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Abstract  

 

This thesis investigates the influence of atmospheric nitrate aerosol on air 

quality, human health and the present day aerosol cloud-albedo radiative effect. 

This research represents the first application of the UM-UKCA model with  the 

nitrate -extended version of the GLOMAP-mode aerosol microphysics module. 

The UM-UKCA model generally represents the spatial distribution of annual 

mean nitrate, ammonium and sulphate aerosol concentrations well (R > 0.6) 

over Europe and North America but performs less well over East Asia. The model 

tends to underestimate concentrations relative to ground-based and aircraft 

observations. However, global burdens and mean surface concentrations of 

nitrate  (NO3-), ammonium (NH4+) and sulphate (SO42-) aerosol are within the 

multi -model range simulated by participating models in the AeroCom Phase III 

(AP3) nitrate intercomparison. The inclusion of heterogeneous N2O5 hydrolysis 

in UM-UKCA decreases regional low model bias of nitrate aerosol, particularly in 

wintertime . The size distribution of simulated NO3- is sensitive to the approach 

applied to treat the gas-particle partitioning of the inorganic NO3--NH4+-SO42--

Na+-Cl- aerosol system. Reverting to an equilibrium approach to treat the gas-

particle partitioning le ads to overestimation of coarse mode nitrate aerosol, 

relative to applying a hybrid approach, at the expense of nitric acid uptake into 

the fine mode. 

The contribution of nitrate aerosol to surface PM2.5 and to the PM2.5-attributable 

health burden over the EU28, USA, India and China is quantified. Of these regions, 

nitrate aerosol made the greatest relative contribution to present day (year 

2008) annual mean AWM and PWM PM2.5 (13.4% - 16.3%) and to PM2.5-

attributable mortality (15.6%; 31,500 [20,100 - 41,300] deaths) over the EU28. 

Comparison to a scenario with year 1980 emissions, demography and 

background disease rates showed that the relative contribution of nitrate 

aerosol to the total ambient PM2.5-attributable mortality increased over the 

EU28 (6.2% to 15.6%), USA (3.9% to 7.8%), India (1.3% to 3.4%) and China 

(4.0% to 5.8%) as a result of recent decadal changes. 
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Finally, it is found that simulated N3, N50 and CDNC undergo large relative 

regional increases of up to 60%, when nitrate aerosol formation is included using 

a hybrid gas-particle partitioning approach. A global mean PD nitrate cloud 

albedo radiative effect of -0.007 Wm-2 was calculated using the hybrid approach, 

though the influence of nitrate aerosol on regional radiative effects was larger (-

0.5 to +1 W m-2). Reverting to an equilibrium gas-particle partitioning approach 

resulted in a weaker response of aerosol number concentrations and CDNC to 

nitrate aerosol formation over much of the Northern Hemisphere and cloudy 

marine regions in the Southern Hemisphere, leading to a sign reversal in the PD 

nitrate cloud albedo radiative effect to +0.011 W m-2. It is therefore concluded 

that models applying an equilibrium approach to treat nitrate aerosol formation 

may under-represent the influence of nitrate aerosol on aerosol properties and 

aerosol-cloud radiative effects. 
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1. Introduction  

1.1 Motivation   

Nitrate aerosol constitutes a major component of atmospheric particulate matter 

in industrialised regions over Europe (Schaap et al., 2004; Crosier et al., 2007; 

Putaud et al., 2010; Morgan et al., 2010a; Squizzato et al., 2013), the USA (Malm 

et al., 2004; Silva et al., 2007; Hand et al., 2012; Pusede et al., 2016) and Asia 

(Pathak et al., 2009; Ying et al., 2014; Snider et al., 2016). Like other aerosol, the 

ÐÒÅÓÅÎÃÅ ÏÆ ÁÔÍÏÓÐÈÅÒÉÃ ÎÉÔÒÁÔÅ ÁÆÆÅÃÔÓ ÔÈÅ %ÁÒÔÈȭÓ ÃÌÉÍÁÔÅ ÔÈÒÏÕÇÈ ÉÔÓ ÄÉÒÅÃÔ 

scattering of radiation and modification of cloud properties. Furthermore, its 

contribution to fine particulate matter at the surface degrades air quality, 

adversely affects human health and influences atmospheric chemistry and 

ecology. 

The third phase of the Aerosol Comparisons between Observations and Models 

(AeroCom Phase III) intercomparison exercise found that the global nitrate 

aerosol burden was equivalent to approximately a third of sulphate in terms of 

total global burden and global mean surface concentration (Bian et al., 2017). 

However, the inter-model diversity in simulated nitrate concentrations was 

large, with the global mean nitrate aerosol burden ranging by a factor of 13.4 and 

global mean surface nitrate concentrations varying by a factor of 9.4 between the 

9 participating models. 

Long-term exposure to ambient fine particulate matter (PM2.5: mass 

concentration of particles with a dry diameter below 2.5 µm) has been linked to 

approximately 4.2 million premature deaths globally through the exacerbation 

of respiratory, cardiovascular and cerebrovascular disease (Cohen et al., 2017). 

Previous work shows that nitrate aerosol makes a large (>25%) contribution to 

regional population-weighted PM2.5 over Europe and is one of four major aerosol 

components driving a global increase in population-weighted PM2.5 since 1990, 

after organic aerosols and before sulphate and ammonium aerosol (Li et al., 

2017). Studies have focussed on industrial and transport-related emissions and 

have increasingly focussed on the agricultural emissions sector as a means of 

reducing PM2.5 concentrations and its associated health burden, through 

reducing precursors to ammonium nitrate aerosol formation (Megaritis et al., 
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2013; Bessagnet et al., 2014; Paulot and Jacob, 2014; Lee et al., 2015; Lelieveld 

et al., 2015; Bauer et al., 2016; Pozzer et al., 2017). The importance of nitrate 

aerosol for PM2.5-attributable mortality is implied by these studies, but its 

specific contribution to mortality has never been directly quantified. 

Climate-related risks to livelihoods, food security and water supply are projected 

to increase with global warmings of 1.5 °C and 2 °C, resulting in impacts also on 

health, human security and economic growth (Masson-Delmotte et al., 2018). 

Global atmospheric models of increasing complexity have been developed to 

better understand atmospheric aerosol composition and aerosol-climate 

feedbacks. However, the radiative effect of atmospheric aerosol has remained 

highly uncertain through successive assessments of the Intergovernmental 

Panel on Climate Change (IPCC; Boucher et al., 2013). Despite its large 

contribution to atmospheric composition, the radiative impacts of nitrate 

aerosol have been understudied relative to other aerosol species, such as 

sulphate, mainly due to complexities in simulating its semi-volatile nature. The 

Fifth Assessment Report from the IPCC (AR5) yielded a global mean radiative 

forcing due to aerosol-radiation interactions from nitrate aerosol of -0.11 (-0.3 - 

-0.03) W m-2, though the majority of contributing models to the 5th Coupled 

Model Intercomparison Project (CMIP5) did not simulate nitrate aerosol 

(Boucher et al., 2013; Myhre et al., 2013b). Five of the ten participating 

Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) 

models accounted for nitrate aerosol in their simulations (Shindell et al., 2013). 

The indirect (cloud albedo) aerosol effect of nitrate aerosol is particularly poorly 

understood having been assessed by a small number of dedicated global model 

studies (Bellouin et al., 2011; Xu and Penner, 2012). 

The relative importance of nitrate aerosol for climate is expected to increase in 

the coming decades under projected emission scenarios (Adams et al., 2001; 

Bauer et al., 2007; Bellouin et al., 2011; Hauglustaine et al., 2014; Bauer et al., 

2016; Paulot et al., 2016). Several global modelling studies have identified that 

nitrate aerosols could overtake sulphate by the end of the 21st century as the 

dominant scattering aerosol species (e.g. Bauer et al., 2007; Bellouin et al., 2011; 

Hauglustaine et al., 2014), which would decelerate projected decreases in global 

mean aerosol forcing where nitrate aerosol has not been considered. 
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Despite its recognised importance for air quality and climate, the treatment of 

nitrate aerosol in composition-climate models is often heavily simplified or 

omitted completely. Ammonium nitrate is semi-volatile, with two-way gas- 

particle partitioning occurring into and out of the particle phase. Representation 

of this semi-volatile inorganic aerosol system can add considerable complexity 

to global model simulations and, in the interest of computational efficiency, 

simplified partitioning schemes that assume instantaneous equilibrium have 

become the convention. However, this equilibrium approach can overestimate 

the uptake of nitric acid into coarse mode aerosol at the expense of submicron 

aerosol formation (Ansari and Pandis, 1999; Capaldo et al., 2000; Moya et al., 

2001; Feng and Penner, 2007; Benduhn et al., 2016). To address this, some 

models have applied a more physically realistic hybrid approach, which 

calculates partitioning to the particle phase using either an equilibrium 

assumption or dynamic mass transfer, depending on the particle size (Capaldo 

et al., 2000; Feng and Penner, 2007; Trump et al., 2015; Benduhn et al., 2016). 

The implications for model radiative transfer of applying a simplified 

equilibrium approach as opposed to a more physically realistic hybrid approach 

for simulating nitrate aerosol have not been previously quantified. 

 

1.2 Thesis Aims 

The overall aim of the work in this thesis is to evaluate atmospheric nitrate 

aerosol concentrations and quantify the significance of nitrate aerosol for air 

pollution, human premature mortality and climate.  The primary research tool 

ÕÓÅÄ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓ ÉÓ ÔÈÅ -ÅÔ /ÆÆÉÃÅȭÓ 5ÎÉÆÉÅÄ -ÏÄÅÌ ɉ5-Ɋ ×ÉÔÈ ÔÈÅ 5ÎÉÔÅÄ 

Kingdom Chemistry and Aerosol sub-model (UKCA), applying the recently 

developed nitrate-extended version of the modal Global Model of Aerosol 

Processes (GLOMAP-mode). This version of GLOMAP-mode applies a hybrid 

approach to treat the two way gas-particle partitioning of inorganic semi-volatile 

species, which has been shown to give a physically realistic representation of the 

size-resolved sulphate-nitrate -ammonium-sodium-chloride aerosol system 

whilst retaining computational efficiency (Benduhn et al., 2015). Chapter 2 

provides the background and status of existing literature on nitrate aerosol and 
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its impacts. The research tools and methodologies employed in this thesis are 

described in Chapter 3. The aims and research questions to be addressed in 

results Chapters 4, 5 and 6 are detailed below. Finally, conclusions and avenues 

for future research are summarised in Chapter 7. 

 

1. The first research aim is to comprehensively evaluate the size-resolved 

nitrate, ammonium and sulphate aerosol concentrations in UM-UKCA on 

seasonal and annual mean timescales. The following questions are to be 

addressed: 

(a) How well does the global model reproduce observed seasonal and 

annual mean secondary inorganic aerosol and precursor gas 

concentrations compared to surface observations over Europe, the USA 

and East Asia? 

(b) Does the model capture vertical variability in secondary inorganic 

aerosol concentrations compared to field campaign aircraft-based 

measurements? 

(c) Are the UM-UKCA simulated annual mean secondary inorganic aerosol 

concentrations within the range of those simulated by other models in the 

AeroCom Phase III multi-model intercomparison exercise? 

 (d) How are size-resolved nitrate aerosol concentrations influenced 

when using a physically realistic benchmark hybrid approach for gas-

particle partitioning compared to a simpler and conventionally adopted 

equilibrium approach? 

(e) What is the influence of activating heterogeneous N2O5 hydrolysis on 

simulated seasonal mean nitrate aerosol concentrations? 

(f) What future developments are recommended to the nitrate aerosol 

representation in the UM-UKCA model? 

 

2. The second research aim is to quantify the contribution of nitrate aerosol to 

regional present day PM2.5 composition and attributable mortality, and the 

changing influence of nitrate aerosol on mortality resulting from post-1980 
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emission changes over Europe, the USA, India and China. The following 

questions will be addressed: 

(a) How does the inclusion of nitrate aerosol formation in UM-UKCA 

influence the simulated PM2.5, compared to observations over Europe, the 

United States, India and China? 

(b) What fraction of the area-weighted and population-weighted mean 

PM2.5 concentrations is associated with nitrate aerosol in these regions? 

(c) What is the present day impact of long-term exposure to atmospheric 

nitrate aerosol on regional health burdens, in terms of premature 

mortality and years of life lost? 

(d) How has the impact of nitrate aerosol on area-weighted and 

population weighted mean PM2.5 composition been altered as a result of 

post-1980 changes in anthropogenic emissions? 

(e) How has the contribution of nitrate aerosol to premature mortality 

changed as a result of post-1980 changes in anthropogenic emissions, 

demography and background disease? 

3. The third aim of this thesis is to quantify the radiative impact of present day 

nitrate aerosol via its influence on cloud albedo, using two gas-particle 

partitioning approaches. The following questions are investigated: 

(a) How does nitrate aerosol formation influence present day 

atmospheric total particle number concentrations? 

(b) What is the influence of nitrate aerosol formation on N50 and cloud 

droplet number concentrations? 

(c) What is the present day cloud albedo radiative effect of nitrate aerosol 

formation resulting from the above changes in particle number and cloud 

droplet number concentrations? 

d) Is a hybrid gas-particle partitioning mechanism important for all of the 

above, compared to a conventional equilibrium gas-particle partitioning 

approach? 
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2. Background and status of existing wo rk  

2.1 Tropospheric aerosol  

Atmospheric aerosol are suspensions of solid and/or liquid particles in air, with 

diameters ranging over four orders of magnitude from a few nanometres to 

around 100 µm (Seinfeld and Pandis, 2006). Aerosol are either emitted directly 

into the atmosphere (i.e. primary aerosol) or are formed in the atmosphere by 

chemical reactions (i.e. secondary aerosol). Primary aerosol and gas-phase 

aerosol precursors are produced from a variety of natural and anthropogenic 

sources. Anthropogenic aerosol found in the troposphere consist mainly of 

sulphate (SO42-), nitrate (NO3-), ammonium (NH4+), black carbon (BC) and 

organic carbon (OC). Natural components of the tropospheric aerosol include 

mineral dust, sea salt and volcanic sulphate. The size distribution is an important 

characteristic of an aerosol population and is usually defined in terms of four 

diameter (D) range classifications (Seinfeld and Pandis, 2006): nucleation (D < 

10 nm), Aitken (10 nm < D < 100 nm), accumulation (100 < D < 1 µm) and coarse 

(D > 1 µm).  

The size, composition and mass of aerosol is determined by microphysical 

processes, including nucleation, condensation, coagulation, hygroscopic growth, 

ageing and in-cloud processing. Aerosol sinks include dry deposition and wet 

scavenging by precipitation. Dry deposition describes the removal of particles to 

ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÂÙ ÇÒÁÖÉÔÙ ɉÓÅÄÉÍÅÎÔÁÔÉÏÎɊȟ ÉÍÐÁÃÔÉÏÎ ÁÎÄȾÏÒ ÄÉÆÆÕÓÉÏÎȢ 7ÅÔ 

scavenging of aerosol is associated with precipitation and includes both 

nucleation and impaction scavenging. Nucleation scavenging occurs within the 

cloud when aerosol particles act as cloud condensation or ice nuclei and are 

dissolved or embedded in the resulting hydrometeors. Impaction scavenging 

occurs in- and below-cloud when falling hydrometeors collide with airborne 

particles, collect them and subsequently carry them down to the surface. 

The spatial distribution of atmospheric aerosol is strongly dependent on the 

distribution of sources and sinks, which control the lifetime of aerosol in the 

atmosphere as it is transported. The lifetime of aerosol in the troposphere is 

typically on the order of a few days to weeks (Seinfeld and Pandis, 2006). This 
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relatively short atmospheric lifetime of aerosols, combined with an 

inhomogeneous geographical distribution of aerosol sources, leads to large 

variability in the spatial distribution of global aerosol. 

The impacts of atmospheric aerosol on air quality, climate, atmospheric 

chemistry and ecology (see Section 2.2) are dependent on the aerosol size, 

composition, concentration and spatial distribution. Global aerosol microphysics 

models of increasing complexity have been developed to represent the aerosol 

system and incorporated into climate and Earth system models, in order to 

accurately characterise these impacts. 

2.2 Impacts of atmospheric aerosol  

2.2.1 Air quality and health impacts of aerosol  

The presence of atmospheric aerosol at the surface leads to degradation of 

ambient air quality. Long-term exposure to atmospheric PM10 (i.e. the mass of 

particulate matter with aerodynamic dry diameters below 10 µm) and PM2.5 (of 

diameter below 2.5 µm) can contribute to increases in premature mortality, 

morbidity and lower life expectancy (Dockery et al., 1994; Pope et al., 1995; Pope 

III and Dockery, 2006). Atmospheric aerosol particles therefore most adversely 

impact on health when present in populated regions at sizes below these 

thresholds. Long-term exposure to PM2.5 is associated with approximately 4.2 

million premature deaths globally per year (Cohen et al., 2017), making it a major 

contributing factor to regional and global burdens of disease (Forouzanfar et al., 

2016; Lim et al., 2012). 

The adverse health implications from long-term exposure to PM2.5 include 

increased mortality from acute lower respiratory infections, cerebrovascular 

disease, ischaemic heart disease, chronic obstructive pulmonary disease and 

lung cancer (Burnett et al., 2014). Integrated exposure response functions (IERs) 

have been developed as a means of quantifying the relative risk to human health 

of exposure to PM2.5 (Pope et al., 2009; Pope et al., 2011; Burnett et al., 2014). 

Table 2.1 shows the air quality guideline and interim targets for annual mean 

concentrations of PM2.5 and PM10 set by the World Health Organisation (WHO). 

It is estimated that approximately 87% of the global population currently live in 
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areas where mean ambient PM2.5 concentrations exceed the WHO air quality 

guideline of 10 µg m-3 (Apte et al., 2015).  

 

Table 2.1 WHO air quality guidelines and interim targets for particulate matter: 

annual mean concentrations. 

 

 

2.2.2 Aerosol radiative effects  

!ÅÒÏÓÏÌ ÃÁÎ ÍÏÄÉÆÙ ÔÈÅ %ÁÒÔÈȭÓ ÁÔÍÏÓÐÈÅÒÉÃ ÒÁÄÉÁÔÉÖÅ ÂÕÄÇÅÔ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÅØÅÒÔ 

a radiative forcing on the climate system through direct, indirect and semi-direct 

interactions with radiation. The 5th Assessment report (AR5) of the 

)ÎÔÅÒÇÏÖÅÒÎÍÅÎÔÁÌ 0ÁÎÅÌ ÏÎ #ÌÉÍÁÔÅ #ÈÁÎÇÅ ɉ)0##Ɋ ÕÓÅÓ ÔÈÅ ÔÅÒÍ ȬÅÆÆÅÃÔÉÖÅ 

ÒÁÄÉÁÔÉÖÅ ÆÏÒÃÉÎÇȭ ÔÏ ÄÅÓÃÒÉÂÅ ÔÈÅ ÃÈÁÎÇÅ ÉÎ ÒÁÄÉÁÔÉÖÅ ÂÁÌÁÎÃÅ ÆÒÏÍ ÂÏÔÈ 

instantaneous radiative perturbations and subsequent rapid adjustments 

(Boucher et al., 2013). Since the AR5, the effective radiative forcing from aerosol 

has been categorised into aerosol-radiation interactions (direct and semi-direct 

effects) and aerosol-cloud interactions (indirect cloud albedo and lifetime 

effects). The direct and indirect effects are described individually here. 

2.2.2.1 The direct aerosol radiative effect  

Particles in the atmosphere can directly scatter or absorb incoming solar 

radiation. The extent to which particles interact with radiation is determined by 

their size, composition and optical properties. Scattering aerosol increase the 

planetary albedo and have a cooling effect on climate, while absorbing aerosol 

may warm or cool the climate depending on the albedo of the underlying surface. 

 PM10 (µg m-3 ) PM2.5 (µg m-3 ) 

Interim target -1 (IT-1) 70 35 

Interim target -2 (IT-2) 50 25 

Interim target -3 (IT-3) 30 15 

Air quality guideline  20 10 
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The scattering efficiency of particles is greatest at sizes between 380 nm and 750 

nm because incoming solar radiation peaks at these wavelengths.  

Table 2.2 shows the global and annual mean radiative forcing due to aerosol-

radiation interactions between 1750 and the present day from the last four IPCC 

assessments. The direct aerosol radiative effect is thought, overall, to lead to a 

cooling effect on global climate, with AR5 reporting a total global mean radiative 

forcing of -0.35 ± 0.5 W m-2. However, the magnitude of this forcing remains a 

major uncertainty with little reduction in the uncertainty range over successive 

IPCC reports, despite developments in global aerosol modelling and 

understanding of aerosol processes. Nitrate aerosol has been under-represented 

in successive IPCC reports when investigating individual aerosol contributions 

to the direct radiative forcing, with no evaluation of its forcing included in the 

second and third assessment reports and with the majority of CMIP5 models also 

excluding it from their simulations (Boucher et al., 2013; Myhre et al., 2013b). 

Table 2.2 Global and annual mean RF (W m-2) due to aerosol-radiation 

interactions between 1750 and 2011 of seven aerosol components for the IPCC Fifth 

Assessment Report (AR5) and for the second (SAR), third (TAR) and fourth (AR4) 

assessment reports where available. The uncertainty range is given in brackets. The 

end years for the SAR, TAR and AR4 are 1993, 1998 and 2005, respectively. From 

Boucher et al. (2013). 

 

2.2.2.2 Indirect aerosol radiative effect s 

Aerosol particles can also modify climate indirectly via the modification of cloud 

properties (radiative properties and precipitation efficiency). Aerosol particles 

of certain size and chemical composition act as cloud condensation nuclei (CCN), 

thereby providing a surface on which water vapour can condense and grow to 



- 25 - 

liquid water droplets. The presence of CCN lowers the supersaturation needed 

for droplet growth to below that required for homogenous nucleation of water 

droplets. Particles can also act as ice nuclei, which enable ice formation from 

water vapour and reduce the energy barrier required for super-cooled liquid 

water droplets to freeze above approximately -40°C (Rogers and Yau, 1989). 

The main mechanisms through which aerosol indirectly influence the climate are 

the cloud albedo (Twomey, 1977) and lifetime (Albrecht, 1989) effects. The 

former, also known as the first aerosol indirect effect, occurs when an increase in 

the number concentration of cloud condensation nuclei (CCN) at a constant 

liquid  water content leads to more numerous but smaller droplets. The resulting 

increase in cloud reflectivity has a cooling effect on climate (Twomey, 1977). The 

latter, also termed the second aerosol indirect effect, refers to the increase in 

cloud lifetime arising from the slower growth of these smaller cloud droplets to 

form precipitable rain drops. This prolongs the radiative cooling from clouds. 

2.2.3 Aerosol influence on atmospheric chemistry  

As introduced in Section 2.2.2, many atmospheric aerosol components scatter 

incoming solar radiation. These can impact on photolysis rates and perturb 

photochemical oxidant production (e.g. Benas et al., 2013; Xing et al., 2017). 

Tropospheric aerosol also provide a surface on which heterogeneous chemical 

reactions can occur, with implications for gas-phase chemistry. For example, Tie 

et al. (2003) found that the heterogeneous hydrolysis of dinitrogen pentoxide 

(N2O5) provides an important sink pathway for NOx, with consequences for 

ozone (O3) formation, and Pope et al. (2015) found that overestimations in 

wintertime NOx column concentrations over Europe were reduced when 

heterogeneous N2O5 hydrolysis was included in air quality simulations. HO2 

uptake is also enhanced by the presence of aerosol, with implications for the 

oxidative capacity of the atmosphere (e.g. Macintyre and Evans, 2011; Huijnen et 

al., 2014). For example, decreasing trends in regional PM2.5 over the North China 

Plain have been found to slow down the uptake of HO2 and enhance O3 formation 

(Li et al., 2019). Heterogeneous uptake of gases, for example onto dust, has also 

been the focus of many studies (e.g. Karydis et al., 2016; Tang et al., 2017). The 

presence of aerosol in cloud can also alter rainwater pH, which in turn can 



- 26 - 

influence aerosol formation. For example, the in-cloud oxidation of SO2 by O3 to 

form sulphate aerosol is pH dependent (e.g. Turnock, 2016). 

Aerosol chemistry interactions are important for nitrate aerosol, which itself is 

formed from heterogeneous reactions of nitrogen species (N2O5, NO3 and HNO3). 

Several studies have suggested that the presence of nitrate in aerosol can inhibit 

heterogeneous N2O5 hydrolysis and therefore self-limit nitrate aerosol formation 

(e.g. Bertram and Thornton, 2009). Nitrate can also be formed from the reactive 

uptake of trace gases onto dust and sea salt particles (Karydis et al., 2016; Chen 

et al., 2016) and provides a major sink for NOx species. Ammonium nitrate 

aerosol is semi-volatile and re-releases nitric acid and ammonia gas under 

certain atmospheric conditions (see Section 2.3), therefore influencing the 

spatial distribution of these gases. 

2.2.4 Ecological impacts of aerosol  

Atmospheric aerosol and gases can contribute to ecological issues of acidification 

and eutrophication when deposited to soil, vegetation canopy and freshwaters 

(Bouwman et al., 2002). The scattering of radiation by aerosol also changes the 

amount of direct and diffuse radiation that reaches vegetation with implications 

for plant photosynthesis (e.g. Mercado et al., 2009; Mahowald, 2011; Rap et al., 

2015). Nitrogen is also important as a nutrient and the deposition of nitrate 

aerosol may enhance the growth of vegetation, with potential implications also 

for terrestrial carbon sequestration (e.g. Mahowald, 2011; O'Sullivan et al., 

2019). 

Acidification is the build-up of protons in soil and freshwaters, leading to 

reductions in the pH and subsequent damage to these systems. The deposition 

of acidifying compounds, including nitrate, ammonium and sulphate aerosol and 

their precursor gases of nitric acid, ammonia and sulfuric acid is subject to large 

regional variations (Rodhe et al., 2002). Such deposition is damaging to ecology 

and also human infrastructure. Eutrophication is the over-enrichment of a lake 

or body of water with nutrients, inducing excessive plant and algal growth and 

resulting in oxygen depletion and loss of biodiversity. It is most often caused by 

run-off of nitrogen and phosphorus based fertilisers but is also influenced by 

aerosol deposition, where nitrogen is often a limiting nutrient in biomass 
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production (Bergström and Jansson, 2006; Bouwman et al., 2002). Secondary 

inorganic aerosols have a longer atmospheric lifetime than their precursor gases 

and can therefore influence spatial patterns of acid and nitrogen deposition. 

Another interaction of aerosol with vegetation arises through its impact on 

radiation. By scattering incoming radiation, atmospheric aerosol reduces direct 

radiation that reaches the canopy but increases the diffuse fraction of radiation. 

The reduction in direct radiation inhibits photosynthesis efficiency while the 

increased diffusivity encourages photosynthesis by illuminating sections of the 

lower canopy that would have otherwise been shaded. These effects compete to 

determine whether atmospheric aerosol will encourage or inhibit vegetation 

growth (e.g. Mercado et al., 2009; Rap et al., 2015; O'Sullivan et al., 2016). 

Nitrogen availability can also enhance or inhibit the growth of vegetation, with 

potential implications for the terrestrial carbon sink (Mahowald, 2011; 

O'Sullivan et al., 2019). These ecological impacts and feedbacks will not be 

studied in this thesis but provide further motivation for studying atmospheric 

aerosol, and secondary inorganic aerosol in particular. 

2.3 Nitrate aerosol formation  

Inorganic nitrate aerosol is formed in the atmosphere from the reaction of its 

precursor species, mainly gaseous nitric acid and alkaline gas and aerosol 

species including ammonia, sea salt and dust. 

Figure 2.1 shows an overview of tropospheric inorganic nitrogen chemistry. 

Semi-volatile ammonium nitrate is produced from the reaction of nitric acid 

(HNO3) with ammonia (NH3). Globally, ammonia emissions are dominated by 

agricultural practices, which can contribute 90 ɀ 100% of NH3 emissions in 

Western Europe and the United States (Bouwman et al., 1997; Sutton et al., 

2000). Nitric acid is formed from reactions of emitted nitrogen oxides (NOx). NOx 

emission sources include anthropogenic fossil fuel combustion and agriculture, 

biomass burning soil and lightning (e.g. Olivier et al., 1998; Jaeglé et al., 2005; 

Tost, 2017; van der Werf et al., 2010). NOx is inefficiently dry and wet deposited 

to tÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÁÎÄ ÎÉÔÒÉÃ ÁÃÉÄ ÆÏÒÍÁÔÉÏÎ ÔÈÅÒÅÆÏÒÅ ÒÅÐÒÅÓÅÎÔÓ ÉÔÓ ÍÁÉÎ 
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Figure 2.1 Overview of tropospheric inorganic nitrogen chemistry. From 

Finlayson-Pitts and Pitts Jr (1999)  

removal sink. There are two main chemical pathways through which NOx is 

converted to nitric acid. The first is the daytime reaction of nitrogen dioxide 

(NO2) with the hydroxyl radical, OH (equation 2.1). 

ὔὕ ὕὌ O Ὄὔὕ (2.1) 

 

The second pathway for nitric acid formation involves formation of the NO3 

radical and heterogeneous N2O5 hydrolysis, following equations 2.2 to 2.4. These 

reactions form the dominant nitric acid formation pathway during darkness 

because the intermediary NO3 radical and N2O5 are rapidly photo-dissociated in 

sunlight (equations 2.5 to 2.8) 

 

ὔὕ ὕ ᴼὔὕ  ὕ  (2.2) 

ὔὕ ὔὕ O ὔὕ (2.3) 

ὔὕ Ὄὕ ựựựự ςὌὔὕ  (2.4) 
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 ὔὕ Ὤὺ O ὔὕ ὔὕ (2.5) 

ὔὕ ὬὺO ὔὕ ὕ (2.6) 

ὔὕ ὬὺO ὔὕ ὕ (2.7) 

ὔὕ  ὓ ᴼὔὕ  ὔὕ ὓ  (2.8) 

 

Some of this nitric acid will react during the day to reproduce NOx but this is a 

relatively slow reaction. Most nitric acid is removed through wet or dry 

deposition and through uptake into the particulate phase to form nitrate aerosol. 

Dry deposition of HNO3 is approximately 10 times faster than that of particulate 

phase nitrate (Seinfeld and Pandis, 1998) and this gas-particle partitioni ng 

therefore influences the removal rate of atmospheric total nitrate (i.e. the sum of 

both gaseous nitric acid and particulate nitrate aerosol; Aw and Kleeman, 2003; 

Fagerli and Aas, 2008). 

As mentioned, nitric acid can condense onto existing aerosol particles to form 

particulate nitrate aerosol. Over continental regions nitric acid is mostly 

neutralised in the aerosol phase by the presence of ammonia (NH3), forming 

ammonium nitrate (NH4NO3) by equations 2.9 and 2.10. Ammonium nitrate is 

dissolved (internally mixed) with other components within liquid aerosol and its 

formation occurs via dissolution: a combination of condensation and partial 

dissociation (Benduhn et al., 2016). 

ὔὌ Ὄὔὕ  P ὔὌὔὕ ȟ  (2.9) 

ὔὌ Ὄὔὕ  P ὔὌ ὔὕ  (2.10) 

 

The reaction of nitric acid with ammonia to produce ammonium nitrate is a 

major formation pathway for nitrate aerosol, particularly in continental regions. 

NH4NO3 is semi-volatile in nature, such that it can re-evaporate from the aerosol 

aqueous phase depending on ambient conditions. The equilibrium between 

gaseous nitric acid, gaseous ammonia and particulate phase nitrate aerosol 

contributes to spatial and temporal variability in nitrate aerosol concentration. 

Nitrate concentrations have been observed to regularly peak in the upper 

boundary layer where colder temperatures and higher relative humidity favours 
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the particulate phase (e.g. Morino et al., 2006; Crosier et al., 2007; Morgan et al., 

2010b). The semi-volatile nature of nitrate aerosol also contributes to large 

diurnal variability in its concentration as particulate is formed at night and re-

volatises throughout the day (Morgan et al., 2010b; Aan de Brugh et al., 2012; 

Pusede et al., 2016). Seasonal variability also arises, with higher nitrate aerosol 

concentrations often measured in the colder winter months and in springtime 

episodes associated with agricultural NH3 emissions (e.g. Hand et al., 2012; 

Perrino et al., 2014; Vieno et al., 2016). 

The formation of ammonium nitrate is not only dependent on atmospheric nitric 

acid and ammonia concentrations but also on sulphate aerosol and gaseous 

sulphuric acid concentrations. Ammonium nitrate has a low vapour pressure so 

preferentially condenses onto pre-existing aerosol, namely sulphate. However, 

dissolution of nitric acid into the aqueous aerosol phase only proceeds once the 

present sulphuric acid is fully neutralised by ammonia because this determines 

the amount of excess ammonia available to stabilise nitric acid within the 

aerosol. In regimes where excess nitric acid is available, a decrease in sulphate 

aerosol concentration may therefore indirectly increase nitrate aerosol 

concentrations.  The response of fine aerosol mass and aerosol radiative forcing 

to changes in precursor concentrations can therefore be non-linear. 

Nitrate aerosol is also formed by the uptake of nitric acid onto sea salt and dust 

particles (e.g. Savoie and Prospero, 1982; Allen et al., 2015; Liu et al., 2015; 

Karydis et al., 2016; Bian et al., 2017). Nitrate aerosol formed by these pathways 

are non-volatile, with gaseous nitric acid partitioning irreversibly into the 

particulate phase and predominantly into the coarse mode. The heterogeneous 

reaction of nitric acid with sea salt produces sodium nitrate (NaNO3) aerosol and 

hydrogen chloride as per equation 2.11 and is a large source of nitrate aerosol 

(e.g. Allen et al., 2015; Liu et al., 2015; Itahashi et al., 2016). Sea salt aerosol also 

provides a surface on which heterogeneous N2O5 hydrolysis can occur, 

producing nitric acid (eq. 2.4). 

 

ὔὥὅὰ Ὄὔὕ  O ὔὥὔὕ Ὄὅὰ (2.11) 
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Another major pathway for nitrate aerosol formation is via the adsorption of 

nitric acid onto dust and reaction with other light metallic species, including 

calcium, magnesium and potassium, as in equations 2.12 to 2.14 (e.g. Karydis et 

al., 2016; Bian et al., 2017). 

 

2.4 Existing studies on nitrate aerosol  

The complex nature of nitrate aerosol formation, including its co-dependency on 

several precursor species and its semi-volatility (see Section 2.3), provides a 

challenge for global aerosol models. The remaining sections of this chapter 

describes the challenges associated with representing the two-way (semi-

volatile) gas-particle partitioning of nitrate aerosol in global chemistry models 

in addition to the current scientific understanding of atmospheric nitrate aerosol 

concentrations and its implications for air quality, human health and climate. 

2.4.1 Gas to particle partitioning of nitrate aerosol in global models  

The semi-volatile partitioning of size-resolved nitrate aerosol between the gas 

and particle phase presents a major challenge for global aerosol models. Several 

approaches have been adopted within models, which may be divided into 

equilibrium, dynamic and hybrid approaches. 

Conventionally, thermodynamic equilibrium models have been applied, in which 

the mass transfer between gaseous nitric acid and particle phase nitrate aerosol 

is instantaneous. Such models include EQUISOLV I and II (Jacobson et al., 1996; 

Jacobson, 1999), ISORROPIA I and II (Nenes et al., 1998; Fountoukis and Nenes, 

2007), EQSAM (Metzger and Lelieveld, 2007), INCA (Hauglustaine et al., 2014) 

and RPMARES (Henze et al., 2007; based on MARS-A,  Binkowski and Roselle, 

2003), the majority of which have been included in the AeroCom Phase III nitrate 

aerosol intercomparison (Bian et al., 2017). The advantage of the equilibrium 

ὅὥ ςὔὕ ᴼὅὥὔὕ    (2.12) 

ὓὫ ςὔὕ  O ὓὫὔὕ  (2.13) 

ὑ ὔὕ  O ὑὔὕ  (2.14) 
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approach is its speed, stability and relative simplicity. However, the equilibrium 

approach is thought to be invalid when considering gas-particle partitioning to 

the coarse mode (Wexler and Seinfeld, 1992; Meng and Seinfeld, 1996), which 

occurs on atmospheric timescales longer than typical model timesteps. Studies 

have shown that equilibrium models underestimate fine mode aerosol (Ansari 

and Pandis, 1999; Moya et al., 2001; Feng and Penner, 2007; Benduhn et al., 

2016), as a consequence of their lack of suitability in simulating coarse mode 

nitrate aerosol formation. 

To address this, dynamic mass transfer methods have been developed to more 

realistically represent the gas-particle partitioning of nitrate (e.g. MADM-A, 

Pilinis et al., 2000; MOSAIC, Zaveri et al., 2008). However, the need to integrate 

the governing equations with respect to time across multiple particle sizes 

ɉÅÑÕÉÌÉÂÒÁÔÉÏÎ ÔÉÍÅÓɊ ÒÅÓÕÌÔÓ ÉÎ ÎÕÍÅÒÉÃÁÌ ȰÓÔÉÆÆÎÅÓÓȱ ÁÎÄ ÃÁÎ ÂÅ ÃÏÍÐÕÔÁÔÉÏÎÁÌÌÙ 

prohibitive in global atmospheric models. For this reason, several models have 

ÁÐÐÌÉÅÄ Á ȬÈÙÂÒÉÄȭ ÁÐÐÒÏÁÃÈȟ ×ÈÅÒÅÂÙ ÔÈÅ ÍÏÄÅÌ ÍÁËÅÓ Á ÓÉÚÅ-selective decision 

to use either an equilibrium or a dynamic treatment for gas to aerosol 

partitioning (e.g. HDYN, Capaldo et al., 2000; Feng and Penner, 2007; Trump et 

al., 2015; Hy-DiS-1.0, Benduhn et al., 2016). In practice, this means applying an 

equilibrium approach for partitioning to the aerosol fine mode, where the 

assumption of instantaneous equilibrium is valid, while a more transient 

(dynamic) approach is used to simulate the coarse mode partitioning. Thus, 

hybrid approaches provide a compromise between accuracy and computational 

expense. 

Feng and Penner (2007) and Benduhn et al. (2016) found that equilibrium 

schemes overestimate mass transfer to the coarse mode and so underestimate 

fine mode nitrate aerosol concentrations. Trump et al. (2015), on the other hand, 

found that the equilibrium scheme overestimated PM1 nitrate in regions with 

significant coarse mode sea salt and dust concentrations in Europe but that the 

hybrid approach improved the representation of nitrate concentrations (fine and 

coarse) in these regions. Regardless, the effect of using a more physically realistic 

hybrid approach to gas to particle partitioning on nitrate aerosol size and 

concentration is expected to influence nitrate aerosol radiative effects. However, 

no studies have compared the influence of the gas-particle partitioning approach 
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on aerosol radiative effects and the thermodynamic equilibrium method remains 

the standard approach when simulating nitrate aerosol formation (e.g. among 

the participating AeroCom Phase III models; Bian et al., 2017). 

2.4.2 Observed and simulated nitrate aerosol abundance  

Observation and model-based studies have found that nitrate aerosol forms an 

important component of regional atmospheric aerosol, particularly in urban 

areas, over Europe (Schaap et al., 2004; Crosier et al., 2007; Putaud et al., 2010; 

Morgan et al., 2010a; Squizzato et al., 2013), the USA (Malm et al., 2004; Silva et 

al., 2007; Hand et al., 2012; Pusede et al., 2016) and Asia (Pathak et al., 2009; Ying 

et al., 2014; Snider et al., 2016). For example, Hand et al. (2012), analysing 2005-

2008 monthly and annual mean observations, found that ammonium nitrate 

contributed up to 50% of surface PM2.5 in urban and rural regions of the Midwest 

and Western USA, while still contributing 10-15% of PM2.5 far from major 

sources. They observed high seasonality in ammonium nitrate concentrations 

with peak concentrations in wintertime. Over Europe, Morgan et al. (2010a) 

found that ammonium nitrate and organic matter typically contributed 20 ɀ 50% 

of the non-refractory particulate mass in airborne measurements, with nitrate 

aerosol dominating the boundary layer aerosol composition in North Western 

Europe. NH4NO3 exhibits greater spatial heterogeneity than SO42- (e.g. Snider et 

al., 2016) as a result of spatial variation in NH3 and NOx sources. 

Furthermore, observations indicate that the contribution of nitrate to airborne 

particulate matter is disproportionately enhanced in high pollution episodes 

(Yin and Harrison, 2008; Morgan et al., 2010a; Crosier et al., 2007; Vieno et al., 

2016). Yin and Harrison (2008) found that nitrate accounted for a relatively 

higher 46% of PM2.5 and 39% of PM10 on high pollution days when PM10 

exceeded 50 µg m-3. The reasons for this are not fully understood. The occurrence 

of high-nitrat e haze episodes in China (Yang et al., 2017; Pan et al., 2016), 

however, indicate that the dominance of nitrate aerosol over other species in 

polluted conditions may be a global occurrence. 

The largest multi-model assessment of nitrate aerosol abundance to date is the 

AeroCom Phase III intercomparison (AP3; Bian et al., 2017), following from the 

previous Phase II assessment (Myhre et al., 2013a). All nine AP3 models 
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simulated large surface and column nitrate concentrations over China, south 

Asia, Europe and the US, in regions coincident with high NOx and NH3 emissions. 

Several models also simulated high concentrations over the Middle East, South 

America, Africa and Australia associated with high dust concentrations or NH3 

and NOx-emitting fires. The AP3 models yielded a mean global nitrate aerosol 

burden of 0.63 Tg, equivalent to 35% of the mean sulphate burden, but with a 

factor of 13.4 diversity between the maximum and minimum model global NO3- 

burden. Average global surface nitrate aerosol concentrations of 0.23 µg kg-1 

were simulated, representing a similar 36.5% of the mean sulphate surface 

concentration. However, the multi-model global mean surface nitrate 

concentrations varied by a factor of 9.4.  

Contributing to the diversity in nitrate aerosol formation, Bian et al. (2017) 

found a high multi-model diversity in the concentrations of precursor species. 

Atmospheric nitric acid burdens varied by a factor of 9, thought to reflect 

differences in O3-HOx-NOx chemistry and mechanisms for nitrate aerosol 

production. Wet deposition dominated the diversity in NH3 and NH4+ and NO3- 

lifetime. The study also found that inclusion of the heterogeneous formation of 

nitrate on dust and sea salt was a dominant determinant of nitrate aerosol 

formation and size distribution between the fine and coarse modes, forming over 

80% of the nitrate aerosol burden in the two models that submitted full NO3- 

budgets. Notably, however the study included only models that used a 

thermodynamic equilibrium approach to the nitrate aerosol partitioning (see 

Section 2.4.1), with various assumptions applied to account for the coarse mode 

nitrate formation. 

Relatively few studies have focussed on the implications of heterogeneous N2O5 

hydrolysis for nitrate aerosol formation (e.g. Riemer et al., 2003; Alexander et al., 

2009). Previous atmospheric modelling studies have tended to focus on the 

implications of heterogeneous N2O5 hydrolysis for NOx, O3 and OH 

concentrations from urban to global spatial scales (e.g. Riemer et al., 2003; 

Dentener and Crutzen, 1993; Macintyre and Evans, 2010; Pope et al., 2015; Tie 

et al., 2001). Alexander et al. (2009) determined that N2O5 hydrolysis controls 

18% of the global, annual-mean tropospheric total inorganic nitrate (nitric acid 

+ nitrate aerosol) burden in the GEOS-Chem model and that it provides the 
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dominant formation pathway for surface total nitrate (up to 74%) in the high 

Northern latitudes and Arctic. N2O5 hydrolysis therefore has the potential to 

impact regional air quality and aerosol radiative effects through its influence on 

nitrate aerosol abundance. 

2.4.3 Historic changes in anthropogenic emissions  

Anthropogenic emissions of aerosol and aerosol precursor gases have increased 

globally throughout the industrial era (e.g. Lamarque et al., 2010), with 

implications for atmospheric composition, climate and air quality. Emissions of 

NOx, NH3 and SO2 are of particular relevance for nitrate aerosol formation. 

Emissions of NOx, NH3 and SO2 emissions have previously been deemed to peak 

globally in 1990, 1990 and 1980, respectively (Lamarque et al., 2010), though 

subsequent estimates from the Community Emissions Data System (CEDS) have 

found global increases beyond these years driven largely by enhanced emissions 

from Asia (Hoesly et al., 2018). Post-1980 emissions trends have been subject to 

large regional variability, driven by changing influences from air quality 

legislation, technological advancements, economic development and energy 

consumption. Since 1980, anthropogenic emissions of most species have 

decreased over North America and Europe. In the same time period, emissions 

have increased over India and China, although recent reports suggest that 

emissions from China have begun to stabilise since 2010 following changes to 

emission standards for power plants (Liu et al., 2016). Figure 2.2 shows 1980-

2010 changes in SO2 and NOx emissions over Europe, the USA, India and China as 

collated by Granier et al. (2011). Over Europe, total anthropogenic SO2 emissions 

decreased by 73% between 1980 and 2004 (Vestreng et al., 2007), with similar 

decreases by 73% and 70 ɀ 90% between 1980 and 2010 corroborated by 

Granier et al. (2011) and Tørseth et al. (2012), respectively. European NOx 

emissions decreased by 30% overall between 1980 and 2010, while NH3 

emissions increased by 25% as a result of unregulated agricultural emissions 

(Granier et al., 2011).  In the USA, SO2 and NOx emissions decreased by 58% and 

30% respectively, while NH3 emissions increased by 6% between 1980 and 2010 

(Granier et al., 2011). Over India, total SO2, NOx and NH3 emissions increased by 

337%, 192% and 2% respectively between 1980 and 2008 (Granier et al., 2011). 

Emissions from China also increased by 96%, 170% and 63% for SO2, NOx and 
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NH3, between 1980 and 2010 respectively (Granier et al., 2011). While SO2 

emissions were reported to have decreased by 9.2% between 2006 and 2010 (Lu 

et al., 2011), a mean annual growth rate in NOx of 6.7% had been maintained 

between 2006 and 2009 (Lamsal et al., 2011). 

 

Figure 2.2 Temporal evolution of NOx (left column) and SO2 (right column) 

emissions between 1980 and 2010 over (a-b) Western Europe, (c-d) USA, (e-f) 

India and (g-h) China. Adapted from Granier et al. (2011). 
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2.4.4 Historic trends in PM 2.5 and associated mortality  

Several studies have investigated trends in PM2.5 concentrations on global and 

regional spatial scales over the past few decades (Leibensperger et al., 2012; 

Tørseth et al., 2012; Turnock et al., 2015; Li et al., 2017) with some also assessing 

historic trends in PM2.5-attributable mortality ( Wang et al., 2017; Butt et al., 

2017; Cohen et al., 2017). These observation and modelling based studies 

conclude that, overall, PM2.5 concentrations have decreased in Europe and North 

America in recent decades, while increasing over India and China, in response to 

regional emission changes (see Section 2.4.3). Recent observations, however, do 

suggest that PM2.5 concentrations have stabilised and started to decline over 

China since 2015, likely as a result of recent legislated efforts to reduce pollution 

(Silver et al., 2018). 

The numbers of deaths associated with long-term exposure to PM2.5 (PM2.5-

attributable premature mortality) in these regions have also changed in recent 

decades, as a result of these changes in PM2.5 concentrations, baseline disease 

rates and demography (population number and age). Based on a combination of 

satellite-derived PM2.5, atmospheric modelling and ground based observations, 

Cohen et al. (2017) deduced that rates of mortality due to ambient PM2.5 have 

decreased globally between 1990 and 2015 but that the absolute number of 

ambient PM2.5-attributable deaths has increased globally from 3.5 million deaths 

in 1990 to 4.2 million in 2015. The rise in deaths resulted from growing and 

ageing populations, along with increasing PM2.5 in low and middle income 

countries in east and south Asia. Wang et al. (2017) simulated regional 1990-

2010 trends in PM2.5 and ascertained that PM2.5-attributable mortality increased 

in East Asia and South Asia by 21% and 85%, respectively, in this period. 

Decreases in PM2.5-attributable mortality by 67% and 58% were calculated over 

Europe and high-income North America, respectively. 

Butt et al. (2017) applied the UM-UKCA model to quantify PM2.5-attributable 

mortality back to the year 1960 when long-term ground-based and satellite 

monitoring were yet to be established. Figure 2.3 shows trends in global and 
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Figure 2.3 Annual total attributable deaths for (a) global, (b) China, (c) India, (d) 

European Union and (e) United States with shaded regions denoting uncertainty 

range from UM-UKCA perturbed parameter ensemble estimates (light blue) and 

satellite-derived product (orange). Percentage change in deaths are given for UM-

UKCA [Incr = (2009-1960)/1960, (2009 ɀ 1990/1990 in blue] and satellite (GBD-

PMhigh)[(2009-1990)/1990 in red)]. From Butt et al. (2017). 

 

regional PM2.5-attributable mortality from this study. Butt et al. (2017) simulated 

1960-2010 increases in population-weighted mean PM2.5 over China and India of 

52.7% and 69.8%, respectively with increases in PM2.5-attributable mortality of 

238% and 194%, respectively. In contrast, population-weighted PM2.5 were 

reduced over the European Union (EU) and USA by 55.3% and 38%, respectively 

with associated reductions in mortality by 65.7% and 47.9%, respectively, 

between 1960 and 2009. However, nitrate aerosol was not accounted for in these 

simulations and its contribution to long term trends in PM2.5 were therefore not 

represented. 

 

2.4.5 Historic trends in nitrate aerosol concentration  

Understanding how emission changes have influenced the speciation of 

atmospheric aerosol can inform assessments of aerosol-climate impacts and 

policy-making to reduce PM2.5 and its associated negative health impacts. 

Despite its large contribution to aerosol concentrations in the Northern 



- 39 - 

Hemisphere, relatively little research has given attention to historic changes in 

nitrate aerosol concentration. Long-term observations from 1990 onwards 

indicate that airborne nitrate aerosol concentrations have declined over the USA 

(Leibensperger et al., 2012; Xing et al., 2015) and Europe (Fagerli and Aas, 2008; 

Xing et al., 2015; Tørseth et al., 2012), though at lesser rates of decline than 

sulphate aerosol. Observed nitrate aerosol concentrations have also fallen at a 

lower rate than NOx emissions in many locations (Fagerli and Aas, 2008; Tørseth 

et al., 2012). It is largely accepted that non-linearity between decreases in NOx 

emission and atmospheric nitrate concentrations arise from the co-dependence 

of NH4NO3 on NH3 availability, where reductions in SO2 emissions are combined 

with level or increasing NH3 emissions. This co-dependence has been the subject 

of much research (e.g. Ansari and Pandis, 1998; Erisman and Schaap, 2004; 

Fagerli and Aas, 2008; Pinder et al., 2008; Pye et al., 2009; Heald et al., 2012; 

Harrison et al., 2013; Holt et al., 2015; Wang et al., 2013) and of debate in light of 

recent aerosol acidity measurements (Weber et al., 2016; Murphy et al., 2017; 

Guo et al., 2018). 

Long-term observations of atmospheric nitrate aerosol are spatially and 

temporally limited, with little coverage outside of Europe and the USA and no 

long-term monitoring of nitrate established prior to the year 1990. Furthermore, 

the filterpack method widely employed for measurements can be subject to bias 

when separating gas phase HNO3 and particulate nitrate aerosol (Slanina et al., 

2001; Vecchi et al., 2009). In combination with observations, global modelling 

can therefore provide insight into variability in the aerosol chemical composition 

over multi -decadal time periods. 

Li et al. (2017) examined global trends in the chemical composition of 

population-weighted mean PM2.5 using a combination of simulated and satellite-

derived PM2.5. Nitrate aerosol was one of four main components of the average 

population-weighted mean (PWM) PM2.5 found to have significantly increased 

globally at a rate of 0.05 µg m-3 yr -1 between 1989 and 2013, behind organic 

aerosol (0.10 µg m-3 yr -1) and ahead of sulphate (0.04 µg m-3 yr -1) and ammonium 

(0.03 µg m-3 yr -1). The most pronounced increasing trends in population-

weighted mean nitrate concentrations were found over China and northern India 
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with the greatest decreases identified over the USA and Europe (>± 0.1 µg m-3 yr -

1). Nitrate exhibited the largest of the aerosol trends analysed over East Asia 

driving 35% of the annual increase in PWM PM2.5 and continuing to increase 

significantly after 2006 and 2013 despite insignificant decreases in PWM PM2.5. 

Xing et al. (2015) also simulated decreases in nitrate aerosol over Europe (-0.03 

µg m-3  yr -1) and increases over Eastern China (+0.097 µg m-3  yr -1) between 1990 

and 2010 but, contrary to observed trends, found increases in simulated nitrate 

concentration over the Eastern USA (0.014 µg m-3  yr -1) as a result of increasing 

NH3 emissions. These studies found that area-weighted and population-

weighted mean nitrate concentrations have undergone substantial trends in 

recent decades. This suggests that nitrate aerosol could be implicit in changing 

PM2.5-attributable mortality rates, though its contribution to mortality has not 

been directly evaluated in previous studies. 

2.4.6 Future nitrate aerosol projections  

The relative importance of nitrate compared to other aerosol species is likely to 

increase under future projected emission scenarios. However, projections of 

atmospheric nitrate aerosol are made more uncertain by its aforementioned co-

dependence on NOx, NH3 and SO2 availability, with global SO2 and NOx emissions 

projected to decline and NH3 emissions projected to increase in the next century 

under most Coupled Model Intercomparison Project (CMIP) Phase 5 

Representative Concentration Pathways (RCPs; van Vuuren et al., 2011). Having 

already peaked over Europe and the USA, global SO2 emissions over Asia are 

projected to peak in 2020 and decrease rapidly thereafter to the year 2100 in all 

RCPs. Similarly, NOx emissions peaked over the USA and Europe in the 1980s and 

are projected to decrease globally to 2100. Global NH3 emissions, however, are 

projected to continually increase under all RCPs except in RCP4.5 where 

emissions remain relatively stable until 2100 (van Vuuren et al., 2011). 

Furthermore, relatively few studies have predicted future nitrate concentrations 

and impacts compared to other aerosol species, with only 4 of the 10 

Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) 

models for example including nitrate in long-term climate simulations (Shindell 

et al., 2013). The number of potential future anthropogenic emission scenarios 

has been expanded to 9 scenarios for the sixth CMIP phase, covering a range of 
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potential socio-economic and technological development pathways with future 

radiative forcing outcomes (Rao et al., 2017; Gidden et al., 2018). Like in the RCPs 

for CMIP6, global emissions of NOx and SO2 are projected to decrease between 

the present day and year 2100, with NH3 emissions remaining level or 

increasing, in the CMIP6 scenarios that assume climate change mitigation is 

undertaken (Rao et al., 2017). 

Of the global models that have made future predictions of nitrate aerosol, most 

estimate that the total burden of atmospheric nitrate aerosol will increase by 

2100 under future emission scenarios (Adams et al., 2001; Bellouin et al., 2011; 

Hauglustaine et al., 2014; Bauer et al., 2016; Paulot et al., 2016). Pye et al. (2009) 

simulated a near-constant global NO3- burden by 2050 when changes in both 

climate and emissions were considered, with the impacts of higher ammonia 

availability on semi-volatile nitrate concentrations offset by increases in 

temperature. Bauer et al. (2007) found low dependence of year 2030 nitrate 

aerosol on climate and a stronger dependence on NH3 emissions. There is wider 

variability between models in estimates of surface nitrate aerosol trends, with 

some projecting that concentrations will increase in the next century under 

increased availability of ammonia (Bellouin et al., 2011) and others predicting a 

stabilisation or decrease in global or regional nitrate estimates as NOx emissions 

decline (Hauglustaine et al., 2014; Bauer et al., 2016; Pusede et al., 2016; Trail, 

2014; Paulot et al., 2016). These studies found decreases in projected surface 

NO3- concentrations resulting from reductions in anthropogenic NOx emissions 

and heterogeneous production rates of HNO3 following reductions in total 

aerosol surface area. Meanwhile, increases in NH3 emission drive increases in 

simulated NO3- formation in the free troposphere, where nitric acid is not the 

limiting species. 

Regardless of the direction of change in nitrate aerosol concentration, its relative 

importance for aerosol impacts on air quality and climate is expected to increase 

as global sulphate concentrations decrease in response to SO2 emission 

reductions (Shindell et al., 2013). Several global modelling studies have 

identified that nitrate aerosols could replace sulphate by the end of the 21st 

century as the dominant aerosol species, which would act to decelerate the 

projected decrease in global mean aerosol forcing (e.g. Bauer et al., 2007; 
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Bellouin et al., 2011; Hauglustaine et al., 2014). The likely increasing importance 

of nitrate aerosol for future aerosol concentrations but uncertainty between 

model projections further motivates the investigation of processes influencing 

nitrate aerosol formation and historical trends in nitrate concentration. 

2.4.7 Health effects of nitrate aerosol  

Short and long-term exposure to fine particulate matter (PM2.5 and PM10) are 

major global risk factors associated with adverse health effects (see Section 2.2.1 

and references therein). Legislation and guidance remain focussed on reducing 

the total non-speciated airborne mass of particulate matter with dry diameters 

below 10µm (PM10) and 2.5 µm (PM2.5), with a few exceptions where individual 

components, such as lead, are targeted. There is strong evidence that exposure 

to this finer portion of particulate matter is associated with the greatest disease 

burden, with further research suggesting that no lower concentration threshold 

exists below which PM2.5 exposure can be deemed safe (Beelen et al., 2014). As 

an important component of fine particulate matter (see Section 2.4.2), 

consideration of nitrate aerosol is therefore required when quantifying health 

impacts of PM2.5 exposure and identifying strategies for reducing atmospheric 

pollution and its associated disease burden. 

2.4.7.1 Nitrate aerosol toxicity  

Epidemiological and toxicological evidence for the long-term effects of individual 

PM2.5 components is limited (Wyzga & Rohr, 2015) and, in keeping with current 

legislation, components of PM2.5 are assumed in almost all studies to be equal in 

toxicity. Concentration-exposure response functions have been developed to 

relate PM2.5 concentrations to subsequent health effects (Pope et al., 2009; Pope 

et al., 2011; Burnett et al., 2014; Shin et al., 2016; Pope et al., 2018) and have been 

applied widely in studies to determine the health impacts, including premature 

mortality and years of life lost, of multi-component PM2.5. 

It has been suggested that nitrate and sulphate aerosols are less harmful to 

human health than other components of air pollution, for example than 

combustion-derived particles (Tuomisto et al., 2008; WHO, 2013). Reasons cited 

for the perceived lower health impact of nitrate and sulphate are their high 

solubility and abundance in the human body. Schlesinger and Cassee (2003) and 
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Reiss et al. (2007) indicated a low health impact of nitrate aerosol. However, 

these reviews found very few toxicological and epidemiological studies 

pertaining to nitrate, making it difficult to confidently determine whether the 

species is less harmful than the average PM2.5 (WHO, 2013). Wyzga and Rohr 

(2015) later concluded that epidemiological and toxicological studies are too few 

and inconsistent to infer causality between long-term exposure to individual 

components and health effects but noted that significant associations of nitrates 

and sulphates with negative health outcomes have been observed in several 

long-term epidemiological studies (Ostro et al., 2011; Wilhelm et al., 2011; Basu 

et al., 2014). Notably, Ostro et al. (2011) found that long-term exposure to both 

nitrate and sulphate was positively associated with cardiopulmonary mortality. 

In terms of mechanism, it is thought that cations from secondary inorganic 

aerosol components may produce an interactive biological effect when present 

in combination with other pollutants, for example by influencing acidity or by 

reacting with transition metals and polycyclic aromatic hydrocarbons (Cassee et 

al., 2013). A larger body of short-term epidemiological and toxicological 

evidence exists (Rohr and Wyzga, 2012). Klemm et al. (2011) found daily 

mortality in Atlanta to be significantly associated only with the nitrate fraction 

of PM2.5. Ostro et al. (2007) observed a significant association between mortality 

and nitrate concentrations, along with PM2.5, elemental carbon and several 

metallic species. However, overall, short-term studies neither provide 

compelling evidence for a link between nitrate and mortality nor exonerate its 

role in negative health outcomes (Rohr and Wyzga, 2012). 

2.4.7.2 Nitrate aerosol health impacts  

Despite its important role in particulate composition, enhanced contribution to 

PM2.5 in high pollution episodes (see Section 2.4.2) and potential toxicity, the 

premature mortality associated with short and long-term exposure to nitrate 

aerosol has not been directly quantified to date. There is gathering consensus, 

however, that mortality from long-term exposure to PM2.5 is influenced by the 

agricultural emission sector, through the role of ammonia in sulphate and nitrate 

aerosol formation (Lelieveld et al., 2015; Pozzer et al., 2017). Thus, a role of 

nitrate aerosol in adversely impacting human health is implied but not directly 

quantified by these studies. 



- 44 - 

Lelieveld et al. (2015) found agricultural emissions to be the leading source 

category for atmospheric PM2.5 concentrations over Europe, Russia, Turkey, 

Korea, Japan and the Eastern USA, given that ammonia was often the limiting 

species in atmospheric sulphate and nitrate formation over these regions. They 

also found agriculture to be the second largest contributing sector to outdoor air 

pollution -related mortality globally, after residential energy use, contributing 

one fifth (659,400 premature deaths per year) to the global total when assuming 

uniform toxicity of all components forming PM2.5. Pozzer et al. (2017) simulated 

a substantial decrease in PM2.5 concentrations over Europe, North America and 

East Asia when agricultural NH3 emissions were abated. Based on present day 

population number and age structure, they estimated that a 50% reduction of 

NH3 emissions would prevent 250,000 PM2.5-attributable premature deaths per 

year globally. Regionally, this represented reductions of 30%, 19%, 8% and 3% 

over North America, Europe, East and South Asia, respectively.  

The conclusions of Lelieveld et al. (2015) and Pozzer et al. (2017) are reinforced 

by other works which have found emissions from the agricultural sector to 

provide an effective control on PM2.5 via their influence on sulphate and nitrate 

aerosol concentrations (Brandt et al., 2013; Megaritis et al., 2013; Bessagnet et 

al., 2014; Paulot and Jacob, 2014; Lee et al., 2015; Bauer et al., 2016). Tsimpidi et 

al. (2008) note the combined air quality benefit of reducing SO2 and NOX 

emissions through controlling both ammonium sulphate and nitrate. Li et al. 

(2017) noted the role of nitrate aerosol in driving 25 year trends in population 

weighted mean PM2.5 (see Section 2.4.5) and its importance (25% contribution) 

for population-weighted mean PM2.5, in particular, over Europe. Again, these 

studies imply that potential health benefits could result from reducing PM2.5 

through targeting nitrate aerosol concentrations. 

2.4.8 Radiative effects of nitrate  aerosol  

2.4.8.1 Direct radiative effect  

Several global modelling studies have estimated the influence of atmospheric 

nitrate aerosol on present day climate, although these are relatively few in 

comparison to evaluations of other aerosol species such as sulphate and black 

carbon. These studies reported either present day (PD) direct radiative effects 
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or the direct anthropogenic forcing associated with nitrate aerosol, i.e. the 

change in nitrate radiative effect since a pre-industrial (PI) era baseline. 

Table 2.3 compares the global model assessments of nitrate direct radiative 

forcing to date. Uncertainty in nitrate direct radiative effects remains high, with 

single model studies prior to the year 2012 yielding global PI to PD nitrate direct 

TOA anthropogenic forcings of between -0.023 W m-2 (Myhre et al., 2009) and -

0.19 W m-2 (Adams et al., 2001). The AeroCom Phase II intercomparison (Myhre 

et al., 2013a) included eight models that calculated the PI to PD nitrate radiative 

forcing, resulting in a mean estimate of -0.08 ± 0.04 W m-2 with a multi model 

range of -0.02 W m-2 to -0.12 W m-2. The ACCMIP ensemble found a mean nitrate 

global direct forcing of -0.19 ± 0.18 W m-2 with over an order of magnitude range 

between models from -0.03 W m-2 to -0.41 W m-2.  More recently, Hauglustaine 

et al. (2014) derived a PI to PD global mean nitrate direct radiative forcing of -

0.056 W m-2, equivalent to approximately 18% of their calculated sulphate direct 

forcing, using the LMDz-INCA model. Li et al. (2015) calculated a global PI to PD 

nitrate direct forcing of -0.025 W m-2 with GEOS-Chem. Lund et al. (2018) 

calculated a similar nitrate direct forcing of -0.02 W m-2, equivalent to 7% of the 

sulphate direct radiative forcing, using OsloCTM3 and applying the CEDS v16 

emission inventory (Hoesly et al., 2018). The magnitude of the direct radiative 

forcing from nit rate aerosol was shown to increase between 1990 and 2015 

among the GISS, OsloCTM2 and EMEP models by Myhre et al. (2017), with a 

wider  model range in forcing than other aerosol components. The single model 

study of Xu and Penner (2012) calculated the nitrate aerosol direct radiative 

forcing using a hybrid approach to treat semi-volatile nitra te aerosol formation. 

They calculated a forcing equivalent to approximately double that of 

Hauglustaine et al. (2014) and at the higher magnitude end of estimates from 

multi -model intercomparisons, though the difference in forcing estimate cannot 

be attributed to the partitioning approach alone. 
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Table 2.3 Summary of nitrate direct radiative effect and anthropogenic forcing 

assessments. All values given in W m-2. Extended from Xu and Penner (2012). 

 Direct effect 

(PD) 

Direct effect 

(PI) 

Anthropogenic forcing 

 TOA Surface TOA Surface TOA Surface 

Lund et al. (2018) - - - - -0.02 - 

Li et al. (2015) - - - - -0.025 - 

Hauglustaine et al. 

(2014) 

- - - - -0.056  - 

Myhre et al. 

(2013a)* 

- - - - -0.08 ± 0.04  

(-0.12 to -0.02)  

- 

Boucher et al. 

(2013) and Myhre et 

al. (2013b)* 

- - - - -0.11  

(-0.30 to -0.03) 

- 

Shindell et al. 

(2013)* 

- - - - -0.19 ±  0.18  

(-0.41 to -0.03) 

- 

Xu and Penner 

(2012) 

-0.14 -0.18 -0.02 -0.02 -0.12 -0.16 

Bellouin et al. (2011) - - - - -0.12 - 

Myhre et al. (2009) - - - - -0.023 - 

Forster et al. (2007)* - - - - -0.10  

(-0.2 to 0.0) 

- 

Bauer et al. (2007) -0.11  -0.05  -0.06 - 

Myhre et al. (2006) -0.02      

Liao and Seinfeld 

(2005) 

-0.22 -0.21 -0.06 -0.06 -0.16 -0.15 

Liao et al. (2004) -0.14 -0.17 - - - - 

Jacobson (2001) -0.07 -0.07 - - - - 

Adams et al. (2001) -0.30 - -0.11 - -0.19 - 

* Multi -model assessment. 
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2.4.8.2 Indirect cloud -albedo radiative effect  

Though large uncertainty remains in quantifying the nitrate aerosol direct 

radiative effect, its indirect radiative forcing remains far more understudied. 

The condensation of nitric acid vapour onto existing particles to form nitrate 

aerosol alters the composition, size and number concentration of the aerosol 

population. For example, increases in aerosol size have been observed during 

haze pollution episodes in China when the nitrate aerosol contribution to aerosol 

was significantly increased (Che et al., 2016). Uptake of nitric acid gas also 

enhances water uptake and hygroscopic growth of the aerosol (Kulmala et al., 

1995; 1998b; Makkonen et al., 2012). Nitrate aerosol formation can therefore 

influence aerosol activation to cloud droplets and modify cloud albedo, leading 

to an indirect forcing on climate. 

 

Figure 2.4 Anthropogenic aerosol optical depth (0.55 µm) and all-sky top-of-

atmosphere aerosol (direct and first indirect) radiative forcing (W m-2) simulated 

for the year 2000 by HadGEM2-ES CMIP5 simulations. The influence of nitrate 

aerosol is shown as the absolute difference (right) between values with nitrate 

aerosol excluded (left) and included (middle). Adapted from Bellouin et al., 2011. 

 

Though nitrate aerosol is increasingly considered in assessments of CDNC and 

radiative forcing from aerosol-cloud interactions as modelling capabilities 

improve (e.g. Leibensperger et al., 2012; Skeie et al., 2011; Fanourgakis et al., 
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2019; Myhre et al., 2017), few dedicated modelling studies have quantified a 

global indirect radiative forcing from nitrate aerosol (Bellouin et al., 2011; Xu 

and Penner, 2012) and so this effect remains in need of further research. Other 

studies have focussed on regional nitrate aerosol cloud albedo radiative forcing 

(e.g. Li et al., 2009; Wang et al., 2010; Drugé et al., 2019; Zhang et al., 2015). 

Bellouin et al. (2011) simulated a pre-industrial to present day nitrate first 

indirect forcing (aerosol cloud albedo forcing) of -0.05 W m-2 using the mass 

based CLASSIC aerosol scheme in UM-UKCA. Regionally, the nitrate aerosol 

forcing (including direct forcing) was greatest over high nitrate regions of 

Europe, the USA, India and China (Figure 2.4). To minimise computational 

expense, aerosol number and mass were assumed to vary proportionally in the 

mass based CLASSIC scheme. However, processes affecting aerosol mass without 

affecting aerosol number, and vice versa, are important when simulating cloud 

condensation nuclei concentrations, with representation of these processes 

providing more realistic estimates of the aerosol indirect effects (Bellouin et al., 

2013). The nitrate aerosol cloud albedo effect has not subsequently been 

evaluated in the UM-UKCA model using the more recently adopted GLOMAP-

mode microphysical scheme (described in Section 3.2.3), which simulates 

aerosol number independently of aerosol mass. 

Furthermore, Bellouin et al. (2011) applied a thermodynamic equilibrium 

assumption for the gas-particle partitioning of nitric acid and only represented 

accumulation mode nitrate. The size partitioning of nitrate is relevant for CCN 

estimation and models that assume thermodynamic equilibrium in the NO3--

NH4+-SO42ɂNa+-Cl- may not resolve the influence on CCN accurately (e.g. 

Benduhn et al., 2016). The GLOMAP-mode approach applies a more physically 

ÒÅÁÌÉÓÔÉÃ ȬÈÙÂÒÉÄȭ ÁÐÐÒÏÁÃÈ ÔÏ ÒÅÐÒÅÓÅÎÔ ÎÉÔÒÁÔÅ ÁÅÒÏÓÏÌ ÆÏÒÍÁÔÉÏÎ ÁÃÒÏÓÓ ÔÈÅ ÆÏÕÒ 

main soluble aerosol modes but the resulting nitrate aerosol radiative effects 

using this approach in UM-UKCA have never been quantified. 
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Figure 2.5 The contribution of nitrate aerosol to cloud droplet number 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉɝ Υ ÃÍ-3) at 930 mb as simulated by the IMPACT model for the year 

2000, given as the absolute difference (bottom) between CDNC simulated with 

nitrate aerosol excluded (top) and included (middle). Adapted from Xu and Penner 

(2012). 

Xu and Penner (2012) calculated a smaller combined nitrate and ammonium 

first indirect  aerosol radiative forcing of -0.01 W m-2 with the IMPACT global 

aerosol and chemistry model. They applied a hybrid dynamical partitioning 

approach, though did not compare their results with those simulated using a 

conventional equilibrium approach. Figures 2.5 and 2.6 show the absolute and 

percentage changes in cloud droplet number (CDN) concentration (CDNC) 

simulated by Xu and Penner (2012). The study found that the influence of nitrate 

and ammonium aerosols on CDNC was greatest in the Northern Hemisphere (see 

Figure 2.5 and blue line in Figure 2.6) and close to the surface where simulated 

nitrate and ammonium concentrations were higher. Overall, they simulated 

increases in global mean CDNC by about 3% at 930 mb when nitrate and 

ammonium aerosol were added. Nitrate aerosol formation led to a peak change 

in zonal annual mean cloud droplet number concentration (of up to 
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approximately 20%) between 20° N and 60° N, corresponding spatially with 

regions where simulated nitrate aerosol concentrations were greatest. 

 

Figure 2.6 The percentage change in zonal mean CDNC for the year 2000 when the 

effects of nitrate aerosol (PN) and total nitrate (TN; nitric acid plus nitrate aerosol) 

are accounted for in the IMPACT model. From Xu and Penner (2012). 

Xu and Penner (2012) further inferred that the presence of soluble gaseous nitric 

acid enhanced the activation of smaller particles by lowering the critical super-

saturation and increasing aerosol hygroscopicity. The nitric acid effect on CDNC 

was associated with a radiative forcing of -0.08 W m-2. Increases in zonal mean 

CDNC peaked at a higher 46% near 40 °N when the influence of soluble gaseous 

nitric acid was included in addition to nitrate aerosol formation (red line in 

Figure 2.6). The first indirect forcing from nitrate, including this nitric acid effect, 

was strongest over the North Pacific storm track, given its dependence on both 

changes in CDNC and the spatial distribution of clouds. 

2.5 Summary 

This chapter summarises the existing research on nitrate aerosol and its effects 

on air quality and climate. It is found that nitrate aerosol remains relatively 

understudied overall compared to other aerosol species, such as sulphate 

aerosol, partly as a result of complexity and expense associated with 
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representing its semi-volatile nature in global atmospheric models. 

Conventionally, thermodynamic equilibrium models have been applied to 

simulate nitrate aerosol formation. However, this approach has been found to 

overestimate coarse mode aerosol formation, at the expense of the fine mode, 

ÁÎÄ ȬÈÙÂÒÉÄȭ ÁÐÐÒÏÁÃÈÅÓ have therefore been developed to simulate the size-

resolved nitrate aerosol formation more realistically (see Section 2.4.1). 

Furthermore, the latest AeroCom Phase III intercomparison exercise found wide 

variability in present day nitrate aerosol concentrations simulated by global 

aerosol models (see Section 2.4.2).  

Changes in precursor aerosol emissions over recent decades have had regional 

implications for surface level PM2.5 and PM2.5-attributable mortality (see 

Sections 2.4.3 and 2.4.4). However, as a result of its omission from long term 

modelling studies, the impact of historical emission changes on nitrate aerosol 

concentrations is less well understood (see Section 2.4.5). As a component of 

PM2.5, changes in nitrate aerosol concentration could influence the number of 

deaths associated with long-term exposure to PM2.5 (see Section 2.4.7). Finally, 

nitrate aerosol acts as a climate forcing agent and its indirect influence on the 

radiative budget via modification of the cloud albedo, in particular, is severely 

understudied (see Section 2.4.8). 

Having summarised the existing research on nitrate aerosol, the next chapter, 

Chapter 3, will describe the methods used to address the aims outlined in 

Chapter 1. 
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3. Methods  

3.1 Introduction  

The primary research tool used for all model experiments in this thesis is the 

ȰÎÉÔÒÁÔÅ-ÅØÔÅÎÄÅÄȱ ÖÅÒÓÉÏÎ ÏÆ ÔÈÅ 5--UKCA community composition-climate 

model. The UM-5+#! ÍÏÄÅÌ ÃÏÕÐÌÅÓ ÔÈÅ 5+ -ÅÔ /ÆÆÉÃÅȭÓ 5ÎÉÆÉÅÄ -ÏÄÅÌ ɉ-ÅÔ5-Ƞ 

Brown et al., 2012) with the UK Chemistry and Aerosol sub-model (UKCA). The 

UKCA sub-model includes a range of alternative chemistry schemes (e.g. 

-ÏÒÇÅÎÓÔÅÒÎ ÅÔ ÁÌȢȟ ςππωȠ /ȭ#ÏÎÎÏÒ ÅÔ ÁÌȢȟ ςπρτɊ ÁÎÄ ÔÈÅ ÍÏÄÁÌ ÖÅÒÓÉÏÎ ÏÆ ÔÈÅ 

Global Model of Aerosol Processes (GLOMAP-mode) aerosol microphysics 

module (Mann et al., 2010). Whereas the standard configurations of GLOMAP-

mode only simulate the one-way transfer of extremely low-volatility 

ɉÃÏÎÄÅÎÓÁÂÌÅɊ ÍÁÔÅÒÉÁÌ ÔÏ ÔÈÅ ÐÁÒÔÉÃÌÅ ÐÈÁÓÅȟ ÈÅÒÅ ÔÈÅ ȰÎÉÔÒÁÔÅ-ÅØÔÅÎÄÅÄȱ ÖÅÒÓÉÏÎ 

ÏÆ ',/-!0 ÉÓ ÁÐÐÌÉÅÄ ÉÎÃÏÒÐÏÒÁÔÉÎÇ Á ÈÙÂÒÉÄ ȰÄÉÓÓÏÌÕÔÉÏÎ ÓÏÌÖÅÒȱ ɉ(Ù$É3-1.0). 

This solver additionally represents the size-resolved partitioning of semi-

volatile inorganic gases, such as nitric acid and ammonia, into and out of the 

aerosol particle aqueous phase (Benduhn et al., 2016). 

Section 3.2 gives a comprehensive description of this configuration of the UM-

UKCA composition-climate model including the atmosphere model (3.2.1), 

chemistry scheme (3.2.2) and microphysical processes simulated within nitrate-

extended GLOMAP-mode (3.2.3) including the HyDiS-1.0 inorganic dissolution 

solver (3.2.4). Section 3.3 describes the methodology applied in Chapter 5 to 

calculate the contribution of nitrate aerosol to PM2.5 and associated health 

impacts arising from long-term exposure to PM2.5. Section 3.4 describes the 

Ȭ3/#2!4%3ȭ 3ÕÉÔÅ ÏÆ #ÏÍÍÕÎÉÔÙ 2ÁÄÉÁÔive Transfer codes, based on Edwards 

and Slingo (1996) and cloud droplet number concentration (CDNC) calculations, 

used offline in Chapter 6 to calculate PD nitrate aerosol radiative effects via cloud 

albedo perturbations (i.e. PD first aerosol indirect radiative effect). 

In Chapter 4, UM-UKCA-simulated nitrate, ammonium and sulphate aerosol 

fields are compared with those simulated by the 9 participating models of the 

AeroCom Phase III nitrate intercomparison exercise (Bian et al., 2017). Section 

3.5 presents an overview of these models and the protocol for the AeroCom 
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Phase III nitrate experiment. Surface, aircraft, ship and satellite-based 

observations applied to evaluate the model in Chapters 4, 5 and 6 are described 

in Section 3.6 of this methods chapter, with Section 3.7 explaining the statistical 

metrics used for model-observation comparisons. 

3.2 Description of nitrate -extended UM-UKCA 

This section describes the dynamics, chemistry and microphysics of the host 

general circulation model, UM-UKCA, the GLOMAP-mode aerosol module and the 

nitrate extension to the GLOMAP-Mode module, HyDiS-1.0. 

3.2.1. Unified Model configuration and dynamics  

4ÈÅ -ÅÔ /ÆÆÉÃÅȭÓ 5ÎÉÆÉÅÄ -ÏÄÅÌ ɉ-ÅÔ5-Ƞ Brown et al., 2012) is hereafter referred 

to as Ȱthe 5-ȱ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓȢ 4ÈÅ ÃÏÕÐÌÅÄ 5--UKCA model is run in an 

atmosphere-only configuration for this thesis because the science is focussed on 

atmospheric aerosol and its health and radiative effects. In the atmosphere-only 

configuration, the ocean and sea ice model components are switched off, with 

time-varying sea-surface temperatures and sea-ice extent prescribed from the 

second Atmosphere Model Intercomparison Project (www -

pcmdi.llnl.gov/projects/amip).  The simulations are all within version 1.1 of the 

3rd ÇÅÎÅÒÁÔÉÏÎ ÏÆ ÔÈÅ ȰÁÔÍÏÓÐÈÅÒÅ ÍÏÄÅÌȱ ÏÆ ÔÈÅ (ÁÄÌÅÙ #ÅÎÔÒÅ 'ÌÏÂÁÌ 

Environmental Model (HadGEM3-A-v1.1) described by Hewitt et al. (2011). The 

UM-UKCA simulations here use the winds, temperature, humidity, clouds and 

precipitation from HadGEM3-A-v1.1, which are calculated online and provided 

each timestep to the UM-UKCA sub-model as applied by Morgenstern et al. 

(2009) and O'Connor et al. (2014). 

Large-scale advection, convective uplift and boundary layer mixing of the UM-

UKCA gas and aerosol tracers are calculated by other component sub-models 

within the HadGEM3-A-v1.1 framework (Davies et al., 2005; Gregory and 

Rowntree, 1990; Lock et al., 2000; Martin et al., 2006; Priestley, 1993). These 

dynamical processes are integrated on the dynamical atmosphere-model 

timestep of 20 minutes, along with UM-UKCA emissions. Chemistry and aerosol 

processes are integrated on a 1-hour timestep, i.e. once every three dynamical 

timesteps. 
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All results in this thesis are simulated at N96L63 resolution (1.25° latitude x 

1.875° longitude) with 63 vertical levels up to 40km. The upper bounds of the 

lowest model levels are located at ~15m, ~50m, ~90m, ~150m, ~220m, ~300m, 

395m and ~505m. 

In order to represent aerosol properties consistently with the meteorological 

ÃÏÎÄÉÔÉÏÎÓ ×ÉÔÈÉÎ ÔÈÅ ÐÁÒÔÉÃÕÌÁÒ ÙÅÁÒ ÂÅÉÎÇ ÓÉÍÕÌÁÔÅÄȟ ÔÈÅ ȰÎÕÄÇÉÎÇȱ 

functionality has been applied for all simulations (Telford et al., 2008). For 

meteorological nudging in UM-UKCA, simulated horizontal winds and potential 

temperatures are relaxed toward the ERA-Interim reanalyses (Dee et al., 2011) 

at 6 hourly intervals. The nudging is applied at full strength between levels 21 

(~3.2km) and 56 (~25km), with a buffer zone (two levels below and four levels 

above) in which the strength of the nudging is linearly decreased to zero. 

3.2.2 Tropospheric chemistry scheme  

For this work, gas and aerosol precursor chemistry is simulated online using the 

ȰÔÒÏÐÏÓÐÈÅÒÉÃ ÃÈÅÍÉÓÔÒÙ ×ÉÔÈ ÉÓÏÐÒÅÎÅȱ ɉȰ4ÒÏÐ)ÓÏÐȱɊ ÃÈÅÍÉÓÔÒÙ ÓÃÈÅÍÅȢ 4ÈÅ 

chemical equation set is identical to that described and evaluated in O'Connor et 

al. (2014)ȟ ×ÉÔÈ ÅÑÕÁÔÉÏÎÓ ÉÎ ÔÈÅ ÓÅÔÕÐ ÈÅÒÅ ÂÅÉÎÇ ÓÏÌÖÅÄ ×ÉÔÈÉÎ ÔÈÅ Ȱ!3!$ȱ 

framework (Carver et al., 1997) and integrated using a Newton-Raphson solver 

as implemented in Squire et al. (2014). The TropIsop chemistry scheme 

simulates tropospheric oxidative capacity online in UM-UKCA and comprises a 

core tropospheric chemistry scheme with an additional isoprene oxidation 

scheme following the Mainz Isoprene Mechanism (Pöschl et al., 2000), see 

O'Connor et al. (2014). In total, 56 chemical species are modelled, including 

reactions of inorganic odd oxygen (Ox), nitrogen (NOy), hydrogen (HOx) and 

hydrocarbons, including carbon monoxide (CO), and degradation schemes for 

methane, ethane, propane and other volatile organic compounds (VOCs). 

Features of the tropospheric chemistry scheme are summarised in the following 

sub-sections. 

3.2.2.1 Aerosol precursor chemistry  

The TropIsop chemistry scheme is extended here to include gas and aqueous 

phase oxidation of sulphur compounds and a lumped monoterpene tracer to 

account for biogenic secondary organic aerosol (SOA) formation, following the 
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setup for the 50-year UM-UKCA aerosol hindcasts of Turnock et al. (2015) and 

Butt et al. (2017)Ȣ 4ÈÉÓ ÁÅÒÏÓÏÌ ÃÈÅÍÉÓÔÒÙ ÅØÔÅÎÓÉÏÎ ɉȰÁÃÈÅÍȱɊ ÔÏ 4ÒÏÐ)ÓÏÐ 

implements the same aerosol precursor chemistry equation set as developed by 

Spracklen et al. (2005; 2006) for TOMCAT-GLOMAP (Toulouse Off-line Model of 

Chemistry and Transport; see Table 3.1). These reactions are included to allow 

coupling with the aerosol scheme. The added sulphur reactions include gas 

phase oxidation of dimethyl sulphide (DMS) and sulphur dioxide (SO2) and 

aqueous phase oxidation of SO2. Sulphate aerosol is formed from the gas-phase 

oxidation of SO2 by OH and by aqueous H2O2 and O3 oxidation in low-level clouds.  

Table 3.1 Summary of gas and aqueous phase reactions of sulphur and 

monoterpene in UM-UKCA tropospheric chemistry scheme. Monoterpene is treated 

as alpha-pinene with secondary organic aerosol product yield of 13%. 

Reaction Reference 

Gas phase reactions  

DMS + OH Ą SO2 + CH3O2 + HCHO (Pham et al., 1995) 

DMS + OH Ą 0.6SO2 + 0.4DMSO + CH3O2 (Pham et al., 1995) 

DMSO + NO3 Ą SO2 + HNO3 + CH3O2 + HCHO (Pham et al., 1995) 

SO2 + OH Ą H2SO4 + HO2 (Pham et al., 1995) 

MONOTERPENE + OH Ą 0.13SOA (IUPAC; Spracklen et al., 2006) 

MONOTERPENE + O3 Ą 0.13SOA (IUPAC; Spracklen et al., 2006) 

MONOTERPENE + NO3 Ą 0.13SOA (IUPAC; Spracklen et al., 2006) 

Aqueous phase reactions  

HSO3- + H2O2 Ą SO42- (Kreidenweis et al., 2003) 

HSO3- + O3 Ą SO42- (Kreidenweis et al., 2003) 

SO32- + O3 Ą SO42- (Kreidenweis et al., 2003) 

 

SOA is produced at a yield of 13% from the products of monoterpene and is 

assumed to condense onto existing aerosols, enabling UM-UKCA to automatically 

include biogenic secondary organic aerosol formation within the GLOMAP-mode 

aerosol module (Spracklen et al., 2006; Kelly et al., 2018). As described later in 
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Section 3.2.4, the nitrate-extended aerosol microphysics scheme also requires 

the gas phase HNO3 and NH3 concentrations to be passed between the chemistry 

and aerosol scheme. 

3.2.2.2 Tropospheric heterogeneous chemistry  

The UM-UKCA chemistry scheme contains a dedicated module to represent 

heterogeneous reactions on aerosol particles. This tropospheric heterogeneous 

ÃÈÅÍÉÓÔÒÙ ÍÏÄÕÌÅ ɉȰ4ÒÏÐ(ÅÔȱɊ ÉÓ ÁÃÔÉÖÁÔÅÄ ÆÏÒ ÁÌÌ ÓÉÍÕÌÁÔÉÏÎs in the thesis, with 

the contribution of this chemistry to seasonal nitrate aerosol formation 

investigated in Chapter 4. The default scheme included within UM-UKCA has two 

heterogeneous reactions: the conversion of dinitrogen pentoxide (N2O5) to nitric 

acid and self-reaction of the hydroperoxyl radical, HO2. The aerosol surface area 

is calculated online by the GLOMAP-mode aerosol module using the aerosol 

number concentration, the wet diameter from each mode and the modal 

geometric standard deviation.  

The reaction probabilities of N2O5 are dependent on the aerosol composition and 

on the ambient temperature and relative humidity, with the heterogeneous rate 

coefficients also calculated using the aerosol surface area and wet radius. The 

reaction probabilities for N2O5 onto sulphate, black carbon and organic carbon 

are estimated using the equations reported in Evans and Jacob (2005). For 

reaction on sea-ÓÁÌÔȟ ɾ.2O5 = RH x 0.0005 (RH < 62%) or considered constant at 

πȢπσ ɉ2( ІφςϷɊȢ &ÏÒ ÔÈÉÓ ÔÈÅÓÉÓȟ ÔÈÅ ÒÅÁÃÔÉÏÎ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ .2O5 onto ammonium 

nitrate has been added to the default subroutine and is calculated based on the 

Internatio nal Union of Pure and Applied Chemistry (IUPAC) recommended 

studies of Hallquist et al. (2003), Wahner et al. (1998) and Davis et al. (2008). In 

practice, this was coded by calculating the nitrate and sulphate uptake based on 

rates for ammonium sulphate and ammonium nitrate. The TropHet module links 

directly to the GLOMAP-mode diagnostics, so reactions on dust are not included 

here because dust is handled by the separate bin-resolved Woodward (2011) 

scheme, as explained in Section 3.2.3.1. Since the thesis focuses mainly on nitrate 

aerosol influences within polluted industrialised regions, this omission is not 

considered to change the results substantially. The reaction probabilities for the 

HO2 self-reaction are estimated for the same surfaces using the equations 

summarised in Mao et al. (2010).  
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3.2.2.3 Photolysis  

Photolysis rates are calculated online based on the distribution of cloud, ozone 

and aerosol layers using the Fast-J interactive scheme (Wild et al., 2000). The 

photolysis rates are calculated every UM-UKCA timestep (i.e. at hourly intervals), 

allowing UM-UKCA to represent additional chemistry-aerosol interaction effects. 

In the current implementation within  UM-UKCA, sulphate aerosol load from the 

CLASSIC scheme is passed through to Fast-J because the codebase has not yet 

been updated to enable interaction with GLOMAP simulated aerosol. Nitrate 

aerosol effects assessed in this thesis therefore do not include influences on 

photolysis. 

3.2.2.4 Dry deposition  

The interactive dry deposition scheme for tropospheric gas-phase species is 

implemented, whereby a resistance based approach is used to calculate 

deposition velocities across 9 surface types: broadleaf trees, needleleaf trees, C3 

grass, C4 grass, shrub, urban, water, bare soil and ice. The scheme follows that of 

Wesely (1989) and is briefly described in O'Connor et al. (2014), with full 

descriptions of the approach given in Seinfeld and Pandis (2006) and Smith et al. 

(2000). 

3.2.2.5 Wet deposition  

The wet deposition scheme for the tropospheric gas-phase species is the same as 

that implemented and validated in the TOMCAT chemical transport model (CTM;  

Giannakopoulos et al., 1999). The wet deposition rates are parameterised as first 

order loss rates, calculated as a function of the model convective and large-scale 

precipitation. The scheme was originally developed by Walton et al. (1988). 

2ÅÍÏÖÁÌ ÒÁÔÅÓ ÁÒÅ ÁÌÓÏ ÄÅÐÅÎÄÅÎÔ ÏÎ ÔÈÅ ÅÆÆÅÃÔÉÖÅ (ÅÎÒÙȭÓ ÌÁ× ÃÏ-efficient for 

ÅÁÃÈ ÓÐÅÃÉÅÓȟ ×ÈÅÒÅ ÔÈÅ ÅÆÆÅÃÔÉÖÅ (ÅÎÒÙȭÓ ÃÏÅÆÆÉÃÉÅÎÔ ÃÏÎÓÉÄÅÒÓ ÔÈÅ ÅÆÆÅÃÔÓ ÏÆ 

dissociation and complex foÒÍÁÔÉÏÎ ÏÎ ÓÐÅÃÉÅÓȭ ÓÏÌÕÂÉÌÉÔÙȢ  

3.2.2.6 Top boundary conditions  

The tropospheric chemistry scheme prescribes O3 concentrations above a 

threshold vertical level with concentrations from $ÁÌÌȭ!ÍÉÃÏ ÅÔ ÁÌȢ ɉςπρπɊ. In 

these simulations, the threshold level is the 3rd level above the tropopause. 
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Stratospheric sources and sinks of NOy and CH4, respectively, into the 

troposphere are deactivated in these simulations. Given that the focus of this PhD 

is on lower tropospheric aerosol and that downward transport from the 

stratosphere is relatively slow, this approach is considered acceptable for the 

short 16 month simulations in this thesis. 

3.2.3 GLOMAP-mode aerosol microphysics module  

GLOMAP-mode is the modal version of the original bin-resolved Global Model of 

Aerosol Processes (GLOMAP-bin, e.g. Spracklen et al., 2005) developed 

specifically for UM-UKCA.  The modal scheme was initially developed and 

evaluated (Mann et al., 2010) in the 3D global offline chemistry transport model, 

TOMCAT (Chipperfield, 2006). GLOMAP-mode parameterizes the size 

distribution into several log-normal modes, representing the main parts of the 

particle size range (nucleation, Aitken, accumulation and coarse), with two 

distinct types of each mode resolved (insoluble and soluble). 

Both versions of GLOMAP (mode and bin) share the same or similar 

representations of microphysical processes that influence the multi-component, 

size-resolved aerosol mass and number and its evolution. As well as representing 

aerosol microphysical processes (nucleation, condensation, coagulation, 

hygroscopic growth, cloud-processing and particle ageing), the models also 

include size-resolved representations of primary emissions, dry deposition and 

wet deposition by impaction and nucleation scavenging. 

Mann et al. (2010) provide a comprehensive description of the aerosol model 

and its implementation in TOMCAT, in which the module is shown to perform 

well against a range of observations. The modal settings were revised in Mann et 

al. (2012) to maximise the fidelity of GLOMAP-mode predictions compared to 

GLOMAP-bin. 

Turnock et al., (2015) evaluated simulated trends in SO42-, particulate matter, 

aerosol number, aerosol optical depth (AOD) and surface solar radiation (SSR) 

over Europe against observations from 1960 to 2010 using a very similar 

configuration of UM-UKCA to that applied here, but without the nitrate extension 

to GLOMAP-mode. The study found in general that aerosol trends over Europe 

are well simulated by the model. Summertime sulphate concentrations are 
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generally underestimated compared to observations earlier in the period but are 

in better agreement from around the year 2000 onwards. Wintertime sulphate 

concentrations are generally underestimated by the model over Europe. 

Turnock (2016) later showed that adjusting the cloud water pH remedies some 

of this low bias. 

Table 3.2 describes the aerosol components and size ranges that are carried by 

nitrate -extended GLOMAP-mode with the additional components associated 

only with this GLOMAP version (Section 3.2.4) shown underlined. As with the 

standard non-nitrate extended version of GLOMAP, log-normal modes represent 

aerosols in 4 size ranges: nucleation (Dg < 10 nm), Aitken (10 nm < Dg < 100 nm), 

accumulation (100 nm < Dg < 1000 nm) and coarse (Dg > 1000 nm). The 

simulations here apply the revised modal parameters from Mann et al. (2012), 

with a narrower accumulation mode corresponding to sg=1.40 (originally 1.59) 

and the coarse mode covering particles down to 500 nm dry diameter (Dg).   

Table 3.2 Standard aerosol configuration for GLOMAP-mode, with additional 

components included for nitrate-extended GLOMAP-mode underlined, adapted 

from Mann et al. (2010). 

Mode Size range Components Soluble ʎg 

Nucleation soluble Dg < 10 nm SO42-, NO3- , NH4+ Yes 1.59 

Aitken soluble 10 nm < Dg < 100nm SO42-, NO3- , BC, OC, NH4+ Yes 1.59 

Accumulation 

soluble 100 nm < Dg < 500nm SO42-, NO3- , BC, OC, Na+, NH4+, Cl- Yes 1.40 

Coarse soluble Dg > 500 nm SO42-, NO3- , BC, OC, Na+, NH4+, Cl- Yes 2.0 

Aitken insoluble 10 nm < Dg < 100 nm BC, OC No 1.59 

 

In its standard, non-nitrate -extended configuration, GLOMAP-mode carries 5 

aerosol components (sulphate, black carbon, organic carbon - including 

secondary organic aerosol -  and sea salt) in four soluble modes and one insoluble 

Aitken mode, yielding a total of 19 tracers (14 aerosol mass and 5 number). The 
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nitrate extension adds an extra 10 aerosol tracers through the addition of nitrate 

and ammonium across four soluble modes and the separation of sea salt, present 

in the soluble accumulation and coarse modes, into sodium and chloride ions. 

The HyDiS-1.0 dissolution module, which constitutes the main component of 

nitrate -extended GLOMAP is described comprehensively in Benduhn et al. 

(2016), and a brief overview is provided in Section 3.2.4. 

The following sub-sections give an overview of the precursor gas and primary 

aerosol emissions included in GLOMAP-mode, including the MACCity (MACC and 

CityZen project) emission inventory (Granier et al., 2011) and the model 

implementation of key aerosol microphysical processes. 

3.2.3.1 Precursor gas and aerosol emissions  

Emission inputs to the UM-UKCA simulations in this thesis are either based on 

pre-computed fluxes (offline) or are linked to UM meteorological variables 

simulated during model run time (online), for example lightning NOx, sea salt and 

dust. 

All simulations in this thesis use monthly varying anthropogenic and biomass 

burning emissions of SO2, NOx, NH3, BC, OC, CO and speciated VOCs from the 

MACCity inventory (Granier et al., 2011). The dataset covers 50 years from 1960 

to 2010 with emissions based on the Atmospheric Chemistry and Climate Model 

Intercomparison Project (ACCMIP) inventory (Lamarque et al., 2010) between 

1960 and 2000 and on the RCP 8.5 emission pathway from 2000 onward (van 

Vuuren et al., 2011). The inventory is sector-specific and includes, for example, 

emissions from agriculture, agricultural waste, residential use, energy 

production, shipping and land transportation. The inventory provides emissions 

for each species and sector at a yearly resolution by interpolating from the 

decadal mean ACCMIP and RCP 8.5 datasets and a seasonal cycle applied to give 

monthly mean emissions at 0.5° x 0.5° resolution. In the case of biomass burning, 

the MACCity inventory includes annual mean carbon emissions from the Global 

Fire Emissions Database (GFED; van der Werf et al., 2010) to account for large 

inter -annual variability in emissions. 

The majority of MACCity emissions are emitted into the lowest model level, with 

the exception of some SO2, aircraft NOx and biomass burning emissions. 
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Anthropogenic SO2 is separated into surface and elevated sources, with elevated 

sources emitted between 100 and 300m above the surface to represent stack 

emission heights while surface emissions are emitted into the lowest model 

level.  Year-varying 3D aircraft NOx emissions and monthly-varying 3D biomass 

burning emissions of SO2, BC and POM were re-gridded onto the N96L63 UM-

UKCA grid and applied to the model as a 3D emissions source. Emissions of SO2, 

BC and OC from biomass burning are distributed uniformly over the lowest 3km 

of the model. Biofuel and fossil fuel carbonaceous particles are emitted into the 

lowest model level. 

To represent sub-grid sulphate particle formation, e.g. nucleation in SO2 plumes 

from power plants and volcanoes, the UM-UKCA simulations match AeroCom 

recommendations (Dentener et al., 2006) in emitting 2.5% of all gas-phase SO2 

emissions as primary sulphate emissions. Such primary sulphate particles are 

included from anthropogenic, volcanic and biomass burning sources of SO2, with 

the emitted aerosol number derived from the sulphate mass emission based on 

the grid-scale particle source having a log-normal emissions size distribution, 

following size recommendations from Stier et al. (2005). 

DMS emissions are calculated depending on seawater concentration fields and a 

wind speed dependent air-sea exchange parameterisation (Kettle and Andreae, 

2000; Liss and Merlivat, 1986). A climatological volcanic SO2 source from 

continuous (passively degassing) and explosive (tropospheric-injecting) 

eruptions are included from 3D emission files, combining the Andres and 

Kasgnoc (1998) and Halmer et al. (2002) inventories, with AeroCom-

recommended injection heights (Dentener et al., 2006). 

Lightning NOx emission is calculated online using a parameterised lightning flash 

frequency of 3.44 x 10-5 H4.9 per minute over land and 6.4 x 10-4 H1.73 per minute 

over ocean, where H is cloud depth, combined with a latitude dependent cloud-

to-cloud and cloud-to-ground flash ratio (Price and Rind, 1992; 1993). Lightning 

NOx formation is set to occur in clouds with a depth of 5km or over. 

The source of secondary organic aerosol and influence on oxidising capacity 

from monoterpene emissions is included in the simulations by applying the 

single-stage oxidation scheme from Spracklen et al. (2006). Climatological 
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monthly varying 2D surface monoterpene emissions from vegetation follow the 

Global Emissions InitiAtive database (Guenther et al., 1995) in this thesis. 

Monthly varying emissions of anthropogenic carbonaceous particles (emitted as 

internally mixed black carbon and primary organic matter particles) are 

included from the MACCity fossil fuel and biofuel sources. They are emitted with 

a modified log-normal size distribution based on AeroCom recommendations of 

Dentener et al. (2006), with modifications from Stier et al. (2005). Primary 

biomass and biofuel emissions are given a geometric mean diameter of 150 nm 

while primary fossil fuel emissions are set to 60 nm, with both distributed with 

a geometric standard deviation of 1.59. 

Sea salt emission fluxes are calculated using the surface wind speed 

parameterisation of Gong (2003). Size-resolved sea-spray fluxes are calculated 

over a 20 bin size range and then fed into either the accumulation or coarse 

soluble modes of GLOMAP-mode. 

Mineral dust aerosol is simulated using a separate six-bin scheme developed by 

Woodward (2001, 2011) which simulates the mass of dust particles with a dry 

radius between 0.03 and 30 µm. The dust emissions flux is largely controlled by 

wind speed, with uplift of particles occurring over erodible bare soil when wind 

speeds exceed a threshold value. The threshold is defined based on surface soil 

type. 

3.2.3.2 Aerosol Microphysics  

Although the main topic of research in this thesis investigates changes simulated 

by the nitrate-extension to GLOMAP-mode, global variations in the underlying 

particle size distribution and abundance stem from the processes simulated in 

the core GLOMAP-mode module.  The following section therefore describes how 

these processes are represented by GLOMAP-mode in the UM-UKCA model 

applied for the simulations in this thesis. 

3.2.3.2.1 New particle formation  

New particle formation occurs via nucleation, i.e. the formation of tiny particles, 

initially from clusters of molecules of sulphuric acid and water vapour, in 

combination also with other nucleating gas phase species. In the free 
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troposphere (FT), new particle formation occurs principally by the binary 

homogeneous nucleation of H2SO4-H2O to form sulphate aerosol. In TOMCAT-

GLOMAP, 35% of CCN (0.2%) in global low-level clouds were found to originate 

in the free troposphere (Merikanto et al., 2009).  The nucleation rate 

parameterization of Kulmala et al. (1998a) is applied, with particles forming 

when the gas-phase sulphuric acid concentration surpasses a critical threshold 

concentration. In the simulations here new particle formation occurs only via FT 

nucleation, although the full range of boundary layer nucleation mechanisms in 

GLOMAP-mode (see Reddington, 2012), including the organic-mediated rates, 

are included in later (non nitrate -extended) configurations of the UM-UKCA 

codebase. 

3.2.3.2.2 Coagulation 

GLOMAP-mode represents coagulation of particles from collisions both within 

(intra -modal) and between (inter-modal) modes. The coagulational growth 

process acts to conserve particle mass while reducing particle number 

(increasing average particle size). The model represents coagulation as 

occurring via Brownian diffusion, which is a reasonable approximation in most 

conditions. The rate of coagulation among particles is strongly size dependent 

and intra -modal coagulation (the coagulation of 2 particles in the same mode) is 

only effective for the sub-micron aerosol size modes.  

In the version of GLOMAP-mode applied here, intra-modal coagulation occurs 

only within soluble modes. Freshly nucleated particles (i.e. those in the 

nucleation mode) coagulate effectively with other similar-sized particles (i.e. 

with those in the same mode) and also coagulate with particles in larger size 

modes, both soluble and insoluble. Intra-modal coagulation of particles in the 

smallest modes is an important growth mechanism for atmospheric aerosol, 

with larger insoluble particles also acting as a sink for younger nucleated 

particles. In this version of GLOMAP-mode, insoluble particles can only coagulate 

with larger soluble mode particles. More details are provided in Mann et al. 

(2010; 2012). 
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3.2.3.2.3 Condensation 

GLOMAP-mode simulates condensation of H2SO4 and SOA precursor vapours 

(Table 3.1) onto all aerosol modes, with the rate of condensation determined by 

particle size and molecular composition following Fuchs and Sutugin (1971). 

Condensation acts to increase the particle mass and size while conserving 

particle number through condensational growth of particles. In GLOMAP-mode, 

condensational growth is simulated by moving a proportion of the aerosol mass 

up to the adjacent larger mode if needed, while the particle number remains 

ÕÎÃÈÁÎÇÅÄȢ )Î ÄÏÉÎÇ ÓÏȟ ÇÒÏ×ÔÈ ÏÃÃÕÒÓ ɉÐÁÒÔÉÃÌÅ ÓÉÚÅ ÉÎÃÒÅÁÓÅÓɊȟ ×ÉÔÈ ȰÍÏÄÅ-

ÍÅÒÇÉÎÇȱ ÃÈÅÃËÉÎÇ ÔÈÅ ÍÏÄÅ ÍÅÁÎ ÓÉÚÅ ÉÓ ÓÔÉÌÌ ×ÉÔÈÉÎ ÔÈÅ ÌÉÍÉÔÓ ÆÏÒ ÔÈÁÔ ÍÏÄÅ ÁÎÄ 

moving a proportion of aerosol mass to the adjacent larger mode if needed 

(Table 3.2). 

Prior to the development of nitrate-extended GLOMAP, only one-way gas-

particle condensation processes were represented, whereby condensable 

vapours are transferred to the particle phase with an assumed zero vapour 

pressure. The model calculates this gas-particle transfer kinetically with the 

vapour transport rate calculated for each size mode.  Competition for the 

available condensable vapours arises between the processes of condensation 

and nucleation, which the model resolves by integrating each process 

sequentially on a number of shorter competition sub-timesteps within each 

GLOMAP timestep (Spracklen et al., 2005). 

The condensation of H2SO4 and SOA precursor vapours contributes to 

condensation ageing, whereby previously water-insoluble aerosol can become 

soluble during transport. Condensation ageing also occurs by inter-modal 

coagulation of smaller soluble particles onto larger insoluble particles. In 

GLOMAP-mode, this is represented by first calculating, from the total soluble 

material, how many insoluble particles would be coated. A proportion of the 

ÍÏÄÅȭÓ ÐÁÒÔÉÃÌÅÓ ÁÒÅ ÔÈÅÎ ÄÅÅÍÅÄ ÔÏ ÂÅ ÈÙÄÒÏÐÈÉÌÉÃ ÁÎÄ ÁÒÅ ÔÒÁÎÓÆÅÒÒÅd to the 

corresponding soluble mode once 10 monolayers of soluble material have 

accumulated on the particle surface (Mann et al., 2010). The number of 

monolayers influences the flux of insoluble carbonaceous aerosol to the soluble 

modes and therefore influences its rate of removal by nucleation scavenging 

(Section 3.2.3.2.6).  
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3.2.3.2.4 In-cloud oxidation and cloud processing  

In the presence of low-level (e.g. stratocumulus) clouds, aqueous phase oxidation 

of SO2 can occur in the model through reaction with H2O2 and O3 to form sulphate 

aerosol. In UM-UKCA, the instantaneous cloud fraction, cloud liquid and cloud ice 

water contents are available at each timestep. In this version of UM-UKCA, low 

level cloud is identified using the liquid cloud fraction, with an additional 

criterion requir ing that the cloud liquid water content of a grid box exceeds 0.2 

g m-3. SO2 is incorporated into cloud droplets rapidly (Warneck, 2000) and the 

ÍÏÄÅÌ ÔÈÅÒÅÆÏÒÅ ÆÏÌÌÏ×Ó ÁÎ ÅÆÆÅÃÔÉÖÅ (ÅÎÒÙȭÓ ÌÁ× ÅÑÕÉÌÉÂÒÉÕÍ ÁÐÐÒÏÁÃÈ ÉÎ ÔÈÅ 

standard GLOMAP-mode setup. The dissociation of dissolved SO2 in the cloud 

water leads to the formation of HSO3- and SO32- (via equations 3.1 and 3.2) and 

subsequently to sulphate aerosol formation via dissolved H2O2 and O3 oxidation, 

proceeding via the reactions in Table 3.1. 

SO2 ᵶ H+ + HSO3- (3.1) 

HSO3- ᵶ H+ + SO32-    (3.2) 

 

SO2 oxidation by H2O2 is the dominant pathway for most conditions and occurs 

independently of rain water pH. However, SO2 aqueous oxidation by O3 is highly 

sensitive to aqueous aerosol particle pH with order-of-magnitude differences in 

rates under different conditions (Seinfeld and Pandis, 2006). In UM-UKCA, the 

current default approach involves specifying a fixed cloud water pH of 5.0, with 

Turnock (2016) identifying how assuming a more acidic pH of 4.0 strongly 

affected simulated European wintertime surface sulphate in the model.  The 

cloud pH of 5.0 chosen for aqueous phase reactions is considered to be 

ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÏÆ ÔÈÅ ȬÅÆÆÅÃÔÉÖÅȭ ÂÕÌË Ð( of cloud droplets based on observations 

(Benedict et al., 2012; Collett et al., 1993; Murray et al., 2013). 

Cloud processing in GLOMAP-mode is defined as the growth of aerosol particles 

through the uptake and chemical reaction of gases while particles exist as water 

droplets in low-level clouds (Mann et al., 2010). The growth of particles within 

the cloud results in differential growth between activated and non-activated 

particles, leading to the minimum in the size distribution between the Aitken and 

accumulation modes (the Hoppel gap, e.g. Hoppel et al., 1994). In this version of 
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the model, a globally representative bulk value of 37.5 nm is assumed for the 

activation dry radius, corresponding to a 0.2% cloud supersaturation typical of 

marine stratocumulus clouds (Mann et al., 2010; Spracklen et al., 2005). 

In GLOMAP-mode, cloud processing is represented as a two-step process. First, 

the fraction of Aitken mode particle mass and number larger than the activation 

diameter is transferred to the soluble accumulation mode. Larger particles 

within the Aitken mode are therefore able to become activated and cloud 

processed while still representing the minimum in the size distribution between 

the soluble Aitken and accumulation modes. Second, sulphate mass produced by 

in-cloud oxidation of SO2 is portioned between the soluble accumulation and 

coarse modes according to their fractional contribution to the total particle 

number concentration of the two modes (Mann et al., 2010).  

3.2.3.2.5 Dry deposition  

Aerosol particles are removed to the surface via both dry deposition and 

sedimentation, following the resistance-based approach described in Spracklen 

et al. (2005) and Mann et al. (2010). An overall dry deposition velocity is 

calculated for each of the GLOMAP size modes, based on the gravitational settling 

velocity and the aerodynamic and surface resistances following Slinn (1982). 

The rate of dry deposition is dependent on the particle size, land surface type 

and wind speed along with collection efficiencies for Brownian diffusion, 

impaction and interception set following the 16 surface types of Zhang et al. 

(2001) mapped onto 9 UM land-surface categories. 

3.2.3.2.6 Wet deposition  

Wet removal of aerosol particles in GLOMAP-mode occurs via nucleation (or in-

cloud) scavenging (also known as rainout) and impaction (or below-cloud) 

scavenging (also known as washout). 

Nucleation scavenging rates are dependent on rainfall rates and calculated for 

both large-scale and convective-scale precipitation (Kipling et al., 2013; Mann et 

al., 2010). All soluble accumulation and coarse mode particles in the cloudy 

fraction of each grid box are assumed to be activated and scavenged by large 

scale precipitation. Aerosols in convective scale rainfall are removed in a similar 

way, but assuming a cloud fraction of 30%. The removal rate by both large scale 
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and convective scale precipitation is set to proceed at the same rate as the large-

scale precipitation scheme converts cloud water to rain water (i.e. the large-scale 

autoconversion rate). This approach differs from subsequent versions of UM-

UKCA, where a size threshold approach is used to determine which aerosol are 

nucleation scavenged (Mann et al., 2012). 

The approach for impaction scavenging in GLOMAP-mode is the same in the UM-

UKCA model as in the TOMCAT model (Mann et al., 2010; Slinn, 1984). The 

scavenging rate is derived from the rain rates of large-scale and convective-scale 

precipitation combined with look-up tables for raindrop-aerosol collection 

efficiencies (Mann et al., 2010). The terminal velocity of raindrops is calculated 

using Easter and Hales (1983). The collision efficiencies are based on the modal 

geometric mean dry radius and a modified Marshall-Palmer raindrop size 

distribution that accounts for rainfall intensity (Sekhon and Srivastava, 1971). 

3.2.4. Nitrate -extended GLOMAP-Mode 

The nitrate-extended GLOMAP-mode module simulates the size-resolved 

inorganic nitrate-sulphate-ammonium-sodium-chloride system via the hybrid 

inorganic dissolution solver, HyDis-1.0. The solver calculates the partitioning of 

NH3 and HNO3 into NH4+ and NO3- components within each soluble mode. A 

comprehensive description of the solver and its implementation in the TOMCAT 

chemistry transport model can be found in Benduhn et al. (2016) and a summary 

of its implementation in UM-UKCA (as applied here) is given in this sub-section. 

4ÈÅ ÔÅÒÍ ȰÐÁÒÔÉÔÉÏÎÉÎÇȱ ÉÓ ÐÒÅÆÅÒÒÅÄ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓ ÔÏ ÄÅÓÃÒÉÂÅ ÔÈÅ Ô×Ï-way gas-

particle exchange of the semi-volatil e gases, where Benduhn et al. (2016) used 

ÔÈÅ ÔÅÒÍ ȱÄÉÓÓÏÌÕÔÉÏÎȱ. The process combines the initial transfer of the gas and 

its subsequent dissociation within the aerosol particle aqueous phase. The term 

ȰÃÏÎÄÅÎÓÁÔÉÏÎȱ ÉÓ ÒÅÓÅÒÖÅÄ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓ ÆÏÒ ÏÎÅ-way gas to particle transfer, for 

example of sulphuric acid, where the GLOMAP-mode routines assume the vapour 

condenses irreversibly into the particle phase. To re-ÉÔÅÒÁÔÅȟ ȰÄÉÓÓÏÌÕÔÉÏÎȱ ÏÒ 

ȰÐÁÒÔÉÔÉÏÎÉÎÇȱ ÁÒÅ ÕÓÅÄ ÈÅÒÅ ÓÐÅÃÉÆÉÃÁÌÌÙ ÔÏ ÄÅÓÃÒÉÂÅ Ô×Ï-way gas-particle 

transfer of semi-volatile gases, including only the inorganic species NH3, HNO3 

and HCl.  The chemistry involves the NH3 reacting with H2O to form NH4OH, 

which then dissociates in the aerosol aqueous phase along with acidic species 
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HNO3 and HCl. These gases may re-evaporate from the aerosol particle phase 

(de-gas) depending on ambient temperature and chemical composition 

(Benduhn et al., 2016). 

In terms of model structure, the nitrate-extended configuration carries 10 

additional aerosol mass tracers through 1) the addition of nitrate and 

ammonium components across four soluble modes and 2) the separation of sea 

salt into sodium and chloride ions (see Table 3.3). The solver also requires that 

gas phase tracers for HNO3 and NH3, which are already included within all of the 

UM-UKCA chemistry schemes, are made readable into GLOMAP-mode in UM-

UKCA. 

Table 3.3 Overview of solutes that are subject to dissolution and dissociation in the 

HyDiS-1.0 solver (Benduhn et al., 2016; Kapadia et al., 2016). 

Species Reaction 

 

Nitric acid (HNO3(g)) 

 

HNO3(g) = H+(aq) + NO3-(aq) 

Hydrochloric acid (HCl(g)) HCl(g) = H+(aq) + Cl-(aq) 

Sulfuric acid (HSO4-(aq)) HSO4 - (aq) = H+ (aq) + SO42- (aq) 

Ammonium sulphate ((NH4)2.SO4(s)) (NH4)2 .SO4(s) = 2NH4+(aq) + SO42-(aq) 

Ammonium nitrate (NH4.NO3(s)) 

Ammonium chloride (NH4Cl(s)) 

NH4.NO3(s) = NH3(g) + HNO3(g) 

NH4Cl(s) = NH3(g) + HCl(g) 

Sodium sulphate (Na2SO4(s)) Na2SO4(s) = 2Na+(aq) + SO42-(aq) 

Sodium nitrate (NaNO3(s)) NaNO3(s) = Na+(aq) + NO3-(aq) 

Sodium chloride (NaCl(s)) NaCl(s) = Na+(aq) + Cl(aq) 

 

Chemically, the solver accounts for the gas and aqueous phase equilibria during 

dissolution and dissociation of several solutes. Table 3.3 shows the solutes that 

are included in dissolution and dissociation reactions in the HyDiS-1.0 (Benduhn 

et al., 2016; Kapadia, 2015; Zhang et al., 2000). 
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The formation of solid phase salts at low ambient relative humidity below the 

deliquescence relative humidity is implicitly challenging to simulate because of 

hysteresis behaviour in hygroscopic growth and is not represented in the 

scheme. The implementation of HyDiS-1.0 in GLOMAP-mode described in 

Benduhn et al. (2016) does not yet consider semi-volatile organic species. 

As described in Section 2.4.1, large-scale models often represent gas-particle 

partitioning  as an equilibrium process, principally as a result of issues of 

numerical instability and computational expense. Dynamic approaches are also 

available but the numerical stiffness of the underlying equations means accurate 

solution requires an adaptive/dynamical timestep. Such schemes are often 

deemed too computationally expensive for use in global model simulations (see 

Section 2.4.1 and discussion in Capaldo et al., 2000)Ȣ Ȭ(ÙÂÒÉÄȭ ÐÁÒÔÉÔÉÏÎÉÎÇ 

schemes seek to overcome the limitations of the two approaches by combining 

them and using decision criteria to determine whether an equilibrium or 

dynamic treatment is applied. 

While Benduhn et al. (2016) give a full description of the solver and its 

implementation in GLOMAP-mode, the main features of the solver are 

summarised here. The main element of the nitrate-extension to GLOMAP-mode 

is a hybrid partitioning solver (HyDiS-1.0) which applies a time and size-

dependent decision criteria, to determine whether an equilibrium or dynamic 

formulation is applied when solving the partitioning of semi-volati le inorganic 

species into the aqueous aerosol particle phase. With this hybrid approach, an 

accurate representation of the chemical, thermodynamic and microphysical 

influences on dissolution dynamics is obtained at a relatively low computational 

cost. 

The solver combines several methods applied within existing numerical 

methods in combination with novel methods developed specifically for coupling 

to the GLOMAP size-resolved aerosol module, with the principal one being the 

hybrid decision criteria (Benduhn et al., 2016). For example, the dynamic 

dissolution formulation uses the semi-implicit and semi-analytical integration 

method of Jacobson (1997). The equilibrium sub-solver applies the analytical 

approach of Nenes et al. (1998), with a mixed time integration method following 
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Zhang and Wexler (2006) and Zaveri et al. (2008). The dynamic and equilibrium 

sub-solvers are described in Benduhn et al. (2016).  

In the solver, the main distinction criteri on determines whether gas-particle 

paritioning is carried out with the equilibrium or dynamic sub-solvers, and also 

specifies regimes within them (e.g. pseudo-transit ion). The gas-particle 

partitioning of an aerosol size class is treated using the equilibrium formulation 

(i.e. it is solved iteratively assuming equilbrium) if it meets the following two 

distinction criteria : 

1. Equilibration time criterion. An aerosol size class is placed in the 

equilibrium mode if its equilibration time is much shorter than the mode 

time step. 

 

The time distinction criterion, ‖ , with respect to size class, Ὥ,  and 

species, Ὦ, can be stated as: 

‖
ȟ 

ὥ  ὸ
ȟ
 

Where a is an ad hoc proportionality constant, equivalent to the number 

of acceptable internal timesteps. Particles of size Ὥ, and species, Ὦ, are 

therefore deemed to be in equililbrium when ‖
ȟ 

 Ўὸ , where Ўὸ is the 

overall model timestep. 

2. Mass balance criterion. In addition to an aerosol size class needing to 

meet the ÍÁÉÎ Ȱtime distinction crit erionȱ above, an additional criterion 

is applied to optimise the operation of the scheme. This is required 

because some size classes are in equilibrium while others are solved 

kinetically  and because rapid chemical interactions occur within the 

different sized aqueous particles. Optimal co-operation of the methods 

therefore requires that the influence of the equilibrium size classes on the 

progressing mass balance is kept to a minimum. In practice, this is 

achieved by an additional Ȱmass distinction criterionȱ assessing the 

magnitude of the parameter ‖
ȟ 

, 

‖
ȟ 

 
ὧ
ȟ
 ὧȟ

ὧ
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where ὧ
ȟ
 is the equilibrium particle molecular concentration, ὧȟ is the particle 

molecular concentration and ὧ  is the total particle molecular concentration 

(sum over all size classes). An aerosol size class is treated assuming equilibrium 

when ‖
ȟ 

πȢρ. 

An aerosol size class is treated assuming equilibrium  if it meets the two criteria 

above with respect to all of the dissolving species in that size range. Size classes 

that remain in the dynamic mode are re-checked against the time criterion after 

every internal solver timestep. The time criterion is adapted to the remaining 

fraction of the timestep, such that the criterion is met when ‖
ȟ 

 Ўὸ  ,ὸ‏ 

where  ‏ὸ is the time accumulated by the internal time steps so far. 

Benduhn et al. (2016) also present a series of sensitivity experiments to test its 

operation within a box model framework, including validating the equilibrium 

solver by comparing to the benchmark AIM-III chemical equilibrium solver 

(Clegg et al., 1998). The paper also evaluated its application within the global 3D 

TOMCAT chemistry transport model framework. The box model experiments 

validate that the hybrid solver achieves numerically accurate results under a 

wide range of atmospheric conditions. When implemented in the global 

modelling environment the solver was found (1) to be in good agreement with 

observed surface NO3- and NH4+ concentrations in Europe, North America and 

East Asia, (2) to capture the size partitioning of nitric acid and ammonia into the 

aerosol Aitken mode and (3) to have modest computational expense compared 

to a fully equilibrium approach. Kapadia (2015) further evaluates the TOMCAT 

implementation of nitrate-extended GLOMAP, comparing to vertical profile 

measurements from aircraft observations. The nitrate-extended GLOMAP-mode 

module was implemented into UM-UKCA at the start of this thesis and the 

evaluation of its simulated annual and seasonal mean concentrations of 

inorganic aerosol and precursor gas species is the first part of this PhD thesis 

(Chapter 4). 

3.3 Aerosol health effects  

In Chapter 5, the contribution of nitrate aerosol to PM2.5 and cause-specific 

premature mortality is estimated. The calculations in this thesis only consider 
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the health impacts from long-term exposure to PM2.5. The methods applied in 

Chapter 5 are described in the following sub-section. 

3.3.1 Estimation of PM 2.5 and nitrate aeros ol fraction  

Dry PM2.5 mass concentrations were calculated offline by summing the mass 

concentrations of sub-2.5 micron nitrate, sulphate, ammonium, sea salt (sodium 

and chloride ions), organic carbon and black carbon (BC). The PM2.5 contribution 

from dust is included from a separate UM-UKCA aerosol climatology (Turnock, 

via correspondence). Figure 3.1 shows the regions over which PM2.5 composition 

(plus mortality  and emissions) are averaged for the analysis in Chapter 5. 

 

Figure 3.1 Regional domains used in Chapter 5 analysis of 1980 to present 

day emission changes (solid boxes). Shaded areas show the regions over 

which PM2.5 composition and mortality are calculated, including the USA, 

European Union (comprising the 28 current member states), India and China. 

 

The fractional contribution of nitrate aerosol to the PM2.5 is estimated via two 

methods, which this thesis (Chapter υɊ ÔÅÒÍÓ ÔÈÅ ȬÓÐÅÃÉÁÔÉÏÎȭ ÁÐÐÒÏÁÃÈ ÁÎÄ ÔÈÅ 

ȬÓÕÂÔÒÁÃÔÉÏÎȭ ÁÐÐÒÏÁÃÈȢ 4ÈÅ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÒÅÓÕÌÔÉÎÇ ÎÉÔÒÁÔÅ ÁÅÒÏÓÏÌ ÆÒÁÃÔÉÏÎ ÏÆ 

PM2.5 from each approach are discussed in Section 5.3.2. The ȬÓÐÅÃÉÁÔÉÏÎȭ ÍÅÔÈÏÄ 

takes the speciated sub-2.5 µm nitrate mass concentration and divides by the 

total ambient PM2.5Ȣ 4ÈÅ ȬÓÕÂÔÒÁÃÔÉÏÎȭ ÍÅÔÈÏÄ ÒÅÑÕÉÒÅÓ Ô×Ï ÓÉÍÕÌÁÔÉÏÎÓȟ ×ÈÉÃÈ 

are run with and without nitrate aerosol formation. Nitrate aerosol formation is 

de-activated in simulations by switching off the gaseous nitric acid uptake into 

the particle phase. The difference between the two PM2.5 fields then gives the 
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nitrate mass in addition to changes from associated aerosol (e.g. ammonium and 

sodium) and microphysical processes (i.e. aerosol growth and removal). This is 

then divided by the total ambient PM2.5. 

In Chapter 5, a bias correction factor is applied to the raw model PM2.5 prior to 

the mortality calculations. Depending on the region, either ground-based 

observations or satellite-derived PM2.5 (Section 3.6.3) are used to calculate the 

model bias. The resulting bias-corrected PM2.5 fields are evaluated in Section 

5.3.1.2.  

The regional mean bias over the European Union and the USA is calculated with 

respect to ground-based observations as the ratio of regional mean modelled 

PM2.5 to regional mean observed PM2.5 at ground-based site locations. The bias 

correction factors for each region are then calculated as the inverse of the 

regional biases. 

In order to make a same year (2008) comparison of modelled and observed PM2.5 

in the absence of adequate ground-based observations, the bias correction factor 

over India and China is calculated with respect to year 2008 satellite-derived 

surface PM2.5 observations. The UM-UKCA PM2.5 concentrations are first re-

gridded to the resolution of the satellite-derived PM2.5 fields. The regional mean 

bias is calculated as the ratio of regional mean modelled PM2.5 to the regional 

mean satellite-derived PM2.5, as averaged over each satellite resolution grid 

square per region. 

3.3.2 Exposure-response functions  

The health burden of long-term exposure to PM2.5 is estimated in terms of annual 

mean premature mortality (number of premature deaths). The integrated 

exposure-response (IER) functions of Burnett et al. (2014) are used to estimate 

the relative risk of mortality from five disease endpoints linked to PM2.5 

ÅØÐÏÓÕÒÅȢ 4ÈÅ )%2Ó ÁÒÅ ÄÅÆÉÎÅÄ ÆÏÒ ÆÉÖÅ ÃÁÕÓÅÓ ÏÆ ÄÅÁÔÈ ÉÎ ÁÄÕÌÔÓ І ςυ ÙÅÁÒÓȡ 

ischemic heart disease (IHD), stroke, chronic obstructive pulmonary disease 

ɉ#/0$Ɋ ÁÎÄ ÌÕÎÇ ÃÁÎÃÅÒ ÁÎÄ ÉÎ ÉÎÆÁÎÔÓ Ѕ υ ÙÅÁÒÓȡ ÁÃÕÔe lower respiratory 

infection (LRI). The IER functions define the relative risk from a global range of 

ambient annual mean PM2.5 concentrations by integrating available information 

on relative risk from studies of ambient air pollution, active and second hand 



- 75 - 

tobacco smoking and household solid fuel pollution. The same IER functions 

were used for the 2015 Global Burden of Disease Study (GBD 2015; Forouzanfar 

et al., 2016; Cohen et al., 2017). 

The PM2.5 concentration, C, is used in the IERs to determine the relative risk, RR, 

using equation 3.3: 

Ὂέὶ ὅ  ὅȟὙὙὅ ρ  ‌ρ Ὡ ] 

Ὂέὶ ὅ  ὅȟ ὙὙ ρ 

(3.3) 

 

7ÈÅÒÅ ρϹ ɻ ÉÓ ÔÈÅ ÍÁØÉÍÕÍ ÒÉÓËȟ ɼ ÉÓ ÔÈÅ ÒÁÔÉÏ ÏÆ )%2 ÂÅÔ×ÅÅÎ ÌÏ× ÁÎÄ ÈÉÇÈ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȟ ɾ ÉÓ ÔÈÅ ÐÏ×ÅÒ ÏÆ ÔÈÅ 0-2.5 concentration (C) and Co is the 

theoretical minimum risk exposure level (TMREL) below which no excess risk 

above the base value of 1 is assigned. The TMREL is assigned a uniform 

distribution of 2.4 to 5.9 µg m-3, bounded by the minimum and 5th percentiles of 

exposure distributions from the available outdoor air pollution cohort studies. 

The range represents uncertainty in adverse effects of low-level PM2.5 exposure 

(Burnett et al., 2014). 

The parameters ɻȟ ɼ ÁÎÄ ɾ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÓÈÁÐÅ ÏÆ ÔÈÅ ÅØÐÏÓÕÒÅ-response 

function for each disease. As in Apte et al. (2015), Turnock et al. (2016), Butt et 

al. (2017), the values are collated into look up tables but updated here to use 

parameter combinations defined in the GBD 2015 study e.g. as in Conibear et al. 

(2018). Values are included in the look up table for each disease using the mean 

estimated RR for 0.1 µg m-3 increments in PM2.5 concentration between 0 and 

300 µg m-3. The 5th and 95th percentile of the estimated RRs is also used to define 

the uncertainty range for each disease. The uncertainty in RR is considered 

alongside the uncertainty in background disease rates but the uncertainty range 

defined here does not consider uncertainty in aerosol concentrations. 

Figure 3.2 shows the IERs for each disease end-point. They are sub-linear, with 

lower sensitivity of relative risk to changes in PM2.5 at higher concentrations 

(Pope et al., 2009; Pope et al., 2011). This is true, in particular, for cardiovascular 

ischemic heart disease, stroke and lower respiratory infection. 
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Figure 3.2 GBD 2015 integrated exposure-response (IER) functions relating 

PM2.5 concentrations to the relative risk of premature mortality from five disease 

endpoints. These are a) lower respiratory infection, b) lung cancer, c) chronic 

obstructive pulmonary disease, d) ischemic heart disease and e) cerebrovascular 

disease (stroke). IERs are shown for ages 25, 50 and 85 years for ischemic heart 

disease and cerebrovascular disease, with others showing relationships based 

on all ages. From Butt (2018). 

3.3.3 Background and demogra phic disease data 

For present day (year 2008) estimates of PM2.5-attributable mortality, gridded 

population count totals for the year 2010 at 0.25° x 0.25° (~ 30 km x 30 km) 

resolution are applied from the United Nations UN (United Nations)-adjusted 

Gridded Population of the World v4 (GPWv4.10) dataset (CIESIN, 2017). 

To produce population count data for the year 1980, national level population 

totals are taken from the GBD 2015 (IHME, 2016) for the year 1980 and are 

distributed in each country according to the year 2000 spatial distribution of 

population from GPWv4.10. Year 2000 is used as the earliest year included in the 

GPW4.10 dataset. National-level population age group fractions are also applied 

from the GBD 2015 and are readily available for both the years 1980 and 2016 

(IHME, 2016). It is assumed that there is no uncertainty from the GPWv4.10 and 
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UN population or demographic data because uncertainty bounds are not 

provided. However, sources of error are documented elsewhere for GPWv3 (e.g. 

Deichmann et al., 2001). 

National-level age-specific background mortality rates from each disease 

endpoint for the year 2008 are taken from the cause of disease visualisation tool 

hosted by Health Metrics and Evaluation (IHME, 2018). The dataset provides 

upper and lower uncertainty bounds in background mortality rates which are 

incorporated into the defined uncertainty range of mortality rates calculated in 

Chapter 5. In the absence of reported background disease mortality rates for the 

year 1980 from this dataset, these are estimated by linearly extrapolating from 

year 1990 national level rates based on the rate of change in disease rates 

between 1990 to 2000. 

3.3.4 Attributable mortality calculation  

The number of attributable deaths is calculated at the spatial resolution of the 

gridded population count data (~30 km). The attributable-fraction type 

relationship of Apte et al. (2015) is used to calculate the number of premature 

deaths (mortality), Mi,j,z, per grid cell (i) from disease (j) in age group (z) at annual 

mean grid cell PM2.5 concentration (Ci) (eq. 3.4). 

ὓȟȟ  ὖȟ  _ȟȟ ὙὙȟὅ ρȟ 

where, _ȟȟ   ȟȟ

ȟ
 and ὙὙȟȟ

В ȟ ȟ

В ȟ
 

(3.4) 

 

Here, Pi,z is the population of grid cell i, Ij,z,k is the background rate of disease j in 

age group z for country k, Ci represents the annual mean PM2.5 concentration in 

grid cell i, RRj,z,k(Ci) is the relative risk for disease end point j at concentration Ci 

and ὙὙȟȟ is the average population-weighted RR from disease j in country k. 

Îj,z,k therefore represents the hypothetical baseline mortality rate for each disease 

per age group per country if PM2.5 concentrations are reduced to the TMREL. 

4ÈÅ ȬÎÉÔÒÁÔÅ-ÁÓÓÏÃÉÁÔÅÄȭ ÍÏÒÔÁÌÉÔÙ ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÕÓÉÎÇ ÁÎ ÁÄÄÉÔÉÏÎÁÌ ÓÉÍÕÌÁÔÉÏÎ ÉÎ 

which nitrate aerosol formation is switched off. The change in mortality that 

arises when nitrate aerosol formation is excluded is then calculated by 
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subtracting the mortality calculated from the perturbed simulation from the 

baseline estimated mortality. This is equivalent to applying the following 

relationship (equation 3.5) based on Apte et al. (2015): 

ὓȟȟ  ὖȟ  _ȟȟ ὙὙȟὅ  ὙὙȟὅ
ᶻ  (3.5) 

 

Where, Ci is the baseline annual mean PM2.5 concentration and C* is the 

perturbed annual mean PM2.5 concentration. The approach used in this thesis has 

been termeÄ ÔÈÅ ȬÓÕÂÔÒÁÃÔÉÏÎȭ ÏÒ ȬÚÅÒÏ ÏÕÔȭ ÁÐÐÒÏÁÃÈ ÉÎ ÔÈÅ ÌÉÔÅÒÁÔÕÒÅ ɉSilva et al., 

2016; Kodros et al., 2016; Chambliss et al., 2014) and defines the reduction in 

mortality when nitrate aerosol is removed from the ambient PM2.5. The 

subtraction approach is chosen for this thesis over alternative approaches (e.g. 

attribution approaches) because it is more policy relevant in considering the 

removal of nitrate aerosol from the ambient PM2.5 and because it also considers 

changes in associated aerosol (e.g. ammonium) and microphysical impacts of 

nitrate aerosol formation. The choice of method, however, can give a different 

indication of the change in mortality that would arise from an individual source 

of PM2.5 (e.g. Kodros et al., 2016; Conibear et al., 2018). 

Years of life lost (YLL) due to PM2.5-attributable premature deaths are estimated 

by multiplying the national (or regional for European Union) age-specific 

mortality rate from all disease endpoints by the life expectancy remaining at the 

age of death. Life expectancies are applied from the standard reference life table 

from the 2015 Global Burden of Disease (IHME, 2016). The YLLs in each age 

group are then summed to give the regional total YLL. 

The relative risks calculated from each disease end point are functions of the 

total PM2.5 inhaled, with toxicity of PM2.5 dependent on the mass (exposure) and 

not the composition of PM2.5. The toxicity of different components of PM2.5 may 

vary. However, there is insufficient epidemiological and toxicological knowledge 

to quantify their relative toxicity in these calculations. The toxicity of nitrate 

aerosol has been discussed in Section 2.4.7. 
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3.3.5 Decomposition of change in cause -specific mortality  

In Chapter 5, PM2.5-attri butable and nitrate-associated mortality calculated from 

a present day (year 2008) emissions scenario are compared with those 

estimated under a 1980 scenario. The overall change in mortality with time is 

controlled by four factors: population growth, population ageing, background 

mortality rates (independent of PM2.5 exposure) and exposure to ambient PM2.5. 

The contribution to mortality change from each of these factors is estimated 

following the decomposition analysis approach of Cohen et al. (2017). The 

contributio n from each factor is estimated incrementally with the increase due 

to population size (population growth) estimated first, before the contributions 

from change in population structure (age), change in background disease rates 

(changes in rate with access to care, treatment and non-PM2.5 factors) and, 

finally, from the change in PM2.5 exposure are estimated. The approach is 

described in detail in the supplementary material of Cohen et al. (2017). 

3.4 Aerosol cloud albedo  radiative effect 

Present day aerosol cloud albedo effects are calculated offline in this thesis from 

simulated 3D monthly mean aerosol fields, using the Suite of Community 

Radiative Transfer codes based on Edwards and Slingo (SOCRATES; Edwards 

and Slingo, 1996). The Edwards and Slingo radiative transfer model has 6 

shortwave and 9 longwave bands, with a delta-Eddington 2 stream scattering 

solver at all wavelengths. The principal metric for composition radiative effects 

is the net (shortwave + longwave) top-of-atmosphere (ToA) change in radiative 

balanceȢ )Î ÔÈÉÓ ÔÈÅÓÉÓȟ ÔÈÅ ÔÅÒÍ ȰÒÁÄÉÁÔÉÖÅ ÅÆÆÅÃÔȱ ÉÓ ÕÓÅÄ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ 

radiative flux change compared to a zero baseline concentration with the same 

composition-climate setting (i.e. year 2008 conditions). Present day ToA aerosol 

cloud albedo radiative effects are calculated following the methodology applied 

in e.g. Kapadia et al. (2016), Rap et al. (2013) and Scott et al. (2014; 2018). 

The cloud albedo radiative effect is determined based on perturbations to cloud 

droplet number concentrations (CDNC). CDNC are calculated offline from 3D 

monthly mean aerosol mass and number concentrations using the 

ÈÙÇÒÏÓÃÏÐÉÃÉÔÙ ÐÁÒÁÍÅÔÅÒ ɉ Ɋ ÁÐÐÒÏÁÃÈ ÏÆ Petters and Kreidenweis (2007) and 
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the mechanistic Nenes and Seinfeld (2003) parameterisation, with updates from 

Fountoukis and Nenes (2005) and Barahona et al. (2010). For these calculations, 

the updraft velocity is assumed to be 0.15 m s-1 over sea and 0.3 m s-1 over land, 

consistent with observations for low-level stratus and stratocumulus clouds 

(Guibert et al., 2003; Peng et al., 2005; Pringle et al., 2012ɊȢ 4ÈÅ ÆÏÌÌÏ×ÉÎÇ  ÖÁÌÕÅÓ 

are assigned to each simulated aerosol component: sulphate (0.61), sea salt 

(1.28), black carbon (0.0), particulate organic matter (0.1), nitrate (0.67) and 

ammonium (0.61). A multi-ÃÏÍÐÏÎÅÎÔ  ÖÁÌÕÅ ÉÓ ÔÈÅÎ ÏÂÔÁÉÎÅÄ ÂÙ ÖÏÌÕÍÅ 

weighting the ÉÎÄÉÖÉÄÕÁÌ ÃÏÍÐÏÎÅÎÔ  ÖÁÌÕÅÓȢ 

Monthly mean cloud fields (averaged over the period 1983 ɀ 2008) are used from 

the International Satellite Cloud Climatology Project (ISCCP) D2 dataset (Rossow 

and Schiffer, 1999). To calculate the cloud albedo effect between a control and 

perturbed scenario, the cloud droplet effective radius for low and middle level 

clouds (up to 600 hPa) is modified. A uniform cloud droplet effective radius (re1) 

of 10 µm is first assumed, which maintains consistency with the ISCCP derivation 

of cloud liquid water path. Figure 3.3 shows the location of low and middle level 

clouds in the ISCCP-D2 climatology. 

 

Figure 3.3 Annual mean cloud volume fraction at a) ~897 hPa, b) ~ 806 

hPa, c) ~ 718 hPa and d) ~ 621 hPa from the International Satellite Cloud 

Climatology Project (ISCCP) database. In nitrate CAE calculations, 

changes to the cloud effective radius are calculated for cloud fields below 

600 hPa (lowermost 22 model levels). 
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For a perturbed aerosol scenario, for example, when nitrate aerosol is excluded 

from simulations, the effective radius is calculated from CDNC1 and CDNC2 as in 

equation 3.6, where CDNC1 represents a control simulation that includes nitrate 

aerosol and CDNC2 represents a simulation with no nitrate aerosol. 

ὶ ὶ  
ὅὈὔὅ

ὅὈὔὅ
 

(3.6) 

 

The cloud albedo radiative effect from nitrate aerosol is then derived by 

comparing the net radiative flux using re2 with that of the control simulation with 

fixed re1. 

3.5 AeroCom Phase III setup  

For the Chapter 4 assessment of semi-volatile inorganic aerosol, UM-UKCA 

simulations are placed in context by comparison to the co-ordinated nitrate 

experiment (Bian et al., 2017) within the AeroCom international modelling 

community. Nine global aerosol models have participated in the nitrate 

experiment of AeroCom Phase III and the individual models are described in 

detail in Bian et al. (2017). The models are CHASER, EMAC, INCA, GISS-MATRIX, 

GISS-OMA, EMEP, GMI, OsloCTM2 and OsloCTM3 and their configurations are 

summarised in Table 3.4. The AeroCom Phase III experiment design specified 

that all models run with emissions and meteorology for the year 2008, following 

an initial one-year spin-up period. The former 5 models in the list (GCMs) above 

simulated chemical fields with nudging to meteorological re-analyses, whereas 

the latter 4 models (CTMs) ran with meteorological fields taken directly from the 

re-analyses. The majority of models, except for EMAC and GISS-MATRIX, use a 

bulk aerosol treatment for nitrate  ÔÈÁÔ ÄÏÅÓÎȭÔ ÒÅÓÏÌÖÅ changes in particle size 

and number with gas-particle transfer nor represent other aerosol 

microphysical processes such as new particle formation and coagulation. All of 

the participating models apply thermodynamic equilibrium models to represent 

the gas-particle partitioning of nitrate aerosol (see Table 3.4). CHASER, EMEP, 

GMI, INCA, GISS-MATRIX and GISS-OMA call the thermodynamic equilibrium 
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models only once for fine-mode aerosol particles.  OsloCTM2 and OsloCTM3 

consider a bimodal aerosol size distribution and calculate gas-aerosol 

partitioning for the fine mode before the coarse mode. EMAC calculates the gas 

phase species available for condensation within the model timestep and then 

redistributes the mass between the gas and aerosol phase assuming instant 

equilibrium ( Pringle et al., 2010). 

Other specifications for the multi-model experiment involve simulations 

applying harmonized anthropogenic emissions, including year-specific monthly-

varying sources of SO2, NOx, CO, BC, OC, CH4 and non-methane volatile organic 

compounds (NMVOCs) from the Hemispheric Transport of Air Pollution (HTAP) 

v2 database (Janssens-Maenhout et al., 2015). Other tropospheric ozone 

precursor gas phase tracers that were not provided by HTAP v2, including some 

volatile organic compounds, were taken from the CMIP5 RCP8.5 scenario 

following linear interpolation from the year 2005. Biomass burning emissions, 

e.g. of NOx, SO2, BC, OC, for the year 2008 were included from GFED3 (van der 

Werf et al., 2010). Oceanic NH3 emissions were included from the GEIA inventory 

(Bouwman et al., 1997), with other NH3 emissions sectors from HTAPv2. Natural 

emissions of dimethylsulfide (DMS), dust, sea salt and nitrogen oxide from 

ÌÉÇÈÔÎÉÎÇ ×ÅÒÅ ÉÎÃÌÕÄÅÄ ÂÁÓÅÄ ÏÎ ÅÁÃÈ ÍÏÄÅÌÌÉÎÇ ÇÒÏÕÐȭÓ ÐÒÅÆÅÒÒÅÄ ÁÐÐÒÏÁÃÈȢ 

All 9 AeroCom nitrate experiment models use gas phase O3-NOx-HOx chemistry 

to produce HNO3 and also all include tropospheric heterogeneous N2O5 

hydrolysis on aerosol surfaces in their treatment of HNO3 formation. The 

representation of nitric acid production by heterogeneous N2O5 hydrolysis, 

however, differs between the participating models, reflecting differences in the 

way aerosol type information is considered (relating also to the sophistication of 

the host model aerosol scheme) and in the sensitivity of the aerosol uptake 

coefficient to temperature and relative humidity. One of the 9 models (CHASER) 

also includes N2O5 conversion to HNO3 on liquid cloud particles. Table 3.4 

describes the nitrate chemical mechanisms between the AeroCom models, with 

details of the nitrate-extended UM-UKCA base model setup included for 

comparison. 
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Table 3.4 Nitrate chemical mechanisms and physical properties of UM-UKCA and AeroCom models, adapted from Bian et al. (2017). 

Model  CHEM-EQM HNO3 chemical mechanism  N2O5 hydrolysis  CHEM 
dust  

CHEM 
sea salt 

Aerosol microphysics, 
bins for nitrate  

Model name, type, 
resolution  

References 

UM-UKCA HyDiS-1.0 
(GLOMAP-
mode) 

UKCA TropIsop ɉ/ȭ#ÏÎÎÏÒ ÅÔ 
al., 2014) 

ɾb (STAd,T, RH), STA: BC, OC,  SO4
2-, 

DU, SS (Evans and Jacob, 2005), NO3- 
(Hallquist et al., 2003; Wahner et al., 
1998; Davis et al., 2008) 

No Yes Microphysical, four log-
normal modes: nucleation, 

Aitken, accumulation, 
coarse 

HadGEM3-UKCA, GCM, 
1.25 ° 1.875 ° x L63 

(Mann et al., 
(2010), Turnock et 
al. (2015), Benduhn 
et al., 2016)  

CHASER ISORROPIA-I CHASER (Sudo et al., 2002) ɾb (0.1 for  SO42-, NO3-, OC, DU and SS, 
and 0.05 for liquid cloud particles) 
(Dentener and Crutzen, 1993) 

No No Bulk, fine mode MIROC, GCM, 2.8 Ǔ × 2.8 
Ǔ × L64 

(Watanabe et al., 
2011) 

EMAC ISORROPIA-II 
(stable statec) 

MESSy2 (Jöckel et al., 2010) ɾɉ34!Ɋȟ 34!ȡ ÃÌÉÍÁÔÏÌÏÇÉÃÁÌ ÁÅÒÏÓÏÌ 
in Aitken, accumulation and coarse 
soluble modes (Jöckel et al., 2010) 

Yes Yes Microphysical, Four bins: 
nucleation, Aitken, 

accumulation, coarse 

ECHAM5, GCM, 
2.8 Ǔ × 2.8 Ǔ × L31 

(Karydis et al., 
2016)  

EMEP MARS EMEP EmChem09 (Simpson 
et al., 2012) 

ɾɉ34!ȟ4ȟ 2(Ɋȟ 34!ȡ .(4+,  SO42-, NO3- 
(Evans and Jacob, 2005; Davis et al., 
2008) 
 

Yes Yes Bulk, fine and coarse ECMWF-IFS, CTM, 0.5 Ǔ 
× 0.5 Ǔ × L20 

(Simpson et al., 
2012) 

GMI RPMARES 
(stable state) 

GMI (Strahan et al., 2007) ɾɉ34!ȟ4ȟ 2(Ɋȟ 34!ȡ "#ȟ /#ȟ  3/42-, DU, 
SS (Evans and Jacob, 2005) 

Yes Yes Bulk, three bins: D < 0.1, 
0.1ɀ2.5, >  2.5 µm) 

MERRA2, CTM, 2.5Ǔ × 2 
Ǔ × L72 

(Bian et al., 2009) 

INCA INCA (stable 
state) 

INCA tropospheric chemistry 
(Hauglustaine et al., 2004) 

ɾɉ34!ȟ 4ȟ 2(Ɋȟ 34!ȡ "#ȟ 3/4
2-, DU, SS 

(Evans and Jacob, 2005) 
Yes Yes Microphysical, two bins : ( 

D < 1 and 1ɀ10 µm) 
LMD-v4, GCM, 1.9 Ǔ × 
3.75 Ǔ × L39 

(Hauglustaine et al., 
2014)  

GISS-
MATRIX 

ISORROPIA-II 
(stable state) 

MATRIX (Bauer et al, 2008) 
and tropospheric chemistry 
(Shindell et al., 2003) 

ɾɉ34!Ɋȟ 34!ȡ 3/42-  (Dentener and 
Crutzen, 1993) 

No No Microphysical, distributed 
over all mixing states, e.g., 

size distributions 

NASA GISS-E2,GCM, 2 Ǔ 
× 2.5 Ǔ × L40 

(Schmidt et al., 
2014) 

GISS-OMA EQSAM_v03d 
(metastablee) 

OMA (Bauer et al., 2007) and 
tropospheric chemistry 
(Shindell et al., 2003) 

ɾɉ34!Ɋȟ 34!ȡ 3/42-  (Dentener and 
Crutzen, 1993) 

Yes No Bulk, fine mode NASA GISS-E2, 2 GCM, Ǔ 
× 2.5 Ǔ × L40 

(Schmidt et al., 
2014) 

OsloCTM2 EQSAM_v03d 
(metastable) 

OsloCTM2 (Berntsen and 
Isaksen, 1997) 

ɾɉ34!Ɋȟ 34!ȡ ÃÌÉÍÁÔÏÌÏÇÙ ÁÅÒÏÓÏÌ 
(Dentener and Crutzen, 1993; Søvde 
et al., 2012) 

Yes No Bulk, two bins: fine and 
coarse mode 

ECMWF, CTM, 2.8 Ǔ × 
2.8 Ǔ × L60 

(Myhre et al., 2006) 

OsloCTM3 EQSAM_v03d 
(metastable) 

OsloCTM2 (Berntsen and 
Isaksen, 1997) 

ɾɉ34!Ɋȟ 34!ȡ ÃÌÉÍÁÔÏÌÏÇÙ ÁÅÒÏÓÏÌ 
(Dentener and Crutzen, 1993; Søvde 
et al., 2012) 

Yes No Bulk, two bins: fine and 
coarse mode 

ECMWF, CTM, 2.25 Ǔ × 
2.25 Ǔ × L60 

(Myhre et al., 2006)  

Á #ÈÅÍ$533ȡ ÃÈÅÍÉÓÔÒÙ ÒÅÁÃÔÉÏÎ ÏÎ ÄÕÓÔ ÁÎÄ ÓÅÁ ÓÁÌÔ ÐÁÒÔÉÃÌÅÓȢ Â ɾ ȡ ÔÈÅ ÄÉÍÅÎÓÉÏÎÌÅÓÓ ÕÐÔÁËÅ ÃÏÅÆÆÉÃÉÅÎÔȢ Ã 3ÔÁÂÌÅ ÓÔÁÔÅȡ ×Èere salts precipitate once the aqueous phase becomes saturated. d STA: surface of 
tropospheric aerosols. e Metastable: where the aerosol is composed only of a supersaturated aqueous phase. 
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Figure 3.4 shows the difference between the NOx emissions used in the AeroCom 

experiments and the MACCity emissions applied to UM-UKCA simulations in this 

thesis, for the year 2008. Globally, the total NOx emissions used in the AeroCom 

experiments are 13% higher than those from the MACCity inventory used in the 

UM-UKCA simulations. 

 

 

Figure 3.4 Global fields of column NOx emissions (kg m-2 a-1) from a) the 

MACCity inventory used in UM-UKCA simulations, b) the HTAP and GFED3 

inventory emissions used in the AeroCom simulations and c) the absolute 

difference between AeroCom and UM-UKCA NOx emissions (AeroCom minus 

UM-UKCA). Total global emissions are given above each panel, with the ratio 

of total global AeroCom to UM-UKCA NOx emissions shown above panel c. 

 

In Chapter 4, simulated nitrate, ammonium and sulphate concentrations from 

the AeroCom models are also compared to surface observations, to give context 

for UM-UKCA model-observation comparisons (described in Section 3.6). 

Monthly-mean simulated values from the lowest level are collated into seasonal 

or annual mean concentrations for each AeroCom model and are linearly 

interpolated to each measurement location from the four adjacent grid squares. 

UKCA-simulated surface and zonal mean nitrate, ammonium and sulphate 

concentrations are also compared to the local (per grid cell) AeroCom multi-

model mean and 25th to 75th percentile ranges. Simulated surface concentrations 

from the AeroCom models were re-gridded to a common 1° x 1° horizontal grid, 

and zonal means re-gridded to 1° and to the 20 vertical levels of the coarsest 

vertical resolution AeroCom submission (the EMEP model). The same re-

gridding is also applied to the UM-UKCA concentrations to give a common model 

resolution for comparison. 



- 85 - 

3.6 Observations  

The observations used for model validation in this thesis are described in the 

following sub-sections. 

3.6.1 Ground-based gas and aerosol 

Table 3.5 provides a summary of the surface aerosol observations included in 

the model evaluation of Chapter 4. Measurements of nitrate aerosol, ammonium 

aerosol, sulphate aerosol, total nitrate (nitric acid + nitrate aerosol) and total 

ammonium (ammonia + ammonium) are included from four aerosol monitoring 

networks: the European Monitoring and Evaluation Programme (EMEP; 

http://www.nilu.no/projects/ccc/index.html), Clean Air Status an d Trends 

(CASTNET; https://www.epa.gov/castnet), Interagency Monitoring of Protected 

Visual Environments (IMPROVE; http://vista.cira.colostate.edu/Improve/) and 

Acid Deposition Monitoring Network in East Asia (EANET; 

http://www.eanet.asia/index.html). Ammo nia observations were also collated 

from the Ammonia Monitoring (AMoN) network 

(http://nadp.sws.uiuc.edu/amon/).  

Table 3.5  Summary of surface filterpack observations included in annual and 

seasonal model-observation comparison of Chapter 4. 

 NO3- NH4+ SO42- tNO3 tNHx Reference 

EMEP  29 37 46 41 42 http://www.nilu.no/projects/ccc/i

ndex.html 

CASTNET  82 82 82 80 - https://www.epa.gov/castnet  

IMPROVE 166 - 166 - - http://vista.cira.colostate.edu/Imp

rove/  

EANET 22 23 29 5 14 http://www.eanet.asia/index.html  

AMoN - - - - 18 (NH3) http://nadp.sws.uiuc.edu/amon/  

 

Filterpack instruments can be prone to several artefacts when measuring nitrate 

and ammonium aerosol, which arise from both the aerosol volatility 

(evaporation from the filters) and the reactivity of nitric acid (condensation onto 
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the filters) (Slanina et al., 2001; Schaap et al., 2004; Vecchi et al., 2009). The 

magnitude of the artefact is dependent on the filter material and on ambient 

temperature and relative humidity (Chow, 1995; Hering and Cass, 1999). For this 

reason, filterpack measurements of total nitrate (TNO3 i.e. nitrate aerosol + nitric 

acid) and total ammonium (TNHx, i.e. ammonium aerosol + ammonia) were 

included in the Chapter 4 evaluation of simulated inorganic aerosol where 

available. The locations of surface observation sites are shown in Figures 4.1 to 

4.6 of Chapter 4. Sites at altitudes above 1.5km were removed from the dataset 

to allow a more representative comparison against simulated surface 

concentrations. 

For comparison to surface/ground-based observations in Chapter 4, monthly-

mean simulated values from the lowest model level are collated into seasonal or 

annual mean concentrations and linearly interpolated to each measurement 

location from the four adjacent grid squares. 

3.6.2 Aircraft aerosol  

Table 3.6 summarises the year 2008 field campaigns used in this study for the 

evaluation of NO3-, NH4+ and SO42- mass concentrations. The NO3-, NH4+ and SO42- 

aircraft observations are those used in Heald et al. (2011) and Kapadia (2015), 

and were taken over flight tracks marked in Figure 3.5. Observations are 

included from the following projects: Appraising the Direct Impacts of Aerosol 

on Climate (ADIENT), European Integrated Project on Aerosol Cloud Climate and 

Air Quality Interactions (EUCAARI), Arctic Research of the Composition of the 

Troposphere from Aircraft and Satellites (ARCTAS-Spring and Summer), Oxidant 

and Particulate Photochemical Processes Above a South East Asian Rainforest 

project (OP3) and the VAMOS Ocean-Cloud-Atmosphere-Land Regional 

Experiment (VOCALS-UK). 

Observations were taken using aerosol mass spectrometer (AMS) instruments 

(see Table 3.6), which optimally measures particles up to 1 µm in diameter. Only 

the simulated submicron aerosol mass is therefore compared to these 

observations (i.e. the coarse mode is emitted from these comparisons). The 

aircraft observations are reported in standard temperature and pressure (STP:  
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Table 3.6 Field campaign aircraft data used to evaluate simulated nitrate, 
ammonium and sulphate vertical profiles ɀ adapted from Heald et al. (2011) 

Campaign Location  Date Conditions  Technique  Reference 

ADIENT Europe/Atlantic  18/12/07 -

25/09/08  

Polluted (mid-

latitudes) 

C-ToF-AMS  (Morgan et 

al., 2010a)  

EUCAARI Northern Europe 06/05/08 

ɀ 

22/05/08  

Polluted (mid-

latitudes) 

C-ToF-AMS  (Morgan et 

al., 2010a) 

ARCTAS 

Spring 

Arctic/ N. USA 01/04 ɀ 

20/04/08  

Fire (high-

latitudes) 

HR-ToF-AMS  (Cubison et 

al., 2011) 

ARCTAS 

Summer 

Arctic/ N. USA 18/06 ɀ 

13/07/08  

Fire (high-

latitudes) 

HR-ToF-AMS  (Cubison et 

al., 2011) 

OP3 Borneo 10/07 ɀ 

20/07/08  

Remote 

(tropical)  

C-ToF-AMS (Robinson et 

al., 2011 

VOCALS-UK SE. Pacific 27/10 ɀ 

13/11/08  

Remote 

(tropical)  

C-ToF-AMS  (Allen et al., 

2011)  

 

 

Figure 3.5 Flight tracks from year 2008 field campaigns used for evaluation of 
simulated NO3, NH4 and SO4 vertical profiles - adapted from Heald et al. (2011). 

 

298K, 1 atm) so the simulated concentrations of submicron NO3-, NH4+ and SO42- 

have been converted to standard temperature and pressure. For the comparison 

in Chapter 4, simulated monthly-mean vertical profiles of nitrate, ammonium 
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and sulphate mass concentration at STP were compared for months in which 

observations were recorded. The model vertical profiles were linearly 

interpolated to the longitude and latitude locations of the aircraft observations 

and averaged (arithmetic mean) to give a one-dimensional vertical profile 

representative of the flight track locations. In order to match the methodology in 

the aircraft observations, the simulated mass concentrations were converted to 

mass concentration at standard temperature and pressure before being 

stratified into 0.5 km vertical bins. 

3.6.3 PM2.5  

In Chapter 5, simulated PM2.5 concentrations are evaluated against ground-based 

observations and satellite-derived PM2.5. These measurements are described in 

the following sub-sections. 

3.6.3.1 Ground-based PM2.5 

Table 3.7 describes the ground-based PM2.5 observations included in this thesis. 

The locations of surface sites are shown in Chapter 5 (Figure 5.2). European and 

North American surface PM2.5 observations are included from the EMEP and 

IMPROVE monitoring networks, respectively, as collated for the Global Aerosol 

Synthesis and Science Project (GASSP) aerosol database (Browse et al., 2019 in 

prep. in prep.) Daily mean surface observations were filtered for flagged data and 

averaged into monthly means. In this thesis, they are further collated into DJF, 

JJA and annual mean concentrations. Observations are relatively dense over 

Europe and the USA. However, the location of many of these sites near urban 

centres (to monitor human exposure to particulate matter) means that 

concentrations are likely to be underestimated by the model, which uses a global 

resolution grid (1.25° latitude x 1.875° longitude). Ground-based PM2.5 

observations are used to apply a regional bias correction over Europe and the 

USA, in order to offset this low urban bias and other potential sources of low bias 

in simulated PM2.5, as described in Chapter 5. 

Due to a lack of observations in the year 2008, observations from the years 2016 

and 2014 are included for India and China, respectively, to evaluate the spatial 

model correlation with observations. Year 2016 observations over India at 

hourly resolution were obtained from the Central Pollution Control Board of the 
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Ministry of Environment and Forests (Government of India, 2016) and collated 

into seasonal and annual mean concentrations by Conibear et al. (2018). Over 

China, year 2014 observations at hourly resolution were obtained from the China 

National Environmental Monitoring Center (http://www.cnemc.cn/). 

Measurements were downloaded from PM2.5.in (http://pm25.in/) and collated 

into daily mean values by researchers at Emory University (e.g. Archer-Nicholls 

et al., 2016). These were collated into DJF, JJA and annual means for the 

evaluation in Chapter 5. 

Table 3.7  Summary of surface-based PM2.5 measurements included in the model 
evaluation of Chapter 5. 

Region (data 

source)  

Measurement 

year  

Number of 

observations  

Reference 

Europe 

(EBAS) 

2008 30 https://www.nilu.no/projects/ccc/index.ht

ml 

N. America 

(IMPROVE) 

2008 120 http://vista.cira.colostate.edu/Improve/  

India  2016 45 Conibear et al., 2018; Government of 

India, 2016 

China 2014 561 http://www.cnemc.cn/ ; 

http://pm25.in/  

 

3.6.3.2 Satellite -derived PM 2.5   

Global year 2008 annual mean satellite-derived PM2.5 data are also used in the 

model evaluation in Chapter 5. Satellite -derived PM2.5 are used to apply regional 

bias corrections to simulated PM2.5 over China and India, in the absence of 

widespread year 2008 ground-based PM2.5 observations. The Geographically 

Weighted Regression (GWR) ɀ adjusted dataset of van Donkelaar et al. (2016) is 

used in this thesis, which updates the dataset applied in the 2013 GBD (Brauer 

et al., 2016) but precedes that used in the 2015 GBD (Cohen et al., 2017). To 

derive the dataset, van Donkelaar et al. (2016) first retrieved aerosol optical 

depths from a combination of satellite products, including MODIS (Moderate 

Resolution Imaging Spectroradiometer), MISR (Multi-angle Imaging 
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SpectroRadiometer) and SeaWIFS Deep Blue (Sea-Viewing Wide Field-of-View 

Sensor) as in van Donkelaar et al.(2015). The total column AOD retrievals were 

combined from each satellite dataset and converted to surface PM2.5 fields based 

on the spatiotemporally varying relationship of AOD to PM2.5 simulated by the 

GEOS-Chem chemical transport model. The satellite-derived PM2.5 field was then 

bias-adjusted using GWR based on ground-based monitor observations. The 

satellite-derived PM2.5 fields have a grid resolution of 6 arc-minutes, equivalent 

to 0.1 degrees, and cover the global land surface between 70° North and 55° 

South. 

The GWR-adjusted satellite-derived PM2.5 dataset correlates well with global 

direct PM2.5 observations (R2 = 0.85). However the within-region uncertainty is 

greater in parts of Asia, where observations are sparser, than over Europe and 

North America. Ford and Heald (2016) estimated that uncertainty in satellite-

derived surface PM2.5 fields is approximately 20% due to uncertainty in the AOD-

to-surface-PM2.5 relationship and 10% due to satellite observational uncertainty. 

3.6.4 Aerosol number concentrations  

In Chapter 6, simulated surface level number concentrations of particles with dry 

diameter greater than 50 nm (N50) are compared against observations from 

continental and marine cruise-based field campaign for the year 2008. 

The surface level N50 observations from the European Supersites for 

Atmospheric Aerosol Research (EUSAAR) and German Ultrafine Aerosol 

Network (GUAN) networks were collected and collated by Asmi et al. (2011) and 

processed into annual mean concentrations for the model-observation 

comparison of Turnock et al. (2015). Annual mean N50 are compared at the same 

17 low altitude measurement sites as in Mann et al. (2014) and Turnock et al. 

(2016). The locations of these sites are shown in Figure 6.5. 

In addition to surface station data, simulated N50 are compared to those observed 

during the International Chemistry Experiment in the Arctic LOwer Troposphere 

(ICEALOT) ship cruise campaign (Russell et al., 2010; Frossard et al., 2011). 

These observations were collated by the Global Aerosol Synthesis and Science 

Project (GASSP; Reddington et al., 2017). The ICEALOT campaign ran from March 
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to April 2008. Observations are compared to simulated concentrations at the 

locations show in Figure 6.5. 

3.7 Model evaluation methods  

Model-observation comparisons are made in Chapters 4, 5 and 6. The spatial 

linear relationship between modelled values and observations is determined 

using the Pearson correlation coefficient (R) (equation 3.7). The normalised 

mean bias (NMB) is calculated to represent the model bias relative to the 

observations (equation 3.8). The NMB is chosen to not be overly influenced by 

low observed concentrations. 

Ὑ
В ὓ ὓ ὕ ὕ

В ὓ ὓ В ὕ ὕ

  
(3.7) 

 

ὔὓὄ  
В ὓ ὕ

В ὕ
 

(3.8) 

Where Mi and Oi are the modelled and observed values at each measurement site, 

respectively. ὓ and ὕ are the mean of the modelled and observed values, 

respectively, and i=1,n denotes the sum over the n measurement sites. 
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4. Evaluation of annual and seasonal mean nitrate aerosol 

concentrations in the UM -UKCA model 

4.1 Introduction  

This chapter comprises a comprehensive evaluation of size-resolved nitrate, 

ammonium and sulphate concentrations on seasonal and annual mean 

timescales as simulated by the UM-UKCA model with the HyDiS-1.0 inorganic 

dissolution solver. This work furthers the recent model evaluations by Benduhn 

et al. (2016), in which HyDiS-1.0 is implemented in GLOMAP-mode within the 

TOMCAT CTM, and by Turnock et al. (2015), in which simulated European trends 

in sulphate and aerosol properties are evaluated from the non-nitrate -extended 

version of the UM-UKCA model. Furthermore, UM-UKCA-simulated aerosol 

concentrations are placed in context with the recent multi-model AeroCom 

Phase III nitrate experiment of Bian et al. (2017). 

Simulated aerosol concentrations are first compared against surface and aircraft 

observations from the year 2008. The surface comparison focusses on three 

regions: Europe, North America and East Asia, where observations are available 

from monitoring networks. Comparisons are then made to aircraft observations 

from several field campaigns which represent different aerosol loading regimes. 

The evaluation of UM-UKCA-simulated nitrate, ammonium and sulphate 

concentrations is then furthered by comparing global burdens, mean surface 

concentrations and zonal mean concentrations with the latest AeroCom Phase III 

multi -model results. 

 Finally, two sensitivity runs with the UM-UKCA model are included to assess the 

influence of heterogeneous N2O5 ÈÙÄÒÏÌÙÓÉÓ ÁÎÄ Á ÓÉÍÐÌÅÒ ȬÅÑÕÉÌÉÂÒÉÕÍȭ 

assumption for the thermodynamic partitioning of semi-volatile inorganic 

species on simulated, size-resolved nitrate aerosol concentrations. The nitrate 

aerosol extension to GLOMAP-mode and tropospheric heterogeneous chemistry 

represent developments that are not included in the UM-UKCA ÍÏÄÅÌȭÓ 

tropospheric chemistry configuration as standard. The chapter concludes with 

recommendations for simulations of nitrate aerosol in the UM-UKCA model and 

future related research. 
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4.2 UM-UKCA sensitivity runs  

The control and sensitivity simulations in this chapter have been performed with 

the UM-UKCA model. For all simulations, UM-UKCA is run at N96 resolution 

(1.875° x 1.25°) for the year 2008, following a 4-month spin-up period. The UM-

UKCA model has been described in previous Section 3.2 and so only specifics of 

the UM-UKCA sensitivity runs performed in this chapter are described here. 

All simulations are summarised in Table 4.1. The control simulation (HYB) 

applies the hybrid gas-particle partitioning configuration and includes 

tropospheric heterogeneous N2O5 hydrolysis. In a second simulation (EQU), the 

inorganic dissolution solver is run in an equilibrium configuration to assess the 

influence of the gas-particle partitioning assumption on size-resolved NO3- and 

NH4+ aerosol concentrations, while heterogeneous N2O5 chemistry remains 

included. Finally, the hybrid simulation is repeated with the tropospheric 

heterogeneous N2O5 hydrolysis rates set to zero (HYB-NoHet). 

Table 4.1 Table 4.1. Summary of UM-5+#! ÓÅÎÓÉÔÉÖÉÔÙ ÒÕÎÓȟ Ȭ8ȭ ÉÎÄÉÃÁÔÅÓ 
feature is included.  

Sensitivity 

Runs 

Hybrid 

partitioning  

Equilibrium 

partitioning  

Heterogeneous 

N2O5 hydrolysis 

on 

Nitric acid 

partitioning to 

nitrate aerosol 

HYB X  X X 

EQU  X X X 

HYB-NoHet X   X 

 

The AeroCom Phase III multi-model experiment design and observations used in 

this chapter are described in Sections 3.5 and 3.6, respectively. 

Observations and AeroCom Phase III models are compared to the HYB 

ÓÉÍÕÌÁÔÉÏÎ ÉÎ 3ÅÃÔÉÏÎÓ τȢσȢρȟ τȢσȢς ÁÎÄ τȢσȢσȢ (9" ÉÓ ÔÒÅÁÔÅÄ ÁÓ ÔÈÅ ȬÃÏÎÔÒÏÌȭ 

configuration for the work in this thesis. 
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4.3 Results 

4.3.1 Comparison to surface observations  

4.3.1.1 Nitrate aerosol and total nitrate  

Figure 4.1 shows annual (ann) and seasonal mean (DJF and JJA) simulated 

surface nitrate aerosol concentrations over the regions of Europe, North America 

and East Asia, with observations overplotted from the EMEP, 

CASTNET/IMPROVE and EANET observation networks, respectively. Figure 4.2 

is identical to Figure 4.1 but shows total nitrate concentrations (the sum of 

gaseous nitric acid and particulate phase nitrate). Both nitrate aerosol and total 

nitrate concentrations peak over regions of Asia, Europe and North America as a 

result of high regional precursor gas emissions and relatively short aerosol 

atmospheric lifetime. The seasonal and annual mean model observation 

comparison is summarised in Table 4.2. 

 

Figure 4.1 Annual (first column), DJF (centre column) and JJA (right 
column) seasonal mean simulated fields of surface nitrate aerosol mass 
concentration for the year 2008, with filterpack observations overplotted 
from the EMEP (a-c), IMPROVE (d-f), CASTNET (d-f) and EANET (g-i) 
ÎÅÔ×ÏÒËÓȢ Ȭ$*&ȭ ÁÎÄ Ȭ**!ȭ ÒÅÆÅÒ ÔÏ ÔÈÅ $ÅÃÅÍÂÅÒȟ *ÁÎÕÁÒÙ ÁÎÄ &ÅÂÒÕÁÒÙ ÁÎÄ 
to the June, July and August seasonal mean concentrations, respectively. 
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Figure 4.2 Same as Figure 4.1 for total nitrate (tNO3, sum of gaseous nitric 
acid and nitrate aerosol) concentrations. USA observations are from 
CASTNET network only. 

 

Figure 4.3 shows the annual mean model-to-observation comparisons, 

separated by species and observation network. In Europe, modelled nitrate 

aerosol concentrations correlate well with observations (ann R = 0.697, DJF R = 

0.738, JJA R = 0.676; Table 4.2), though annual mean concentrations are 

underestimated by approximately 35% (NMB = -0.342). The low bias is greater 

in winter than in summer (DJF NMB = -0.581, JJA NMB = -0.167) although the 

Pearson correlation coefficient indicates that the model captures the spatial 

distribution of nitrate a erosol well in both seasons and slightly more accurately 

in the winter months. The largest underestimations in European nitrate aerosol 

concentration occur in Northern and Arctic regions with the greatest annual 

mean underestimation located at the Arctic site in Svalbard, Norway.  

In North America, the model also correlates well with observations on annual 

mean timescales (ann. CASTNET R = 0.696, ann. IMPROVE R = 0.616) for nitrate 

aerosol but the low bias is greater than over Europe (ann. CASTNET NMB = -

0.605, ann. IMPROVE NMB = -0.581). The model simulates the spatial 

distribution of nitrate well in winter (DJF CASTNET R = 0.671, DJF IMPROVE R = 

0.564), despite being biased low (CASTNET NMB = -0.699, IMPROVE NMB = - 
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Table 4.2 Table 4.2. Statistical summary of annual and seasonal mean 
model-observation comparison from HYB simulation. 

Comp-
onent  

Season Network  

EMEP 

(Europe)  

CASTNET 

(USA) 

IMPROVE 

(USA) 

AMON 

(USA)a 

EANET 

(E. Asia) 

R NMB R NMB R NMB R NMB R NMB 

NO3-  

Annual 0.697 -0.342 0.696 -0.605 0.616 -0.581 - - 0.088 -0.487 

DJF 0.738 -0.581 0.671 -0.699 0.564 -0.636 - - 0.373 -0.617 

JJA 0.676 -0.167 0.169 -0.702 0.323 -0.764 - - 0.003 -0.311 

tNO3 Annual 0.796 -0.173 0.779 -0.229 - - - - 0.278 -0.207 

DJF 0.679 -0.549 0.088 -0.606 - - - - 0.421 -0.190 

JJA 0.684 0.435 0.446 0.001 - - - - -0.233 0.804 

NH4+ Annual 0.859 -0.337 0.794 -0.592 - - - - 0.366 -0.417 

DJF 0.828 -0.597 0.687 -0.735 - - - - 0.449 -0.554 

JJA 0.842 -0.011 0.779 -0.595 - - - - 0.538 -0.285 

tNHx Annual 0.427 0.801 - - - - 0.159 -0.168 0.206 -0.400 

DJF 0.357 0.433 - - - - - - 0.483 -0.645 

JJA 0.455 0.582 - - - - - - 0.193 -0.388 

SO42- Annual 0.733 -0.593 0.785 -0.595 0.872 -0.510 - - 0.517 -0.579 

DJF 0.737 -0.759 0.467 -0.777 0.434 -0.700 - - 0.565 -0.719 

JJA 0.671 -0.392 0.837 -0.555 0.838 -0.500 - - 0.414 -0.468 

a. Statistics are calculated for AMoN gas-phase NH3, not total NHx 

 

0.636). However, the model does not reproduce the spatial variability in nitrate 

aerosol well in JJA, correlating best against the rural IMPROVE observations 

(IMPROVE R = 0.323) but underestimating concentrations by approximately 70 

ɀ 76% across both networks. Elevated coastal nitrate aerosol concentrations are 

captured well by the model under the influence of local NOx and NH3 emission 

sources and availability of sea salt to form sodium nitrate. 

Over Asia, statistical tests indicate that there is little correlation between 

modelled and observed nitrate and that concentrations are underestimated by 

approximately 50% on average over the region (R = 0.088, NMBF = -0.487). 

However, there is a high density of observations over Japan and the comparison 

may be disproportionately weighted to this region. The largest underestimations 

of NO3- occur at small island sites, while the greatest overestimates occur at 

several sites in Southern Japan. Emissions of precursor gases are more uncertain  
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Figure 4.3 Comparison of simulated and observed annual mean nitrate and 
total nitrate (top row), ammonium, ammonia and/or total ammonium (middle 
row) and sulphate (bottom row) aerosol concentrations for the year 2008 for 
N. America (left column), Europe (middle column), and E. Asia (right column). 
Year 2008 observations are shown from the CASTNET, IMPROVE, EANET and 
EMEP networks. 1:1 (black solid), 2:1 (grey solid) and 4:1 (grey dashed) lines 
are shown. 

 

over East Asia than over Europe and the USA and the limitations of resolving 

complex topography at global model resolution may be apparent here. Reliable 

observations are not available over India and much of China for this analysis and 

future work should focus on model evaluation in these regions. 

Model underestimations in surface nitrate aerosol concentration may have 

ÓÅÖÅÒÁÌ ÃÁÕÓÅÓȢ &ÉÒÓÔÌÙȟ ÔÈÅ ÍÏÄÅÌ ÄÏÅÓÎȭÔ ÁÃÃÏÕÎÔ ÆÏÒ ÈÅÔÅÒÏÇÅÎÅÏÕÓ ÎÉÔÒÁÔÅ 

aerosol formation on dust, which is known to be an important pathway for 

coarse mode nitrate aerosol formation (Bian et al., 2017; Karydis et al., 2016). 

Secondly, aerosol wet deposition may be artificially high in this version of the 

model, particularly in the high latitudes, as a result of over-enhanced occurrence 
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of drizzle precipitation in this model version (Walters et al., 2011; Turnock et al., 

2015). The lack of stratospheric-tropospheric exchange of nitric acid in these 

simulations may also be partly responsible for underestimations in nitrate 

aerosol. 

Simulated total nitrate concentrations compare very well with the EMEP 

(Europe) and CASTNET (USA) observations on annual mean timescales. The 

model correlation against EMEP and CASTNET total nitrate is higher than those 

for nitrate aerosol at 0.796 and 0.779, respectively, with only a small low bias 

(EMEP NMB = -0.173, CASTNET NMB = -0.229). The better model-observation 

agreement for annual mean total nitrate indicates that the remaining low bias in 

nitrate aerosol in these regions is more likely to have arisen from insufficient 

partitioning of nitric acid to the particle phase, rather than from insufficient 

availability of nitric acid. The spatial variability of total nitrate is represented 

consistently well over the seasons in Europe (DJF R = 0.679, JJA R = 0.684), 

although seasonality in the magnitude of total nitrate concentrations is captured 

less well: total nitrate is underestimated in winter (NMB = -0.549) and 

overestimated in summer (NMB = 0.435), indicating that wintertime removal of 

tNO3 is too high, or that wintertime formation of nitric acid is too low in the 

model. The role of heterogeneous N2O5 hydrolysis in reducing wintertime bias in 

nitrate aerosol is discussed later in Section 4.3.5. 

Over the USA, the model simulates annual mean total nitrate concentrations very 

well in terms of spatial distribution and bias, as mentioned above. In winter, 

however, the spatial variability in total nitrate concentrations is poor (R = 0.088, 

NMB = -0.606). Comparison of Figure 4.1 (nitrate aerosol) and 4.2 (total nitrate) 

suggests that the model simulates too little wintertime nitric acid in the north-

eastern USA, where the CASTNET observations are dense. The model skill is 

higher in summer, however, with the model capturing the magnitude of total 

nitrat e concentrations particularly well over the USA (R = 0.446, NMB = 0.001). 

Annual mean total nitrate measurements are only available from five EANET 

ÓÉÔÅÓȢ ! ÌÉÍÉÔÅÄ ÃÏÍÐÁÒÉÓÏÎ ÉÎÄÉÃÁÔÅÓ ÔÈÁÔ ÔÈÅ ÍÏÄÅÌ ÄÏÅÓÎȭÔ ÒÅÐÒÏÄÕÃÅ ÔÈÅ 

spatial variability of annual mean total nitrate well (R = 0.278) but captures the 

magnitude of total nitrate reasonably well over the region (NMB = -0.207). The  
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Figure 4.4 Same as Figure 4.1 for ammonium aerosol. 

 

model skill is better in DJF (DJF R = 0.421, NMB = -0.190) and poorest in summer 

(JJA R = -0.233, NMB = 0.804) in particular as a result of model overestimation 

over Japanese sites, which represent half of the available sites with reliable 

observations. As with nitrate aerosol, there are few or no sites in India and China 

and the observation sites are located in marine influenced regions. 

4.3.1.2. Ammonium aerosol and total ammonium  

Figures 4.4 and 4.5 show the simulated surface ammonium aerosol (particulate), 

total ammonium (sum of gaseous ammonia plus particulate ammonium) and 

gaseous ammonia concentrations, respectively, with observations from Europe, 

the USA and eastern Asia. Annual mean ammonium and total ammonium (or gas-

phase ammonia for the USA) concentrations are also compared in Figure 4.3. 

Similar to nitrate aerosol, ammonium concentrations are greatest over 

continental regions where emissions of NH3 are high and HNO3 and H2SO4 are 

available to neutralise NH4+ ions. 

European annual mean ammonium concentrations are underestimated overall 

(NMB = -0.337), with the greatest underestimations in remote coastal and Arctic 

sites, but otherwise correlate very well with observations (R = 0.859). The high 

spatial correlation with observed concentrations is maintained through other  
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Figure 4.5. Same as Figure 4.1 for total ammonium (tNHx, sum of gaseous 
ammonia and ammonium aerosol) concentrations in Europe (top row) and 
Asia (bottom row). USA maps (central row) show simulated gas-phase NH3 
only, with annual mean NH3 observations overplotted (panel d) from the 
AMoN network. 

 

seasons (DJF R = 0.828, JJA R = 0.842). The model underestimates NH4+ in winter 

(DJF NMB = -0.597) but performs very well in summer (JJA NMB = -0.011). 

European annual mean total ammonium (gas + aerosol) concentrations correlate 

less well with observations (R = 0.427) and are overestimated by approximately 

80%, implying that ammonia gas is overestimated by the model. Simulated 

ammonium aerosol formation is therefore limited by the availability of sulphuric 

and nitric acid precursor gases over much of Europe, rather than by a lack of 

available ammonia in these simulations. The moderate model performance is 

relatively consistent between winter and summer, although the greatest model 

overestimation occurs in spring (not shown in Table 4.2). Model overestimations 

may be partly driven by uncertainty in the NH3 emission inventory. The four 

most important contributions to uncertainty in the MACCity NH3 inventory 

(derived from EDGAR v4) are nitrogen excretion rates, NH3 emission rates for 

manure in animal houses and storage, the grazing time of ruminants and non-

agricultural  use of manure (Beusen et al., 2008).  The sub-grid variability in these 

factors mean that NH3 emissions can be challenging to reproduce at the spatial 
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and temporal resolution required for atmospheric models. UM-UKCA also only 

considers the uni-directional dry deposition of NH3 to the surface when, in 

reality, the air-surface exchange of NH3 is bi-directional. 

In North America, ammonium concentrations correlate well with CASTNET 

observations (R = 0.794) but, as with nitrate, tend to be biased low (NMB = -

0.592) on annual mean timescales. The spatial correlation is relatively consistent 

between seasons (DJF R = 0.687, JJA R = 0.779), while the model underestimation 

of values is lower in summer (DJF NMB = -0.735, JJA NMB = -0.595). Figure 4.4 

shows that the low bias in North American NH4+ is more apparent at sites 

measuring higher concentrations, the majority of which are located in North East 

USA. However, NH4+ aerosol concentrations in central and West USA are less 

biased. The greatest model underestimation, by a factor of 9, occurs at the 

remote site in Alaska, suggesting that, like over Europe, transport of ammonium 

or precursor gases from high emission regions is insufficient or that regional 

emissions of precursor species are too low. 

The magnitude of annual mean gas-phase ammonia concentrations over the USA 

is captured well by the model on average with a normalised mean bias score of -

0.168. The spatial distribution of NH3, however, is not reproduced by the model 

(R = 0.159). Again, the model discrepancy may be partly caused by variability in 

NH3 emissions, which can be uncertain given that sub-grid scale heterogeneity 

arises between local emission sources. The relatively well simulated magnitude 

of NH3 concentrations suggests that underestimations in ammonium aerosol are 

driven by too low partitioning from the gas to aerosol phase. 

In Asia, the model comparisons to ammonium observations are more scattered 

than over Europe and North America (R = 0.366, NMB = -0.417), with the greatest 

overestimations at coastal sites surrounding the South China Sea and Gulf of 

Thailand and underestimations at other marine influenced sites in Japan and 

East China. By contrast, total ammonium concentrations are either represented 

well or underestimated at sites around the South China Sea and Gulf of Thailand 

but are overestimated at other sites, with the greatest overestimations at sites in 

central Japan. The regional model skill for NH4+ is greater in JJA (JJA R = 0.538, 

NMB = -0.233) than in DJF (DJF R = 0.421, NMB = -0.554). 
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Figure 4.6 Same as Figure 4.1 for sulphate aerosol. 

 

4.3.1.3 Sulphate aerosol  

Figure 4.6 shows the simulated surface sulphate aerosol concentrations for 

Europe, the USA and Asia with observations overplotted. The greatest SO42- 

concentrations are found over continental regions and downwind of regions 

where SO2 emissions are highest. The annual mean spatial distribution of 

sulphate aerosol is well represented in the model (R > 0.7) over Europe and the 

USA but concentrations are prone to a systematic low bias in all three regions 

(NMB between -0.5 and -0.6).  

Over Europe the model captures the spatial distribution of annual mean sulphate 

aerosol well (annual R = 0.733) but values are biased low by approximately 60% 

(NMB = -0.593). Similarly, the spatial distribution of sulphate is represented well 

in DJF and JJA (DJF R = 0.737, JJA R = 0.671) but the underestimation varies 

between approximately 80% in wintertime (DJF NMB = -0.759) to 40% in 

summertime (JJA NMB = -0.392). Annual mean concentrations are overestimated 

by a factor of up to 2.45 at a couple of sites in Eastern and Central Europe. As 

with the other species described in this study, the greatest underestimations 

relative to EMEP observations occur at remote coastal sites in Northern Europe 

and the Arctic. 
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The model performance is best for annual-mean sulphate over North America, 

with good correlations to observations (CASTNET R = 0.785, IMPROVE R = 

0.872) but with similar low biases as over Europe (CASTNET NMB = -0.595, 

IMPROVE NMBF = - 0.510). The low bias is greatest at remote sites in Alaska and 

coastal sites in Eastern USA.  The spatial distribution of sulphate is captured less 

well in DJF with R values of 0.467 and 0.434 and NMB scores of -0.777 and -0.700 

for CASTNET and IMPROVE observations, respectively. The model skill is higher 

in JJA with R values of 0.837 and 0.838 and model biases of -0.555 and -0.500 for 

CASTNET and IMPROVE observations, respectively. 

Of the three regions, simulated annual mean sulphate concentrations compare 

least well over Asia (R = 0.517, NMB = -0.579). Sulphate is underestimated by 

over a factor of 5 at 4 EANET sites, located in Northern Japan and Southern 

Russia. As seen over Europe and the USA, the model is more strongly negatively 

biased in wintertime (DJF NMB = -0.719, JJA NMB = -0.468). 

Model underestimates of SO42- aerosol have been reported previously and may 

have arisen due to an underestimation in oxidant availability or oxidation 

(Berglen et al., 2007; Manktelow et al., 2007; Mann et al., 2012; Turnock, 2016; 

Turnock et al., 2015). For example, Turnock (2016) found that the use of a fixed 

cloud-water pH in UM-UKCA may have artificially suppressed SO42- formation by 

aqueous phase O3 oxidation (Kreidenweis et al., 2003), particularly at high 

latitu des and in the wintertime. Finally, as with other aerosol components, 

enhanced drizzle may have contributed to overestimates in aerosol wet 

deposition. 

4.3.2 Comparison to aircraft observations  

4.3.2.1 Nitrate aerosol  

Figure 4.7 shows simulated submicron nitrate aerosol vertical profiles compared 

against field campaign observations over (4.7a and b) Europe, (4.7c and d) the 

Arctic, (4.7e) South America and (4.7f) Borneo. Model skill and bias metrics are 

printed in each panel, based on comparisons to observations in the lowest 4 km 

to focus on model performance in the lower troposphere. 

Over Europe (EUCAARI and ADIENT), the model represents nitrate vertical 

variability well ( R = 0.75 and 0.93). Concentrations are biased low in the lower  
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Figure 4.7 3ÉÍÕÌÁÔÅÄ ÎÉÔÒÁÔÅ ÖÅÒÔÉÃÁÌ ÐÒÏÆÉÌÅÓ ɉÏÒÁÎÇÅȟ ʈÇ ÓÍ-3), compared 
against mean (black solid), median (black dashed) and standard deviation 
(grey error bars) observations from year 2008 aircraft field campaigns, as 
collated by Heald et al. (2011). Simulated monthly-mean profiles are 
averaged to align with respective field campaign months. Pearson 
correlation coefficient (r), normalised mean bias (nmb) and the percentage 
of modelled concentrations within one standard deviation of observed 
concentrations (%std) are printed for each comparison, as calculated 
based on the lowermost 4km of the atmosphere. 

 

troposphere (NMB = -0.55 and -0.67) but are within the standard deviation of 

the observations (%std) over most of the lowermost 4 km (88.9% for both). 

Nitrate concentrations compare particularly well to the median observed profile 

in the ADIENT campaign above 0.5km. Although the vertical variability compares 

well overall against EUCAARI observations, the model does not reproduce 

enhanced nitrate concentrations observed up to 2km altitude. 

The ARCTAS-Spring campaign covered high-latitude Arctic regions while the 

ARCTAS-Summer campaign flew closer to mid-latitude industrial regi ons and 

local boreal biomass burning over North America. The model is biased low on 

average in the lower troposphere compared to the observed mean 

concentrations in both campaigns (NMB = -0.95 and -0.68). However, the bias is 

relatively small in absolute terms and the simulated values are within the 

standard deviation at all levels below 4 km across both campaigns.  
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Underestimations in the mean observed concentrations for ARCTAS-Spring are 

only prominent above 3.5 km, indicating that there may be missing transport 

processes at this level in the model. Comparing to the same ARCTAS campaigns, 

Bian et al. (2017) reported that the transport of aerosol between approximately 

2 and 7km to Polar regions was also not captured by any of the AeroCom Phase 

III nitrate models. The model compares particularly well to the median observed 

profile in the ARCTAS-Spring campaign and also shows high correlation to the 

mean observed values (R = 0.87).  Despite being within the standard deviation of 

the mean observed values, there is negative linear correlation between the 

model and ARCTAS-Summer observed values because peaks in the observed 

vertical profile are underestimated. 

The model overestimates nitrate concentrations in the lowest 1km in the South-

East Pacific (Fig 4.7e) and although the overestimation is low in absolute terms 

this contributes to a normalised mean bias of 0.84 in the lower troposphere. Only 

22.2% of the mean model values lie within the standard deviation of VOCALS 

observations due to large overestimations below 1km and smaller 

underestimations above 2km but the correlation with observations is high at 

0.77. Simulated concentrations are low relative to OP3 observations in the 

vicinity of Borneo (NMB = -0.99) with low correlation (R = 0.32) but 88.9% of the 

mean modelled values in the lower troposphere are within one standard 

deviation of those observed. 

 

4.3.2.2 Ammonium aerosol  

Figure 4.8 shows the vertical profile comparisons for ammonium aerosol for the 

same six aircraft campaigns. Over Europe (EUCAARI and ADIENT), the model 

skill is similar for ammonium as was found for nitrate. The vertical variability is 

captured very well by the model (R = 0.80 and 0.89) in the lower troposphere, 

with simulated values at most levels up to 4 km falling within the observed 

standard deviation (88.9 and 77.8%). Despite this, concentrations are again 

biased low in the lowermost 4 km (NMB = -0.62 and -0.68). 

The observed ammonium vertical profile from ARCTAS-Summer aligns closely 

with the observed nitrate vertical profile and is reproduced more accurately by  
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Figure 4.8 Same as Figure 4.7 for ammonium aerosol. 

 

the model than the nitrate profile. Simulated concentrations at all levels below 4 

km are within the standard deviation of observations, with good correlation (R 

= 0.78) but are biased low on average (NMB = -0.65). As with nitrate, the model 

does not reproduce the 3.5 - 4 km peak in ammonium concentrations observed 

during ARCTAS-Spring but does correlate well overall with observations (R = 

0.90), capturing a general increase in ammonium concentration with height in 

this region. Simulated values underestimate those observed (NMB = -0.83) but 

are within the standard deviation at 77.8% of levels below 4 km. In both ARCTAS 

campaigns, the underestimations in ammonium are small in terms of absolute 

concentrations. 

The VOCALS observations are reproduced least well by the model in terms of 

simulated NH4+ (R = 0.12, NMB = -0.52 and %std = 55.6). The simulated NH4+ 

profile is too uniform with height relative to the observations, and 

underestimates NH4+ near the surface. The vertical profile in ammonium 

observed during the OP3 campaign is reproduced very well by the model with 

high correlation (R = 0.80), low model bias (NMB = -0.16) and all simulated 

concentrations below 4 km (and above) within the observed standard deviation. 

As mentioned, it is likely that insufficient ammonium formation is driven by 

insufficient nitric acid or sulphuric acid variability, rather than from a lack of gas- 
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phase ammonia. The underestimation of several aerosol species could also infer 

that aerosol deposition processes are too strong in the model. The nitrate-

extended GLOMAP-mode has been implemented into a development version of 

UM-UKCA and changes have subsequently been made in later configurations of 

UM-UKCA to improve simulated precipitation processes, with implications for 

the wet scavenging rates of aerosol. 

4.3.2.3 Sulphate aerosol  

Figure 4.9 shows the vertical profile comparisons for sulphate aerosol.  The 

simulated sulphate vertical profiles correlate well with the European 

observations (EUCAARI and ADIENT) below 4 km with Pearson correlation 

coefficient values of 0.84 and 0.93. The model also simulates values that are 

within the standard deviation of observations over 77.8% of lower levels for 

both campaigns. In general, simulated sulphate concentrations are higher at 1km 

altitude over the Northern European flight tracks (EUCAARI) but this feature was 

not observed during the campaign. Over the lowest 4 km, the model bias is 

moderately low at a NMB value of -0.26. Simulated sulphate concentrations are 

more uniform with height than those observed over the ADIENT flight track with 

a higher normalised mean bias score of -0.62.       

The sulphate vertical profile from the ARCTAS-Summer campaign is reproduced 

very well by the model, with high correlation (R = 0.83), low model bias (NMB = 

-0.16) and with all mean simulated concentrations below 4 km within the 

standard deviation of the mean observed profile. However, the model 

systematically underestimates sulphate concentrations through the lower and 

mid troposphere, by 83% on average, in the ARCTAS-Spring campaign. 

For VOCALS, simulated and observed SO42- are weakly anti-correlated and the 

normalised mean bias is low through the lowermost 4 km at +5% because of 

under- and over-estimations in sulphate concentration below and above 1.5km, 

respectively. Simulated sulphate concentrations are within the observed 

standard deviation at 55.6% of levels below 4 km.  

Simulated values correlate well with the OP3 observations (R = 0.92) below 4 km 

with 66.7% of levels within the standard deviation of observations. 

Concentrations in the lowermost 1.5km are represented particularly well.  
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Figure 4.9 Same as Figure 4.7 for sulphate aerosol. 

 

However, the model overestimates concentrations by 55% on average between 

the surface and 4 km, with an apparent overestimation of up to around 0.4 µg 

sm-3 continuing to higher levels. 

Model overestimation of sulphate in the mid to upper troposphere is apparent in 

the SE Pacific, Borneo and over Europe. Sulphate is also overestimated in the free 

troposphere over Europe in Kapadia et al. (2016) where GLOMAP-mode is 

ÉÍÐÌÅÍÅÎÔÅÄ ÉÎ ÔÈÅ 4/-#!4 #4-ȟ ÂÕÔ ÉÓÎȭÔ ÏÖÅÒÅÓÔÉÍÁÔÅÄ ÉÎ ÔÈÁÔ ÓÔÕÄÙ ÏÖÅÒ ÔÈÅ 

SE Pacific and SE Asia. The upward tendency in simulated sulphate aerosol 

concentration above approximately 4 km also exists in non-nitrate extended 

configurations of this UM-UKCA version. This may be a presentation of a known 

limitation that was subsequently amended in later configurations of the model 

by incorporating an in-plume convective scavenging scheme (Kipling et al., 2013; 

Kipling et al., 2016). 

4.3.3 Comparison to AeroCom multi -model ensemble  

4.3.3.1 Global burden and surface concentrations  

Tables 4.3 and 4.4 show the annual, global-mean NO3-, NH4+, SO42-, NH3 and HNO3 

burden and surface concentrations, respectively, compared to the AeroCom 

multi -model mean values. The annual mean global NO3- burden of 0.145 Tg from 
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the HYB simulation is lower than the AeroCom Phase III (AP3) mean of 0.63 Tg 

and just within the range simulated by individual models in the AeroCom 

ensemble (0.14 to 1.88 Tg). The simulated annual mean global surface NO3- 

ÁÅÒÏÓÏÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ πȢπψς ʈÇ ËÇ-1 ɉπȢπωυ ʈÇ Í-3) is also low relative to the 

AeroCom multi-ÍÏÄÅÌ ÍÅÁÎ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ πȢςσ ʈÇ ËÇ-1, but lies within the 

ÒÁÎÇÅ ÏÆ ÖÁÌÕÅÓ ÓÉÍÕÌÁÔÅÄ ÂÙ ÔÈÅ !ÅÒÏ#ÏÍ ÍÏÄÅÌÓ ɉπȢπυ ÔÏ πȢτχ ʈÇ ËÇ-1). 

UKCA HYB simulates a nitric acid burden of 1.160 Tg, which is within the 

AeroCom range of 0.66 to 5.7 Tg. The global-mean surface nitric acid 

concentration simulated by UM-UKCA HYB  is greater than that from any of the 

!ÅÒÏ#ÏÍ ÍÏÄÅÌÓȟ ÁÔ πȢσψρ ʈÇ ËÇ-1 compared to the AeroCom range of 0.04 to 0.32 

ʈÇ ËÇ-1. The higher nitric acid concentrations relative to the AeroCom range 

suggest that differences in NOx emissions (Section 3.5, Figure 3.4), i.e. in HNO3 

availability, are not solely responsible for lower nitrate aerosol concentrations 

in UM-UKCA. It is more likely that UM-UKCA simulated concentrations are lower 

because they do not treat nitrate aerosol formation on dust, which Bian et al. 

(2017) and Karydis et al. (2016) found to be an important pathway for coarse 

mode nitrate formation. 

Table 4.3 Simulated global annual-mean burdens from UM-UKCA sensitivity 
runs compared with the AeroCom mean, minimum and maximum burdens 
(Bian et al., 2017). These are total atmospheric burdens, except for HNO3 
where the tropospheric burden up to 100 hPa is given, as in Bian et al. (2017). 

(Tg)  NO3- NH4+ SO42- NH3 HNO3 

HYB 0.145 0.345 2.28 0.068 1.160 

EQU 0.139 0.333 2.26 0.066 1.138 

HYB-NoHet 0.127 0.348 2.32 0.070 1.147 

AeroCom mean 
[min - max]  

0.63  

[0.14  -1.88] 

0.32  

[0.17 - 0.75] 

1.8  

[0.83 - 3.3] 

0.20 

[0.05 - 0.85] 

2.5  

[0.66 - 5.7] 
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Table 4.4 Simulated annual-mean, global-mean surface concentrations from 
UM-UKCA sensitivity runs compared with the AeroCom mean, minimum and 
maximum global-mean surface concentrations (from Bian et al., 2017). UM-
5+#! ÖÁÌÕÅÓ ÁÒÅ ÇÉÖÅÎ ÉÎ ʈÇ ËÇ-1 first for consistency with units of Bian et al. 
ɉφτυϋɊ ÁÎÄ ʈÇ Í-3 ÉÎ ÐÁÒÅÎÔÈÅÓÅÓ ȬɉɊȭ ÆÏÒ ÃÏÎÓÉÓÔÅÎÃÙ ×ÉÔÈ ÍÏÄÅÌ ÏÂÓÅÒÖÁÔÉÏÎ 
comparisons in section 4.3.1. 

ʈÇ ËÇ-1  

ɉʈÇ Í-3) 

NO3- NH4+ SO42- NH3 HNO3 

HYB 
0.082 

(0.095) 

0.139 

(0.161) 

0.463 

(0.536) 

0.302 

(0.337) 

0.381 

(0.444) 

EQU 
0.080 

(0.094) 

0.140 

(0.163) 

0.462 

(0.532) 

0.230 

(0.333) 

0.371 

(0.432) 

HYB-NoHet 
0.048 

(0.056) 

0.131 

(0.152) 

0.468 

(0.542) 

0.308 

(0.343) 

0.356 

(0.414) 

AeroCom 

mean [min - 

max]  

0.23  

[0.05 - 0.47] 

0.18  

[0.08 - 0.44] 

0.63  

[ 0.34 - 1.72] 

0.49  

[0.25- 1.39] 

0.14  

[0.04 - 

0.32] 

 

The annual mean global NH4+ burden of 0.345 Tg is just above the mean AeroCom 

burden of 0.32 Tg and within the AeroCom multi-model range of 0.17 to 0.75 Tg. 

The annual mean global NH4+ ÓÕÒÆÁÃÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ×ÁÓ πȢρσω ʈÇ ËÇ-1 ɉπȢρφρ ʈÇ 

m-3Ɋ ×ÈÉÃÈ ÐÌÁÃÅÓ ÉÔ ÊÕÓÔ ÂÅÌÏ× ÔÈÅ !ÅÒÏ#ÏÍ ÍÅÁÎ ÖÁÌÕÅ ÏÆ πȢρψ ʈÇ ËÇ-1 and 

within the multi -ÍÏÄÅÌ ÒÁÎÇÅ ÏÆ πȢπψ ÔÏ πȢττ ʈÇ ËÇ-1. UM-UKCA simulates a global 

ammonia burden of 0.068 Tg, which falls within the range simulated by the 

AeroCom models (0.05 Tg to 0.85 Tg). The UM-UKCA annual global mean surface 

NH3 ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ πȢσπς ʈÇ ËÇ-1 also falls between the AeroCom model range 

ÏÆ πȢςυ ÔÏ ρȢσω ʈÇ ËÇ-1. 

The UM-UKCA-simulated global-mean surface sulphate aerosol concentration of 

πȢτφσ ʈÇ ËÇ-1 is below the AeroCom mean but within the range simulated by 

AeroCom models, despite appearing to be systematically biased low when 

previously compared to observations. The UM-UKCA SO42- burden of 2.28 Tg 

places UM-UKCA between the AeroCom multi-model mean and upper estimates 

of 1.8 Tg and 3.3 Tg, respectively. 
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4.3.3.2 Distribution of surface NO 3-, NH4+ and SO42- 

Figure 4.10 compares the spatial distribution of surface nitrate aerosol 

concentration from  UM-UKCA simulation HYB with the 25th, 50th and 75th 

percentile concentrations from the AeroCom multi-model ensemble. It has been 

shown already that the UM-UKCA global mean surface nitrate concentration of 

πȢπψς ʈÇ ËÇ-1 ɉπȢπωυ ʈÇ Í-3) is below the AeroCom mean but within the range 

simulated by individual models. 

 

Figure 4.10 Annual mean simulated surface NO3- (top row), NH4+ (middle 
row) and SO42- aerosol from UM-UKCA HYB (1st column), compared with 
25th (2nd column), 50th (3rd column) and 75th (4th column) percentile 
concentrations from 9 participating AeroCom Phase III models. Hatching 
indicates regions where UM-UKCA-simulated concentrations are within 
the AeroCom interquartile range. 

 

Regions of highest surface nitrate concentrations (Europe, USA, China and India) 

in UM-UKCA correspond with those simulated by the AeroCom models. Regions 

of lower nitrate concentration over Africa, South America, and Australia, 

however, may be indicative of the lack of nitrate formation on dust by UM-UKCA 

because 5 of the 9 AP3 models represent this process. UM-UKCA surface nitrate 

concentrations are within the AP3 interquartile range (IQR) over much of 

Europe and Eastern China but are underestimated relative to the AP3 25th 

percentile in eastern North America. Marine concentrations in the Northern 

Hemispheric mid-latitudes are largely within the AP3 IQR but fall below the 25th 

percentile over much of the Tropics and Southern Hemispheric mid-latitudes. 
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UM-UKCA concentrations in the Arctic exceed the AP3 75th percentile yet still 

underestimate observed concentrations in this region (Figs. 4.1 and 4.7). 

As with nitrate, regions of highest ammonium concentrations are located over 

continental and outflow regions and correspond well with the regions simulated 

by the AeroCom models. Comparison to the AeroCom models varies with region 

over the continents, where UM-UKCA simulates ammonium levels around either 

the 50th or 25th AeroCom percentile values. UM-UKCA values in the remote 

marine regions are generally in the third and upper quartile of those simulated 

by the AeroCom models, with the exception of the Arctic Circle where UM-UKCA 

concentrations are lower than the AeroCom median. UM-UKCA and most 

AeroCom models are in agreement that concentrations are low (below 0.002 µg 

m-3) over the Antarctic. 

Regions of highest surface sulphate aerosol in UM-UKCA are similarly located 

over continental and outflow regions, as in the AP3 models. SO42- concentrations 

are below the AP3 25th percentile in Western Europe and eastern North America 

and also below the 25th percentile in the polar and mid-latitude marine regions. 

Unlike NO3-, SO42- concentrations exceed the 75th percentile over much of 

northern sub-Saharan Africa.  

4.3.3.3 UM-UKCA and AeroCom multi -model skill versus observations  

Figures 4.11 and 4.12 compare the UM-UKCA model skill (Pearson correlation 

coefficient and normalised mean bias) against the range of model skill in the 

AeroCom Phase III simulations. This study therefore determines not only how 

simulated UM-UKCA concentrations compare to the AeroCom multi-model 

range, but also how well UM-UKCA compares to observations relative to other 

models. 

Figure 4.11 compares the Pearson correlation coefficients from each of the 

AeroCom models against those from UM-UKCA. Over Europe, both UM-UKCA and 

the AeroCom models represent the spatial variability in annual mean nitrate, 

ammonium and sulphate aerosol well and consistently, as demonstrated by 

median R values above 0.6.  The UM-UKCA Pearson correlation coefficient is 

within the AP3 interquartile range in terms of model skill in DJF and remains 

above 0.6 on annual and JJA timescales despite falling below the AP3 skill range  
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Figure 4.11 UM-UKCA (HYB, blue marker) and AeroCom Phase III (box plot) 
Pearson correlation coefficients for annual and seasonal mean surface NO3-

, NH4+ and SO42- aerosol concentrations, from comparisons against (a) 
EMEP, (b) CASTNET, (c) IMPROVE and (d) EANET observations. Boxes mark 
the interquartile range and median (orange) of the AeroCom model 
coefficients with whiskers denoting the maximum and minimum of the 
multi -model range. Pearson correlation coefficients from UM-UKCA 
simulations EQU and HYB-NoHet are indicated by the red and green 
markers, respectively. 

 

in the latter periods. The UM-UKCA correlation coefficients for NH4+ and SO42- in 

all seasons are greater or equal to the AP3 median scores, indicating that UM-

UKCA outperforms some or all other AeroCom models in terms of reproducing 

the spatial distribution of those species over Europe. The Pearson coefficients in 

this analysis of the annual mean AeroCom concentrations are higher than those 

reported by Bian et al. (2017; e.g. AP3 NO3- comparison to EMEP ranges from R 

= 0.393 to 0.585) potentially because annual mean concentrations are compared 

in this thesis, whereas Bian et al. (2017) compared the models to observations 

on shorter temporal timescales. 
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Figure 4.12 UM-UKCA (HYB, blue marker) and AeroCom Phase III (box 
plot) normalised mean bias scores for annual and seasonal mean surface 
NO3-, NH4+ and SO42- aerosol concentrations, from comparisons against 
(a) EMEP, (b) CASTNET, (c) IMPROVE and (d) EANET observations. Boxes 
mark the interquartile range and median (orange) of the AeroCom model 
biases with whiskers denoting the maximum and minimum of the multi-
model range. Normalised mean bias scores from UM-UKCA simulations 
EQU and HYB-NoHet are indicated by the red and green markers, 
respectively. 

 

Over the USA, the wider range of Pearson correlation coefficients for each of the 

AeroCom models compared to CASTNET and IMPROVE networks suggests that 

the multi -model skill for nitrate aerosol is more varied over the USA than over 

Europe. UM-UKCA ranks within the upper quartile of the AP3 correlation 

coefficients on annual mean timescales and within the AP3 multi-model 

correlation range in DJF and JJA relative to US observation networks. As in UM-

UKCA, the skill of other AeroCom models is also reduced in JJA (median R of 0.2-

0.4 for both networks) and the UM-UKCA Pearson coefficient remains within the 
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multi -model interquartile range. The lower model skill in JJA across models may 

indicate that the gas-particle partitioning of nitric acid  is more uncertain across 

models at higher temperatures or that the spatial variability of precursor 

emissions is less certain in summer. 

Ammonium concentrations in the US are monitored by the CASTNET network, 

but not IMPROVE. The AeroCom model correlation coefficients are consistently 

high in the three time periods and the UM-UKCA correlation coefficients for NH4+ 

over the USA are below the AeroCom interquartile range, but within the multi-

model range for each period. UM-UKCA is within the AP3 multi-model range of 

correlation scores for sulphate in JJA and on annual mean timescales. However, 

the UM-UKCA model correlation for sulphate aerosol is below that of any other 

AeroCom model in DJF.  

Compared to East Asian observations, the UM-UKCA model correlation 

coefficient for nitrate is within the AP3 range across annual and seasonal time 

periods here and within the interquartile range in DJF. The correlation 

coefficients are generally lower at less than 0.6 for all AeroCom models in any 

time period. As seen for UM-UKCA, the AP3 correlation to NO3- observations is 

also lower in JJA on average. The UM-UKCA correlation coefficients for NH4+ and 

SO42- in East Asia are below the AP3 range on annual mean timescales. UM-UKCA 

NH4+ is within the AP3 range in DJF and JJA and UM-UKCA SO42- is within the 

range in JJA but lower than other AeroCom values in DJF. 

Figure 4.12 compares the normalised mean bias among AeroCom models against 

the UM-UKCA simulated values. Over Europe, the median AeroCom model, in 

terms of magnitude of model bias, is biased low for NO3-, NH4+ and SO42- against 

annual, DJF and JJA mean observations. The negative bias in UM-UKCA annual 

mean surface nitrate reported in Section 4.3.1.1 is smaller than the median 

annual and JJA mean AP3 bias. However, the UM-UKCA NO3- bias is 

approximately equal to that of the lowest AP3 model in DJF. The UM-UKCA NH4+ 

bias over Europe is within the multi-model bias range for all seasons shown here, 

and outperforms the AP3 interquartile range in JJA. UM-UKCA shows a stronger 

negative bias in European SO42- than the AP3 median but is just within the AP3 

multi -model range in all seasons here. 
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Over the USA, the regional average UM-UKCA low bias in NO3-, NH4+ and SO42- is 

greater than most of the AP3 models for the time periods analysed, although the 

normalised mean bias for each aerosol species is within the AP3 multi-model 

range in JJA. Over East Asia, the UM-UKCA normalised mean bias is within those 

from the AP3 range for each species and season, with the exception of NH4+ in 

DJF when the UM-UKCA bias is greater than that of any other AP3 model. 

The low bias in UM-UKCA-simulated SO42- is just within the range of AP3 annual 

and DJF mean scores, and within the interquartile range and close to the median 

JJA mean NMB. The low surface SO42- bias across the AP3 models is less expected, 

given that sulphate has traditionally received more attention in modelling 

studies, and is also seen in the evaluation of Bian et al. (2017). 

4.3.3.4 Zonal mean NO3-, NH4+ and SO42- concentrations  

It has already been shown in Table 4.3 that the UM-UKCA-simulated nitrate 

aerosol burden is below the mean but within the AeroCom multi-model range. 

Figure 4.13 shows the annual zonal mean distribution of NO3-, NH4+ and SO42- in 

the UM-UKCA control simulation, compared against the AeroCom Phase III 

median and interquartile range. 

UKCA simulates the highest zonal mean nitrate concentrations (> 0.1 µg kg-1) in 

the lowermost 200 hPa between 25 and 65° N (Fig 4.13a). Zonal mean 

concentrations in this region are largely near but below those of the AeroCom 

25th percentile, though lower concentrations (0.02 ɀ 0.1 µg kg-1) between ~ 50° 

N an 70° N are within the AP3 IQR. Broadly, there are three regions where the 

UM-UKCA simulated zonal mean NO3- concentrations vary from those of the AP3 

IQR. These are: the Northern Hemisphere polar latitudes; much of the mid-

troposphere (~ 800 - 400 hPa) between 40° S and 50° N; and the lower 

troposphere (from the surface to ~ 800hPa) between 60° S and 50° N. UM-UKCA 

places more nitrate at the poles than other AP3 models. Comparisons to ARCTAS-

Spring in Section 4.3.2.1 indicated that UM-UKCA nitrate was within the standard 

deviation of observations with a moderate low bias, which together with this 

zonal mean analysis suggests that UM-UKCA has higher skill than other AP3 

models in this region despite being outside of the IQR. 
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Figure 4.13 Annual mean simulated zonal mean NO3 (top row), NH4 (centre 
row) and SO4 aerosol from UM-UKCA HYB (1st column), compared with 25th 
(2nd column), 50th (3rd column) and 75th (4th column) percentile concentrations 
from the 9 participating AeroCom Phase III (AP3) models. Hatching indicates 
regions where UM-UKCA-simulated concentrations are within the AP3 
interquartile range. 

 

The lower nitrate concentrations simulated by UM-UKCA in the northern 

hemispheric mid-latitudes may be attributable in part to lower NOx emissions in 

UM-UKCA compared to other AeroCom models (see Figure 3.4). Lower zonal 

mean concentrations may be driven by lower nitrate formation associated with 

dust and sea salt in northern Africa, South America and the southern 

hemispheric oceans. Lower concentrations in remote regions are indicative of 

lower precursor availability  or shorter aerosol lifetime. Lower nitrate 

concentrations in warmer equatorial regions may result from uncertainty in the 

temperature sensitivity of nitrate aerosol formation, encouraging partitioning to 

gas phase nitric acid. In the mid-troposphere, nitrate aerosol formation is  

elevated sulphate concentrations could also have suppressed nitric acid 

partitioning to nitrate aerosol. 
















































































































































































