerosol-PBL feedback and under these conditions the aerosol-PBL feedback increases in

importance.

In between submission and examination of this thesis, this paper was published. After the viva

and subsequent discussion with the examiners some improvements to the paper were made for the revised

thesis. Therefore, the paper presented here is different to the published paper, for which the reference is:

Faraday Discuss., 2021, Advance Article (https://doi.org/10.1039/D0FD00085J)

Compared to paper 1, only small adaptations were made to this paper, including replotting of

some figures and clarifying key points in the results and discussion sections.

Author Contributions

The idea for this study was conceived by Jessica Slater, with the assistance of Hugh Coe and Gordon

McFiggans. Model simulations were performed by Jessica Slater with assistance in the setup from Juha

Tonttila. Model analysis was performed by Jessica Slater. The manuscript was written by Jessica Slater

with contribution from Hugh Coe and Gordon McFiggans. Data used for model initialisation of this case

study was provided by Yele Sun, Pingqing Fu and Zifa Wang’s group. This manuscript is currently with

co-authors and has been accepted for presentation at the Faraday Discussions-Air Quality in Megacities,

which will take place in November 2020.
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Journal Name

‘Using a coupled LES aerosol-radiation model to investigate the
importance of aerosol-boundary layer feedback on a Beijing haze
episode†

Jessica Slater,∗a Juha Tonttilab, Gordon McFiggansa, Hugh Coea, Sami Romakkaniemi b,
Yele Sun c, Weiqi Xu c, Pingqing Fu d and Zifa Wang,e

Haze episodes, characterised by extremely high aerosol concentrations and a reduction in visibility
to less than 10 km are a frequent occurrence in wintertime Beijing, despite policy interventions
leading to an overall improvement in average annual air quality. The main drivers in the onset
of haze episodes in wintertime Beijing are changing synoptic conditions however, aerosol radiation
interactions and their feedback on boundary layer meteorology are thought to play an essential
role in the intensity and longevity of haze episodes. In this study we use a coupled LES-aerosol
radiation model (UCLALES-SALSA), which we have recently configured for the urban environment
of Beijing. The model’s high resolution and control over meteorological and aerosol conditions
as well as atmospheric processes means we can directly elucidate and quantify the importance of
specific aspects of the aerosol-radiation-meteorological feedback on the cumulative stage of Beijing
haze. The main results presented here show a) synoptic scale meteorology has a larger impact on
boundary layer suppression than high aerosol concentrations and b) unlike previous results using
regional models or observationally driven analyses, there is no threshold value at which the aerosol-
radiation-meteorology feedback has a significant effect on PBL height. Rather our work shows that
for the aerosol composition in this case study, the role of the feedback effect in reducing PBL
height increases under shallow boundary layer conditions and with increasing pollution loading in
an almost linear fashion. This lack of a threshold found for our case study, has important policy
implications since interventions based on such a value will not result in large reductions associated
with turning off the feedback process. Furthermore, this work directly shows that although the right
synoptic changes are a prerequisite for pollution episodes in Beijing, local and regional emissions drive
increases in aerosol load that are sufficient to initiate the aerosol feedback loop. This further drives
suppression of the boundary layer top and promotes stagnation of air and increased stability, which
can be self-sustaining. This results in higher surface aerosol concentrations for extended periods of
time, with severe consequences for human health.

Introduction

Beijing, a megacity in the North China Plain, is well known for its
poor air quality which has severe consequences for human health.
In Beijing, concentrations of PM2.5 (particulate matter with a di-
ameter < 2.5µm) frequently exceed the World Health Organiza-
tion’s guidelines of a 24 hour average of 25 µg/m3, particularly
during heavy pollution episodes known as haze1,2. Despite policy

a Centre for Atmospheric Science, University of Manchester, Manchester, United King-
dom
b Finnish Meteorological Institute, Kuopio, Finland
c Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
d Institute of Surface-Earth System Science, Tianjin University, Tianjin, China
d College of Environmental Science and Engineering, Peking University, Beijing, China

interventions leading to an average annual decrease in pollutant
concentrations in Beijing, these haze episodes are still a frequent
occurrence and major concern3. Beijing haze episodes, which
most commonly occur in autumn and winter can be defined by a
decrease in visibility < 10 km with relative humidity < 90 %. The
decrease in visibility is primarily caused by the accumulation of
PM2.5, with concentrations commonly reaching > 75 µg/m3 4–7.
Due to their frequency and severe impact on both human health
and the Chinese economy, Beijing haze episodes have been sub-
ject to extended research and characterisation4,8–11. Most re-
search agrees that the onset of haze episodes in Beijing is pre-
empted by changing synoptic conditions, which bring about atmo-
spheric stagnation12–14. These conditions, which typically occur
every 4-7 days in wintertime Beijing, are synonymous with peaks
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in PM2.5 concentrations. Studies characterising the episodes clas-
sify them into 3 stages each with distinct meteorology. The clean
stage occurs prior to the onset of pollution and is identified by
strong northerly winds, low humidity and high surface pressure.
A change in wind direction to south-westerly and a decrease
in surface pressure due to changing synoptic conditions usually
marks the beginning of the transport stage (TS) which causes
pollutants to be transported from surrounding provinces into the
city. During the cumulative stage (CS), pollutant concentrations
increase rapidly (often doubling within several hours), humidity
increases, and a strong temperature inversion exists. Following
this, a change in synoptic conditions, normally clean air from the
North, results in dissipation of pollution, with concentrations of
PM decreasing rapidly with increasing wind speed10,14,15.

Although synoptic conditions are a major cause of the onset of
haze episodes, several factors are thought to influence the pollu-
tion episodes intensity and longevity. One such process, which
may enhance air pollution in Beijing is the aerosol-PBL feedback.
This occurs when aerosols interact with radiation and impact the
thermal structure of the atmosphere, which can feed back on tur-
bulent buoyancy and cause suppression of the planetary bound-
ary layer (PBL). This effect is believed to strongly influence the
cumulative stage of the haze episode, prevent vertical mixing of
aerosols and delay dissipation of pollutants11,14,16. Investiga-
tions of the aerosol-PBL feedback on Beijing haze episodes have
thus far focused on observational analyses and regional mod-
elling studies11,16–18. Observational analyses, specifically those
which have been performed over multi-year periods provide large
amounts of evidence for the importance of the aerosol-PBL feed-
back on Beijing haze episodes. Here, strong anti-correlations be-
tween PM concentrations, PBL height, sensible heat flux (SHF)
and surface shortwave radiation (SWR) were found.19–21. How-
ever, these studies are limited as they cannot isolate or quantify
the specific factors which influence the feedback effect.

Modelling studies can provide more information on the aerosol-
PBL feedback through switching off certain atmospheric processes
or changing and controlling certain variables in order to quan-
tify specific contributions to the feedback effect. WRF-CHEM
(Weather Research and Forecasting model with Chemistry) is a
regional model which is frequently used to investigate the pollu-
tion episodes in Beijing and the North China Plain. Several stud-
ies have used WRF-CHEM to attempt to elucidate the aerosol-PBL
feedback and the impact on urban haze18,22–24. However, tem-
perature, moisture and wind as well as turbulent and momen-
tum fluxes in WRF-CHEM are strongly dependent on the chosen
PBL parameterisation scheme. Particularly, the ability to correctly
simulate turbulent diffusion, which is essential in both character-
ising the PBL as well as the distribution and interaction of pollu-
tants, varies significantly depending on the chosen scheme25–27.
In a comprehensive review on the effect of PBL parameterisation
schemes on aerosol pollution simulations, Zhang et. al (2020)26

found that most PBL schemes used in WRF overestimate sur-
face wind speeds and have difficulty correctly simulating turbu-
lent structures in the lower PBL, particularly during stable con-
ditions. Therefore, higher resolution models which can directly

calculate turbulent motions can be extremely useful, particularly
when looking at the feedback of aerosol-radiation interactions on
boundary layer meteorology. This work utilises a high resolution
large eddy simulation (LES) model to characterise and further un-
derstanding of a specific haze episode which occurred in Beijing
from 01 to 04 December (01/12-04/12) 2016.

The pollution episode which occurred between 01/12-04/12
2016, has been well characterised by Wang et. al (2019)14. The
analysis provided here utilises this work and presents observa-
tions taken at the Institute of Atmospheric Physics as part of the
Air Pollution and Human Health (APHH) Beijing field campaign,
which are subsequently used in the case study presented. During
the period PM1 concentrations increased steadily, with a rapid in-
crease from around 100 µg/m3 at 12:00 LST on 03/12 to > 300
µg/m3 by 19:00 LST (Figure 1), with a peak > 450 µg/m3 in
the late evening of 03/12. Concentrations remain high until early
morning on 04/12, when a sudden drop in surface aerosol con-
centrations occurs at 12:00 LST on 04/12 which coincides with
an increase in wind speed, reduction in humidity and the forma-
tion of a turbulent boundary layer. Over the haze period, from
01/12-03/12/2016, midday (12:00-14:00 LST) measured max-
imum surface SW radiation reduces by 25 % and sensible heat
flux reduces by 44 %. Surface layer relative humidity increases
to become supersaturated on the evening of 03/12, which coin-
cides with the rapid increases in PM1 (Figure 1). Increased water
vapour concentrations favour secondary aerosol formation, due
to hygroscopic aerosols taking on water to increasing particle sur-
face size, which enhances surface reactions. Furthermore, uptake
of water vapour by hygroscopic aerosols increases their particle
diameter and enhances the aerosol radiation interactions which
can reduce the amount of solar radiation reaching the surface.
This alters the thermal profile of the atmosphere, resulting in re-
duced buoyant turbulence. This allows for the accumulation of
pollutants in a shallow daytime boundary layer14,28.

Temperature inversions form overnight throughout the haze
episode. This is due to reduced surface warming caused by the
aerosol layer throughout the daytime which leads to enhanced
nocturnal inversions. These inversions decrease nocturnal mixing
and lead to extremely stagnant air, delaying boundary layer devel-
opment on the following day. This further worsens and sustains
air pollution episodes. In contrast to the mornings of 02/12 and
03/12, where the temperature inversion is broken by solar heat-
ing, a temperature inversion exists on 04/12 until 12:00 LST, this
suggests an extremely strong inversion formed overnight, causing
strong stability which could not be broken by solar heating and
no clean air was being entrained from the free troposphere29.
For a comprehensive detailing of the meteorological conditions of
this haze episode, including large scale synoptic conditions, the
reader is directed to the paper by Wang et. al (2019)14.

Aerosol composition, size and concentration all change
throughout the haze episode. There is an increase in the rela-
tive contribution of secondary aerosols (ammonium nitrate and
sulphate) to PM as the pollution episode evolves (Figure 1).
This suggests the importance of gas-particle partitioning and sec-
ondary aerosol formation in the intensity and sustenance of the
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Fig. 1 (a)Temperature, (b) Relative Humidity, (c) NR-PM1 concentra-
tion by composition and (d) Total PM1 concentration for a haze episode
occurring on 01/12-04/12/2016

haze period. The average size of the aerosols also increases
throughout the period due to semi-volatile partitioning, hygro-
scopic growth and aerosol coagulation. Furthermore, the rela-
tive contribution of black carbon, a primary aerosol, reduces over
the period (due to such large increases in other secondary com-
ponents). This indicates the potential importance of secondary
aerosols over primary emissions during this period30,31.

Observational analysis of the pollution episode has identified
the aerosol-PBL feedback as being important during the cumula-
tive stage of the episode. In this stage, the aerosol-PBL feedback
is thought to contribute to enhanced atmospheric stability allow-
ing for the rapid accumulation of pollutants in a shallow PBL14.
Overall, several factors are believed to contribute to the aerosol-
PBL feedback and the impact it will exert on pollution episodes16.
Identification and quantification of such factors allow for a bet-
ter understanding of the processes impacting pollution episode,
with direct benefit for both policy and regional model parame-
terisations. High resolution modelling studies such as large eddy
simulation (LES) models can directly quantify aerosol perturba-
tions on PBL dynamics, without the need for parameterisation.
A coupled dynamical large eddy scale model (UCLALES-SALSA)
has previously been set up and tested for the urban environment
of Beijing to examine sensitivity of aerosol-radiation interactions
and the feedback on boundary layer meteorology32. This study
builds on the previous work and uses measurements taken dur-
ing the APHH Beijing winter field campaign to quantify the im-
portance of aerosol and meteorological conditions on the cumu-
lative stage of a specific haze episode which occurred in Beijing
on 01/12-04/12/2016. The paper is set out as follows: Section
2 describes experimental set up, section 3 details the results of a)

Synoptic conditions vs aerosol-radiation interactions b) Aerosol
loading and c) Shallow boundary layer conditions and section 4
briefly discusses the implications and limitations of the results.

Methodology

Model Description

The model used in this study is UCLALES-SALSA33, which has
previously been used to examine aerosol effects on marine stra-
tocumulus clouds, radiation fog and cloud seeding33,34. In a re-
cent study, UCLALES-SALSA was set up for the urban environ-
ment of Beijing and sensitivities to the aerosol-PBL feedback ex-
amined32. The model comprises of the LES model, UCLALES fully
coupled to the sectional aerosol module, SALSA, this allows for
direct calculation of aerosol-radiation interactions and their per-
turbation on boundary layer meteorology. UCLALES is a large
eddy simulation model which is based on the Smagorinsky–Lilly
subgrid model. Advection of momentum variables uses time step-
ping based on the leapfrog method, while scalar variables are ad-
vected based on fourth-order differential equations and follow a
simple forward time stepping method. Boundary conditions are
doubly periodic in the horizontal and fixed in the vertical. The
surface scheme explicitly calculates surface temperature, sensible
(SHF) and latent (LHF) heat fluxes at each time step and is based
on a coupled soil moisture and surface temperature scheme by
Ács et al. (1991)35.

SALSA is a sectional aerosol model which bins aerosol parti-
cles according to size and calculates the appropriate atmospheric
processes. Particle composition includes sulphate, nitrate, ammo-
nium, organic carbon and black carbon. It is possible for the par-
ticles to be externally mixed through initialising with two parallel
sets of size bins, but in this work all aerosols are considered to be
internally mixed and so the size distribution for each component
is the same. The model has the ability to simulate a variety of at-
mospheric processes, however, for simplicity, the main processes
considered here are aerosol coagulation and water condensation
on particles, while semi-volatile condensation and aerosol dry de-
position are switched off. Further details of the model can be
found in Tonttila et. al (2017)33 and the model code is available
at www.github.com/UCLALES-SALSA. Alterations to the model
for the set up of the Beijing urban environment, including the
coupling of aerosol-radiation interactions can be found in Slater
et. al (2020)32.

Experimental Setup

The work presented here is in three parts, with simulations per-
formed for all 4 days (01/12-04/12) of the haze episode ini-
tially, to examine the models representation. Initial meteorolog-
ical vertical profiles for all days are from radiosonde meausre-
ments. Aerosol concentrations and size parameters were taken
from ground based measurements taken during the APHH winter
field campaign (Shi et. al 2019). Aerosol vertical profiles were
estimated based on the gradient of boundary layer profiles. The
model was set up at 08:00 LST and run for 12 hours including
1 hour spin up time. The horizontal domain size was 5.4 x 5.4
km with a resolution of 30 m and the model top was 1800 m
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with a vertical resolution of 10 m. For the low PBL simulations in
part c) of the results, meteorological conditions used were from
radiosonde data on the morning of 04/12.

Fig. 2 : Aerosol size distribution for the simulations with aerosols on
03/12 at the initial timestep (solid) and after 12 hours of simulation
(dashed)

For simulations examining aerosol loading, aerosol composi-
tion and size distribution were kept constant and concentrations
were increased gradually. Table 1 shows the aerosol size param-
eters and table 2 aerosol composition fraction by volume for all
simulations. Aerosol size parameters, including geometric mean
diameter (Dg) for each mode and geometric standard deviation
(σg) were calculated from measurements taken at 8 am on 03/12
during the APHH Beijing winter field campaign and used as inputs
into the model as detailed in table 1, to represent the aerosol size
distribution as shown in figure 2. Figure 2 shows how the aerosol
size distribution varies over time, as aerosols coagulate and take
up water they grow and increase in size, while relative aerosol
composition will stay constant over time.

Parameter Mode 1 Mode 2
Dg (nm) 22 121
σg 1.28 1.32

Table 1 Size distribution input data - geometric mean diameter (Dg) and
geometric standard deviation (σg)

Component Volumetric Fraction
SO4 0.1
OC 0.45
NO3 0.25
NH4 0.1
BC 0.1

Table 2 Volumetric aerosol fractional composition for all simulations in-
cluding aerosols

Model Validation
The haze period of 01/12-04/12/2016 is characterised by differ-
ent meteorological and aerosol conditions. To assess the ability
of the model to capture the diurnal profiles of each stage of the
episode, we ran simulations from 8am until 8pm on all days of

the episode (01/12-04/12/2016). Potential temperature profiles
for each day at 8pm are compared to radiosonde and tower mea-
surements in figure 3. The model represents the conditions of
02/12 and 03/12 better than those on 01/12 and 04/12. As the
beginning and end of the haze episode (01/12 and 04/12) are
known to be driven by changes in synoptic conditions, particu-
larly pressure and wind changes, the model’s ability to capture
the processes impacting the diurnal variation on these days is
limited, due to the unsuitability of using LES models to examine
large scale weather conditions. For example, during the daytime
of 04/12 the conditions change, and a strong low level jet helps
to dissipate the pollution. However, due to the strong inversion
and stagnation of air at the surface, the clean air aloft takes a
long time to become entrained into the shallow PBL. Meaning the
period of clean up takes longer and pollution persists into the af-
ternoon. LES models are not capable of simulating the changes in
large scale conditions, and the model doesn’t represent these pe-
riods as well as at representing the stagnant conditions of 02/12
and 03/12 (Figure 3).

Fig. 3 : Vertical profiles of potential temperature (θ) for simulations
of each day without aerosols(red) compared to observational potential
temperature profiles taken from radiosonde data (solid blue) and tower
data (dashed blue) at 8pm

The aerosol-PBL feedback is thought to be most important dur-
ing the cumulative stage of the haze episode, which is charac-
terised by stable atmospheric conditions. We therefore assess the
model’s ability to simulate observed meteorological conditions on
03/12, using measured aerosols from the morning, to simulate
the aerosol-PBL feedback. The idealised model simulations of
03/12 which include measured aerosols generally characterise
the observed meteorological conditions well, slightly underesti-
mating both surface wind speed and specific humidity, while over-
estimating potential temperature compared to radiosonde obser-
vations at 8pm (Figure 4). Particularly, we can see that the model
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Fig. 4 : a) Potential temperature b) Relative Humidity c) Wind Speed
profiles at 8pm on 03/12 for simulations with measured aerosols (red),
compared with radiosonde and tower data (black dots). Diurnal profiles
of d) Sensible heat flux (SHF) and e) latent heat flux (LHF) for simula-
tions with measured aerosols (red) compared with observations on 03/12
(black dots)

well simulates the diurnal variation in both sensible and latent
heat flux, however the maximum values in the simulations are
lower than the maximum observed values. This variation could
be due to several factors including the simple homogeneous sur-
face scheme used in the model, or the use of radiosonde data
for vertical profiles of meteorological variables (above 300 m).
The homogeneous surface scheme does not account for variabil-
ity in surface roughness due to urban layout, nor does it represent
phenomena such as urban canopy layers, both of which may im-
pact the heat flux measurements, while location of the radiosonde
measurements was Beijing airport which is almost 10 km away
from the tower and consequently outside of the model domain,
this might lead to discrepancies in the model outputs32. Sensitiv-
ities of the simulated meteorological variables to aerosol loading
is examined in the next section.

Results

Aerosols vs Meteorology

In these simulations we compare the impact of aerosol-radiation
interactions and initial meteorological conditions on maximum
PBL height and SHF. Observations show that over the haze
episode, maximum PBL height and SHF decreased, while there
were distinct changes in vertical profiles of potential temper-
autre, wind speed and humidity. To separate the influence of
cited changes in synoptic scale meteorology over the period and

the influence of aerosol-PBL feedback, we performed simulations
to identify the influence of initial meteorological conditions and
aerosol-PBL feedback separately. These simulations aimed to
identify which effect contributed the most to the observed de-
crease in maximum PBL height (between 12-16 LST) from (1136
m to 519 m). To identify the comparable influence of initial me-
teorological conditions (and changing synoptic conditions) com-
pared to the influence of aerosol-radiation interactions. We firstly
performed simulations on 01/12 and 03/12 without aerosols.
The differences in the output dynamics were identified as being
due to the initial meteorological conditions used in the model
setup which is a proxy for the change in large scale meteorol-
ogy over this period. The difference in these simulations of mod-
elled maximum PBL height (taken as the height where there is
the largest gradient in theta), was large. Maximum simulated
PBL height on 01 Dec was 1779 m and on 03 Dec it was 510 m,
without the influence of aerosol-radiation interactions, which is a
decrease of 71 % (Table 3).

To examine the influence of aerosols on the 03 Dec case study,
we performed simulations with measured aerosols and compared
to the simulation without aerosols, this was in order to under-
stand the influence of aerosols on the cumulative stage, which is
believed to occur between 12:00 and 19:00 LST on 03/12. As the
period is pretty stagnant and is not thought to be influenced heav-
ily by synoptic changes, it is the ideal period for examining the
influence of these interactions (Figure 4). We then compared the
results with a simulation of 01/12, where the initial conditions
were characteristic of the clean stage of the pollution episode.
This section of the work aims to quantify the reduction in tur-
bulent motion due to aerosol-radiation interactions and compare
with the reduction caused by synoptic changes.

To quantify the magnitude of the aerosol-radiation effect com-
pared to changing synoptic meteorology, we analysed key param-
eters from simulations of the clean stage (01/12) without aerosols
and the cumulative stage (03/12) with and without aerosols.
Here, we state that the effect due to synoptic meteorology is the
difference between 01/12 and 03/12 without aerosol inclusion.
While the effect due to aerosols is the difference in 03/12 simula-
tions with and without aerosol. The combined effect of aerosols
and synoptic meteorology is the difference between the simu-
lated clean stage (01/12) without aerosols and cumulative stage
(03/12) with aerosols. These results can then be compared to
observations on 01/12 and 03/12 taken during the APHH Beijing
winter field campaign (Table 3).

Without inclusion of aerosols, simulations of 03/12 and 01/12
show a maximum PBL height of 535 m and 1779 m and a maxi-
mum sensible heat flux of 112.3 W/m2 and 180.6 W/m2 respec-
tively. Including an aerosol profile in the 03/12 simulations de-
creased the SHF and PBL height, decreasing TKE, surface wind
speeds and causing cooling in the lower boundary layer and
warming above it, enhancing the temperature inversion and stag-
nation. This shows the effect that aerosol-radiation interactions
can have on boundary layer meteorology. However, table 3 shows
that the relative impact of the initial conditions, caused by syn-
optic changes, has much larger an effect. The large decrease in
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measured PBL height between 01/12 and 03/12 can therefore be
attributed primarily to the difference in conditions, rather than
the aerosol-PBL feedback. These conditions lead to a shallow PBL
and a temperature inversion overnight on 02/12 and a highly sta-
ble temperature profile in the morning of 03/12, which prevents
the growth of a turbulent boundary layer in the simulations even
without aerosols14.

Values PBL height (m) SHF (W/m2)

01/12 (Simulation) 1779 180.6
01/12 (Observation) 1136 167.8
03/12 (Simulation) 510 112.2
03/12 (Simulation with aerosols) 421 71.7
03/12 (Observation) 519 83.5

% decrease

Meteorology 71.4 % 37.8 %
Aerosols 17.4 % 36.1 %
Aerosols + Meteorology 76.3 % 58.6 %
Observed 54.3 % 50.2 %

Table 3 Maximum values (between 12:00 and 16:00 LST) of PBL height
(m) and SHF (W/m2) for observations and simulations performed on
01/12 and 03/12. % decrease due to aerosols (03/12 with aerosols -
03/12 without aerosols) and synoptic scale meteorology (01/12 - 03/12)
in maximum PBL height and maximum SHF between 12:00-16:00 LST

Table 3 shows the measured % decrease in PBL height and
SHF observed between 01/12 and 03/12 is much larger than ac-
counted for by the modelled decrease by aerosol particles alone,
but also in the case of sensible heat flux, too small to be accounted
for solely by changing initial conditions (Table 3). Indicating that
the aerosol-radiation interactions also play a role in the atmo-
spheric stagnation. Several studies have outlined changing syn-
optic conditions as the driver behind haze episodes. Results pre-
sented in this work agree with this showing that aerosols con-
tribute a 17 % decrease in PBL height, whereas the synoptic scale
changes contribute 70 % of PBL suppression. Wang et. al (2019)
observed a decrease in PBL height from 900 to 500 m between
01/12 and 02/12 due to synoptic scale changes, compared to a
decrease from 500 to 400 m between 02/12 and 03/12 thought
to be due to the aerosol-PBL feedback14.

Threshold PM Values

Although synoptic conditions prime the period for a pollution
episode to occur, the modelled effect of aerosol-radiation interac-
tions still causes a reduction of around 100 m on PBL height (Ta-
ble 3). Several studies have noted the importance of the aerosol-
radiation feedback on surface temperature, RH, wind speeds and
PBL height during haze days in Beijing, but few directly quan-
tify or elucidate the impact of specific aerosol or meteorological
conditions on this feedback effect16,36,37. Of particular interest is
quantifying the relationship between PM concentrations and PBL
height. A study by Wu et al. (2019)24, shows little observed
change in PBL height when PM > 200 µg/m3 suggesting that
there appears to be a limit above which the feedback effect be-
comes less important. Their work also shows that below 250

µg/m3, PBL height decreases quite linearly with increasing PM
concentrations, particularly between (75-250 µg/m3) when PBL
height decreases by 20%24.

To identify whether a threshold value exists and the potential
value of such a decrease, simulations of 03/12 with varied sur-
face aerosol concentrations were performed. The effect on the
PBL, SHF and surface downwelling SWR is outlined below. Here,
we’ve taken a range of values from low to very high loading to
represent different stages of the pollution episode as concentra-
tions build up in the cumulative stage. We then compared against
simulations with ‘no’ aerosol loading or the clean stage. Figure 5
shows low, medium and high aerosol simulations and the relevant
maximum PBL height associated with these changes.

Fig. 5 a) PM concentrations vs PBL height for simulations of 03/12
on different aerosol loading b) % decrease in PBL height (red), Sensible
Heat Flux (blue) and surface shortwave radiation (cyan) due to increasing
PM concentrations on simulations of 03/12

In these simulations, the decrease due to changing aerosol
loading in this case study is approximately linear. This suggests
that the idea of a threshold value may not be correct, but that
when the conditions allow it, combined with high emissions and
secondary aerosol formation at higher concentrations of aerosols
the aerosol-radiation interactions continues to cause suppression
on PBL height. These types of concentration are typical for the
beginning of cumulative stage periods and are synonymous with
stagnant conditions as described in the previous section. Aerosol-
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radiation interactions during the cumulative stage of the haze
episode can therefore be considered to be a prominent cause of
stagnant air flow and decreasing turbulence.

Figure 5 shows the impact of aerosol concentration on sensible
heat flux, surface SWR and PBL height. It shows that the % de-
crease in maximum daytime SHF due to increased aerosol loading
is much greater than the % decrease in maximum surface SWR
and PBL height. This could potentially be due to the impact of
black carbon, which reduces SWR reaching the surface and thus
minimises surface fluxes, but provides heating within the aerosol
layer to slightly increase PBL development and turbulence. This
work shows the impact of aerosol loading on the feedback effect
for specific conditions. To examine the effect of different condi-
tions, specifically the later stages of the haze episode where the
PBL is very shallow, we simulated the impact of low, medium and
high aerosol loading for a low PBL condition.

Effect of PBL height

To assess the impact of initial meteorological conditions on the
predisposition for the aerosol-radiation feedback, we performed
further analysis of the aerosol loading effect on meteorological
conditions which had a lower ‘initial’ PBL height. From this, we
found that a lower initial PBL height (z0) had a larger impact
on the aerosol-radiation meteorological feedback, compared to a
higher initial PBL height. Results show a 17 % decrease in PBL
height due to 182 µg/m3 of aerosols for higher initial PBL con-
ditions compared to a 23.5 % decrease in PBL height for the low
PBL conditions (Table 4). Although the case study outlined above
shows the effect of aerosol loading on boundary layer meteorol-
ogy for a case study period, these results show that the aerosol-
PBL feedback is enhanced under shallow PBL conditions. These
conditions are more likely to occur during a pollution episode,
where aerosol concentrations are already high. In this study we
can see that these ‘high aerosols’ combined with ‘shallow PBL’ in-
creases the magnitude of the aerosol-radiation feedback effect on
changes in PBL height (Figure 6).

Fig. 6 : Aerosol concentration vs PBL % decrease for low initial PBL
simulations and original PBL simulations, due to different aerosol load-
ings

This work shows that aerosol-radiation interactions feedback
on boundary layer meteorology to different extents depending
on the initial conditions, with larger impacts when the PBL is al-
ready shallow. Although the differences are reasonably small (4-6

PBL Conditions Normal Low
PBL Height (m) (0 µg/m3) 510.1 409.2
PBL Height (m) (107 µg/m3) 460.1 353.5
PBL Height (m) (182 µg/m3) 421.0 312.8
% decrease in maximum PBL height (107 µg/m3) 9.7 % 13.6 %
% decrease in maximum PBL height (182 µg/m3) 17.4 % 23.6 %

Table 4 Values of and % decrease in maximum PBL height (12:00-16:00
LST) for simulations initialised with normal and low PBL conditions due
to aerosol concentrations of 107 µg/m3 and 182 µg/m3

%) this shows susceptibility to different conditions are important
when quantifying the aerosol-radiation meteorological feedback.
Furthermore, as the feedback effect is enhanced when aerosol
concentrations are higher, this will lead to a shallower PBL which
will in turn lead to enhanced aerosol-radiation feedback and in-
crease surface concentrations further. Therefore, towards the end
of pollution episodes when concentrations are high and the PBL
is shallow, the feedbacks between aerosol-radiation interactions
and meteorology are stronger. This significantly reduces vertical
mixing of aerosols through reducing buoyancy due to turbulence
and enhancing the stagnation of air.

Discussion
This work investigates a haze episode which occurred over 4 days
from 01/12-04/12/2016, which had been well characterised in a
study by Wang et. al (2019)14. In their research they identify
that changing synoptic conditions contributes to a reduction in
PBL height from 900 to 500 m between 01/12-02/12, which is
a larger contribution than the decrease from 500 to 400 m from
02/12-03/12 estimated to be due the impact of aerosol-PBL feed-
back. In this work, we show a decrease from 1779 m to 510 m
due to synoptic meteorology, and a decrease from 510 m to 421
m due to aerosols. Results show that simulations on 01/12 sig-
nificantly overestimate PBL height compared to ceiliometer mea-
surements taken during the APHH Beijing campaign. Some of
this will be due to the changing synoptic conditions over the day
which due to the model’s boundary conditions (periodic with no
large scale forcing) cannot be represented in these results. How-
ever, the simulated PBL height is much higher than would be ex-
pected for wintertime Beijing, even during clean periods. This
could be a limitation of the model setup, specifically the homoge-
neous surface scheme as described in Slater et. al (2020)32. Fur-
thermore, it could be a limitation of using the height where there
is a maximum gradient in potential temperature as a proxy for
PBL height when the PBL is strongly turbulent or neutral. When
there is a strong temperature inversion, the variation in θ at PBL
top is large but under conditions observed on 01/12 the gradient
is small, meaning this metric is less pronounced and can be less
relied upon. However, the decrease in PBL height due to aerosol-
PBL feedback presented in this case for 03 Dec is similar to that
presented in the work by Wang et. al (2019)14. Although, the
research presented by Wang et. al (2019) well characterises the
haze episode examined in this paper, in this piece of work we
directly elucidate factors (aerosol loading, meteorological condi-
tions) which have an impact on the pollution episode and sug-
gest reasons for this. This outlines the importance of combining
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observations with high resolution modelling studies to provide a
broader understanding of the complex interactions taking place
in Beijing haze episodes and the factors affecting them.

Results in this paper highlight three areas of importance when
considering aerosol-PBL feedback: a) changes in meteorology
have a larger impact on suppressing turbulent motion than in-
creasing aerosol concentrations, b) PBL height decreases lin-
early with increasing aerosol concentrations at constant compo-
sition and c) aerosol-PBL feedback has an enhanced effect un-
der shallow PBL conditions. Shallow PBL conditions are primar-
ily brought about by changing synoptic conditions, which allow
for aerosols to accumulate. Increased aerosol concentrations will
lead to a further decrease in PBL height due to the aerosol-PBL
feedback and this further will enhance the impact of the aerosol-
PBL feedback, which has a greater impact under shallow PBL con-
ditions. Consequently, the feedback combined with local emis-
sions and regional transport of pollutants will likely slowly in-
crease in intensity throughout the pollution episode. In Beijing,
haze episodes can be classified into different circulation types
which outline the changing synoptic conditions which preempt
each episode38. This leads to pollution episodes with different
characteristics, influencing aerosol concentrations and composi-
tion as well as meteorological conditions such as wind speed,
humidity and temperature. Therefore, the haze episode which
occurred on 01/12-04/12/2016 cannot be considered fully rep-
resentative of all wintertime Beijing haze episodes. However, in
most cases, temperature inversions and stagnant conditions do
preempt these episodes to some degree, causing a reduction in
PBL height prior to the accumulation of aerosols. As this work ex-
plicitly examines the interactions which occur after these changes,
we consider the influence of the aerosol-PBL feedback outlined
in this work well represents a process which could impact haze
episodes in Beijing. However, studies of more pollution episodes
would be beneficial to further understand the processes presented
here.

This study finds no threshold value above which the aerosol-
feedback effect increases with importance but rather finds a linear
decrease in PBL height of 45 m per 100 µg/m3 increase in PM2.5,
even at lower aerosol concentrations. This is in contrast to other
studies where a threshold value between 75-100 µg/m3 has been
suggested below which the aerosol-PBL feedback does not occur.
Through analysis of 28 heavy pollution episodes which occurred
in winter Beijing from 2013 to 2017, Zhong et. al (2019)29

suggests that under low wind conditions, the feedback between
aerosols and radiation is triggered when PM2.5 surface concen-
trations reach 100 µg/m3, suggesting that keeping values below
this level in Beijing would successfully limit the intensity of heavy
pollution episodes. However the range of values where the feed-
back was triggered was extremely large, ranging from 50 to 250
µg/m3, with higher thresholds during heavy pollution episodes.
Zhang et. al (2019)39 examined the contribution of aerosol-PBL
feedback in Lanzhou and Urumqi, two North Eastern Chinese
cities. They suggest that in Lanzhou, the strength of inversion
increases significantly above 75 µg/m3 and below this level the
aerosol-radiation feedback had little effect. In Urumqi, the study

finds that no inversion occurred until concentrations reached 100
µg/m3 and the strength of the inversion was most obvious when
concentrations were between 100-250 µg/m3. Here, we sug-
gest that these observational studies do not separate the link be-
tween meteorology and aerosol concentrations but rather observe
that temperature inversions in Beijing are often synonymous with
PM2.5 concentrations > 100 mug/m3. In this work we show that
the likely cause of the strong initial temperature inversions is syn-
optic scale meteorological changes which has more of an impact
on suppressing PBL development than aerosol-PBL feedback. We
also show that under lower PBL conditions there is a larger im-
pact of aerosol-PBL feedback. Our study shows a simulated 12.9
% decrease in PBL height per 100 µg/m3 under our ’low’ PBL
height simulations compared to a 9.8 % decrease per 100 µg/m3

for the original PBL simulations. Figure 7 outlines our proposed
mechanism for the influence of aerosol-PBL feedback on Beijing
haze episodes and how this develops over time.

Comparing observations of measured sensible heat flux and
boundary layer height on 01/12 and 02/12, there is a clear re-
duction in turbulence between the two days. Model simula-
tions of the period show this change without inclusion of aerosol-
radiation interactions (Figure 3). Therefore, the slight increase in
aerosol concentrations on 02/12 (Figure 1) is unlikely to be the
driver in the reduction of boundary layer height and turbulence
during this period. Synoptic conditions cause a shallow boundary
layer to form on 02/1214. These initial conditions mean that any
primary aerosols emitted or secondary aerosols formed are accu-
mulated in a shallow polluted boundary layer throughout the day
which extends into the night. The existence of aerosol particles
reduces the amount of surface solar heating, to suppress buoyant
turbulence. This can lead to a temperature inversion, enhanc-
ing atmospheric stratification the next day. In the morning of
03/12, aerosols are accumulated in a shallow boundary layer and
emissions throughout the day lead to increased concentrations
of pollutants in Beijing. Specifically, on 03/12 rapidly increasing
aerosol concentrations in the afternoon were observed in the af-
ternoon of 03/12, suggesting the rate of emissions or secondary
aerosol formation must be higher than the entrainment of clean
air from the free troposphere, with a shallow boundary layer ex-
isting throughout the day.

In this study, aerosol composition was kept constant. BC, a
strong absorber of solar radiation, and the most radiatively ef-
ficient aerosol species, is thought to suppress PBL development
in Beijing through warming the upper boundary layer which al-
ters the thermal profile and enhances atmospheric stratification.
In our simulations, we see that increasing aerosol concentrations
causes cooling in the lower boundary layer and warming above
it, resulting in a shallow PBL. From observational analyses of pol-
luted periods in Beijing, Ding et. al (2016) show that the reduced
surface fluxes associated with BC have a stronger impact on pollu-
tion episodes compared to the impact caused by PM2.5 alone. As a
whole they found that the impact of BC on the aerosol-PBL feed-
back will saturate at a certain concentration of PM, due to weaker
solar radiation associated with heavy pollution episodes. Conse-
quently, the impact of BC on the results presented here should be

8 | 1–11Journal Name, [year], [vol.],

Chapter 4 | Papers

120



Fig. 7 : The development of a haze episode and the importance of aerosol-PBL feedback on enhancing atmospheric stabilisation and increased aerosol
concentrations

considered.

Furthermore, this study does not directly examine the impact
of emissions or several atmospheric processes thought to im-
pact pollution episodes, such as semi-volatile condensation or
secondary aerosol formation. However, under such conditions
outlined above, these processes will likely be enhanced and will
further impact the intensity of aerosol-radiation interactions and
their feedback on meteorology due to increasing aerosol concen-
trations. Semi-volatile condensation to form secondary aerosols
is known to be enhanced under high humidity conditions28. In-
creases in humidity are common in the cumulative stages of haze
episodes due to aerosol-radiation interactions suppressing bound-
ary layer development, which leads to increased water vapour
concentrations. This will allow for enhanced aqueous heteroge-
neous reactions, which will further increase aerosol concentra-
tions. Furthermore, high humidity will cause hygroscopic aerosol
particles to swell in size, potentially increasing the extent of their
interaction with radiation, but also impacting their atmospheric
lifetime.

A study by Li et. al (2020) suggests that in the growth stage of
moderate haze, the feedback induced by physical processes (hori-
zontal and vertical advection and diffusion and dry deposition)
had slightly more of an impact on PM2.5 increase than chem-
ical processes (secondary aerosol formation and heterogeneous
reactions), but in extreme haze episodes chemical processes have
much larger an impact compared to physical processes40. There-
fore, in order to fully quantify the impact of aerosol-radiation in-
teractions on boundary layer meteorology for the Beijing haze
episode of 01-04/12 processes such as this need to be further elu-

cidated and included in modelling studies.

Conclusions
This work aimed to identify the importance of aerosol-PBL feed-
back on pollution episodes through examining three potential fac-
tors. We examined a specific haze episode in Beijing which oc-
curred on 01-04/12 2016 and examined the impact of aerosol
loading and meteorological conditions on the cumulative stage of
the episode. Overall, we showed that the difference in meteoro-
logical conditions between 01/12 and 03/12 was important in de-
creasing PBL height to ∼ 500 m, whereas the decrease caused by
inclusion of aerosols decreased the PBL further to 400 m. There-
fore, as has been presented in other work, we can assert that
changing synoptic initial conditions are found to be more essen-
tial in the initial suppression of boundary layer development than
increased aerosol concentrations. These synoptic conditions are
typically associated with the beginning of haze episodes and occur
every 4-7 days within Beijing. When combined with high emis-
sions locally and regional transport, these conditions will allow
for strong accumulation of aerosols in the Beijing area. There-
fore, future policy should aim to reduce emissions particularly
when these conditions are predicted to occur, in order to reduce
the effect of aerosol-radiation interactions enhancing the pollu-
tion episode further.

Several studies have highlighted a threshold value, whereby
above this value the aerosol-PBL feedback increases in impor-
tance. However, here we suggest that rather than a threshold
value, the reduction of planetary boundary layer height scales ap-
proximately linearly with increased aerosol load across the whole
range of loads we studied. Therefore, rather than limiting aerosol

Journal Name, [year], [vol.],1–11 | 9

Chapter 4 | Papers

121



concentrations below a threshold value, concentrations should be
kept to as low as possible in order to reduce the impacts of the
aerosol-radiation interactions on PBL height. Furthermore, the
impact of the initial PBL height on the aerosol-PBL feedback was
also found to be important, with lower PBL conditions found to
enhance the impact of aerosol-PBL feedback by 4-6%.
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4.3 Paper 3: The effect of black carbon on aerosol boundary layer

feedback: Potential implications for Beijing haze episodes

Authors: Jessica Slater, Hugh Coe and Gordon McFiggans

Journal: to be submitted to Atmospheric Chemistry and Physics

This paper shows the specific impact of black carbon (BC) on the aerosol-planetary boundary layer

(PBL) feedback effect. Specifically, it investigates the dome effect of black carbon, which is first presented

in the paper by Ding et. al (2016). The idea of the dome effect is that in heavily polluted regions, black

carbon absorbs radiation efficiently in the upper atmosphere to reduce shortwave radiation reaching the

surface and warm the upper atmospheric layer. This decreases buoyant turbulence and suppresses PBL

development. This paper shows directly the influence of black carbon on causing surface cooling is higher

than the effect of scattering aerosols alone. We also show that the heating rate of black carbon is about

0.2 K/h for concentrations used in this study, which works out around 0.01 - 0.016 Kh−1/µgm−3 of BC.

Paper Overview

This work builds on the research conducted by Ding et. al (2016) and provides results for further

examination of BC in multiple layers through the column. This work also shows the influence of initial

conditions is high as shown in Papers 1 and 2 of this thesis, which is not considered in the work by Ding

et. al (2016) or Wang et. al (2018). This is important as these conditions are shown to change over the

pollution episode (as identified in paper 2). Specifically, through altering the altitude of the absorbing

black carbon layer, this paper shows that the heating of black carbon at the surface causes warming but

that on our case study of 03 Dec 2016, the initial temperature inversion is too high for the surface heating

to break the inversion and sufficiently enhance the development of the PBL. However, under slightly lower

temperature inversion conditions of 02 Dec 2016, the surface heating increases maximum PBL height by 5

% compared to 0.26 % on 03 Dec. However, the overall heating caused by black carbon (1-2 K) is still too

low to fully break such a strong temperature inversion (4 K on 02 Dec and 7 K on 03 Dec 2016). This work

shows that BC above the PBL effectively decreases maximum PBL height, and the effect is maximised the

closer BC is to the PBL top. In the discussions section of the paper a mechanism by which locally emitted

black carbon could have significant impact on pollution episodes in Beijing is suggested.

Author Contributions

The idea for this study was conceived by Jessica Slater, with the assistance of Hugh Coe and Gordon

McFiggans. Model simulations were performed by Jessica Slater. Model analysis was performed by Jessica
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Abstract. Beijing suffers from poor air quality particularly during wintertime haze episodes when concentrations of PM2.5

can peak at > 400 ug/m3. Black carbon, an aerosol which strongly absorbs solar radiation can make up to 10 % of PM2.5

in Beijing. Black carbon is of interest due to its climatic and health impacts. Black carbon has also been found to impact

planetary boundary layer (PBL) meteorology, through altering the thermal profile of the lower atmosphere. The so-called

dome effect of BC outlines how when BC exists above the PBL, it will act to warm the layer above the PBL while cooling5

below it, through reducing the amount of shortwave radiation reaching the surface. This alters the thermal profile of the PBL

and suppresses buoyant turbulence, thus enhancing atmospheric stagnation. Consequently, aerosols accumulate in a shallow

PBL, leading to higher surface PM concentrations and worsened haze episodes. Further, this lowers surface wind speeds,

reducing the horizontal dissipation of the pollutants. Thus far, the dome effect has been investigated through the use of regional

models which are limited both by resolution and the chosen boundary layer schemes. In this work, we apply a coupled large10

eddy simulation-aerosol-radiation model (UCLALES-SALSA) to examine the impact of black carbon on the aerosol-PBL

interactions using conditions from a specific haze episode which occurred from 1st-4th Dec 2016. Specifically in this work

we show the impact of BC altitude and initial meteorological conditions on the magnitude of aerosol-PBL feedback and the

implications for Beijing air pollution. Furthermore, we hypothesise a potential mechanism for how the distribution of BC may

change throughout the pollution episode and the effect this may have on enhancing the intensity of the pollution episode but15

also through assisting with its dissipation.

Copyright statement. TEXT

1 Introduction

Beijing, a megacity situated in the North China Plain, experiences extremely poor air quality. Typically in Beijing wintertime,

heavy pollution episodes termed ‘haze’ envelop the city and concentrations of PM2.5 (particulate mass with a diameter <20

2.5 µm) frequently exceed the recommended World Health Organization exposure limits (WHO, 2006). Poor air quality has

been linked to various respiratory and cardiovascular diseases as well as neurodegenerative diseases such as Parkinson’s and

1

Chapter 4 | Papers

126



dementia (Yang et al., 2013; Lelieveld et al., 2015; Chen et al., 2017). Improving air quality is therefore a public health priority

for the Chinese government. However, despite policy interventions which have improved annual average air quality in Beijing

over the past decade, heavy pollution episodes are still a major issue (Chan and Yao, 2008). Black carbon (BC), primarily25

emitted through incomplete combustion, is a strongly absorbing aerosol present in high concentrations in Chinese megacities

(Fu and Chen, 2016). In Beijing, BC can contribute up to 10 % total particulate matter (PM) during polluted periods (Liu et al.,

2016). Major sources of BC in Beijing are: traffic, biomass burning and coal combustion for both residential and industrial use

(Streets et al., 2001).

BC is of interest globally due to its climatic and health impacts. As a short lived climate pollutant which strongly absorbs30

radiation across the shortwave (SW) spectrum, BC can directly cause atmospheric warming and is considered to be the largest

anthropogenic contributor to global warming after carbon dioxide (Bond et al., 2013). Furthermore, due to its relatively short

lifetime in the atmosphere (days) compared to carbon dioxide (years), reducing concentrations of BC in the atmosphere could

have a rapid impact on global temperatures, with the added benefit of improving air quality for human health. The global direct

radiative forcing of BC at top of atmosphere (TOA) is estimated to be between 0.2-1.2 W/m2 (Ramanathan and Carmichael,35

2008; Bond et al., 2013). Calculating the global direct radiative forcing effect (DRE) of BC is complicated by its spatial

heterogeneity, with a higher effect (up to 10 W/m2) in heavy polluted urban areas where BC concentrations are significantly

higher (Ferrero et al., 2014; Li and Han, 2016). Furthermore, the DRE of BC is significantly affected by its source, vertical

distribution, atmospheric conditions and its mixing with other components of PM within the atmosphere to change its optical

properties (Zhao et al., 2020).40

Through absorbing radiation and altering the thermal profile of the atmosphere, BC may play an important role in the

enhancement of Beijing pollution episodes via the aerosol-PBL feedback mechanism. The mechanism can be described as

follows: scattering and absorbing aerosol particles interact with solar radiation to reduce the amount of shortwave radiation

(SWR) reaching the surface, causing surface cooling. Furthermore, absorbing aerosol particles can lead to warming of the

air above the surface. This alters the thermal profile of the atmosphere and reduces buoyant turbulence, suppressing PBL45

development and allowing aerosols to accumulate in a shallow PBL. This can also increase water vapour concentrations which

can cause some aerosols to grow in size, while also enhancing the rate of secondary aerosol formation. These factors increase

aerosol-radiation interactions further, leading to a positive feedback between aerosol concentrations and PBL height (Gao et al.,

2015; Ding et al., 2016; Petäjä et al., 2016; Zou et al., 2017).

The effect of BC on PBL development and the aerosol-PBL mechanism is highly dependent on the properties of BC as50

well as the altitude of the BC layer. In theory, concentrations of BC at the surface will warm the lower layer, promoting

buoyant turbulence and decreasing atmospheric stability, while a layer of BC aloft is thought to further enhance the temperature

inversions, increasing temperatures aloft and decreasing them at the surface leading to atmospheric stabilisation (Figure 1).

Upper level BC (BC above the PBL) is also believed to have a higher heating efficiency due to a combination of the lower

density of air and higher incident radiation flux at higher altitudes, allowing for BC particles to absorb more radiation and heat55
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air at a higher rate. This suggests that even low concentrations of BC at high altitudes may lead to atmospheric stabilisation.

This is considered to be the so-called ‘dome effect’ of BC (Ding et al., 2016; Wang et al., 2018).

Figure 1. Schematic showing some of the sources of BC, how different altitude layers of BC might exist and the effect of BC layer height

on PBL interactions in Beijing

The impact of BC on the aerosol-PBL feedback is dependent on several factors, including: the altitude of the BC layer, its

concentration and mixing state. Ding et al. (2016) found that BC enhanced haze episodes through warming the air above the

PBL and enhancing stratification of the boundary layer. Wang et al. (2018) found that surface BC promoted PBL development60

through warming but that this effect was negated by the stronger interactions of BC aloft which suppressed PBL growth. Ding

et al. (2016) first showed the importance of the BC dome effect through conducting simulations of three megacities in Eastern

China and changing the level of aerosol feedback. Through this, they directly characterised the feedback effect of BC compared

to that of other aerosols. Their results showed that a maximum change in SWR due to BC occurred at the top of the PBL (arund

400 m in this case) and that BC at this altitude was primarily responsible for the large suppression in PBL height, despite only65

making up 30 % of the column BC concentration. Furthermore, BC reduces downwelling surface SW radiation, leading to

surface cooling and contributing up to 50 % of the total aerosol reduction in surface fluxes. In a 1D modelling study, Wang et.

al (2018) found that BC aloft was essential in the suppression of PBL height, with surface BC increasing both turbulence and

PBL height. Furthermore, they found that a BC layer close to the PBL top and internal mixing of BC with scattering aerosols

(sulphate, nitrate, ammonium) significantly enhanced the dome effect of BC, leading to a potential reduction in PBL height of70

15 %. BC can exist above the PBL in Beijing, due to aerosols being transported from surrounding regions through synoptic

scale winds and through aerosols remaining in the residual layer overnight after being mixed through the PBL in the previous

day (Wang et al., 2016; Zhao et al., 2020).

Thus far methods of examining the impact of BC on the aerosol-PBL feedback in Beijing have been with observational or

regional modelling studies, with specific radiative transfer models used to calculate direct radiative effects (Ding et al., 2016,75

2017; Wang et al., 2018; Zhao et al., 2020). Large eddy simulation (LES) models directly simulate turbulent motion and PBL
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development without the parameterisation of boundary layer processes which is necessary in regional models such as WRF-

CHEM. This gives them a significant advantage in understanding and quantifying perturbations to the PBL. LES models have

been used to examine the effect of absorbing aerosol layers on the development of stratocumulus and cumulus clouds. Herbert

et al. (2020) examined the effect of an absorbing layer on stratocumulus clouds and thus the PBL development and rates of80

entrainment, finding a significant reduction in the entrainment rate the closer the absorbing layer was to cloud top. Related

to dissipation of radiation fog, Maalick et al. (2016) found that in a polluted conditions BC has a warming effect close to the

fog top, and BC enhances fog dissipation due to absorption of solar radiation. However, if the increase in BC concentration

is accompanied with an increase in CCN and thus fog droplet concentration, the CCN effect increasing fog lifetime is much

stronger than BC effect that shortens fog lifetime.85

In this work, we use the coupled LES-aerosol-radiation model (UCLALES-SALSA), which has previously been set up and

tested in Beijing, to examine the impact of BC on aerosol-PBL interactions and the implication on Beijing haze episodes (Slater

et al., 2020, 2021). The high resolution of LES models and their ability to calculate turbulent fluxes and perturbations thereof,

allows for isolation and quantification of the different factors impacting the ’dome effect’ of BC. We use meteorological

conditions from 2 days in the middle of a haze episode (2nd and 3rd Dec 2016), where a strong temperature inversion and90

shallow PBL already exist due to the convergence of cold northerly air masses with southerly warm air masses (Wang et al.,

2019). Specifically, this work investigates the ‘dome effect’ of BC, through isolating the impact of BC both above and within

the PBL and the impact on PBL dynamics. This paper is set out as follows. Section 2 describes model set up, including

experimental setup for the different sensitivities examined, while section 3 details the results for the corresponding sensitivity

studies. Section 4 briefly discusses the overall results and their implications in more detail.95

2 Methods

2.1 Model Description

The model used in this study is UCLALES-SALSA, which is a large eddy simulation model (UCLALES) fully coupled to

the sectional aerosol model (SALSA). UCLALES-SALSA has been used to examine the impact of aerosols on stratocumulus

clouds, radiation fog, cloud seeding and to examine the aerosol-PBL feedback in Beijing (Tonttila et al., 2017; Slater et al.,100

2020; Tonttila et al., 2021; Slater et al., 2021). UCLALES is based on the Smagorinsky-Lilly subgrid model, with leapfrog

time stepping used for advection of momentum variables and forward time stepping for advection of scalar variables, based

on fourth order differential equations. Boundary conditions are doubly periodic in the horizontal and fixed in the vertical. The

surface scheme is based on a coupled soil moisture and surface temperature scheme by Ács et al. (1991), which explicitly

calculates surface temperature and, sensible and latent heat fluxes. The surface scheme used in this case has been adapted and105

tested for the urban environment of Beijing and the set up is as detailed in Slater et al. (2020).

SALSA is a sectional aerosol model which has been fully coupled to both UCLALES and the climate model ECHAM

Kokkola et al. (2008, 2018). SALSA bins aerosol particles according to size and has two sets of parallel size bins which allow
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for aerosols to be both internally and externally mixed. In the results set out here, we assume all particles to be internally mixed.

Processes including deposition of aerosols, semi-volatile condensation, nucleation and emissions are switched off but aerosol110

coagulation and water condensation on aerosol particles are turned on. For these simulations, organic carbon, sulphate, nitrate,

black carbon and ammonium are included. We use the same size distribution for all simulations (Table 1) and composition is

varied slightly to examine the impact of fractional composition changes of BC (Table 2).

To calculate aerosol-radiation interactions, SALSA uses a four stream radiative transfer scheme based on the work by Fu

and Liou (1993). This scheme is fully coupled to UCLALES to allow feed back on turbulent dynamics and is a four stream115

method integrating over 6 SW bands and 12 LW bands. To account for the impact of size on aerosol-radiation interactions

we use set refractive indices, and use look up tables for the aerosol-extinction cross section, asymmetry parameter and single-

scattering albedo, which are calculated as a function of the size parameter (α=
Dp

λ ). In this work we set all imaginary parts of

the refractive indices in the SW to zero apart from BC which is set to values according to Bond and Bergstrom (2006). This

allows us to consider BC as the only absorbing aerosol. SALSA treats internal mixing for optical properties simply, through120

volume averaging of the complex refractive index of each component in each particle. Optical properties of the entire particle

are calculated from the average refractive index of the particle according to volume as detailed in Jacobson (2005). Therefore,

the potential of scattering aerosols to enhance absorption of BC through the ’lensing effect’ is not considered here.

2.2 Experimental Setup

The work presented here is divided into three sections and specific set up for each sensitivity is detailed in the appropriate125

section. We perform simulations for 2nd and 3rd Dec 2016 in Beijing, varying the altitude of the aerosol layers and fractional

composition. Initial meteorological conditions were taken from radiosonde profiles. Aerosol composition and size parameters

were calculated based on ground based measurements taken at 8am on 3rd Dec 2016 during the APHH winter field campaign

(Shi et. al 2019). The initial aerosol vertical profiles were estimated based on the gradient of boundary layer profiles. The

model was set up at 08:00 LST and run for 12 hours including 1 hour spin up time. The horizontal domain size was 5.4 x 5.4130

km with a resolution of 30 m and the model top was 1800 m with a vertical resolution of 10 m. For all simulations, the initial

size distribution is outlined in Table 2. For all results, PBL top or maximum PBL height is taken as the height at which there is

a maximum gradient in potential temperature (θ).

Parameter Mode 1 Mode 2

Dg (nm) 22 121

σg 1.28 1.32

Table 1. Size distribution input data - geometric mean diameter (Dg) and geometric standard deviation (σg)

Individual case set up for the changing conditions examined in this paper are detailed in sections 2.3-2.5. Section 2.3 outlines

the setup of simulations for case 1 where a comparison of 6 simulations are performed on 03 Dec, these are varied so that there135
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are 3 different altitudes for an aerosol layer and each layer either has a composition of 10 % BC or no BC. In these cases,

the aerosols are only present within the specified layer, with no aerosols present initially above or below the layer. Section

2.4 outlines the setup for case 2 simulations where we include a surface aerosol layer only for simulations of 02 Dec and 03

Dec. This case compares the impact of BC heating within the PBL on boundary layer meteorology for the different initial

meteorological conditions. Section 2.3 describes the setup for case 3 simulations which vary the fraction of BC in vertical140

layers within a full column aerosol profile.

2.3 Case 1 - Vertically varied aerosol loading

To isolate the impact of BC and the altitude of the BC layer on the aerosol-PBL feedback, we performed sensitivity studies

with meteorological conditions taken from measurements on the morning of 3rd Dec 2016. In the simulations presented in

this section, we varied the altitude of the aerosol layer as well as the fractional composition of the aerosols, to either have BC145

or no BC within the layer (Table 2). We included aerosol layers with identical mass mixing ratios within the PBL (0-350 m),

at and above PBL top (500-950 m) and high aloft (700-1150 m) as shown in figure 2 (red, blue and cyan lines respectively).

Maximum PBL height (top) was considered to be 510 m based on simulations performed on this day without aerosols. For all

simulations in this section, total aerosol loading was kept constant, while the composition was varied as detailed in Table 2 and

concentrations and altitudes of each of the aerosol layers as shown in figure 2.150

Figure 2. Initial mass concentrations of a) Black Carbon, b) Sulphate and c) Total aerosol concentrations for simulations in case 1. Different

heights were chosen for the initial aerosol layers, which were 0-350 m (red lines), 500-950 m (blue lines) and 700-1150 m (cyan lines).

Simulations which included black carbon are depicted by solid lines and those without are dashed lines

Figure 2 shows the vertical aerosol profiles for each of the simulations. Figure 2 (a) shows the variation in BC concentrations

for the 3 simulations which include BC (solid lines), while the simulations without BC (dashed lines) have no BC through
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the whole layer. Figure 3 (b) shows the variation in SO4
2− aerosol concentrations. As shown in table 2 and figure 2 (c),

for simulations without BC, the initial aerosol concentrations are the same as the simulations with BC but the fractional

composition is varied so that there is double the concentration of SO4
2−. Figure 2 (c) shows the overall vertical variation in155

aerosol layers for the different simulations, where the BC and no BC simulations for each of the 3 different layers have the

same aerosol vertical profiles.

SO4 BC OC NO3 NH4

BC case 0.1 0.1 0.45 0.25 0.1

No BC case 0.2 0.0 0.45 0.25 0.1

Table 2. Volume fractional composition for BC and no BC simulations in all simulations

2.4 Case 2- Varying initial conditions

To examine how sensitive BC heating at the surface is to the initial meteorological conditions, particularly the strength of

temperature inversions both in the morning and throughout the day, we included an aerosol layer with BC at the surface for160

simulations on 2nd Dec and compared the results to simulations performed on 3rd Dec. We then compared each simulation

to a base case, which was simulations not including aerosol-radiation interactions. The difference in initial meteorological

conditions are outlined in figure 3. We can see that on the 2nd Dec, relative humidity is lower, while surface wind speeds are

higher and the total temperature inversion throughout the profile is weaker than on 3rd Dec. Furthermore, initial conditions

show that at 9am there is a shallow layer with a sharp inversion at the surface in the 2nd Dec initial profile. However, the free165

tropospheric lapse rates for 3rd Dec is more stable, which may also impact PBL growth throughout the day. The aim of this

case study was to examine the influence of these initial conditions on BC heating within the PBL and the associated impact on

PBL dynamics.

For these simulations, the aerosol profiles for each day were kept the same so the only variable was the different initial

meteorological profiles and surface values (surface temperature). The included aerosol profiles are the same as BC surface in170

section 2.3 (solid red lines in figure 2).
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Figure 3. a) Potential temperature, b) Relative Humidity and c) Wind Speed profiles at 9am for 3rd Dec (blue) and 2nd Dec (red)

2.5 Case 3 - Vertically varied BC loading

Simulations in this setup examined the impact of changing the fractional composition of BC in different aerosol layers, so

keeping aerosol loading in the column the same but changing composition in different layers, unlike the setup in section

2.3 which compared different aerosol loading layers. This setup was done as a proxy to examine the idea of reducing BC175

at the surface without tackling regional emissions of BC which may get transported from surrounding areas leading to high

concentrations above the PBL.

The set up here uses meteorological conditions from 3rd Dec 2016 as outlined in section 2.3 and 2.4 but includes aerosols

throughout the column, rather than just in specific layers. Details of the variation in BC concentrations are outlined in figure

4, and include BC throughout the column (red lines), BC above 500 m (blue lines), BC above 1000 m (cyan lines) and no BC180

(green lines). As in the set up described in section 3.1, the aerosol loading throughout the column is the same with changes in

composition for the ’BC’ and ’No BC’ cases as detailed in table 1. Figure 5 (a) shows the variation in BC loading, figure 4 (b)

shows the variation in SO2−
4 loading and figure 4 (c) shows total aerosol vertical profiles for all simulations.
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Figure 4. Initial mass concentrations of a) Black Carbon, b) Sulphate and c) Total aerosol for each of the experiments outlined. For simula-

tions with the same aerosol concentration but varying composition across the column to have: BC through the column (red), BC above 500m

(blue), BC above 100m (cyan) and no BC throughout the column (green)

3 Results

The results here are separated into 3 sections based on the experimental setup outlined in section 2.3-2.5. Section 3.1 outlines185

results from case 1 simulations performed as outlined in section 2.3 for vertically varied aerosol layers, section 3.2 shows

results from simulations of case 2 looking at the effect of initial meteorological conditions as described in the set up in section

2.4. Finally, section 3.3 showcases results from case 3, which examines the effect of varying BC loading in different vertical

layers as described in the setup in section 2.5.

3.1 Case 1 - Vertically varied aerosol layers190

Results from varying the height of aerosol layers in the column, with and without BC aerosols show that at all altitudes, BC

in the aerosol layer has more impact on PBL dynamics than the effect of scattering aerosols alone (No BC simulations) (Table

3). Specifically, simulations without BC have a small effect on surface temperature, sensible heat flux and PBL height. At the

surface, BC decreases downwelling surface SWR by 4 % compared to including only scattering aerosols (No BC simulations),

due to the increased absorption caused by increasing the BC fraction. This decreases maximum surface sensible heat flux195

(SHF) and surface temperature. However, BC absorption of SWR causes warming of the layer, leading to an increase in air

temperature at 10 m and slight increase in PBL height compared to no BC surface simulations (Table 3).
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For further analysis, we calculates SW heating rate by BC as the change in SW radiative flux (↓SW - ↑SW) divided by

specific heat capacity of air (Cp) multiplied by density of air (ρ) as in equation 1.

SWHeatingRate(t) =
(↓ SW− ↑ SW )(t+1)− (↓ SW− ↑ SW )(t)

Cp ∗ ρ
(1)200

We calculate that the heating rate of BC varied between 0.1-0.2 K/h which will lead to a maximum heating of the PBL

throughout the day in wintertime Beijing of 1.6 - 2 K. If the temperature inversion, during the day was small (1-3 K), this

additional heating by BC within the PBL and at PBL top of 1.6 - 2 K could break the inversion at PBL top and increase PBL

height. However, under a strong temperature inversion as on 03 Dec, this heating within the PBL was not strong enough to

reduce the temperature inversion fully and so there was a very small increase in PBL height. Consequently, BC heating within205

the PBL in this case only resulted in a very small increase in PBL height (Table 3). Furthermore, the low albedo (0.2) and high

heat capacity of the underlying surface, typical of an urban environment, mean that BC at the surface will have a lower impact

than studies which have examined the effect of polluted environments over high albedo surfaces, for example, clouds or rural

environments (Wang et al., 2018).

SHF (W/m2) PBL Height (m) Surface T (K) ↓ SWR surface (W/m2) ↑ SWR top (W/m2) T at 10 m (K)

BC surface 98.19 511.43 285.04 490.18 102.35 279.55

No BC surface 111.7 509.43 285.11 511.02 108.41 279.31

BC 700 m 105.18 494.99 284.69 491.72 101.91 279.02

No BC 700 m 111.85 510.19 285.11 515.56 109.44 279.30

BC 500 m 105.0 474.28 284.69 494.00 102.39 279.04

No BC 500 m 111.84 508.57 285.11 515.52 109.44 279.30

No aerosol 112.29 510.10 285.12 516.14 109.28 279.31

Table 3. Maximum sensible heat flux (SHF), planetary boundary layer (PBL) height (taken as the height with the largest gradient in θ),

surface temperature (T), downwelling shortwave radiation (↓SWR) at the surface, upwelling shortwave radiation (↑SWR) at model top (1800

m) and air temperature (T) at 10 m. Values are the maximum between 12:00 and 16:00 local standard time (LST)

Figure 5 outlines the changes in SW downwelling and upwelling radiation as well as the SW heating rate due to the presence210

of BC in the aerosol layers for all three simulations throughout the day. In the case of BC aloft, there is a reduction in

downwelling SW radiation both within and under the aerosol layer (Fig. 5 d) and a reduction in SW upwelling radiation

(Fig. 5 g) through the layer due to absorption. The reduction in downwelling radiation beneath the aerosol layer leads to a

cooling effect due to less available radiation heating the air. Meanwhile the absorption of SW radiation in the aerosol layer

causes heating. This results in a change in the thermal profile of the atmosphere and enhances the temperature inversion,215

decreases maximum PBL height and atmospheric temperature (Table 3). There is slight subsidence of the aerosol layers aloft

over time, while aerosols at the surface become vertically mixed throughout the day as the PBL develops (Figure 5).
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Figure 5. SW heating rate (a-c), loss in downwelling (d-f) and upwelling (g-i) SW radiation due to BC inclusion in the aerosol layer. All

plots are normalised against no BC simulations (BC in the aerosol layer - no BC in the aerosol layer) for the aerosol layers at 700 m (a,d and

g), 500 m (b, e and h) and the surface (c, f and i)

Aerosol layers with identical mass mixing ratios are initialised between 500-950 m and 700-1150 m to examine the impact

of the altitude of the layer. When there are aerosols at 500m, aerosols can become entrained into the upper PBL, as the PBL

develops and the aerosol layer subsides. This results in a strong heating at the top of and above the PBL, causing a decrease in220

6.7 % in PBL height compared to no aerosols. This is a decrease of 4.2 % in PBL height for the high aerosol layer (700-1150

m) compared to the low aerosol layer (500-950 m). Figure 6 shows the potential temperature lapse rate throughout the day for

each of the aerosol layers. This shows the inversion for including the aerosol layer at 500 m is much stronger than for the 700

m aerosol layer. This causes the larger suppression of PBL development observed under these conditions.
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Figure 6. Potential temperature lapse rate for simulations on 3rd Dec at 10am, 12pm, 2pm and 4pm for surface BC (red), BC above 500m

(blue) and BC above 700m (cyan)

3.2 Case 2-Varied Initial Conditions225

In these simulations we examined the sensitivity of BC surface heating on turbulent dynamics to different meteorological

conditions. Specifically, we assessed whether BC at the surface can cause heating to a large enough extent to overcome the

temperature inversion and enhance PBL development, under different initial conditions. On the 2nd Dec, simulations with

no aerosols show a temperature inversion for the 400 m above PBL top of ∼ 4 K at 14:00 LST, compared to ∼ 7 K on 3rd

Dec (Figure 7). Consequently, including BC at the surface shows a larger enhancement in turbulence for 2nd Dec, when the230

initial temperature inversion is lower. In this case, BC at the surface causes a 5% increase in PBL height, increasing TKE and

minimising the decrease in sensible heat flux. This is despite the change in SW downwelling and upwelling radiation being

similar for both days (Figure 8).

Due to the variation in initial meteorological conditions such as humidity, temperature and wind (Figure 3), it is difficult to

ascertain whether the difference in PBL development caused by BC surface heating is a direct impact of the strength of the235

temperature inversion. However, it is clear that at least for the case of BC within the PBL, meteorological conditions affect the

magnitude of surface heating on PBL development. These results highlight the susceptibility of the aerosol-PBL feedback to

initial conditions as has been outlined in previous work by Slater et al. (2020) and Slater et al. (2021). In both cases, the BC

concentrations cause a heating rate of 0.2 K/h at the surface, which leads to increases in the surface air temperature. Although

there is increased turbulence caused by BC heating on 2nd Dec, the level of heating within and at the top of the PBL is240

not enough to overcome the strong temperature inversion and the stagnation caused by aerosol-PBL feedback. Consequently,
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Figure 7. Potential temperature profiles for simulations with no aerosols for 03 Dec(red lines) and 02 Dec (blue lines) at 12pm, 2pm and

4pm

Figure 8. Change (surface aerosol - no aerosols) in a) downwelling and b) upwelling SW radiation, c) SW heating rate, and d) BC concen-

trations for simulations on 3rd Dec (red and cyan) and 2nd Dec (blue and green) at 10am (red and blue) and 2pm (cyan and green). (e-g)

Change (surface aerosol - no aerosols) in e) PBL height, f) Vertical integral of Turbulent Kinetic Energy (TKE) and g) Sensible Heat Flux

for 3rd Dec (red) and 2nd Dec (blue)
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BC heating within the PBL under these conditions will be unlikely to promote haze dissipation due to the strength of the

temperature inversion.

Figure 9. Potential Temperature Lapse Rate at 12pm, 2pm and 4pm for simulations with surface aerosols (blue and green) and no aerosols

(red and cyan) on 2nd Dec (cyan and green) and 3rd Dec (red and blue)

Figure 9 shows the potential temperature lapse rate at 12pm, 2pm and 4pm for simulations with no aerosols and with BC at

the surface for 2nd Dec and 3rd Dec. This shows BC at the surface reduces the inversion at PBL top in both cases. Furthermore,245

at 2pm the PBL top is higher on 2nd Dec for simulations including BC at the surface. Here, compared to 3rd Dec, the heating

within the PBL and at PBL top appears to be almost strong enough to break the temperature inversion at PBL top and enhance

PBL development. As can be seen in figure 8 (d), the aerosol layer becomes vertically mixed throughout the day as the PBL

develops. These results show that under conditions with a weaker temperature inversion, BC heating at the surface enhances

turbulent mixing to increase PBL development. If the heating caused by BC at the surface is strong enough or under conditions250

where the temperature inversion is weaker, this may allow for BC to become vertically mixed to high levels. When the PBL

collapses overnight, this leads to BC being present above the PBL which may enhance atmospheric stagnation and enhance the

intensity of pollution events.

3.3 Case 3- Vertically varied BC

Section 3.1 shows the aerosol radiative forcing and perturbations due to BC are higher than the scattering effect of other255

aerosols. However, this case only identifies the effect of either aerosol concentrations within or above the PBL, where they can

exist both within and above the PBL for several reasons. Here, we examine the idea of fully reducing BC at the surface as a
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proxy to decreasing BC emissions locally, where other species are still present. So for example targeting sources of BC, such as

biomass burning without tackling other sources of inorganic aerosols or volatile gases. BC aloft is considered to be brought into

Beijing through regional transport or entrainment from a polluted residual layer. A study by Ferrero et al. (2014) suggested that260

the impact of local BC emissions will heat the PBL and lead to pollutant dissipation through promoting atmospheric buoyant

turbulence. Results from section 3.1 show the reasonably low impact of BC at the surface in enhancing PBL development,

compared to the suppression caused by the BC layer at PBL top. Furthermore, if BC from the surface gets mixed into the

residual layer it will negatively impact turbulent mixing the next day. This section looks at including BC and other aerosols

both within and above the PBL and changing the relative BC concentration in the column.265

In this section, we include aerosols throughout the column and varied the fractional aerosol composition to have BC and

no BC throughout the profile and BC above 500m and 1000 m (Figure 9). This was done as a proxy to examine the impact

of tackling local emissions of BC but allowing regional emissions of BC. Our results show that including BC both within and

above the PBL causes a large reduction in PBL height (17 %) compared to no BC (Table 4). In section 3.1 and 3.2 simulations

with BC have a slightly higher PBL height compared to those without (Table 3). Therefore, the decrease in PBL height for270

these simulations (BC within and above the PBL) indicates that the potential enhancement in turbulence by BC within the PBL

(as seen in sections 3.1 and 3.2) is eclipsed by the effect of BC above the PBL which acts strongly to prevent PBL development

through the day. This is likely due to the low level of SWR available for BC heating at the surface in the full column BC

simulations, due to absorption by BC at higher altitudes.

SHF (W/m2) PBL Height (m) Surface T (K) ↓ SWR surface (W/m2) ↑ SWR top (W/m2) T at 10 m (K)

BC 1000 m 98.40 482.84 284.43 479.90 98.42 278.85

BC 500 m 98.42 423.51 283.78 455.60 91.22 278.85

Full column BC 84.78 419.52 283.85 432.00 84.77 279.06

No BC 111.03 507.39 285.10 503.79 107.90 279.29

Table 4. Maximum sensible heat flux (SHF), planetary boundary layer (PBL) height (taken as the height with the largest gradient in θ),

surface temperature (T), downwelling shortwave radiation (↓SWR) at the surface, upwelling shortwave radiation (↑SWR) at model top (1800

m) and air temperature (T) at 10 m. For including aerosols throughout the column but changing the composition for BC only above 1000m,

BC only above 500m, BC throughout the column, and no BC in the column. Values are the maximum between 12:00 and 16:00 local standard

time (LST)

Table 4 shows that including BC has a significant impact on reducing SW downwelling and upwelling radiation, which275

consequently feeds back and reduces surface temperature and sensible heat flux. Simulations including BC across the entire

column, show the largest decrease in downwelling and upwelling SW radiation, due to the overall larger columnar concentration

of BC. Including BC at the surface (Full column BC) leads to higher air temperature at 10 m compared to simulations with

BC aloft (BC 500 m and BC 1000 m) only, but lower air temperature at 10 m than not including BC at the surface (No BC).
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This is likely due to BC throughout the column absorbing radiation, which leads to heating but also reduces the amount of SW280

radiation reaching the air at the surface, consequently reducing surfac air temperature. This work shows that any increase in

PBL height due to BC at the surface is outweighed compared to the stronger impact of BC above and at PBL top (BC 500 m),

which results in the largest decrease in PBL height for simulation with BC across the column.

Figure 10. SW heating rate per unit mass of BC at 10am, 12pm and 2pm on 3rd Dec for simulations with BC throughout the column

Figure 10 shows the BC heating rate per unit mass of BC, taken as the heating rate for column aerosol with BC - without

BC. This shows the heating rate per unit mass of BC increases with height as suggested by Wang et al. (2018). Firstly, we285

see a strong heating effect increasing up to the bottom of the PBL with a decrease in heating rate across the PBL, and a

further constant increase above the PBL. The larger heating rate of BC at higher altitudes is thought to be due to the higher

incident radiation available for BC absorption. Consequently, the heating caused by BC in the atmosphere and the effect on

PBL development will be dependent on the altitude of the BC layer as well as the total BC within the aerosol column. This may

be important when examining the impact of BC within the PBL as if BC also exists aloft, as there will be less SW radiation290

reaching the surface due to BC at higher altitudes and consequently as shown here, BC heating in the lower layers will be

smaller.
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4 Discussion

The results here show that BC causes heating in the atmosphere, and that absorption of solar radiation by BC has the largest

impact on the temperature profile of the PBL compared to the effect of scattering aerosols. Specifically, BC can cause surface295

cooling through reducing SW radiation reaching the surface. In this study, BC causes heating in the aerosol layer at a rate of

around 0.01-0.016 K h−1/µgm−3 of BC (Figure 10) , which is similar to that proposed by Ding et. al (2016) and Wang et.

al (2018). For the concentrations used in this study, this works out at an overall heating of around 0.2 K/h or 1-1.6 K/day,

showing the potential impacts of BC on climate through warming the atmosphere. Furthermore, this work directly investigates

the impact of BC altitude on the layer, where BC is considered to be the only absorbing aerosol.300

From examining the potential temperature lapse rate, we can see that BC at 500 m has the largest impact through increasing

the temperature inversion at PBL top compared to simulations with BC at 700 m. This suggests that the absorbing layer has the

most impact when it exists at PBL top. Furthermore, throughout the day the aerosol layer becomes entrained into the PBL as

it develops, this can further increase surface concentrations if the aerosols at PBL top mix down to the surface. When aerosols

are included throughout the column, we observe an enhanced effect on PBL suppression, with a decrease of 16 % compared305

to not including BC and only slightly less effect than having BC throughout the entire column (Section 3.3). When there are

aerosols throughout the column, BC at the surface will receive less SW downwelling radiation compared to BC aloft due to the

interactions of the aerosols above it preventing SW downwelling reaching lower levels. Consequently, there will be more SW

radiation available for the BC aloft to absorb and heat the atmosphere. Figure 10 shows that the heating rate per unit mass of

BC is higher aloft than at the surface, meaning that the impact of PBL suppression by BC aloft will often negate the impact of310

surface BC promoting PBL development.

At the surface, including BC increases air temperature, but decreases sensible heat flux through reducing the amount of

SW radiation reaching the surface. We examine the impact of BC at the surface for a case study including the 2nd and 3rd

Dec 2016 and find that the magnitude of the impact is different on each day, suggesting the importance of meteorology and

initial conditions on the impact BC might have on the aerosol-PBL feedback. In section 3.1 and 3.2, we identify that the strong315

temperature inversion at PBL top throughout the day on the 3rd Dec prevents BC heating from enhancing PBL development.

The impact of BC within the PBL on PBL height in our simulation is small (0.26 % increase), compared to a 4-6 % increase

suggested by Wang et al. (2018), despite the heating rates due to BC being similar. We believe this is due to the strength of

the temperature inversion caused by the initial conditions on 3rd Dec (Figure 3a). A temperature inversion, often known as

the capping inversion is the sharp increase in temperature at PBL top and can be enhanced or diminished by aerosol-radiation320

interactions (Stull, 2015). Warming of the air at PBL top by BC can reduce the difference in temperature between the PBL and

free atmosphere, reducing the temperature inversion and making it easier for air parcels to move upwards. In some cases, this

will increase PBL height. In the work by Wang et al. (2018), the inversion at PBL top to 400m above PBL top at 14:00 LST

without aerosol inclusion is ∼ 3 K, in our case it is ∼ 7 K.

Temperature inversions and stable conditions are frequently brought about by synoptic condition changes in wintertime325

Beijing, are strengthened over the pollution episode as aerosols cool the surface. The specific haze episode examined here is
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from 01 -04 Dec 2016 and the meteorological and synoptic condtions are detailed in the paper by Wang et al. (2019). In their

work, they suggest the strong temperature inversion on the 3rd Dec is due to both the impact of synoptic conditions and the

aerosol-PBL feedback from the previous day causing surface cooling. Overall, we find that surface BC causes warming and

enhances turbulence. This increases PBL height by 0.26 % on 3rd Dec due to the strong initial temperature inversion (7.0 K in330

the lowest 500m at 10am) but increases PBL height by 5 % on 2nd Dec due to the weaker temperature inversion (4.2 K in the

lowest 500 m at 10am). However in these conditions, the heating rate is still not enough to fully weaken the strong temperature

inversion (Figure 9).

This work shows that BC heating may significantly increase the PBL height, specifically under conditions with weaker

temperature inversions. However, surface BC has a small effect on enhancing PBL development under strongly stagnant me-335

teorological conditions. It is therefore unlikely that under polluted conditions in wintertime Beijing, that the BC heating at the

surface will strongly impact the aerosol-PBL feedback loop to lessen the severity of pollution episodes in Beijing. It may be

however, that under certain conditions when the temperature inversion is low that the heating of BC impacts PBL development

and may enhance the recovery phase of a pollution event though we have not focused on this aspect in this paper. We calculate

a heating rate of around 0.2 K/h, and assuming a daytime heating in Beijing winter of 8 hours, the heating at PBL top could340

reach around 1.6 K which is too small to change temperature inversions which are common during haze episodes and are typ-

ically 4-7 K. However, in cases with weaker temperature inversions (1-2 K), the heating caused by surface BC may be strong

enough to cause modifications to the PBL development. This allows for increased vertical mixing of aerosols and may allow

for BC to be mixed higher into the PBL, when the PBL collapses overnight leaving a polluted aerosol layer aloft. The next day

this polluted absorbing layer will heat the layer above the PBL, thus changing the temperature profile of the PBL to reduce345

buoyancy. This reduces PBL height and enhances the aerosol-PBL feedback to increase surface PM2.5 and intensify pollution

episodes (Figure 11). Our results show that BC above the PBL has more impact than BC below and consequently if BC is

present throughout the column, the effect of suppressing turbulent motion by BC is greater than the enhancement effect.

In performing simulations including BC throughout the column (at multiple layers) this work can directly show that the

impact of BC heating within the PBL is negated by the stronger impact of BC aloft, which absorbs a significant proportion of350

SW solar radiation, meaning less absorption of SW radiation by BC within the PBL or at lower altitudes. This work therefore

adds on to the studies by Ding et al. (2016), which only shows the effect of BC at and above PBL top, and Wang et al. (2018)

which examines the impact of BC layers at different altitudes separately rather than the effect of multiple BC layers. Our work

also shows the importance of initial conditions on the BC surface heating effect as outlined for aerosols in general by Slater

et al. (2020) and Slater et al. (2021). This is important as these conditions change over the course of the haze episode, with355

PBL height found to decrease by as much as 50 % due to synoptic influences alone (Wang et al., 2019; Slater et al., 2021).

In the work by Wang et al. (2018) only one set of meteorological conditions are examined, which limits the applicability of

the results to periods with similar conditions. While our work shows that conditions on 02 Dec lead to a PBL enhancement

of 5 %, compared to 0.4 % on 03 Dec. Combining all the results presented in this paper as well as other research by Wang

et al. (2018) and Ding et al. (2016), here we detail a potential mechanism for the influence of BC on air pollution episodes in360
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Beijing (Figure 11). Although this mechanism has not been fully tested in this work due to computational cost, we hypothesise

that locally emitted BC which heats the PBL could promote PBL development (section 3.2), resulting in the BC becoming

well mixed through the PBL. When the PBL collapses overnight, the BC will remain in the residual layer overnight and exist

above the PBL the next day. This would then suppress PBL development as shown in section 3.1 and 3.3 of this work and in

the work by Ding et al. (2016). However, if synoptic conditions on the next day changed to weaken the temperature inversion365

and the PBL developed, as observed during this haze episode by Wang et al. (2019), the BC aloft could become entrained

into the PBL to heat the surface layer and help promote buoyant turbulence and the dissipation of pollutants (Figure 11). This

mechanism could have strong influences for policy and we would therefore recommend that further research be performed to

directly investigate the mechanism and its potential to influence the severity and longevity of haze episodes.

Figure 11. Schematic to show the potential impact of BC on a Beijing haze episode which occurred between 1st and 4th Dec 2016, where

both the onset and dissipation of the pollution episode is brought about by changing synoptic patterns. The black dashed lines indicate PBL

top with the red dashed lines indicating the change caused by BC interactions and the type of impact is dependent on the altitude of the BC

layer.

5 Conclusions370

From this work, we suggest: a) The impact of BC aloft on PBL suppression is dependent on the altitude of the aerosol layer

in relation to PBL height, b) BC surface heating impact on PBL development is dependent on the strength of the initial
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temperature inversion and c) When BC is present throughout the column the strong interactions aloft eclipse the impact of BC

surface heating. Overall, we show that BC causes heating at a rate of 0.15-0.2 K/h during the daytime which suggests that BC

direct radiative forcing has implications for climate, through warming the atmosphere. In terms of the local effect of BC on the375

aerosol-PBL feedback, BC high above the PBL has little impact on PBL development, while BC just above the PBL suppresses

PBL growth. Furthermore, controlling regional emissions of BC will significantly reduce the amount of BC aloft which may

reduce the severity of pollution episodes associated with atmospheric stagnation in Beijing. Here, as shown in figure 11, we

propose a novel mechanism on how BC may impact pollution episodes in Beijing:

1. At the beginning of the haze episode, synoptic conditions lead to a saddle type pressure field over the region which leads380

to a temperature inversion and light winds at the surface, allowing for pollution accumulation in a shallow PBL.

2. BC emitted locally and regionally will be trapped in the surface layer and our results show that this will heat the air at

the surface

3. If the inversion is weak (1-3 K) then this will cause sufficient heating at the aerosol loads often found in Beijing to break

the temperature inversion at PBL top and enhance vertical mixing to move BC higher in the layer.385

4. As the PBL collapses overnight, BC concentrations will exist in residual layers above the nocturnal inversion close to

the surface.

5. The following day, these BC layers will heat the air above the PBL and due to the higher SW downwelling radiation

aloft, will outweigh the effect of surface BC heating to enhance stability in the column and cause the suppression of the

PBL. This exacerbates the pollution event on subsequent days.390

6. When changes in synoptic conditions cause the pressure system to move away and upper level winds advect in cleaner

air the suppression of the PBL by BC heating diminishes. High BC concentrations in the PBL remain but as we have

shown these act to heat the surface and will aid the recovery of the PBL and lessen impact of pollution by promoting

mixing at PBL top as the inversion strength weakens (Figure 11).
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Chapter 5

Conclusions

In this thesis, measurements taken during an intensive field campaign have been used to initialise and assess

model simulations of interactions affecting Beijing haze. Specifically, this work examines the aerosol-PBL

feedback and its importance for air quality in Beijing. This work has been centred around the three papers

outlined above, consisting of the novel set up and testing of UCLALES-SALSA for an urban environment

(Paper 1), the investigation of the impact of synoptic conditions and aerosol loading on the aerosol-PBL

feedback (Paper 2) and the effect of aerosol composition and the altitude of aerosol layers (Paper 3). The

idea behind this work was to further the understanding of the importance and contribution of aerosol-

PBL dynamical feedback to Beijing haze episodes. This work presents for the first time, an LES model

which allows for direct calculation of boundary layer fluxes, fully coupled to an interactive aerosol-radiation

scheme. Furthermore, SALSA allows for specific changes in the composition, size distribution and number

concentration of aerosols. In this work, measured aerosol and meteorological values taken during the APHH

Beijing field campaign were used to initialise model simulations and sensitivities to aerosol composition

and aerosol loading were performed. The use of UCLALES-SALSA in the work presented here, has allowed

for direct interpretation and understanding of the process of aerosol-PBL feedback.

Beijing is well known for its poor air quality, particularly during wintertime, where heavy pollution

episodes with high concentrations of PM2.5 (> 100 µg/m3) persist for several days. This is an issue for both

public health and the economy, and therefore a paramount issue for the Chinese government. Observational

studies have found that high concentrations of pollutants in wintertime Beijing are associated with a

shallow boundary layer. This is primarily due to the changing large scale conditions which occur prior

to the onset of haze episodes in Beijing. Specifically, surrounding high pressure systems exist to the

north and south of Beijing, which will either advect cold clean air or warm polluted air into the city.

When these systems (winds) converge, the air will subside to cause a temperature inversion which favours

the accumulation of pollutants. This effect may be considered characteristic of the unique meteorology,

topography and pollutant sources in Beijing. However, the interactions between aerosol and radiation to

enhance atmospheric stability are known to worsen pollution episodes in Beijing, and may also be relevant

in other urban areas with high aerosol concentrations. Thus far, the relative importance and the processes

affecting the aerosol-PBL feedback and its contribution to severe pollution is poorly understood. Through

the development of the LES model, UCLALES-SALSA, this work directly elucidates and provides more
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understanding of the processes which impact the aerosol-PBL feedback process. Furthermore, the research

presented in this thesis showcases the impact of these processes on Beijing air quality, including implications

for future policy.

5.1 Summary of Key Findings

This work outlines the considerations necessary in using a large eddy simulation model to analyse the

interactions of aerosols, radiation and PBL dynamics in a polluted urban environment. This is the first

time that such a model has been used in an urban environment and the set up and development required

significant work. Firstly, the model showed high sensitivity to urban surface parameters such as: surface

heat capacity, surface temperature and water volume fraction of the surface. All of these parameters

contribute to the rate of heat storage, impacting sensible and latent heat fluxes which affect boundary layer

development during the day and boundary layer collapse in the evening. These parameters are dependent

on the properties of the surface which vary both between cities and within a city itself. Consequently,

appropriate understanding of the properties of urban environments both for observational and modelling

studies are important, even if they are accepted as a potential variable which can impact results. It is also

likely that the spatial heterogeneity of the surface causes variations in turbulence and pollutant dispersion,

and this again will vary within a city. Overall, these results show that adapting the surface scheme for

an urban environment, increases PBL height and reduces radiative cooling in the evening. Furthermore,

including a diurnal anthropogenic heat flux increases temperatures throughout the profiles.

The work in paper 1 shows that there is high sensitivity to initial meteorological conditions,

which will primarily govern the development of the boundary layer dynamics throughout the day. In

Beijing wintertime, these conditions are primarily affected by synoptic pressure system changes, but also

under high aerosol concentrations, the aerosol-PBL feedback was found to decrease surface temperature,

sensible heat flux and PBL height, through reducing buoyant turbulence. These effects were found to be

magnified under high aerosol loadings, which also caused a decrease in surface wind speeds. The results

presented also show that high concentrations of aerosols aloft can have significant impacts on atmospheric

stability through absorbing radiation and creating a turbulent layer aloft, which acts to reduce turbulent

motion at the surface.

The work in paper 2 focuses on a specific haze episode which occurred from 01 - 04 Dec 2016,

which is well characterised in the work by Wang et al. (2019) and follows on from the work and set up of

paper 1. This work explicitly shows the contribution of aerosol-PBL feedback alone is much smaller than

the contribution by synoptic conditions and suggests that the feedback effect alone would not be enough

to suppress the PBL to levels observed in Beijing during the haze episode examined. Therefore, it can be

concluded that the initial meteorological conditions, brought about by synoptic influences are paramount

for the formation of haze episodes in Beijing. However, this work also showed the importance of aerosol-
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PBL feedback on atmospheric stability and the vertical mixing of pollutants. Furthermore, in contrast

to other work, the results presented here show that, at least for the aerosol size and compositions used

in this study, there is no threshold value above which the aerosol-PBL feedback increases in importance.

Rather this work shows an almost linear relationship between aerosol loading and decrease in PBL height,

with larger decreases at higher aerosol loadings. The susceptibility to the feedback on initial conditions

was also examined through looking at the impact on conditions under which a shallower PBL would form

without aerosol-radiation interactions, finding higher susceptibility under these conditions. This shows

that under preempted atmospherically stagnant conditions, the aerosol-PBL feedback will decrease PBL

height, allowing for accumulation of aerosols in an increasingly suppressed PBL, which will be increasingly

more susceptible to the aerosol-PBL feedback as the haze episode progresses.

Paper 3 isolates the effects of black carbon, which for this study is considered to be the only

absorbing aerosol, negating the potential impacts of brown carbon. Results here show that, under low

humidity conditions, and assuming no large size impacts, the effect of absorbing aerosol is much higher

than scattering aerosol in terms of its radiative feedback on boundary layer meteorology. This work

shows that when the BC layer is restricted solely within the PBL, this can enhance PBL development.

However, the degree of the development will depend on the temperature inversion at PBL top, as well as

the concentrations of BC. Results from paper 3 show an estimated BC heating could contribute a warming

of 1-1.6 K in the PBL, which is too low to break the temperature inversion of 4-7 K on the two days tested

in this work. The results presented in paper 3, also show that the effect of BC aloft is highly dependent

on the altitude of the absorbing aerosol layer, with an enhanced impact for the 500-950 m layer compared

to the 700-1150 m layer. Furthermore, in agreement with other work by Wang et al. (2018), this study

shows that BC heating aloft is more efficient per unit mass of BC than at the surface and that when BC

exists both below and above the PBL, the effect of BC aloft in suppressing PBL development outweighs

the impact of BC warming at the surface. This can be considered to be both due to the aerosols aloft

interacting with SW radiation to reduce the amount available for absorption at the surface and the stronger

impact on PBL dynamics caused by BC aloft enhancing the temperature inversion. This work hypothesises

a mechanism by which locally emitted BC could have a significant effect on PBL suppression during Beijing

haze, with potential impacts for air quality policy in Beijing. When BC is emitted locally from residential

coal combustion or traffic, it will initially exist in the PBL. The work here shows that this will promote

vertical mixing, and, under certain conditions will break the temperature inversion to increase the vertical

dissipation of the pollution. Overnight, when the PBL collapses the BC will remain in the residual layer and

the next day will exist above the PBL. The effect of warming of the BC layer aloft is higher than the effect

of BC warming in the PBL. Therefore, this will causes boundary layer suppression through enhancing the

temperature inversion at PBL top. This shows how BC can enhance the aerosol-PBL feedback. However,

during the clean up process, when wind from the North, advects cold clean air into Beijing, the BC above

the PBL will get removed quickly, while BC at the surface may stay longer due to the high atmospheric

stability within the PBL. In this case, BC at the surface will act to enhance PBL development, promote

vertical mixing and aid in the dissipation of pollution.
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5.2 Implications and Future Recommendations

The results highlighted in this thesis outline and investigate some of the key processes impacting pollution

episodes in wintertime Beijing. Haze episodes in Beijing typically occur every 4-7 days and are preempted

by changes in large scale pressure gradients which lead to the transport of polluted, humid air and

the occurrence of temperature inversions and stagnant atmospheric conditions over Beijing. Regionally

transported and locally emitted pollutants will then be trapped in a shallow PBL. The extent of the aerosol-

PBL feedback on the haze episode will likely then govern the intensity of the pollution episode. This work

outlines the processes which impact this. Primarily, this work directly shows that the concentrations of

aerosols present, their composition, vertical profile through the atmosphere, and the initial temperature

inversion, which may be governed by synoptic conditions, as key factors influencing the impact. This will

directly influence surface PM concentrations, with implications for the severity of the haze episodes and

human health.

Throughout this thesis, the simulation results shows high sensitivities to a variety of processes

and parameters, which govern the development of the urban boundary layer. In order to characterise

the interactions and perturbations of aerosols on boundary layer dynamics it is consequently essential to

fully understand and simulate these processes. Furthermore, the results and sensitivities of the processes

presented in this thesis could, with further research allow for better parameterisation in regional and air

quality models, particularly with regard to the development of the PBL. As shown in this thesis, PBL

development is dependent on several factors including surface and aerosol properties, and meteorology.

Frequently, larger scale models use PBL schemes which parameterise a lot of the processes governing PBL

development explicitly modelled by LES models. These parameterisations are often developed based on

numerical modelling results from for example LES models. Consequently, results showing the sensitivites

of PBL development to several factors in polluted urban environments could be used to improve these

parameterisations.

As discussed in this thesis, the onset of Beijing haze is dependent on synoptic or regional forcing.

LES models can’t capture these large scale changes, and therefore, regional models are needed in order to

properly capture and understand the overall processes impacting the development and dissipation of haze

episodes in Beijing. However, regional modelling studies will not be able to fully capture small process

changes and neither will they be able to decouple some of the processes shown in this work. Recently

some studies have started to incorporate LES models into WRF as part of a nested domain setup (Udina

et al., 2020). This gives the advantage of being able to simulate large scale conditions along with the more

detailed boundary layer processes and effects presented in this work. The work presented here has allowed

for understanding of the fundamental interactions and sensitivities of the aerosol-PBL feedback, which can

be used in conjunction with regional models to improve understanding of Beijing haze episodes.
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5.2.1 Modelling the Urban Boundary Layer

This work simulates the development of the urban boundary layer on several days, showing good agreement

with measurements during conditions which aren’t impacted by large scale changes. The results presented in

all 3 papers show strong sensitivity to various perturbations including aerosol properties, surface parameters

and initial meteorological conditions. Modelling studies examining the aerosol-PBL feedback in Beijing

have mainly used WRF-CHEM. Boundary layer development in WRF-CHEM is reliant on chosen boundary

layer schemes and parameterisations. Results here show that the aerosol-PBL feedback is highly dependent

on the initial conditions, consequently, relying on boundary layer schemes which don’t take these processes

into account may incorrectly over or under emphasise the importance of the aerosol-PBL feedback on

pollution episodes. Therefore, it is recommended that to better understand the processes affecting aerosol-

PBL feedback more high resolution studies which can directly simulate perturbations to boundary layer

processes are needed. If this feedback process can be accurately elucidated, it may then be possible to

include a better representation for use in regional models.

Further, this work shows the importance of the urban heat island on boundary layer development

and in accurately simulating boundary layer processes. These properties are typically dependent on both

the surface properties and layout, as such they are often not well measured. This work also shows

the dependence of boundary layer dynamics on the aerosol vertical distribution and feedback on PBL.

Consequently, in order to further understanding of urban pollution, it is necessary to have accurate

measurements or parameters for different urban areas, including the anthropogenic heat flux and urban

heat storage. If this is not possible, it is important to at least recognise the impact these factors might

have on modelling the urban boundary layer.

5.2.2 Threshold PM Values

Typically investigations of the aerosol-PBL feedback have utilised either observational data or regional

modellling studies. Petäjä et al. (2016) performed theoretical analysis on observations in Nanjing to

suggest a critical PM concentration of ∼ 250 µg/m3 which may cause the PBL to become statically stable

across megacities in China. However, in paper 2, this work shows that under the conditions tested, such

a value doesn’t exist but rather the reduction in PBL due to increasing PM is approximately linear,

even when surface concentrations reach > 300 µg/m3. Furthermore, these results clearly show that the

major association with PBL stability is the initial meteorological conditions, where aerosol loading works

to enhance stability and can cause significant decreases in PBL height but that extremely shallow PBL

conditions (< 500 m) cannot solely be caused by aerosol-PBl feedback (Paper 2). These results instead

suggest that the aerosol-PBL feedback is important for enhancing stability in already stable conditions, and

will in these circumstances act to enhance air pollution episodes in Beijing. This work provides potential

impacts for policy, which should focus on reducing emissions rapidly when unfavourable meteorological

conditions are predicted to occur, and not focus on keeping concentrations below a certain threshold limit.
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One limitation of this work and an idea that needs to be examined for the future is that of

semi-volatile condensation. This is believed to play an important role in the cumulative stage of haze

episodes, through increasing secondary aerosol formation and the size of the aerosols and altering their

optical properties. In the studies presented here, the only process which could lead to changing aerosol size

was condensation of water and aerosol coagulation. Furthermore, humidity levels were not high enough

for rapid uptake of water. However observations show that on 04 Dec 2016, surface humidity reaches > 90

% and the pollution becomes a polluted fog. This increase in humidity under highly polluted conditions

is common in wintertime Beijing (Figure 2.2), and will enhance aerosol processing and heterogeneous

reactions further. Of particular interest and potential importance is nitrate formation, which is believed to

occur rapidly under humid conditions in Beijing haze episodes (Wang et al., 2020; Xu et al., 2019). This

will contribute substantially to PM concentrations and may be important in the explosive growth of PM

observed in many pollution episodes.

Including semi-volatile condensation would likely show an enhanced impact of aerosol-PBL

interactions through increasing average aerosol size. The impact of the aerosol size distribution was also

not examined in this work but may have a significant effect on increasing the magnitude of aerosol-radiation

interactions. Increased aerosol size will lead to stronger aerosol-radiation interactions and may cause an

enhancement of the aerosol-PBL feedback. Aerosol size is known to increase over the haze episode due to

enhanced coagulation and the condensation of water vapour and semi-volatiles. Therefore, it may be that

as the haze episode increases, the mass concentrations of aerosols are dominated by larger particles. Paper

2 examines the effect of aerosol loading by increasing aerosol number concentration but assumed the same

initial size distribution. It may be in fact that as the haze episode advances, aerosol size increases which

increases the aerosol mass loading in a shallow PBL. The impact of increased size leads to enhanced aerosol-

radiation interaction which results in the non-linear aerosol-PBL effect (where PBL decreases more rapidly

under higher aerosol loadings) observed in some studies. Furthermore, it may be that these processes play

a different role depending on the properties and concentration of the aerosol particles and semi-volatile

gases, and the atmospheric conditions. Consequently, the linear aerosol-PBL feedback effect simulated in

our study may be a result of keeping aerosol size and composition constant through the day. Therefore, in

order to fully elucidate the aerosol-PBL feedback, the understanding of these conditions and sensitivities

to these process are essential.

5.2.3 Absorbing Aerosols

This work (paper 3) shows directly the impact of BC and the altitude of the absorbing aerosol layer

on suppressing or enhancing PBL development. Specifically, considering an internally mixed aerosol

distribution, the impact of absorption contributes the most to altering the thermal profile of the planetary

boundary layer. Furthermore, this work shows that in theory, surface BC can contribute a heating rate

equivalent to that of BC aloft. However, if absorbing aerosols exist both at the surface and aloft, the layer

aloft will absorb significant amounts of downwelling SW radiation, this will lead to less radiation being
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available for interaction with aerosols at the surface. Consequently in these cases, the impact of absorbing

aerosol suppressing the PBL has a larger impact than the effect of PBL enhancement. Further, as suggested

in the work by Wang et al. (2018), the results here also show the important impact of the altitude of the BC

layer aloft. While the coupled interactions used in this study, show that due to subsidence of the aerosol

layer and PBL development through the day, the aerosols aloft will sink and could become entrained into

the PBL.

This work also suggests a mechanism by which, as well as BC being regionally transported into

Beijing, BC emitted locally can cause vertical mixing to contribute to the observed BC above the PBL.

Through this, a new mechanism is presented which outlines the important contribution of locally emitted

BC to the aerosol-PBL feedback in Beijing. This mechanism is likely to be more important under conditions

with low temperature inversions, when BC surface heating of ∼ 0.2 K/h could break the inversion to fully

promote vertical mixing of aerosols. In the past decade, policy in Beijing has acted to improve its air

quality through banning local biomass burning and relocated industry out of the city. This has resulted in

a reduction in the overall concentrations of BC within the city. However, as this policy is only city wide and

due to the relocation of industry typically to the south of Beijing, this can lead to large concentrations of BC

existing across the region generally. Consequently, the process of BC aloft suppressing PBL development

is likely to remain important due to the regional emissions of BC. Meanwhile, the mechanism described in

paper 3, where locally emitted BC enhances vertical mixing to cause high concentrations of BC, will be

important in urban areas where sources of BC pollution such as biomass burning and traffic remain high

(Kumar et al., 2015; Tyagi et al., 2019).

Showcasing the impact of BC on potentially enhancing air pollution episodes is crucial as the

control of BC emissions is often overlooked. Furthermore, BC is known to contribute to global warming

through absorbing solar radiation and warming the atmosphere. The processes that impact BC absorption

enhancement have not been investigated in this work but are believed to have a significant impact on its

radiative properties. Mainly, the internal mixing with other aerosols by BC is thought to create a lensing

effect which will contribute to the radiative forcing by BC. This may have an impact on the heating rate

of BC, which will contribute to its impact on aerosol-PBL feedback, both through enhancing its ability to

warm the surface and promote PBL development and aloft to suppress PBL turbulence. Although, Wang

et al. (2018) showed enhancement of BC warming in simulations which included scattering aerosols, the

potential for investigating the details of this effect in a high resolution coupled dynamical model such as

UCLALES-SALSA, would allow for direct interpretation of some of the factors influencing the absorption

enhancement and the magnitude of its impact on aerosol-PBL interactions.

There is potential within UCLALES-SALSA to examine the potentially important impact of

brown carbon (BrC). The contribution of BrC, is believed to be important but measuring concentrations

and understanding of BrC’s radiative impact on Beijing haze episodes is still poorly understood. This work

has highlighted the important contribution that absorbing aerosols have on enhancing pollution episodes,
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which may have more impact than scattering aerosols on cooling the surface and enhancing the aerosol-

PBL feedback. BrC is likely to be present in high concentrations in Beijing and other megacities in India

and China. Despite its lower absorption capacity compared to black carbon, the high concentrations of

BrC may mean that its impact on aerosol radiative forcing and aerosol-PBL interactions is of equivalent

importance. Therefore, further understanding of the optical properties, concentrations and vertical profiles

of BrC in polluted megacities, will allow for better constraint and accuracy when understanding of the

aerosol-PBL interactions.

5.3 Overall implications

This work has been separated into three research papers which build upon each other. After setting

up the model for an urban environment as detailed in chapter 3, the first paper showcases some of the

key changes and the sensitivities to parameters and conditions in the modelling framework. This paper

examines a haze episode which occurred from 24/11-26/11/2016 and uses measured vertical meteorological

profiles as well as reanalysis data to initialise the model in the morning of each day. This work first

showcases that i) initial meteorological conditions vary greatly over this 3 day period and that ii) the

conditions affect the PBL dynamics throughout the day. As the aerosol-PBL feedback loop investigated

in this thesis examines the interaction between PBL dynamics and aerosol-radiation interactions, these

initial conditions were found to greatly influence the magnitude of the aerosol-PBL feedback. Primarily,

this paper identified that aerosol-radiation interactions caused a cooling in the lower layers and suppressed

PBL development for all days. This effect was magnified under higher aerosol loading. Through examining

recent literature, I identified that the changing meteorological conditions over the three days of the haze

episode on 24/11-26/11 were likely due to not only aerosol-PBL feedback enhancing stagnation but also

that changing synoptic conditions were a primary factor and potentially a leading cause of the pollution

episode beginning. However, this haze episode was not well characterised in literature and so it was hard to

discern the exact type and time of changes in synoptic conditions which influenced the episode. The next

piece of work therefore identified a new haze episode within the APHH Beijing winter campaign which was

well characterised in literature.

In paper 2, I examined my previous hypothesis on the influence of aerosol-PBL feedback vs

synoptic scale meteorological influences on Beijing haze through the use of a case study haze episode

which occurred from 01 Dec 2016 to 04 Dec 2016, where the meteorology and dynamics had been well

characterized by Wang et al. (2019). In this work, I compared the decrease in observed PBL height on 01

Dec, when aerosol loading was low and there was a deep turbulent PBL and 03 Dec, when aerosol loading

was high and a shallow weakly turbulent PBL existed throughout the day. Firstly, simulations were run

for both days without aerosols and resulting dynamical outputs were compared. This was chosen as a

proxy to examine only the impacts of meteorology without aerosol influence and how this affected PBL

height. Maximum PBL height (taken as the height with the highest gradient in θ) for 01 Dec was 1779
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m compared to 535 m for 03 Dec. This showed the strong influence the initial meteorological conditions

had on PBL dynamics. Wang et al. (2019) identifies a change in synoptic conditions on 02 Dec, which

causes a temperature inversion and enhances atmospheric stagnation, which exists until strong winds break

the inversion on 04 Dec. To examine the influence of aerosols compared to that of meteorology, aerosol

measurements taken at IAP were used to initialise aerosol profiles on the morning of 03 Dec. Including

aerosols had the influence of reducing PBL height by 17 % to 443 m. Comparing the reduction in PBL

height from changing meteorological conditions (difference in simulated PBL height from 01 to 03 Dec) and

aerosols (difference from including aerosols in 03 Dec), it was concluded that the changing meteorological

conditions had much more of a pronounced effect on maximum PBL height than aerosol-PBL feedback.

Despite the strong influence of synoptic changes on PBL height in Beijing, aerosol-radiation

interactions have an impact on enhancing the atmospheric stability in the PBL through the aerosol-PBL

feedback effect. In the first part of paper 2, this was identified as a 17 % decrease. The aerosol loading

in that case was reasonably low compared to the high loading sometimes measured during Beijing haze

episodes. Therefore, the next step taken was to look at the impact of aerosol loading on changes in

maximum PBL height, surface shortwave radiation and sensible heat flux. These results showed that PBL

height decreased linearly with increasing aerosol mass loading. To examine whether this would be the case

under other conditions - for example later on in the haze episode, where there is an enhanced temperature

inversion and extremely stagnant shallow PBL, we used conditions from the morning of 04 Dec and called

this ‘low PBL’ conditions. Equally, this could have been called strong T inversion or strongly stable

conditions. This effect showed an enhanced impact compared to the original case test which used initial

conditions for 03 Dec. In this work, for the cases examined, PBL height decreases linearly with increasing

loading (constant aerosol profiles, composition and size), while initial conditions impact the magnitude of

this decrease, with sharp temperature inversions and stable conditions enhancing the effect. This is similar

to the results we found in paper 1, where PBL height decreased by a larger % on 26/11 compared to both

25/11 and 24/11.

In papers 1 and 2, the aerosol-PBL feedback was shown to suppress PBL development in all cases.

However, BC has been found to warm the PBL to enhance buoyancy and increase PBL depth. Building

on this work, and to examine the impact of aerosol composition, paper 3 focused on including BC layers at

different altitudes. The first part of this work examined the impact of aerosol layers at specific altitudes,

both with BC and without BC. The same haze episode as paper 2 was chosen to do this, in order to examine

the impact of BC on the results presented in that paper. The results show that BC within the PBL will

enhance PBL height through increasing surface air temperature compared to no aerosol simulations. This

was even when fractional composition of BC in the aerosol was only 10 %. However, this effect was small

compared to the impact of BC above the PBL suppressing PBL development. As in paper 2, results from

paper 3 could also be due to the particular conditions of the specific haze episode on 01-04 Dec 2016 and

therefore not representative. For example, the impact of BC within the PBL in other studies had a stronger

impact on PBL development, despite similar heating rates of BC found in the results presented in paper 3.
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A potential reason for this is the strong temperature inversion on 03 Dec. Including BC within the PBL

on 02 Dec, promotes PBL development to a larger degree than on 03 Dec. However, the effect is still quite

small. It may be that under higher aerosol loadings, as shown in paper 2, if BC fraction is higher, or if

conditions are suitable, then BC heating may have a significant impact on PBL development.

Paper 3 identifies that the more aerosols above the PBL, the weaker the BC heating at the surface

will be due to aerosol-radiation interactions reducing the amount of SWR reaching the surface. Therefore,

relating these results back to papers 1 and 2, where there were significant amounts of aerosol above the

PBL, it is likely that this caused a reduction in the potential impact of BC heating on PBL dynamics in

these cases. To look at this in more detail in paper 3 including BC (and other aerosols) throughout the

column, as in paper 2, reduces the PBL by the largest amount. Even more than including aerosols only

above 500 m (around maximum PBL height). Therefore the impact of BC heating at the concentrations

tested is important only when concentrations of aerosols aloft are significantly low. The work in paper

3 can feedback into what was outlined in paper 1, on the importance of aerosol vertical profiles on the

aerosol-PBL feedback. This is due to the effect of aerosol-radiation interactions which impact the thermal

profile of the atmosphere, either through warming as shown in paper 3, or through reducing the SWR

reaching the surface and causing cooling.

In paper 2, results showed that increasing aerosol loading had a linear impact on the decreasing

PBL height. Combining this work with the results in paper 3, there are several potential outcomes.

Primarily, this would depend on the relative concentration of BC, where it appeared in the aerosol layer, as

well as the aerosol layer itself. If fractional BC within the PBL was high and there were few aerosols aloft,

increasing aerosol loading would likely increase PBL height by small amounts. However, under the same

conditions but with higher aerosols aloft, increasing aerosol loading would likely decrease PBL height at a

similar rate as in paper 2 as paper 3 shows limited effect of surface BC heating when there are aerosols aloft

which interact with radiation. If BC concentrations were high above the PBL (so fractional composition

of BC was higher than in paper 2), there would be an enhanced rate of decrease in PBL height due to

the strong effect of BC warming above the PBL and the resulting cooling below the PBL as shown in

paper 3. Furthermore, paper 2 shows that the aerosol-PBL feedback is stronger under low PBL conditions

(which normally occur towards the end of the haze episode). While paper 3 shows that under strong

temperature inversions (often associated with low PBL height), BC heating is less effective at promoting

PBL development. Therefore, these conditions combined show that towards the middle and end of haze

episodes, when there is frequently strong temperature inversions, the aerosol-PBL feedback is stronger and

the impact of BC heating on breaking this cycle is minimal.

Combining all the results presented in the three papers showcases a story which provides some

explanation of the processes governing haze episodes in Beijing. Firstly, the synoptic changes in pressure

cause temperature inversion and stagnant atmospheric conditions to form over Beijing. Aerosols are trapped

in a shallower layer which leads to strong aerosol-radiation interactions and cooling of the surface to prevent
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buoyant turbulence. If BC is in high concentrations at this time and the temperature inversion isn’t too

strong, then this may lead to a slight enhancement rather than suppression of the PBL. However, if BC or

other aerosols exist aloft this effect will be minimal and there will be an overall suppression of the PBL and

an enhancement of the temperature inversion. If this is the case, this will reinforce the temperature inversion

and stagnant conditions on the next day. The reduction in PBL height and the scale of reinforcement will

depend on both the initial conditions and the aerosol loading, which will linearly decrease PBL height

with increasing aerosol loading when all other conditions remain the same. However, if the BC promotes

atmospheric turbulence, this may have a positive impact on the haze episode allowing the PBL growth and

stopping the cycle of increasing stagnation which leads to increasingly concentrated aerosols. The work

in paper 3 also suggests that if the BC becomes vertically mixed it may stay in a polluted residual layer

until the next day. This would mean that it has a negative impact on PBL height and atmospheric mixing

through warming the layer above the PBL and reducing SWR to the surface. This would enhance the

effect of the aerosol-PBL feedback. As the haze episode continues aerosol concentrations will increase, due

to shallow and poor vertical atmospheric mixing. On the third and following days of the haze episode,

increasing concentrations of aerosols will have a magnified effect as the conditions are pre-susceptible for

this. This allows for strong inversions and conditions which are so stagnant they will not break until there

are again strong changes in synoptic conditions.

5.4 Closing Remarks

Air pollution in Beijing and in megacities worldwide is an ongoing concern for human health and

the economy. Furthermore, black carbon, which causes atmospheric warming, is present in significant

concentrations in megacities across India and China, which has implications for climate change. Studies

examining air pollution in Beijing are numerous, but the unique processes which govern wintertime

pollution episodes are still being understood. Results presented here examine the aerosol-PBL feedback

and its importance as a process affecting Beijing haze episodes. The aerosol-PBL feedback process has

been investigated in Beijing wintertime in several studies over the past decade, as a mechanism which

significantly enhances pollution. Early studies, believed that this process was the main mechanism causing

the shallow PBL during pollution episodes, through showing observed correlations between increasing

PM concentrations and reduced PBL height. More recently it has been outlined that the major factor

affecting the initial formation of a shallow PBL in Beijing are the changes in synoptic conditions which

force air to subside and lead to a temperature inversion to occur. Following this, the aerosol-PBL feedback

becomes increasingly important in enhancing the stable conditions, resulting in more intense and long-

lasting pollution episodes.

Results presented here agree with the previous literature and suggest that large scale atmospheric

conditions are likely primarily responsible for the initial decrease in PBL observed during Beijing haze

episodes. While the aerosol-PBL feedback becomes more important once a shallow stable PBL already
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exists over Beijing. Further, this work shows that the initial meteorological conditions impact the

magnitude of the aerosol-PBL feedback. These conditions are likely to be specific to Beijing due to

its unique location and topography. Therefore, although the mechanism of the aerosol-PBL feedback

is understood, several factors have been shown to influence its intensity and relative contribution to air

pollution episodes. Consequently, when considering the impact of the aerosol-PBL feedback in other

polluted urban environments, the overall atmospheric conditions, properties and vertical distribution of

the aerosol layer need to be well characterised. This combined with high resolution process modelling like

the work detailed here, will allow for more understanding of the magnitude of the aerosol-PBL interactions

in governing air pollution episodes in megacities.
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