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Abstract

This thesis investigates the influence of atmospheric nitrate aerosol on air
quality, human health andthe present dayaerosol cloudalbedoradiative effect
This research represents the first application othe UM-UKCA modelwith the

nitrate -extended version of the GLOMAJMode aerosol microphysics module

The UMUKCA model generally represents the spial distribution of annual
mean nitrate, ammonium and sulphate aerosol concemations well (R > 0.6)
over Europe and North Americabut performs less well over East Asia. The model
tends to underestimate concentrations relative to groundbased and aircraft
observations. However, dobal burdens ard mean surface concentrationsof
nitrate (NOz’), ammonium (NH:*) and sulphate (S@-) aerosol are within the
multi-model range simulated by participating models in the AeroCom Phase Il
(AP3) nitrate intercomparison. The inclusion ofheterogeneousN2Gs hydrolysis
in UM-UKCAdecreases regional low model bias of nitrate aerosol, particularly in
wintertime . The size distribution of simulated NGs- is sensitive to the approach
applied to treat the gasparticle partitioning of the inorganic NGs-NH4*-SQ2--
Nat-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 nitriacid uptake into

the fine mode.

The contribution of nitrate aerosol to surface PMsand to the PM s-attributable
health burden over the EU28, U&, India and China is quantified. Of these regions,
nitrate aerosol made the greatest relative contribution to present dayyear
2008) annual mean AWM and PWMPMs (13.4% - 16.3%) and to PMs-
attributable mortality (15.6%; 31,500 [20,100 - 41,300] deathg over the EU28.
Compaison to a scenario with year 1980 emissions demography and
background disease ratesshowed that the relative contribution of nitrate
aerosol to the total ambient PMs-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 ofrecent decadalchanges.
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Finally, it is found that smulated N3, Nso and CDNC undergo largeelative
regional increaesof up to 60%,when nitrate aerosol formation is includedusing
a hybrid gasparticle partitioning approach. A global mean PD nitrate cloud
albedo radiative effect 0f0.007 Wm2 was calculated using the hybrid approach,
though the influence of nitrate aerosol on regional radiative effects was largér
0.5 to +1W nr2). Reverting toan equilibrium gaspatrticle partitioning approach
resulted in a weaker response of aerosol humber concentrations and CDNC to
nitrate aerosol formation over much of the Northern Hemisphere andcloudy
marine regions in the Southern Hensphere, leading to aign reversal in thePD
nitrate cloud albedoradiative effectto +0.011 W m2. It is therefore concluded
that models applying an equilibrium approach to treat nitrate aerosol formation
may under-represent the influence of nitrate aerosl on aerosol properties and

aerosolcloud radiative effects.
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nitrate and (c+f) coarse mode nitrate mass concentration when
switching from a hybrid (HYB) to  equilibrium (EQU)
(o700 Te U] =1 o] o TS 120

Figure 4.15 Annual mean surface fine mode nitrate aerosol fraction
in (a) EQU, (b) HYBand (c) absolute change in fine mode nitrate
aerosol fraction (EQU miNUS HYB). ......cooooviiiiiiiiiiii e 121

Figure 4.16 Absolute (top row) and percentage (bottom row)
changes in annual (left), DJF (centre) and JJA (right) mean
surface nitrate concentrations when removing heterogeneous
N20s hydrolysis i.e. HYB-NoHet minus HYB............cccooviiiiiiiieeeenee. 126

Figure 5.1 (a+b) Simulated annual mean surface PM 25
concentrations, with nitrate aerosol formation included, with
observations overplotted over a) Europe and b) the USA. (c+d)
Scatter plot comp arisons of observed and simulated PM 25
concentrations. Simulated PM 25 from sensitivity runs with
(orange) and without (blue) nitrate aerosol formation included
are shown. 1:1 (solid grey), 1:2 and 2:1 (dashed grey) lines are
shown. European and USA observations are from the EMEP and
IMPROVE networks, respectively. Simulated and observed
concentrations are both from the year 2008. ..........c.ooiiiiiiiivieeceen. 139

Figure 5.2 Annual mean surface PM 25 concentrations from (a)
satellite -derived estimates and (b) UM -UKCA simulation with
nitrate formation included (NO 31 T Qh CEOARjic)nioblel t C
bias calculated as UM-UKCA divided by satellite PM 25
concentrations. (d) Regional bias -corrected annual mean UM -
UKCA surface PMs field. Hatching in (c) shows regions where
the inclusion of nitrate partitioning both increa  ses PMbs by
greater than 10% and reduces model bias. ..........cccccceeiiiiicmmnennn. 141

Figure 5.3 Comparison of bias -corrected PM 25 against surface
observed PMzs over a) Europe, b) USA, c¢) India and d) China.
The present d ay bias-corrected field with nitrate aerosol
included is shown. Regional mean bias correction factors are
shown for each region along with the observation technique
used to calculate the regional bias (surface or satellite). ................ 143

Figure 5.4 Fractional contribution of nitrate (top row), ammonium
(middle row) and sulphate (bottom row) aerosol to annual
mean surface PMzs concentrations over Europe (left column),
the USA (middle column) and East and South Asia (right
column), calculated via the speciation method. Note that
different scales are used for each Species. .......cccceeveeiviiiiiiiiimeeeenns 147

Figure 5.5 (a-c, top row) Nitrate aerosol fractions calculated via the
subtraction method. (d -f, bottom row) Absolute difference in
nitrate fraction calculated using the subtraction method,
compared to the speciation method (subtraction minus
LS 0 L=To3 =1 0] o ) PP 149



-11 -

Figure 5.6 Annual mean (a) regional area -weighted and (b)
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Figure 6.1 Spatial distribution of the annua | mean all -sky cloud
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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., 2))1Be USA(Malm
et al., 2004; Silva et al., 2007; Hand et a2012; Pusede et al., 2016and Asia
(Pathak et al., 2009; Ying et al., 2014; Snider et al., 2Q01bike other aerosol, the

. A -
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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 AerosoComparisons between Observations and Models
(AeroCom Phase Ill) 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 concentratio(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 fact@f 9.4 between the

9 participating models.

Longterm exposure to ambient fine particulate matter (PMs. mass
concentration of particles with a dry diameter below 2.5 pm) has been linked to
approximately 4.2 million premature deaths globally through theexacerbation
of respiratory, cardiovascular and cerebrovascular diseaseCphen et al., 201y,
Previous work shows that ntrate aerosol makes a larg€>25%) contribution to
regional population-weighted PM.s over Europe and is one of four major aerosol
components driving a global increase in populationweighted PM s since 1990,
after organic aerosols and before sulphate and ammonium aerosali(et al.,
2017). Studies havefocussed on industrial and transportrelated emissions and
have increasingly focussed a the agricultural emissions sector as a means of
reducing PM.s concentrations and its associated health burden, through

reducing precursors to ammonium nitrate aerosol formation (Megaritis et al.,
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2013; Bessagnett al., 2014; Paulot and Jacob, 2014; Lee et al., 2015; Lelieveld
et al., 2015; Bauer et al., 2016; Pozzer et al., 2Q1The importance of nitrate
aerosol for PMs-attributable mortality is implied by these studies, but its

specific contribution to mortality has never been directlyquantified.

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 NlassonrDelmotte et al., 2018.
Global atmospheric models of increasing complexity have been developed to
better understand atmospheric aerosol composition and aerosetlimate
feedbacks. However, the radiative effect of atmospheric aerosoas remained
highly uncertain through successive assessments of the Intergovernmental
Panel on Climate Change (IPC@oucher 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 semvolatile nature. The
Fifth Assessment Report from the IPCC (AR¥)elded a glolal mean radiative
forcing due to aerosoiradiation interactions from nitrate aerosol of-0.11 (-0.3-
-0.03) W m2, though the majority of contributing modelsto the 5" Coupled
Model Intercomparison Project (CMIP5)did not simulate nitrate aerosol
(Boucher et al., 2013; Myhre et al.,, 2013b Fve of the ten participating
Atmospheric Chemistry and ClimatéModel Intercomparison Project ACCMIB
models accounted for nitrate aerosol in their simulations $hindell et al., 2013.
The indirect (cloud albedo)aerosol effect of nitrate aerosol is particularly poorly
understood having been assessed by small number ofdedicated global model
studies (Bellouin et al., 2011;Xu and Penner, 201

The relative importance of nitrate aerosol for climate is expected to increase in
the coming decades under projected emission scenariof\dams et al., 2001;
Bauer et al., 2007; Bellouin et gl.2011; Hauglustaine et al., 2014; Bauer et al.,
2016; Paulot et al., 2018 Several global modelling studies have identified tha
nitrate aerosols could overtakesulphate by the end of the 2% century as the
dominant scattering aerosol species (e.@auer et al., 2007; Bellouin et al., 2011;
Hauglustaine et al., 2011 which would decelerate projected decreases in global

mean aerosol forcing where nitrate aerosol has not been considered.
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Despite its recognised inportance for air quality and climate, the treatment of
nitrate aerosol in composition-climate models is often heavily simplified or
omitted completely. Ammonium nitrate is seni-volatile, with two-way gas
particle partitioning occurring into and out of the particle phase.Representation
of this semtvolatile inorganic aerosol system can add considerable complexity
to global model simulations and, in the interest of computational efficiency,
simplified partitioning schemes that assume instantaneous equilibum have
become the convention. Howeverthis equilibrium approach can overestimate
the uptake of nitric acid into coarse mode aerosol at the expense of submicron
aerosol formation (Ansari and Pandis, 1999; Capaldotal., 2000; Moya et al.,
2001; Feng and Penner, 2007; Benduhn et al., 2016To 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 sizeCapaldo
et al., 2000; Feng and Penner, 2007; Trump et al., 2015; Benduhn et al., 2016
The implications for model radiative transfer of applying a simplied
equilibrium approach as opposed to a mor@hysically 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 cacentrations and quantify the significance of nitrate aerosol for air
pollution, human premature mortality and climate. The primary research tool
OOAA ET OEEO OEAOEO EO OEA -AO |/ EEEAAG
Kingdom Chemistry and Aerosol sulmodel (UKCA), applying the recently
developed nitrate-extended version of the modal Global Model of Aerosol
Processes (GLOMARoOde). This version of GLOMA¥#ode applies a hybrid
approach to treat the two way gasparticle partitioning of inorganic semi-volatile
species, which has been shown to give a physically realistic representation of the
size-resolved sulphatenitrate -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 b®v. Finally, conclusions and avenues

for future research are summarised in Chapter 7.

1. The first research aim is to comprehensively evaluate the sizesolved
nitrate, ammonium and sulphate aerosol concentrations in UNUKCA on
seasonal and annual mean tiescales. 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 EastAsia?

(b) Does the model capture vertical variability in secondary inorganic
aerosol concentrations compared to field campaign aircrafbased

measurements?

(c) Are the UMUKCA simulated annual mean secondary inorganic aerosol
concentrations within the range of those simulated by other models in the

AeroCom Phase Ill mulimodel intercomparison exercise?

(d) How are sizeresolved nitrate aerosol concentrations influenced
when using a physically realistic benkbmark hybrid approach for gas
particle partitioning compared to a simpler and conventionally adopted

equilibrium approach?
(e) What is the influence of activating heterogeneous®s hydrolysis on

simulated seasonal mean nitrate aerosol concentrations?

() What future developments are recommendedo the nitrate aerosol
representation in the UMUKCA model?

2. The second research aim is to quantify the contribution of nitrate aerosol to
regional present day PMs composition and attributable mortality, and the

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

guestions will be addressed:

(a) How does the inclusion of nitrate aerosol formation in UMJKCA
influence the simulated PM s, compared to observatios over Europe, the

United States, India and China?

(b) What fraction of the areaweighted and populationweighted mean

PM.s concentrations isassociated with nitrate aerosol in these regions?

(c) What is the present day impact of longerm exposure to amospheric
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 areaveighted and
population weighted mean PM.s 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 post980 changes in anthropogenic emissions,

demography and background disease?

3. The third aim of this thesis is to quantifythe radiative impact of present day
nitrate aerosol via its influence on cloudalbedo, using two gasparticle

partitioning approaches. The following questions are investigated:

(@) How does nitrate aerosol formation influence present day

atmospheric total particle number concentrations?

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

droplet number concentrations?

(c) What is the present dayloud albedoradiative effect of nitrate aerosol
formation resulting from the above changesn particle numberand cloud

droplet number concentrations?

d) Is a hybrid gasparticle partitioning mechanism important for all of the
above, compared to a conventional equilibum gasparticle 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 pm (Seinfeld and Padis, 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 gplsase
aerosol precursors are produced from a variety ohatural and anthropogenic
sources. Anthropogenic aerosol found in the troposphere consist mainly of
sulphate (SQ%), nitrate (NOs), ammonium (NH:*), 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 $einfeld and Pandis, 2008 nucleation (D <
10 nm), Aitken (10 nm < D < 100 nm), accumulation (100 < D < 1 um) and coarse
(D> 1 pm).

The size, composition and mass of aerosol is determined by microphysical
processes, including nucleation, condensation, coagulation, hygroscogiowth,

ageing and incloud processing. Aerosol sinks include dry deposition and wet
scavenging by precipitation. Dry deposition describes the removal of particles to

OEA %AOOESO OOOZAAA AU COAOEOU j OAAET AT ¢
scavengirg 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 resultinghydrometeors. 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 orhe
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 weeksSenfeld and Pandis, 200%. This
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relatively short atmospheric lifetime of aerosols, combined with an
inhomogeneous geographical distribution of aerosol sources, leado large

variability in the spatial distribution of global aerosol.

The impacts of atmosphec aerosol on air quality, climate, atmospheric
chemistry and ecology(see Sction 2.2) are dependent on the aerosol size,
composition, concentration and spatial distribution. Global aerosol microphysics
models of increasing complexity have been developdd 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 aerodoat the surface leads to degradation of
ambient air quality. Longterm exposure to atmospheric PMb (i.e. the mass of
particulate matter with aerodynamic dry diameters below 10 pm) and Pl¥ls (of
diameter below 2.5 pm) can contribute to increases in premate mortality,
morbidity and lower life expectancy Oockery et al., 1994; Pope et al., 1995; Pope
[l and Dockery, 2006. Atmospheric aerosol particles therefore most adversely
impact on health when present in popilated regions at sizes below these
thresholds. Long-term exposure to PMes is associated with approximately 4.2
million premature deaths globally per year Cohen et al., 201}, making it a major
contributing factor to regional and global burdens of diseaseHorouzanfar et al.,
2016; Lim et al., 2012.

The averse health implications from longterm exposure to PM:s 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 quantifig the relative risk to human health

of exposure to PMs (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 d PMes and PMuo 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 Plk concentrations exceed the WHO air quality
guideline of 10 pg m? (Apte et al., 2013.

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

annual mean concentrations.

PMuo (Hg mr3) PMes (ug n3)
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
2.2.2 Aerosol radiative effects
I AoT 611 AAT 11T AEZAU OEA %AOOEGO AOI T OPEAC

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

interactions with radiation. The 5h Assessment repot (AR5) of the

)y T OAOCT OAOT 1 AT OAT o0AT AT 11T =#1EI AOGA #EAI
OAAEAOEOA & OAET ¢d OF AAOAOEAA OEA AEA
instantaneous radiative perturbations and subsequent rapid adjustments

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

has been categorised into aerosealadiation interactions (direct and semidirect

effects) and aerosolcloud interactions (indirect cloud albedo and lifetime

effects). Thedirect 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 rticles 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 thelbedo of the underlying surface.
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The scattering efficency of particles is greatest asizes 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 n®. 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. Mate aerosol has been underepresented

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 thid assessmenteports 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 -#n due to aeroscradiation
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 whesvailable. 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).

Global Mean Radiative Forcing (W m2)

SAR

TAR

AR4

AR5

Sulphate aerosol

Black carbon aerosol from
fossil fuel and biofuel

Primary organic aerosol
from fossil fuel and biofuel

Biomass burning
Secondary organic aerosol
Nitrate

Dust

—0.40 (-0.80 t0 —0.20)
+0.10 (+0.03 to +0.30)

Not estimated

—0.20 (-0.60 t0 -0.07)
Not estimated
Not estimated

Not estimated

-0.40 (-0.80 to -0.20)
+0.20 (+0.10 to +0.40)

—0.10 (-0.30 to -0.03)

-0.20 (-0.60 to -0.07)
Not estimated
Not estimated

—0.60 to +0.40

—0.40 (-0.60 to -0.20)
+0.20 (+0.05 to +0.35)

—0.05 (0.00 to -0.10)

+0.03(-0.09 to +0.15)
Not estimated

—0.10 (-0.20 t0 0.00)

—0.10 (-0.30 to +0.10)

—0.40 (-0.60 to -0.20)
+0.40 (+0.05 to +0.80)

—0.09 (-0.16 to -0.03)

—0.0 (-0.20 to +0.20)
—0.03 (-0.27 to +0.20)
-0.11(-0.30 to -0.03)
-0.10(-0.30 to +0.10)

Total

Not estimated

Not estimated

—0.50 (-0.90 to -0.10)

—0.35 (-0.85 to +0.15)

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
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liquid water droplets. The presence of CCN Veers 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 supeicooled liquid

water droplets to freeze above approximately40°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 thdirst aerosol indirect effectoccurs when an increase in
the number concentration of cloud condensation nuclei (CCNat a constant
liquid water content leads to more numerous but smaller droplets. The resulting
increase in cloud reflectivity has a cooling effect on climated(vomey, 1977). The
latter, also termed thesecond aerosol indirect effectefers 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 occuywith implications for gas-phase chemistry. For example, Tie
et al. (2003) found that the heterogeneous hydrolysis of dinitrogen pentoxide
(N2Gs) provides an important sink pathway for NQ, with consequencesfor
ozone (Q) formation, and Pope et al. (2015)found that overestimations in
wintertime NOx column concentrations over Europe were reduced when
heterogeneous NGs hydrolysis was included in air quality simulations. HQ
uptake is also enhanced by the presence of aerosol, with implications for the
oxidative capacity of the atmosphere (e.dMacintyre and Evans, 2011; Huijnen et
al., 2014. For example, decreasing trends in regional PMover the North China
Plain have been found to slow downtte uptake of HQand enhance ®@formation

(Li et al., 2019. Heterogeneous uptake of gases, for example onto dust, has also
been the focus of many studies (g.Karydis et al., 2016; Tang et al., 20}7The

presence of aerosol in cloud can also alter rainwater pH, which in turn can
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influence aerosol formation. For example, the htloud oxidation of SQ by s to

form sulphate aerosol is pH dependent (e.d.urnock, 2016).

Aerosol chemistry interactions are important for nitrate aerosol, which itself is
formed from heterogeneous reactions of nitrogen species g0, NG and HNQ).
Several studies have suggested that the presence of niteaih aerosol can inhibit
heterogeneous NGs hydrolysis and therefore selflimit 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 particlesgrydis et al., 2016; Chen
et al., 201§ and provides a major sink for N® species. Ammonium nitrate
aerosol is semivolatile 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., 2003. The scattering of radiation by aerosol also changes the
amount of direct and diffuse radiation that reaches vegetation with implications
for plant photosynthesis (e.gMercado et al., 2009; Mahowal, 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, ammoniurmand sulphate aerosol and
their precursor gases of nitric acid, ammonia and sulfuric acii$ subject to large
regional variations (Rodhe et al., 2002 Such deposibn is damaging to ecology
and also human infrastructure. Eutrophication is the oveenrichment 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 ofte 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 (Bergstrom and Jansson, 2006; Bouwmaet al., 2003. 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 impat 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
increaseddiffusivity 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., 2009Rap et al., 20150'Sullivan et al., 201
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 nitrogerchemistry.
Semivolatile ammonium nitrate is produced from the reaction of nitric acid
(HNGs) with ammonia (NHs). Globally, ammonia emissions are dominated by
agricultural practices, which can contribute 90z 100% of NHs emissions in
Western Europe and tle United States Bouwman et al., 1997; Sutton et al.,
2000). Nitric acid is formed from reactions of emitted nitrogen oxides (NQ. NG
emission sources include anthropogenic fossil fuel combustion and agriculture,
biomass burning soil and lightning (e.gOlivier et al., 1998; Jaeglé et al., 2005
Tost, 2017; van der Werf et al., 2000 NG is inefficiently dry and wet deposited
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Figure 2.1 Overview of tropospheric inorganic nitrogen chemistry. From
FinlaysonPitts and Pitts Jr (1999)

removal sink. There are two main chemical pathways through which NQs
converted to nitric acid. The first is the daytime reaction of nitrogen dioxide
(NOz) with the hydroxyl radical, OH (equation2.1).

66§ "0° "O0) (2.1)

The second pathway for nitric acid formation involves formation of the N©
radical and heterogeneous dOs hydrolysis, following equations2.2 to 2.4. These
reactions form the dominant nitric acid formation pathway during darkness
because the intermediary N@radical and NGs are rapidly photo-dissociated in

sunlight (equations 2.5 to 2.8)

66 6 000 O (2.2)
60 60 © 00 (2.3)

60 "O6 aw COOD (24)



-29.-

66 @O O GO (25)
60 WO G © (2.6)
60 WO OO 2.7)
66 0 OG5 GO O (2.8)

Some of this nitric acid will react during the day to reproduce N&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 HNQ is approximately 10 times faster than that of particulate
phase nitrate (Seinfeld and Pandis, 1998 and this gasparticle partitioni ng
therefore influences the removal rate of atmospheric total nitrate (i.e. the sum of
both gaseous nitric acid and particulate nitrate aerosolAw and Kleeman, 2003
Fagerli and Aas, 2008

As mentioned, nitric acid can condense onto existing aerosol partidgo form
particulate nitrate aerosol. Over continental regions nitric acid is mostly
neutralised in the aerosol phase by the presence of ammonia (B)1forming
ammonium nitrate (NH4NGs) by equations2.9 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).

60 005 P 0000 (29)

60 005 P 6O 00 (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.
NH:NGs is semivolatile in nature, such that it can reevaporate from the aerosol
aqueous phase depending on ambient conditions. The equilibrium between
gaseous nitric acid, gaseous ammonia and particulate pe 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.gMorino et al., 2006; Crosier et al., 2007; Morgan et al.,
2010b). The semivolatile 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 ariseswith higher nitrate aerosol
concentrations often mesured in the colder winter months and in springtime
episodes associated with agricultural Nkl emissions (e.g.Hand et al., 2012;
Perrino et al., 2014; Vieno et al., 2016

The formation of ammonium nitrate isnot 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 preexisting aerosol, namely sulphateHowever,
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. Inregimes 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 concentraons can therefore be nonlinear.

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., 201Y. Nitrate aerosol formed by these pathways
are nonvolatile, with gaseous nitric acid partitioning irreversibly into the
particulate phase and predominantly into the coarse mode. The heterogeneous
reaction of nitric acid with sea st produces sodium nitrate (NaN@) aerosol and
hydrogen chloride as per equatior2.11 and is alarge source of nitrate aerosol
(e.g.Allen et al., 2015; Liu et al., 2015; Itahashi et al., 20l&ea salt aerosollao
provides a surface on which heterogeneousN20s hydrolysis can occur,

producing nitric acid (eq. 24).

0da "O0o ©0wo @ a (2.11)
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Another major pathway for nitrate aerosol formation is via the adsorption of
nitric acid onto dust andreaction with other light metallic species, including
calcium, magnesium and pt@assium, as in equation®.12 to 214 (e.g.Karydis et
al., 2016; Bian et al., 2017

& b0 08D (2.12)
bQ B0 O DD (2.13)
O 66 00U (2.14)

2.4 Existing studies on nitrate aerosol

The complex nature of nitrate aerosol formation, including its calependency on
several precursor species and its semiolatility (see Section 2.3), provides a
challenge for dobal aerosol models. The remaining sections of thishapter
describes the challenges associated with representing ¢htwo-way (semk
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 semivolatile partitioning of size-resolved nitrate aerosolbetween 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 mockls have been applid, in which

the mass transfer betweergaseous nitric acid and particle phase nitrate aerosol
is instantaneous. Such models include EQUISOLV | andJHqobson et al., 1996;
Jacobson, 1999 ISORROPIA | and INenes et al., 1998Fountoukis and Nenes,
2007), EQSAM (Metzger and Lelieveld, 2007), INCAguglustaine et al., 201%

and RPMARESHenze et al., 2007 based on MAR®&\, Binkowski and Roselle,
2003), the majority of which have been included in the A@Com Phase Il nitrate

aerosol intercomparison Bian et al., 2017. The advantage of the equilibrium
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approach is its speed, stability and relative simplicity. However, the equilibrium
approach is thought to beinvalid when considering gasparticle partitioning to

the coarse mode (Vexler and Seinfeld, 1992; Meng and Seinfeld, 1996vhich
occurs on atmospheric timescales longer than typical model timestepStudies
have shown that equilibrium models underestimate fine mode aerosolAnsari

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 & developed to more
realistically represent the gasparticle partitioning of nitrate (e.g. MADMA,
Pilinis et al., 2000 MOSAICZaveri et al., 2008. However, the need to integrate

the governing equations with respect to time across multipleparticle sizes

i ANOETI EAOAOETT OEIi A0q OAOOI 606 ET 1 0O0i AOEAAI

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

AppPpl EAA A OEUAOEAS ADPDPOI AAEélectiveEddaBidA U OE A
to use either an equilibrium or a dynamic treatment for gas to aerosol
partitioning (e.g. HDYNCapaldo et al., 2000; Feng and Penner, 2007; Trump et

al., 2015 Hy-DiS-1.0,Benduhn et al., 201®. 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 concentrationsTrump et al. (2015), on the other hand,
found that the equilibrium scheme overestimated PMnitrate 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 studieshave compared the influence of the gaparticle partitioning approach

O«

A
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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 Phasdll models; Bian et al., 2017.
2.4.2 Observed and simulated nitrate aerosol abundance

Observation and modelbased studies have found that nitrate aerosol forms an
important component of regional atmospheric aerosol, particularly in urban
areas, over Europe $chaap et al., 2004; Crosier et al., 2007; Putaud et al., 2010;
Morgan et al., 2010a; Squizzato et al., 20,3he USA lalm et al., 2004; Silva et
al., 207; Hand et al., 2012; Pusede et al., 20/1#nd Asia Pathak et al., 2009; Ying
et al., 2014; Snider et al., 20)6For example Hand et al. (2012) analysing 20®-
2008 monthly and annual mean observations, found that ammonium nitrate
contributed up to 50% of surface PMsin urban and rural regions of the Midwest
and Western USA, while still contributing 1615% of PM.s far from major
sources. They observed higheasonality in ammonium nitrate concentrations
with peak concentrations in wintertime. Over Europe,Morgan et al. (2010a)
found that ammonium nitrate and aganic matter typically contributed 20z 50%
of the nonrefractory particulate mass in airborne measurements, with nitrate
aerosol dominating the boundary layer aerosol composition in North Western
Europe.NHsNGs exhibits greater spatial heterogeneity thanSQ2- (e.g.Snider et

al., 2016 as a result of spatial variation in Ndland NQ 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 PMes and 3% of PMwo on high pollution days when PMo
exceeded 50 ug M. The reasons for this are not fully understood. The occurrence
of high-nitrate haze episodes in ChinaY@ng 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 multtmodel assessment of nitrate aerosol abundance to date is the
AeroCom Phase Il intercomparisor{AP3; Bian et al., 2017, following from the

previous Phase Il assessmen{Myhre et al., 20133 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 N&nhd NH emissions.
Several models also simulated high concentrations over the Middle East, South
America, Africaand Australia associated with high dust concentrations or NH
and NG-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 maimum and minimum modelglobal NGs-
burden. Average global surface nitrate aerosol concentrations of 0.23 pug-kg
were simulated, representing a similar 36.5% of the mean sulphate surface
concentration. However, the multtimodel 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 mult-model diversity in the concentrations of precursor species.
Atmospheric nitric acid burdens varied by a factor of 9, thought to reflect
differences in Q-HO«-NO« chemistry and mechanisms for nitrate aerosol
production. Wet deposition dominatedthe diversity in NHzand NH:* and NG~
lifetime. The study alsofound that inclusion of the heteogeneous 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, formingyer
80% of the nitrate aerosol burden in the two models that submitted full N®
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®é
hydrolysis for nitrate aerosol formation (e.g.Riemer et al., 2003; Alexander et al.,
2009). Previous atmospheric modelling studies have tended too¢us on the
implications of heterogeneous NOs hydrolysis for NO, & and OH
concentrations from urban to global spatial scales (e.qRiemer et al., 2003;
Dentener and Crutzen, 1993; Macintyre and Evans, 2010; Poeeal., 2015; Tie
et al., 200). Alexander et al. (2009)determined that NoOs hydrolysis controls
18% of the global, annuaimean tropospheric total inorganic nitrate (nitric acid

+ nitrate aerosol) burden in the GEOSChem 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. NGs hydrolysis therefore has the potential to
impact regional air quality and aerosol radiative effectshrough 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., 201 with
implications for atmospheric composition, climate and air quality. Emissions of
NCO, NHs and SQ are of particular relevance for nitrate aerosol formation.
Emissions of N@ NH and SQ emissions have previously been deemed to peak
globally in 1990, 1990 and 1980, respectivelylamarque et al., 201}, though
subsequent estimates from the Community Emissions Data System (CEDS) have
found global increases beyond these years drivdargely by enhanced emissions
from Asia (Hoesly et al., 2018 Post1980 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, althohgrecent reports suggest that
emissions from China have begun to stabilise since 2010 following changes to
emission standards for power plants Liu et al., 201§. Figure 2.2 shows 19860
2010 changes in S@and NG emissions over Europe, the USA, India and China as
collated by Granier et al. (2011). Over Europe, total anthropogenic 5€missions
decreased by 73% between 1980 and004 (Vestreng et al., 200Y, with similar
decreases by 73% and 7&¢ 90% between 1980 and 2010 corroborated by
Granier et al. (2011) and Tarseth et al. (2012) respectively. European N©
emissions deceased by 30% overall between 1980 and 2010, while NH
emissions increased by 25% as a result of unregulated agricultural emissions
(Granier et al., 201). In the USA, Sand NG emissions decreased by 58% and
30% respectively, while NH emissions increased by 6% between 1980 and 2010
(Granier et al., 201). Over India, total S@ NG and NH emissionsincreased by
337%, 192% and 2% respectively between 1980 and 2008 ranier et al., 201).
Emissions from China also increased by 96%, 170% and 63% for SQIQG and
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NHs, between 1980 and 2010 respectively Granier et al., 201). While SQ
emissions were reported to have decreased by 9.2% between 2006 and 201Qu(
et al.,, 2019, a mean annual growth rate in NOof 6.7% had been maintained
between 2006 and 2009 [Lamsal et al., 2011
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India and (g-h) China. Adapted from Granier et al. (2011).



-37-

2.4.4 Historic trends in PM 25 and associated mortality

Several studies lve investigated trends in PMs concentrations on global and
regional spatial scales over the past few decadetdibensperger et al., 2012;
Tarseth et al., 2012; Turnock et al., 2015; Li et al., 200with some also assessing
historic trends in PMus-attributable mortality ( Wang et al., 2017; Butt et al.,
2017; Cohen et al.,, 201/ These observation and modelling based studies
conclude that, overall, PMsconcentrations have decreased in Europe and North
America in recent decades, while increasing over India and China, in response to
regional emission changes (seee8tion 2.4.3). Recent observationfhowever, do
suggest that PMs concentrations have stabilised and startedo 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 lonterm exposure to PM.s (PMz.s-
attributable premature mortality) in these regions have also changed in recent
decades, as result of these changes in PM concentrations, baseline disease
rates and demography (population number and age). Based on a combination of
satellite-derived PMe.s, atmospheric modelling and ground based observations,
Cohen et al. (2017)deduced that rates of nortality due to ambient PMes have
decreased globally between 1990 and 2015 but that the absolute number of
ambient PMv s-attributable deaths has increased globally from 3.5 million deaths
in 1990 to 4.2 million in 2015. The rise in deaths resulted frongrowing and
ageing populations, along with increasing Pb& in low and middle income
countries in east and south AsiaWang et al. (2017 simulated regional 1990
2010 trends in PMesand ascertained that PMs-attributable mortality increased

in East Asia and South Asia by 21% and 85%, respectively, in this period.
Decreases in PMs-attributable mortality by 67% and 58% were calculated oer

Europe and highincome North America, respectively.

Butt et al. (2017) applied the UMUKCA model to quantify Pl¥s-attributable
mortality back to the year 1960 wten longterm 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 UMUKCA perturbed parameter ensemble estimates (light blue) and
satellite-derived product (orange). Percentage changedeaths are given for UM
UKCA [Incr = (2009.960)/1960, (20097 1990/1990 in blue] and satellite (GBD
PMiigh)[(2009-1990)/1990 in red)]. From Butt et al. (2017).

regional PM s-attributable mortality from this study. Butt et al. (2017)simulated
1960-2010 increases in populationweighted mean PM.sover China and India of
52.7% and 69.8%, respectively with increases in PMs-attributable mortality of
238% and 194%, respectively. In contrast, populationweighted PM.s were
reduced over the European Union (EU) and Wy 55.3% and 38%, respectively
with associated reductions in mortality by 65.26 and 47.96, respectively,
between 1960 and 2009. However, nitrate aerosalas not accounted for in these
simulations and its contribution to long term trends in PM.s 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 aerosolimate impacts and
policy-making to reduce PMs and its associated negative health impacts.

Despite its large contribution to aerosol concentrations in the Northern



-39 -

Hemisphere, relatively little research ha given attention to historic changes in
nitrate aerosol concentration. Longterm observations from 1990 onwards
indicate that airborne nitrate aerosol concentrations have declined over the USA
(Leibensperger et al.2012; Xing et al., 201pand Europe (Fagerli and Aas, 2008;
Xing et al., 2015; Tarseth et al., 20)2though at lesser rates of decline than
sulphate aerosol. ®served nitrate aerosol concentrations havelso fallen at a
lower rate than NG emissions in many locations Fagerli and Aas, 2008; Tarseth
et al., 2019. It is largely accepted that norlinearity between decreases in N©
emission and atmospheric nitrate concentrdons arise from the cedependence
of NHiNGs on NHs availability, where reductions in SQ emissions are combined
with level or increasing NH emissions. This cedependence has been the subject
of much research €.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., 2018nd of debate in light of
recent aerosol acidity measuremerg (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 HNand particulate nitrate aerosol Slanina et al.,
2001; Vecchi et al., 200Q 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 PM: using a combinaton of simulated and satellite
derived PMs. Nitrate aerosol was one of four main components of the average
population-weighted mean (PWM) PMs found to have significantly increased
globally at a rate of 0.05 pug mMyr-1 between 1989 and 2013, behind orgaic
aerosol (0.10 pg nByr-1) and ahead of sulphate (0.04 ug ffyr-1) and ammonium
(0.03 pg ms3 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 deceases identified over the USA and Europe (>+ 0.1 pug3yr-

1). Nitrate exhibited the largest of the aerosol trends analysed over East Asia
driving 35% of the annual increase in PWM PM and continuing to increase
significantly after 2006 and 2013 despiteinsignificant decreases in PWM Pbsk.
Xing et al. (2015)alsosimulated decreases in nitrate aerosol over Europe-0.03
png m3 yr-1) and increases over Eastern ChinatQ0.097 pg m3 yr-1) between 1990
and 2010 but, contrary to observed trendsfound increases insimulated nitrate
concentration over theEastern USA(0.014 ug m3 yr-1) as a result of increasing
NHs emissions. These studies found that areaweighted and population-
weighted mean nitrate concentrations have undergone ubstantial trends in
recent decades. This suggests that nitrate aerosol could be implicit in changing
PM s-attributable mortality rates, though its contribution to mortality has not

been directly evaluatedin 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 €o
dependence on N@ NHs and SQ availability, with global S& and NG emissions
projected to decline and NH emissions projected to increase in the next century
under most Coupled Model Intercomparison Project (CMIP) Phase 5
Representative Concentration Pathways (RCPgn Vuuren et al., 2011 Having
already peaked over Europe and the USA, global Sémnissions over Asia are
projected to peak in 2020 and decrease rapidly thereafter to the year 2100 in all
RCPs. Similarly, NGemissions peaked over the USA and Europe in the 1980s and
are projected to decrease globally to 2100. Global Nlemissions, however, are
projected to continually increase under all RCPs except in RCP4.5 where
emissions remain relatively stable until 2100 ¢an Vuuren et al., 201}
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 Clim& Model Intercomparison Project ACCMIP)
models for example including nitrate in longterm climate simulations (Shindell

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

has been expanded to 9 scenarios for the $ikCMIP 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 ike in the RCPs
for CMIPG6, globalemissions of NQ and SQare projected to decrease between
the present day and year 2100, with Nkl emissions remaining level or
increasing, in the CMIP6 scenarios that assume climate change mitigatien
undertaken (Rao et al., 201Y.

Of the global models that have made future predictions afitrate 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; Bauest al., 2016; Paulot et al., 20)6Pye et al. (2009)
simulated a nearconstant global N@ 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 Nldmissions.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 estimateas NQ emissions
decline (Hauglustaine et al., 2014; Bauer et al., 2016; Pusede et al., 2016; Trail,
2014; Paulot & al., 2016. These studies found dcreases in projected surface
NGs- concentrations resulting from reductions in anthropogenic NQ emissions
and heterogeneous production rates of HN©following reductions in total
aerosol surface area. Meanwhile, increas in NH emission drive increases in
simulated NQ- 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 aiquality and climate is expected to increase
as global sulphate concentrations decrease in response to S@mission
reductions (Shindell et al., 2013. Several global modelling studies have
identified that nitrate aerosols could replace sulphat by the end of the 2%
century as the dominant aerosol species, which would act to decelerate the

projected decrease in global mean aerosol forcing (e.@auer et al., 2007,
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Bellouin et al., 2011; Hauglustaine atl., 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 longterm exposure to fine particulate matter (PM.sand PMyo) 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 10pum (PMwo) and 2.5 um (PMs), with a few exceptions where individual
components, such as lead, are targeted. There is strongdence 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 PM.s exposure can be deemed safd@gelen 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 PM.s exposure and identifying strategies forreducing atmospheric

pollution and its associated disease burden.

2.4.7.1 Nitrate aerosol toxicity

Epidemiological and toxicological evidence for the longerm effects of individual
PMz.s components is limited (Wyzga & Rohr, 2015)and, in keeping with current
legislation, components of PMs are assumed in almost all studies to be equal in
toxicity. Concentration-exposure response functions have been developed to
relate PMe.s concentrationsto subsequent health effect¢Pope et al., 2009; Pope
etal., 2011; Burnett et al., 2014; Shin et al., 2016; Pope et al., 20418d havebeen
applied widely in studies to determine the health impacts, including prmature

mortality and years of life lost, of multtcomponent PM.s.

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 bodySchlesinger and Cassee (2003)nd
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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 BRNM(WHO, 2013. Wyzga and Rohr
(2015) later concluded that epidemiological and toxicological studies are too few
and inconsistent to infer caisality between longterm 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 inorgan
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 hydrocarbongCassee et
al., 2013) A larger body of shortterm 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 PMes. Ostro et al.(2007) observed a significant association between mortality
and nitrate concentrations, along with PMs, elemental carbon and several
metallic species. However, overall, shofterm studies neither provide
compelling evidence for a link between nitrate ad mortality nor exonerate its

role in negative health outcomesRohr and Wyzga, 2012.

2.4.7.2 Nitrate aerosol health impacts

Despite its important role in particulate composition, enhanced contribution to
PMs in high pollution episodes (see Sction 2.4.2) and potential toxicity, the
premature mortality associated with stort 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 PM:s is influenced by the
agricultural emission sector, through the role of ammonia isulphate and nitrate
aerosol formation (Lelieveld et al., 2015; Pozzer et al., 20)7Thus, a role of
nitrate aerosol in adversely impacting human health is implied but not directly

guantified by these studies.
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Lelieveld et al. (2015)found agricultural emissions to be the leading source
category for atmospheric PMs concentrations over Europe, Russia, Turkey,
Korea, Japan and the Eastern USA, given that ammonia was often the Imgjti
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 theglobal total when assuming
uniform toxicity of all components forming PM.s. Pozzer et al. (2017)simulated

a substantial decrease in Pbk concentrations over Europe, North America and
East Asia when agricultural NH emissions were abated. Based on present day
population number and age structure, they estimated that a 3@ reduction of
NHs emissionswould prevent 250,000 PM s-attributable premature deaths per
year globally. Regionally, this represented reductions of 3@, 1%, 8% and 3%

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

The conclusions ot elieveld 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 PM:s 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., 2008mpidi et
al. (2008) note the combined air quality benefit of reducingSQ and NG
emissions through controlling both ammonium sulphate and nitratelLi et al.
(2017) noted the role of nitrate aerosol in driving 25 year trends in population
weighted mean PMs (see Section 2.4.5) and its importance (286 contribution)
for population-weighted mean PMs, in particular, over Europe. Agai, these
studies imply that potential health benefits could result from reducing Pl¥s

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 estinted the influence of atmospheric
nitrate aerosol on present day climate, although these are relatively few in
comparison to evaluations of other aerosospeciessuch assulphate and black

carbon. These studieseported 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 préndustrial (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 betweenr0.023 W m2 (Myhre et al., 2009 and -
0.19 W m2 (Adams et al.2001). The AeroCom Phase Il intercomparisorMyhre

et al., 20133 included eight models that calculated thél to PDnitrate radiative
forcing, resulting in a mean estimate 0f0.08 + 0.04 W n? with a multi model
range of-0.02 W m2to -0.12 W m2. The ACCMIP ensemble found a mean nitrate
global direct forcing of-0.19 + 0.18 W n? with over an order of magnitude range
between models from-0.03 W m2 to -0.41 W m2. More recently,Hauglustaine
et al. (2014)derived a Pl to PD global mean nitrate direct radiative forcing of
0.056 W m2, equivalent to approximatey 18% of their calculated sulphate direct
forcing, using the LMDzZINCA modelLi et al. (2015)calculated a global Pl to PD
nitrate direct forcing of -0.025 W m2 with GEOSChem. Lund et al. (2018)
calculated a similar nitrate direct forcing 0f-0.02 W m?2, ecuivalent to 7% of the
sulphate direa radiative forcing, using OsI€TM3 and applying the CEDS v16
emission inventory (Hoesly et al., 2018 The magnitude of the direct radiative
forcing from nitrate aerosol was shown to nicrease between 1990 and 2015
amongthe @SS, OsloCTM2 and EMEP models Blyhre et al. (2017) with a
wider model rangein forcing than other aerosol componentsThe single model
study of Xu and Penner (2012)calculated the nitrate aerosol direct radiative
forcing using a hybrid approach to treat semivolatile nitrate 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 givin W m2. Extended from Xu and Penner (2012).

Direct effect Direct effect Anthropogenic forcing
(PD) (P
TOA Surface TOA Surface TOA Surface
Lund et al. (2018) - - - - -0.02 -
Li et al. (2015) - - - - -0.025 -
Hauglustaine et al. - - - - -0.056 -
(2014)
Myhre et al. - - - - -0.08 £ 0.04 -
(2013a)*
(-0.12 t10-0.02)
Boucher et al. - - - - -0.11 -
(2013) and Myhre et
(-0.30 t0-0.03)
al. (2013b)*
Shindell et al. - - - - -0.19+ 0.18 -
(2013)*
(-0.41 t0-0.03)
Xu and Penner -0.14 -0.18 -0.02 -0.02 -0.12 -0.16
(2012)
Bellouin et al. (2011) - - - - -0.12 -
Myhre et al. (2009) - - - - -0.023 -
Forster et al. (2007) - - - - -0.10 -
(-0.2t0 0.0)
Bauer et al. (2007) -0.11 -0.05 -0.06 -
Myhre et al. (2006) -0.02
Liao and Seinfeld -0.22 -0.21 -0.06 -0.06 -0.16 -0.15
(2005)
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 forrmitrate
aerosol alters the composition, sizeand 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., 201% Uptake of nitric acid gas also
enhances water uptake ad hygroscopic growth of the aeroso(Kulmala et al.,
1995; 1998b; Makkonen et al., 201R Nitrate aerosol formation can therefore
influence aerosol activation to cloud droplets and modify cloud albedo, ldag

to an indirect forcing on climate.

Anthropogenic aerosol optical depth: Year 2000
Without nitrate With nitrate Difference
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Figure 2.4 Anthropogenic aerosol optical depth (0.55 um) and aky topof-
atmosphere aerosol (direct and first indirect)adiative forcing (W m?) simulated
for the year 2000 by HadGEMRS 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 fr@&wallouin et al., 2011

Though nitrate aerosolis increasingly considered inassessments o£CDNC and
radiative forcing from aerosolcloud 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 havequantified 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 researciOther

studies have focussed on regionalitrate aerosol cloud albedoradiative forcing

(e.g.Lietal., 2009; Wang et al., 2010; Drugé et al., 2019; Zhang et al., 3015

Bellouin et al. (2011) simulated a preindustrial to present day nitrate first
indirect forcing (aerosol cloud albedo forcing) of-0.05 W m?2 using the mass
based CLASSIC aerosol scheme WiV-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 proportionalh 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§ellouin et al.,
2013). The nitrate aerosol cloud albedo effect has not subsequently been
evaluated in the UM-UKCAmodel using the more recently adopted GLOMAP
mode microphysical scheme(described in Section 3.2.3),which simulates

aerosol numbe independently of aerosol mass.

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

assumption for the gasparticle partitioning of nitric acid and only represented

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

estimation and models that assumehermodynamic equilibrium in the NGz

NHs*-SO2> Nar-Ck may not resolve the influence on CCN accurately (e.g.

Benduhn et al., 2018 The GLOMARNode approach apples a more physically

OAAT EOOEA OEUAOEA8 ADPDOI AAE O OADPOAOGAT O 1 EOC
main soluble aerosol modes but the resulting nitrate aerosol radiative effects

using this approach inUM-UKCAhave never been quantified.
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Figure 2.5 The contribution of nitrate aerosol to cloud droplet number
AT T AAT O0A &)l 9B0 njb as sivhuldield by the IMPACT model for the year
2000, given as the absolute difference (bottom) between CDNC simulated with
nitrate aerosol excluded (top) and inated (middle). Adapted fronXu and Penner
(2012).

Xu and Penner (2012)calculated a smaller combined nitrate and ammonium
first indirect aerosol radiative forcing of-0.01 W m2 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 ammorium 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 ahi3% 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 a
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approximately 20%) between 20 N and 60 N, corresponding spatially with

regionswhere simulated nitrate aerosol concentrations were greatest.

{ =N

2 ~10 +———T———— —
90S 60S 308 0 30N 60N 90N
Latitude

Figure 2.6 The percentage change in zonal mean CDNC for the year 2000 when the
effects of nitate 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¥urther inferred that the presenceof soluble gaseous nitric
acid enhanced the activation of smaller particles by lowering the critical super
saturation and increasing aerosol hygroscopicity. The nitric acid effecin CDNC
was associated with a radiative forcing 0f0.08 W m2. Increasesm 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 semkivolatile 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,
AT A OEUAOE Aldave Ahbref@dd bednEldv€oped to simulate the size
resolved nitrate aerosol formation more realistically (see Section 2.4.1).
Furthermore, the latest AeroCom Phase Ill intercomparison exercise found wide
variability in present day nitrate aerosol concentations 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 PMs and PM:s-attributable mortality (see
Sections 2.4.3 and 2.4.4). However, asresult 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
PMzs, changes in nitrate aerosol concentration could inflance the number of
deaths associated with longterm exposure to PMs (see Section 2.4.7). Finally,
nitrate aerosol acts as a climate forcing agent and its indirect influence on the
radiative budget via modification ofthe cloud albedo, in particular, is sverely

understudied (see Section 2.4.8).

Having summarised the existing research on nitrate aerosol, the neghapter,
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

O1 EQXOAGRT AAAG  OA O-OKJATcommuBity @dmpositiorclimate

model. TheUM5 + #! 1 1T AAl AT OP1 AO OEA 5+ -AO | EA
Brown et al., 2019 with the UK Chemistry and Aerosol sulmodel (UKCA). The

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

_ 1 OCAT 6OAOT A0 Ai8h cmmwen /6#iI1170 AO A
Global Model of Aerosol Processes (GLOM#Avibde) aerosol microphysics

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

mode only simulate the oneway transfer of extremely low-volatility

i ATTAAT OAAT AQq 1T AGAOEAT O1 ABAO A0 ARGEOA 108 (B
iTA£ ",/1-10 EO Abbl EAA EIT AT ObPi OAOEIiOx A EU
This solve additionally represents the sizeresolved partitioning of semk

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

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

Section 3.2 gives a comprehensive description of this chguration of the UM
UKCA compositionclimate model including the atmosphere model (3.2.1),
chemistry scheme (3.2.2) and microphysical processes simulated within nitrate
extended GLOMA#fmMode (3.2.3) including the HyDiSL.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 PMs and associated health
impacts arising from longterm exposure to PMs. Section 3.4 describes the
03/ #2! 4%38 3O0EOA iveHrassiel doded, Baddd ouviahdE A O
and Slingo (1996)and doud droplet number concentration (CDNC) calculations
used offline inChapter®6 to calculatePD nitrate aerosol radiative effects vialoud

albedoperturbations (i.e. PDfirst aerosol indirect radiative effect).

In Chapter 4, UM-UKCAsimulated nitrate, ammonium and sulphate aerosol
fields are compared with those simulated by the 9 participating models of the
AeroCom Phase IlI nitrate intercomparisorexercise(Bian et al., 2017. Section

3.5 presents an overview of these models and the protot for the AeroCom



-54 -

Phase Il nitrate experiment. Surface, aircraft, ship and satellteased
observations applied to evaluate the model itChapters 4, 5 and 6 are described
in Section 3.6 of this methodschapter, with Section 3.7 explaining the statistical

metrics used for modetobservation comparisons.

3.2 Description of nitrate -extended UM-UKCA

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

general circulation model, UMUKCA, the GLOMARode aerosol module and the

nitrate extension to the GLOMAMode module, HyDiSL.0.

3.2.1. Unified Model configuration and dynamics

4EA - A0 | AEEAAS O BiovinamRA 2012 id hérdaiter referrddd 5 - N
toas@e5-6 ET OEEO OEAOGBKD mddelAs rdkniirdanl AA 5 -
atmosphere-only configuration for this thesis because the sciere is focussed on
atmospheric aerosol and its health and radiative effects. In the atmospheomly

configuration, the ocean and sea ice model components are switched off, with
time-varying seasurface temperatures and seace extent prescribed from the

seond Atmosphere Model Intercomparison Project  (www -
pcmdi.linl.gov/projects/amip). The simulations are all within version 1.1 of the

3d CAT AOAGETT 1T &£# OEA OAOIi 1 OPEAOA 1T AAT G 1 &
Environmental Model (HadGEM3A-v1.1) described byHewitt et al. (2011). The

UM-UKCA simulations here use the winds, temperature, humidity, clouds and
precipitation from HadGEM3A-v1.1, which are calculated online and provided

each timestep to theUM-UKCAsub-model as applied byMorgenstern et al.

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

Large-scale advection, convective uplift and boundary layer mixing of theM-
UKCAgas and aerosol tracers are calculated by other component sufiodels
within the HadGEM3A-v1.1 framework (Davies et al.,, 2005; Gregory and
Rowntree, 1990; Lock et al., 2000; Martin et al., 2006; Priestley, 1993These
dynamical processes are integrated on the dynamical atmospheraodel
timestep of 20 minutes, along withUM-UKCAemissions. Chemistry and aersol
processes are integrated on a-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

AT T AEOEIT O xEOEEI OEA DAOOEAOI AO UAAO
functionality has beenapplied for all simulations (Telford et al., 200§. For
meteorological nudging in UMUKCA, simulated horizontal winds and potetial
temperatures are relaxed toward the ERAnterim 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
chemical equation set is identical to that described and evaluated @'Connor et
al. (2014h xEOE ANOAOGEIT T O ET OEA OAOGODP EAOA
framework (Carver et al., 1997 and integrated using a NewtorRaphson soler

as implemented in Squire et al. (2014) The Troplsop chemistry scheme
simulates tropospheric oxidative capacity online in UMJKCA and comprises a
core tropospheric chemistry scheme with an additional isoprene oxidation
scheme following the Mainz Isoprene MechanismP@schl et al., 200 see
O'Connor et al. (2014) In total, 56 chemical species are modelled, including
reactions of inorganic odd oxygen (&), nitrogen (NG), hydrogen (HQ) and
hydrocarbons, including @arbon 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 Troplsop chemistry scheme is extended here to include gas and aqueous
phase oxidation of sulphur compounds and a lumped monoterpene tracer to

account for biogenicsecondary organic aerosol $OA formation, following the
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setup for the 50year UMUKCA aerosol hidcasts ofTurnock et al. (2015)and

Butt et al. (20178 4EEO AAOI 011 AEAI EOOOU AgOAT OEIT 1
implements the same aerosol precursor chemistry equation set as developed by

Spracklen et al. 2005; 2006) for TOMCATFGLOMAP Toulouse Offline 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 dimehyl sulphide (DMS) and sulphur dioxide (S€) and

aqueous phase oxidation of SOSulphate aerosol is formed from the gaghase

oxidation of SQ by OH and by aqueous #D, and G oxidation in low-level clouds.

Table 3.1 Summary of gas and aqueous phase reactions of sulphur and
monoterpene in UMJKCA tropospheric chemistry scheme. Monoterpene is treated

as alphapinene with secondary organic aerosol product yield of 13%.

Reaction Reference

Gas phase reactions
DMS + OHFA SQ + CHO: + HCHO (Pham et al., 1995
DMS + OFA 0.6SQ + 0.4DMSO + CGi: (Pham et al., 1995

DMSO + N©A SQ + HNQ + CHO; + HCHO  (Pham et al., 1995

SQ + OHA H:SQ + HQ (Pham et al.1995)
MONOTERPENE + OMf 0.13SOA (IUPAC; Spracklen et al., 2006
MONOTERPENE +3@, 0.13SOA (IUPAC; Spracklen etlg 2006)
MONOTERPENE + N@, 0.13SOA (IUPAC; Spracklen et al., 2006

Aqueous phase reactions

HSG + O A SOZ (Kreidenweis et al., 2003
HSQ + G A SOz (Kreidenweis et al., 2003
SQz+ G A SO (Kreidenweis et al., 2003

SOA is produed at a yield of 13% from the products of monoterpene and is
assumed to condense onto existing aerosols, enabling LWKCA to automatically
include biogenic secondary organic aerosol formation within the GLOMARode

aerosol module Spracklen et al., 2006; Kelly et al., 20)8As described later in
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Section 3.2.4, the nitrateextended aerosol microphysics scheme also requires
the gas phase HN&and NHs concentrations to be passed between the chemistry

and aerosol schem.

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

AEAT EOOOU I TAOI A j 04071 B( A OgitheEhésisAIOE OA O/
the contribution of this chemistry to seasonal nitrate aerosol formation
investigated in Chapter4. The default scheme included withitdM-UKCAhas two
heterogeneous reactions: the conversion of dinitrogen pentoxide @®s) to nitric

add and selfreaction of the hydroperoxyl radical, HQ. The aerosol surface area

is calculated online by the GLOMAROode aerosol module using the aerosol

number concentration, the wet diameter from each mode and the modal

geometric standard deviation.

Thereaction probabilities of NoOs 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 N2Os onto sulphate, black carbon and organic carbon
are estimated using the equations reported inEvans and Jacob (2005)For
reaction on seaO A1 @8 = RH.x 0.0005 (RH < 62%) or considered constant at
n8dno j2( | og¢cbg8 &I O OEEO OBAradmoninE A OAA
nitrate has been added to the default subroutine and is calculated based on the
International Union of Pure and Applied Chemistry (IUPAC)ecommended
studies ofHallquist et al. (2003), Wahner et al. (1998)and Dauvis 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 GLOMAPmMode diagnostics, so reactions on dust are not included
here because dust is handled bthe separate birresolved Woodward (2011)
scheme, as explained ifection 3.2.3.1. Since the thesis focuses mainly on nitrate
aerosol influences within polluted industrialised regions, this omissionis not
considered to changehe results substantially. The reaction probabilities for the
HO: self-reaction are estimated for the same surfaces using the equations

summarised inMao 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 Fasl interactive scheme \ild et al., 200Q. The
photolysis rates are catulated everyUM-UKCAtimestep (i.e. at hourly intervals),
allowing UM-UKCAto represent additional chemistry-aerosol interaction effects.
In the current implementation within UM-UKCA sulphate aerosol load from the
CLASSIC scheme is passed through to Fadbecause 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 s£heme for tropospheric gasphase 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 icke’scheme follows that of
Wesely (1989) and is briefly described in O'Connor et al. (2014) with full
descriptions of the approach given irBeinfeld and Pandis (2006and Smith et al.
(2000).

3.2.2.5 Wet deposition

The wet deposition scheme for the tropospheric gaphase 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 largeale

precipitation. The scheme was originally developed byValton et al. (1988)

2AT T OA1 OAOAO AOA Al O AADAT Aekitiedtfor T OEA A £E£EA
AAAE OPAAEAOh xEAOA OEA AEEAAOEOA (AT OUGO A
dissociation and complexf®i AOET T 11 OPAAEAOGSE OI 1 OAEI EOUS
3.2.2.6 Top boundary conditions

The tropospheric chemistry scheme prescribes £©concentrations above a
threshold vertical level with concentrations from$ A1 1 8! I EAT . /kO Al 8 | cmp

these simulations, the threshold level is the 8 level above the tropopause.
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Stratospheric sources and sinks of NG and CH, 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, thisapproach is considered acceptable for the

short 16 month simulations in this thesis.
3.2.3 GLOMARmMode aerosol microphysics module

GLOMAPmMode is the modal version of the original birresolved Global Model of
Aerosol Processes (GLOMABIn, e.g. Spracklen et al., 200p developed
specifically for UMUKCA. The modakcheme was initially developed and
evaluated (Mann et al., 2010 in the 3D global offline chemistry transport model,
TOMCAT Chipperfield, 2006. GLOMAPMode parameterizes the size
distribution into several log-normal modes, representingthe 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 microphysi@l processes that influence the multcomponent,
size-resolved aerosol mass and number and its evolution. As well as representing
aerosol microphysical processes (nucleation, condensation, coagulation,
hygroscopic growth, cloudprocessing and particleageng), the models also
include sizeresolved 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 Wwich the module is shown to perform

well against a range of observations. The modal settings were revisedMann et

al. (2012) to maximise the fidelity of GLOMARNode predictions conpared to

GLOMAPDIN.

Turnock et al., (2015)evaluated sinulated trends in S@?%, 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 thaitrate extension

to GLOMAPmode. 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 a®sol components and size ranges that are carried by
nitrate -extended GLOMAHMNode with the additional components associated
only with this GLOMAP version fection 3.2.4) shown underlined. As with the
standard non-nitrate extended version of GLOMAP, legormal modes represent
aerosols in 4 size ranges: nucleation @3 10 nm), Aitken (10 nm < @< 100 nm),
accumulation (100 nm < @ < 1000 nm) and coarse (l > 1000 nm). The
simulations here apply the revised modal parameters from Mann et al. (2012),
with a narrower accumulation mode corresponding tosg=1.40 (originally 1.59)

and the coarse mode covering particles down to 500m dry diameter (Dyg).

Table 3.2 Standard aerosol configuration for GLOMARode, with adlitional
components included for nitrateextended GLOMARode underlined, adapted
from Mann et al. (2010).

Mode Size range Components Soluble A4
Nucleation soluble ~ Dg< 10 nm SO%, NGz, NHa* Yes 1.59
Aitken soluble 10 nm < < 100nm SQ2,NGs, BCOCNHa* Yes 1.59

Accumulation

soluble 100 nm < < 500nm  SQ2,NQGs, BC, OC, NaNH4+, Ct Yes 1.40
Coarse soluble Dg> 500 nm SO2,NGs, BC, OC, Na\Hs*, Ct Yes 2.0
Aitken insoluble 10 nm < )< 100 nm BC, OC No 1.59

In its standard, nonnitrate -extended configuration, GLOMAJNode carries 5
aerosol components (sulphate, black carbon, organic carbor including
secondary organic aerosol and sea salt) in four soluble modes and one insoluble

Aitken mode, yielding a total of 19 tracers (14erosol 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 arahloride ions.
The HyDiS1.0 dissolution module, which constitutes the main component of
nitrate -extended GLOMAP is described comprehensively iBenduhn et al.

(2016), and a brief overview is provided inSection 3.2.4.

The following sub-sections give an overview of the precursor gas and primary
aerosol emssions included in GLOMA#node,including the MACCityMACC and
CityZen project) emission inventory (Granier et al., 201} and the model

implementation of key aerosol microphysical processes.

3.2.3.1 Precursor gas and aerosol emissions
Emission inputs to the UMUKCA 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 NQ, sea salt and
dust.

All simulations in this thesis use monthly varying anthropogenic and biomass
burning emissions of S@ NQ, NHs, BC, OC, CO and speciated VOCs from the
MACCity inventory Granier et al., 201). The dataset covers 50 years from 196

to 2010 with emissions based on the Atmospheric Chemistry and Climate Model
Intercomparison Project (ACCMIP) inventory Lamarque et al., 201D between
1960 and 2000 and on the RCP 8.5 emission pathway from 2000 onwardaf
Vuuren et al., 201). The inventory is sectorspecific and includes, for example,
emissions from agriculture, agricultural waste, residential use, energy
production, shipping and land trangortation. 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 thease of biomass burning,
the MACCity inventory includes annual mean carbon emissions from the Global
Fire Emissions Database (GFEDan der Werf et al., 2019 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 someSQ, aircraft NOx and biomass burning emissions.
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Anthropogenic SQis separated into surfae 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. Yearvarying 3D aircraft NG emissions and monthlyvarying 3D biomass
burning emissions of S@ BC and POM were rgridded onto the N96L63UM-
UKCAgrid and applied to the model as a 3D emissions source. Emissions 08,SO
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 subgrid sulphate particle formation, e.g. nucleation in S{plumes
from power plants and volcanoes, the UMUKCA simulations match AeroCom
recommendations Qentener et al, 2006) in emitting 2.5% of all gasphase S@
emissions as primary sulphate emissions. Such primary sulphate particles are
included from anthropogenic, volcanic and biomass burning sources of 2@ith
the emitted aerosol number derived from the sulphatenass emission based on
the grid-scale particle source having a logormal emissions size distribution,

following size recommendations fromStier et al. (2005)

DMS emissions are calculated depending on seawater concentration fields and a
wind speed dependent airsea exchange parameterisationettle and Andreae,
2000; Liss and Merlivat, 1986. A climatological volcanic S© source from
continuous (passively degassing) and explosive (tropospherimjecting)
eruptions are included from 3D emission files, combining theAndres and
Kasgnoc (1998) and Halmer et al. (2002) inventories, with AeroCom

recommended injection heights Dentener et al., 2008.

Lightning NO«emission is calculated online using a parameterised lightning flash
frequency of 3.44 x 10° H*9per minute over land and 6.4 x 1@ H1.73per minute
over ocean, where H is cloud depth, combined with a latitude dependent cloud
to-cloud and cloudto-ground flash ratio (Price and Rind, 1992; 1993. Lightning

NO« 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 fromSpracklen et al. (2006) Climatological
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monthly varying 2D surface monoterpene emissions from vegetation follow the

Global Emissions InitiAtive databas€éGuenther et al., 199%in this thesis.

Monthly varying emissions of anthropogenic carbonaceous patrticles (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
amodified 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 geometic standard deviation of 1.59.

Sea salt emission fluxes are calculated using the surface wind speed
parameterisation of Gong (2003) Sizeresolved seaspray fluxes are calculated
over a 20 bin size rangeand then fed into either the accumulation or coarse
soluble modes of GLOMA#ode.

Mineral dust aerosol is simulated using a separate stin scheme developed by
Woodward (2001, 2011) which simulates the mass of dust particles with a dry
radius between 0.03 and 30 um. 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 GLOMARNode, global variations in the underlying
particle size distribution and abundance stem from the processes simulated in
the core GLOMAfnode module. The following section therefore describes how
these processes are represented by GLOMARbde in the UMUKCA model

applied for the simulations in this thesis.

3.2.3.2.1 New patrticle formation

New particle formation occurs via nuleation, 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 bythe binary
homogeneous nucleation of kE5Q-H20 to form sulphate aerosalin TOMCAT
GLOMAP, 35% of CCN (0.2%) in global ldevel 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 gasphase sulphuric acid concentration surpasses a critical threshold
concentration. In the simulations herenew particle formation occurs only via FT
nucleation, although the full range of boundary layer nucleation mechanisms in
GLOMAPmMode (seeReddington, 2012, including the organicmediated rates,
are included in later (non nitrate -extended) configurations of the UMUKCA

codebase.

3.2.3.2.2 Coagulation

GLOMAPmMode represents coagulation of particles from collisions both within
(intra-modal) and between (intermodal) 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 parties is strongly size dependent
andintra-modal coagulation (the cagulation of 2 particles in the same modes

only effective for the submicron aerosol size modes.

In the version of GLOMARNode applied here, intramodal coagulation occurs
only within soluble modes. Freshly nucleated particles (i.e. those in the
nucleation mode) coagulate effectively with other similarsized particles (i.e.
with those in the same mode) and also coagulate with particles in larger size
modes, both soluble and insoluble. Intranodal coagulation of particles in the
smallest modes is an impdant growth mechanism for atmospheric aerosol,
with larger insoluble particles also acting as a sink for younger nucleated
particles. In this version of GLOMA#Node, insoluble particles can only coagulate
with larger soluble mode particles. More details ge provided in Mann et al.
(2010; 2012).
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3.2.3.2.3 Condensation

GLOMAPmMode simulates condensation of E5Q and SOA precursor vapours

(Table 3.1) onto all aerosol modes, with the rate of condensation determined by
particle size and molecular compositionfollowing Fuchs and Sutugin (1971)
Condensation acts to increase the particle mass and size while conserving
particle number through condensational growth of particles. In GLOMARode,
condensational growth is simulated by moving a proportion of the a@sol mass

up to the adjacent larger mode if needed, while the particle number remains

Ol AEAT CAA8 )1 AT ETC O h CcOI xOE T AAOOO j
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moving a proportion of aerosol mass to the adjacent larger mode if needed

(Table 3.2).

Prior to the development of nitrateextended GLOMAP, only oneay gas
particle condensation processes were represented, whereby condensable
vapours are transferred to the particlephase with an assumed zero vapour
pressure. The model calculates this gaparticle transfer kinetically with the
vapour transport rate calculated for each size mode. Competition for the
available condensable vapours arises between the processes of condatien
and nucleation, which the model resolves by integrating each process
sequentially on a number of shorter competition sub-timesteps within each
GLOMAP timestefgSpracklen et al., 2005

The condensation of HSQ and SOA precursor vapours antributes to
condensation ageing, whereby previously watemsoluble aerosol can beome
soluble during transport. Condensation ageing also occurs by intenodal
coagulation of smaller soluble particles ot larger insoluble particles. In
GLOMAPmMode, this is represented by first calculating, from the total soluble
material, how many insoluble particles would be coated. A proportion of the
iTAA8O DPAOOEAI AOGO AOA OEAT AAAI Mhdothel AA
corresponding soluble mode once 10 monolayers of soluble material have
accumulated on the particle surface Nlann et al., 201). The number of
monolayers influences the flux of insoluble carbonaceous aerosol to the soluble
modes and therefore influences its rate of removal byucleation scavenging

(Section 3.2.32.6).
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3.2.3.2.4 In-cloud oxidation and cloud processing

In the presence of lowlevel (e.g. stratocumulus) clouds, aqueous phase oxidation
of SQ can occur in the model through reaction with HOz and Gto form sulphate
aerosol. In UMUKCA, the instantaneous cloud fraction, cloud liquid and cloud ice
water contents are available at each timestep. In this version of UMKCA, 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 m3. SQ s incorporated into cloud droplets rapidly (Warneck, 2000 and the

i TAAlT OEAOCAAEI OA A 111 x0 Al AEEAAOEOA (AT OudC
standard GLOMAPmode setup. The dissociation of dissolved S the cloud
water leads to the formation of HS® and S@? (via equations 3.1 and 3.2) and
subsequently to sulphate aerosol formation via dissolved #D; and G oxidation,

proceeding via the reactiondn Table 3.1.
SQz H*+ HSG (3.2)

HSQ z H:+ SQ2 (3.2)

SQ oxidation by HOz is the dominant pathway for most conditions and occurs
independently of rain water pH. However, S@aqueous oxidation by @is highly
sensitive to aqueous aerosol pdicle 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 agueous phase reactions is considered to be
OAPOAOAT OAGEOA 1 Fof ddddrapléigbaskdad BbSehvations O1 E D (
(Benedict et al., 2012; Collett et al., 1993; Murray et al., 2013

Cloud processing in GLOMA#Rode 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., 201(Q. The growth of particles within
the cloud results in differential growth between activated and noractivated
particles, leadngto the minimum in the size distribution between the Aitken and

accumulation modes (the Hoppel gap, e.gloppel et al., 1994. In this versionof
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the model, a globally repraentative bulk value o 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 GLOMAPmMode, cloud processings represented as @wo-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 aotated 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 SQ is portioned between the soluble accumulation and
coarse modes according to their fractional contribution to the total particle

number concentration of the two modegMann et al., 2010)

3.2.3.2.5 Dry deposition

Aerosol particles are removed to the surface vidoth dry deposition and
sedimentation, following the resistancebased 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 iseftl
velocity and the aerodynamic and surface resistances followinglinn (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 oZhang et al.

(2001) mapped onto 9UM land-surface categories.

3.2.3.2.6 Wet deposition

Wet removal of aerosol particles in GLOMARode occurs via nucleation (or iR
cloud) scavenging (also known as rainout) and impaction (or beloweloud)

scavenging (also known as washout).

Nucleation scavenging rates are dependent on irgfall rates and calculated for
both large-scale and convectivescale precipitation (Kipling et al., 2013; Mann et
al., 2010. All soluble accumulation and coarse mode patrticles in the cloudy
fraction of each grid box are assumed to be activaleand 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



-68 -

and convective scale precipitation is set to proceed at the sameteaas the large
scale precipitation scheme converts cloud water to rain water (i.e. the larggcale
autoconversion rate). This approach differs from subsequent versions &JM-
UKCA where a size threshold approach is used to determine which aerosol are

nucleation scavengedann et al., 2012.

The approach for impaction scavenging in GLOMARode is the same in th&JM-
UKCAmodel as in the TOMCAT modelMann et al., 2010; Slinn, 1984 The
scavenging rate is derived from the rain rates of largecale and convectivescale
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 MarshalPalmer raindrop size

distribution that accounts for rainfall intensity (Sekhon and Srivastava, 1971
3.2.4. Nitrate -extended GLOMAP-Mode

The nitrate-extended GLOMARnode module simulates the sizeesolved

inorganic nitrate-sulphate-ammonium-sodium-chloride system via the hybrid

inorganic dissolution solver, HyDis1.0. The solver calculates the partitioning of

NHs and HNQ into NHs* and NQ- components within each soluble mode. A

comprehensive description of the solver and its implementation in the TOMCAT

chemistry transport model can be found irBenduhn et al. (2016)and a summary

of its implementation in UM-UKCA (as applied here) is given in thisub-section.

4AEA OAOI ODPAOOEOEITEICO EO POAMENQGBAA ET OEEO
particle exchange of the semvolatile gases, wherd8enduhn et al. (2016)used

OEA OAOI & FE pdéss coddnesithe initial transfer of the gas and

its subsequent dissociabn within the aerosol particle aqueous phase. The term

OAT 1T AAT OAGET 16 EO OAOGkpdadidparide trdngdt,dor OEAOEO A&l
example of sulphuric acid, where the GLOMARode routines assume the vapour

condenses irreversibly into the particlephase. To reE OAOAOAR OAEOOT 1 OOEIT 1
OPAOOEOEITEI C6 AOA OOCGAA EAGAgasPDRIAE FEAAT T U (
transfer of semtvolatile gases, including only the inorganic species NHHNG

and HCI. The chemistry involves the Nreacting with H20 to form NH4OH,

which then dissociates in the aerosol agueous phase along with acidic species
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HNQ and HCI. These gases may-mvaporate from the aerosol particle phase
(de-gas) depending on ambient temperature and chemical composition
(Benduhn et al., 2018.

In terms of model structure, the nitrateextended configuration carries 10
additional aerosol mass tracers through 1) the addition of nitrate and
ammonium comporents 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 HN&and NHs, which are already included within all of the
UM-UKCAchemistry schemes, are mde readable into GLOMA#node in UM
UKCA.

Table 3.3 Overview of solutes that are subject to dissolution and dissociation in the
HyDiS1.0 solver Benduhn et al., 2016;dpadia et al., 201k

Species Reaction

Nitric acid (HNGs(g)) HNGs(g) = Ht(ag) + NQ(aq)
Hydrochloric acid (HClg)) HClg) = H(aq) + Chag)
Sulfuric acid (HS@'(aq)) HSQ - (ag) = H (ag) + SQ? (aq)

Ammonium sulphate ((NH)2.SQ))  (NHa4)2 .SQs) = 2NHi*(ag) + SQ% (ag)

Ammonium nitrate (NHa.NQs)) NH4.NGs) = NHs(g) + HNQ(g)
Ammonium chloride (NHsCls)) NHa4Cls) = NHg(g) + HClg)
Sodium sulphate (NaSQys)) NaSQys) = 2Naf(ag) + SQ%(ag)
Sodium nitrate (NaNQs)) NaNQs) = Nat(ag) + NQ(aq)
Sodium chloride (NaG#)) NaCls) = Naf@ag) + Clag)

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 anddissociation reactions in the HyDiSL.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
deliguescence relative humidity is implicitly challenging to simulate because of
hysteress behaviour in hygroscopic growth and is not represented in the
scheme. The implementation of HyDiR.0 in GLOMAHNode described in

Benduhn et al. (2016) does not yet consider senviolatile organic species.

As described inSection 2.4.1 large-scale mode$ often representgasparticle

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 meareccurate

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 anddiscussion in Capaldo et al., 2008 O( UAOEA8 DBAOOEOQEIT 1
schemes seek to overcome the limitations of the two approaches by combining

them and using decision criteia 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 GLOMAPmode, the main features of the solver are
summarisedhere. The main element @ the nitrate-extension to GLOMAHNode
is a hybrid partitioning solver (HyDiS1.0) which applies a time and size
dependent decision criteria, to determine whether an equilibrium or dynamic
formulation is applied when solving the partitioning of semivolatile inorganic
species into the aqueous aerosol particle phas®Vith 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 focoupling
to the GLOMAP sizeesolved aerosol modulewith the principal one beingthe
hybrid decision criteria (Benduhn et al., 201%. For example, the dynamic
dissolution formulation uses the semiimplicit and semi-analytical integration
method of Jacobson (1997) The equilibrium subsolver applies the analytical

approach ofNenes 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 gaspatrticle
paritioning is carried out with the equilibrium or dynamic sub-solvers, and also
specifies regimes within them (e.g. pseuddransition). The gasparticle
partitioning of an aerosolsize 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 classis placed in the
equilibrium mode if its equilibration time is much shorter than the mode

time step.

The time distinction criterion, I, with respect to size class;Q2 and

species, Qcan be stated as:

Where a is an ad hoc proportionality constant, equivalent to the number

of acceptable internal timesteps Partides of size’Qand speciesQ are
therefore deemed to be in equililbrium whenll h Y0, where Yois the

overall model timestep.

2. Mass balancecriterion. In addition to an aerosol size clasweeding to
meet thel A Efime @stinction crit eriondabove, an additional criterion
is applied to optimise the operation of the scheme This is required
because sme size classesare in equilibrium while others are solved
kinetically and becauserapid chemical interactions occurwithin the
different sized aqueous particles Optimal co-operation of the methods
therefore requires that the influence ofthe equilibrium size classes on the
progressing mass balanceis kept to a minimum. In practice, this is
achieved by an additional Gnass distinction criteriond assessing the

magnitude of the parameterll h ,

*h 7
f W i
Il _

~
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where Q" is the equilibrium particle molecular concentration, ¢, is the particle

molecular concentration and is the total particle molecular concentration
(sum over all size classes)An aerosol size class is treated aaming equilibrium

when |l " TP.

An aerosol size class igeated assumingequilibrium if it meets the two criteria
above with respect to all of the dissolving species in that size ranggize classes
that remain in the dynamic mode are recheckedagainst the time criterion after

every internal solver timestep. The time criterion is adapted tdhe remaining
fraction of the timestep, such that the criterion is met whenll h Yo 1 P

where | ds the time accumulated by the internal time steps so far.

Benduhn et al. (2016) also presena series of sensitivity experiments to test its
operation within a box model framework, including validating the equilibrium
solver by comparing to the benchmark AIMII 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 N® and NH:i* 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 theTOMCAT
implementation of nitrate-extended GLOMAP, comparing to vertical profile
measurements from aircraft observations. The nitrateextended GLOMARnode
module was implemented into UMUKCA at the start of this thesisand the
evaluation of its simulated anual and seasonal mean concentrations of
inorganic aerosol and precursor gas species is the first part of this PhD thesis
(Chapter4).

3.3 Aerosol health effects

In Chapter 5, the contribution of nitrate aerosol to PM.s and causespecific

premature mortality is estimated. Thecalculations in this thesisonly consider
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the health impacts from longterm exposure to PM.s. The methods appkd in

Chapter 5 are described in the following suksection.
3.3.1 Estimation of PM 25 and nitrate aeros ol fraction

Dry PMes mass concentrations were calculated offline by summing the mass
concentrations of sub2.5 micron nitrate, sulphate, ammonium, sea salt (sodlin
and chloride ions), organic carborand black carbon (BC). The PM contribution
from dust is included from aseparate UM-UKCAaerosol climatology(Turnock,
via correspondence) Figure 3.1 shows the regions over which Pkl composition

(plus mortality and emissions) are averaged for thanalysisin Chapter 5.
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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 PM.s composition and mortality are calculated, includinghe USA,

European Union (comprising the 28 current member states), India and China.

The fractional contribution of nitrate aerosol to the PMes is estimated via two

methods, which this thesis Chapterv @ OAOI 06 OEA OOPAAEAOEI 1
OOOAOGA AED Ol AAES8 4EA AEEZAOAT AAO ET  OA
PM.sfrom each approach are discussed iection 5.3.2. ThRed ODPAAEAOQOET 1 8 |
takes the speciatedsub-2.5 pm nitrate massconcentration and divides by the

total ambient PMes8 4 ERBAOCOANOOET 18 1 AOET A OANOEOAO
are run with and without nitrate aerosol formation. Ntrate aerosol formation is
de-activated in simulations by switching off the gaseous nitc acid uptake into

the particle phase. The difference betweenhie two PM s fields then givesthe
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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)his is
then divided by the total ambient PMs.

In Chapter § a bias orrection factor is applied to the raw model PN prior to
the mortality calculations. Depending on the region, either gund-based
observations or satellitederived PM.s (Section 3.6.3) are used to calculate the
model bias. The resulting biascorrected PMes fields are evaluated in Section
5.3.1.2.

The regional mean bia®ver the EuropeanUnion and the USA is calculated with
respect to groundbased observationsas the ratio ofregional mean modelled
PMs to regional mean observed PMs at ground-basedsite 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) comparisoaf modelled and observedPM: 5
in the absence of adequatground-based observationsthe bias correction factor
over India and China is calculated with respect tgear 2008 satellite-derived
surface PM.s observations. The UMUKCA PMs concentrations are first re-
gridded to the resolution of the satellitederived PMs fields. The regional man
bias is calculated as theatio of regional mean modelled PMs to the regional
mean satellitederived PMs, as averaged over each satellite resolution grid

square per region.
3.3.2 Exposure-response functions

The health burden of longterm exposure toPMzsis estimated in terms of annual

mean premature mortality (number of premature deaths). The integrated

exposure-response (IER) functions oBurnett et al. (2014) are used to estinate

the relative risk of mortality from five disease endpoints linked to PMs

Aobl OOOA8 4EA ) w20 AOA AAEET AA &I O EEOA AAO
ischemic heart disease (IHD), stroke, chronic obstructive pulmonary disease

j#/0%$q AT A 101 ¢ AAT AAO AleoweE fespifatbryEAT OO0 S v
infection (LRI). The IER fustions define the relative risk from a global range of

ambient annual mean PMs concentrations by integrating available information

on relative risk from studies of ambient air pollution, active and second hand
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tobacco smoking and household solid fuel phltion. The same IER functions
were used for the 2015 Global Burden of Disease StudgBD 2015;Forouzanfar
et al., 2016; Cohen et al., 20).7

The PM.s concentration, C, is used in the IERs to determine the relad risk, RR,

using equation 3.3:
O¢d OhYYS p | p Q ] (3.3)

0¢d 6h  YY p

7TEAOA pCc 4 EO OEA I AgEeEi O OEOEh 1 EO OF
AT 1T AAT OOAGET 1 Oh r ELconéatdtionD(C)xaBdOGisl the O E A
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 pg m3, bounded by the minimum and % percentiles of

exposure distributions from the available outdoor air pollution cohort studies.

The range represents uncertainty in adverse effects of lovevel PM.s exposure

(Burnett et al., 20149.

The parametersy h | AT A  AAOAOI ET A QdspbnseOEADA
function for each disease. As in Apte et al. (2015)urnock et al. (2016), Butt et

al. (2017), the values arecollated into look up tables but updated here to use
parameter combinations defined in the GBD 2015 studg.g. as irConibear et al.

(2018). Values are included in the look up table for each disease using the mean
estimated RR for 0.1 pug rm increments in PM.s concentration between 0 and

300 pg ms3. The 3 and 95" 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 ratdsut the uncertainty range

defined here does not consider unagainty in aerosol concentrations.

Figure 32 shows the IERs for each disease efmbint. They are sublinear, with
lower sensitivity of relative risk to changes in PMs at higher concentrations
(Pope et al., 2009Pope et al., 201} This is true, in particular, for cardiovascular

ischemic heart disease, stroke and lower respiratory infection.
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Figure 3.2 GBD 2015 inegrated exposureresponse (IER) functions relating
PM.s concentrations to the relative risk of premature mortality from five disease
endpoints. These are a) lower respiratory infection, b) lung cancer, ¢) chronic
obstructive pulmonary disease, d) ischent 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. FronButt (2018).

3.3.3 Background and demogra phic disease data

For present day (year 2008) estimates of Pbk-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 Nationsadjusted
Gridded Population of the World v4 (GPWv4.10) dataseGIESIN, 201Y.

To produce population count data for the year 1980, national level population
totals are taken from the GBD 2015 (IHME2016) for the year 1980 and are
distributed in each country according to the year 2000 spatial distribution of
population from GPWv4.10. Yar 2000 is used as the earliest year included in the
GPW4.10 dataset. Nationdkvel 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 uncéainty 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 agespecific background mortality rates from each disease
endpoint for the year 2008 are taken from the cause of disease vidisation tool
hosted by Health Metrics and Evaluation (IHME2018). The dataset provides
upper and lower uncertainty bounds in background mortality rates which are
incorporated into the defined uncertainty range of mortality rates calculagd 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 1990to 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 calculaé the number of premature
deaths (mortality), Mij.z per grid cell (i) from disease (j) in age group (z) at annual

mean grid cell PM s concentration (G) (eq. 3.4).

Orn Orn _pr Y% O ph (34)

Here, Pz is the population of grid celli, Ijzkis the background rate of diseasgin

age groupz for country k, G represents the annual mean Pls concentration in

grid celli, RRzKG) is the relative risk for disease end poinf at concentration G

and Y Y is the average populatioaweighted RR from diseasg in country k.

Tz ktherefore represents the typothetical baseline mortality rate for each disease

per age group per country if PMs concentrations are reduced to the TMREL.

4EA OIABOOAEMOAAS 11 OOAI EOU EO AAI AOI AOGA
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 onApte et al. (2015}

O On  _pn YW O Y% 6 (3:9)

Where, G is the baseline annual mean Pl concentration and C* is the
perturbed annual mean PM:concentration. The approach used in this thesis has
beentermeA OEA OOOAOOAAOQET 16 1 O OUdiwletail, 006
2016; Kodros et al., 2016; Chambliss et al., 20L4nd defines thereduction in
mortality when nitrate aerosol is removed from the ambient PMzs. 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 PM.s 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 PMes(e.g.Kodros et al., 2016; Conibear et al., 20).8

Years of life lost (YLL) due to Pbs-attributable premature deaths are estimated
by multiplying the national (or regional for European Union) agespecific
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 (IHME016). The YLLs in each age

group are then summed to give the regional total YLL.

The relative risks alculated from each disease end point are functions of the
total PMzs inhaled, with toxicity of PMk.s dependent on the mass (exposure) and
not the composition of PM.s. The toxicity of different components of Plyls may
vary. However, there is insufficientepidemiological and toxicological knowledge
to quantify their relative toxicity in these calculations. The toxicity of nitrate

aerosol has been discussed iBection 2.4.7

ADPDOIT A
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3.3.5 Decomposition of change in cause -specific mortality

In Chapter 5 PMs-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, popultion ageing, background
mortality rates (independent of PMb.s exposure) and exposure to ambient Pik.
The contribution to mortality change from each of these factors is estimated
following the decomposition analysis approach ofCohen 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 accesgo care, treatment and noAPM:s factors) and,
finally, from the change in PMs exposure are estimated. The approach is

described in detail in the supplementary material ofCohen et al. (2017)

3.4 Aerosol cloud albedo radiative effect

Present day &rosol cloud alledo 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 (SOCRATE®vards
and Slingo, 1996. The Edwards and Slingo radiative transfer model has 6
shortwave and 9 longwave bands, with a delt&ddington 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
balanc8 )1 OEEO OEAOEOh OEA OAOIi OOAAEAOQE
radiative flux change compared to a zero baseline concentration with the same
composition-climate setting (i.e year 2008 conditions).Present dayToA aerosol
cloud albedoradiative effectsare calculated following the methodology applied
in e.g.Kapadia et al. (2016)Rap et al. (2013)and Scott et al. 2014; 2018).

The cloud albedoradiative effect is determined based on peurbations to cloud
droplet number concentrations (CDNG. CDNCare calculated offline from 3D

monthly mean aerosol mass and number concentrations using the

s o~ £ oA~
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the mechanisticNenes and Seinfeld (2003parameterisation, with updates from

Fountoukis andNenes (2005)and Barahona et al. (2010) For these calculations,

the updraft velocity is assumed to be 0.15 msover sea and 0.3 m-5over land,

consistent with observations for low-level stratus and stratocumulus clouds

(Guibert et al., 2003; Peng et al., 2005; Pringleetal.,2@8 4EA Al 111 xET C OA
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 multtAT | BT T AT O OA1l OA EO OEAT 1 AOAE
weightingtheET AEOEAOAT AT I BITATO OAl OAOS

Monthly mean cloud fields (averaged over the period 19832008) are used from

the International Satellite Cloud Climatology Project (ISCCP) D2 datasBiossow

and Schiffer, 1999. To calculate thecloud albedo effectbetween a control and

perturbed scenario, the cloud droplet effective radiusfor low and middle level

clouds (up to 600 hPa)s modified. Auniform cloud droplet effective radius (re1)

of 10 pm is first assumed, which maintains consistency with theSCCRlerivation

of cloud liquid water path. Figure 3.3 shows the location of low and middle level

clouds in the ISCCI2 climatology.
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Figure 3.3 Annual mean cloud volume fraction at a) ~897 hPa) ~ 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 modéévels).
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For a perturbed aerosol scenario, for example, when nitrate aerosol is excluded
from simulations, the effective radius is calculated from CDN@nd CDNe@as in
equation 3.6, where CDNE&represents a control simulation that includes nitrate

aerosd and CDN@represents a simuation with no nitrate aerosol.

600 & (36

600 6

The cloud albedo radiative effect from nitrate aerosol is then derived by
comparing the net radiative flux using re with that of the control simulation with

fixed rex.

3.5 AeroCom Phase Il setup

For the Chapter 4 assessment of serolatile inorganic aerosol, UMUKCA
simulations are placed in context by comparison to the eordinated 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 Ill and the individual models are described in
detail in Bian et al. (2017) The models are CHASER, EMAC, INCA, ®MI83RIX,
GISSOMA, EMEPGMI, OsloCTM2 and OsloCTM3 and their configurations are
summarised in Table 34. The AeroCom Phase Il experiment design specified
that all models run with emissions and meteorology for the year 2008, following
an initial one-year spin-up period. The fomer 5 models in the list (GCMs) above
simulated chemical fields with nudging to meteorological reanalyses, whereas
the latter 4 models (CTMs) ran with meteorological fields taken directly from the
re-analyses. The majority of models, except for EMAC antSSMATRIX, use a
bulk aerosol treatment for nitrate OE AO AT A Odhén@es irOpAréxie IsifeA
and number with gas-particle transfer nor represent other aerosol
microphysical processes such as new particle formation and coagulatioAll of
the participating models apply thermodynamic equilibrium models to represent
the gasparticle partitioning of nitrate aerosol (see Table 3.4). CHASER, EMEP,
GMI, INCA, GISBIATRIX and GIS®MA call the thermodynamic equilibrium
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models only once for finemode aerosol particles. OsloCTM2 and OsloCTM3
consider a bimodal aerosol size distribution and calculate gaaerosol
partitioning for the fine mode before the coarse mode. EMAC calculates the gas
phase species available for condensation within the model tinséep and then
redistributes the mass between the gas and aerosol phase assuming instant

equilibrium (Pringle et al., 2010.

Other specifications for the multtmodel experiment involve simulations
applying harmonized anthropogenic emissionsncluding year-specific monthly-
varying sources of S@ NG, CO, BC, OC, £&hd non-methane volatile organic
compounds (NMVOCs) from the Hemispheric Transport of Air Pollution (HTAP)
v2 database {ansensMaenhout et al.,, 201% Other tropospheric ozone
precursor gas phasdracers 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 N@ SQ, BC, OC, for the year 2008 weracluded from GFED3 yan der
Werf et al., 201Q. Oceanic NEemissions were included from the GEIA inventory
(Bouwman et al., 1997, with other NHs emissions ctors from HTAPv2. Natural
emissions of dimethylsulfide (DMS), dust, sea salt and nitrogen oxide from
Il ECEOTET ¢ xAOA ET AT OARAA AAOGAA 11 AAAE 11 AAI 1T
All 9 AeroCom nitrate experiment models use gas phase-8O«-HO« chemistry

to produce HNQ and also all include tropospheric heterogeneous 2Ds
hydrolysis on aerosol surfaces in their treatment of HN®formation. The
representation of nitric acid production by heterogeneous MOs hydrolysis,
however, differs between the participatig 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 ofthe 9 models(CHASER
also includes NGs conversion to HNQ@ on liquid cloud patrticles. 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 WWMCA and AeroCom models, adapted from Bian et al. (2017).

Model CHEMEQM HNGs: chemical mechanism N20s hydrolysis CHEM CHEM Aerosol microphysics, Model name, type, References
dust sea salt bins for nitrate resolution
UM-UKCA HyDiS1.0 UKCA Troplsog / 6 # 1 T 1 o (STA,T, RH), STA: BC, OC, 480 No Yes Microphysical, four log HadGEM3UKCA, GCM (Mann et al,
(GLOMAR al., 2014) DU, SSHvans and Jacob, 2005NQr normal modes nucleation, 1.25°1.875° x L63 (2010), Turnock et
mode) (Hallquist et al., 2003; Wahner et al., Aitken, accumulation, al. (2015), Benduhn
1998; Davis et al., 2008 coarse et al., 2016)
CHASER ISORROPIA CHASERS$udo et al., 2002 rb(0.1 for S@*, NQ,, OC, DU and S¢ No No Bulk, fine mode MIROC, GCM, 2[8x 2.8 (Watanabe et al.,
and 0.05 for liquid cloud particles) UxL64 2011)
(Dentener and Crutzen, 1998
EMAC ISORROPIAI  MESSy2 Jéckeletal.,201p rj 34! Qh 34! d Al E Yes Yes Microphysical, Four bins:  ECHAM5, GCM, (Karydis et al.,
(stable state) in Aitken, accumulation and coarse nucleation, Aitken, 2.8Ux2.8UxL31 2016)
soluble modes (6ckel et al., 201D accumulation, coarse
EMEP MARS EMEP EmChem09%impson r j 34! h4h 24 G@, N4 Yes Yes Bulk, fineand coarse ECMWFIFS, CTM, 0.8)  (Simpson et al,
etal., 2019 (Evans and Jacob, 2005; Davis et a x 0.5Ux L20 2012)
2008)
GMI RPMARES GMI (Strahan et al., 200y ri 34! h4h 2( qhs DY, Yes Yes Bulk, three bins: D< 0.1, MERRA2, CTM, 2(8x2 (Bian et al., 2009
(stable state) SS Evans and Jacob, 2005 0.1z2.5, > 2.5 uym) UxL72
INCA INCA (stable INCA troposphericchemistry rj 34! h 4h 2 @2QDU, SS Yes Yes Microphysical, two bins : ( LMD-v4, GCM, 1.9J x  (Hauglustaine etal.,
state) (Hauglustaine et al., 200% (Evans and Jacob, 2005 D <1 and %10 pm) 3.75U x L39 2014)
GISS ISORROPIAI MATRIX(Bauer et al, 2008) rj 34! qh 23@eéngner3ahd No No Microphysical, distributed ~ NASA GIS&2,GCM, 2 (Schmidt et al.,
MATRIX (stable state)  and tropospheric chemistry Crutzen, 1993 over all mixing states, e.g., x 2.5Ux L40 2014)
(Shindell et al., 2003 size distributions
GISSOMA EQSAM_v03d OMA (Baueretal., 2007)and r j 34! Qh .3(@eéngner3ahd Yes No Bulk, fine mode NASA GISE2, 2 GCM) (Schmidt et al.,
(metastables)  tropospheric chemistry Crutzen,1993) x 2.5U x L40 2014)
(Shindell et al., 2003
OsloCTM2 EQSAM_v03d OsloCTM2 Berntsen and ri34! qh 34! d Al VYes No Bulk, two bins: fineand ~ ECMWF, CTM, 2.8 x (Myhre et al., 200§
(metastable) Isaksen, 1997 (Dentener and Crutzen, 1993; Sgvde coarse mode 2.8Ux L60
etal., 2019
0doCTM3 EQSAM v03d OsloCTM2 Berntsen and rji341qh 341 d Al VYes No Bulk, two bins: fine and ECMWEF, CTM, 2.20 x  (Myhre et al., 2006

(metastable)

A #EAi $533d AEAI EOOOU OAAAOEIT 11
tropospheric aerosols. e Metastable: where the aerosol is composed only of a supersaturated aqueous phase.

Isaksen, 1997

(Dentener and Crutzen, 1993; Sgvde

etal., 2019

coarse mode

2.250 x L60
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Figure 34 shows the difference between the N&emissions used in the AeroCom
experiments and the MACCity emissions applied tdM-UKCAsimulations in this
thesis, for the year 2008. Globally, the total N©emissions used in the AeroCom
experiments are 13% higher than those from the MACCity inventory used in the
UM-UKCAsimulations.

a. MACCity NOx ems = 107 Tga™! b. HTAP+GFED3 NOx ems = 121 Tga~! c. HTAP+GFED3 : MACCity NOx = 1.13
1.0 x 10° 1.0 x 10° 1.0x 107!

1.0x 107! 1.0%x 103

L0x 10 e

e
-1.0x 107>

1:.0:%:10=2
-1.0x 1073

1.0x10°°
0.0 x 10° -1.0x 107!

Figure 3.4 Global fields of column NQemissions (kg M al) from a) the

MACCity inventory used in UMKCA simulations, b) the HTAP and GFED3
inventory emissions used in the AeroCom simulations and c) the absolute
difference between Aef@om and UMJKCA NOx emissions (AeroCom minus
UM-UKCA). Total global emissions are given above each panel, with the ratio

of total global AeroCom to UNUKCA NOx emissions shown above panel c.

In Chapter 4, simulated nitrate, ammonium and sulphate concenttéions 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 cowentrations for each AeroCom model and are linearly

interpolated to each measurement location from the four adjacent grid squares.

UKCAsimulated surface and zonal mean nitrate, ammonium and sulphate
concentrations are also compared to thdocal (per grid cell) AeroCom multr
model mean and 28 to 75t percentile ranges. Simulated surface concentrations
from the AeroCom models were regridded to a common 1° x 1° horizontal grid,
and zonal means regridded 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 theUM-UKCAconcentrations to give a common model

resolution for comparison.
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3.6 Observations

The observations used for model validation in this thesis are desbed 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 ofChapter4. Measurements of nitrate aerosol, ammonium
aerosol, sulphate aerosol, t@l 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 modebbsevation comparison ofChapter4.

NG:-  NHs+ SO tNOs  tNHx Reference
EMEP 29 37 46 41 42 http://www.nilu.no/projects/cccli
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 (N H3) 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., 200%he
magnitude of the artefact is dependent on the filtlematerial and on ambient
temperature and relative humidity (Chow, 1995; Hering and Cass, 1999 or this
reason, filterpack measurements of total nitrate (TN@i.e. nitrate aerosol + nitric
acid) and total ammoniun (TNHx, i.e. ammonium aerosol + ammonia) were
included in the Chapter 4 evaluation of simulated inorganic aerosol where
available. The locations of surface observation sitee shown in Figures 4.1 to
4.6 of Chapter4. Sites at altitudes above 1.5km wereemoved from the dataset
to allow a more representative comparison against giulated surface

concentrations.

For comparison to surface/groundbased observations inChapter 4, monthly-
mean simulated values from the lowest model level are collated into seasal 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 NQ-, NH:* and SQ2 mass concentrations. Th&Gs-, NHi* and SQ%
aircraft observations are those used irHeald et al. (2011)and Kapadia (2015),
and were taken over flight tracks marked in Figure 3. 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 (ARCTASpring andSummer),Oxidant
and Particulate Photochemical Processes Above a South East Adrainforest
project (OP3) and the VAMOS OcedbloudAtmosphere-Land Regional
Experiment (VOCALSJK).

Observations were taken usig aerosol mass spectrometer (AMS) instruments

(see Table 3.6), which optimally measures particles up to 1 um in diameter. Only
the simulated submicron aerosol mass is therefore compared to these

observations (i.e. the coarse mode is emitted from these compsons). 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 profilez adapted fromHeald et al. (2011)

Campaign Location Date Conditions  Technique Reference
ADIENT Europe/Atlantic  18/12/07 - Polluted (mid- CGToFAMS (Morgan et
25/09/08 latitudes) al., 20109
EUCAARI Northern Europe 06/05/08 Polluted (mid- GCToFRAMS (Morgan et
Z latitudes) al., 20109
22/05/08
ARCTAS Arctic/ N. USA 01/04 Z Fire (high- HRTOFAMS (Cubison et
Spring 20/04/08 latitudes) al., 201)
ARCTAS Arctic/ N. USA 18/06 z Fire (high- HR-ToFAMS (Cubison et
Summer 13/07/08 latitudes) al., 201)
OP3 Borneo 10/07 Z Remote CToFAMS (Robinson et
20/07/08 (tropical) al., 2011
VOCALSJK SE. Pacific 27/10 Z Remote CToFAMS (Allen et al.,
13/11/08 (tropical) 2011)
90°N 90°N
70°N |.-- R PR 70°N
50°N 50°N
30°N feeeermrennes I g (L S T 30°N
—— EUCAARI E
10°N = ADIENT = = ccectece B n it ccccccccna : locN
—— ARCTAS Spring :
° — ARCTAS Summer H °
10°S oP3 - ---------- -410°S
—— VOCALS UK H
30°S - i - - - 30°S
180° 140°W  100°W 60°W 20°W 20°E 60°E 100°E 140°E

Figure 3.5 Flight tracks from year 2008 field campaigs used for evaluation of
simulated NGQ, NH: and SQ@vertical profiles- adapted fromHeald et al. (2011)

298K, 1 atm) so the simulated concentrationsf submicron NQ-, NHi+ and SQ2

have been converted to standard temperature and pressuror 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 irhieh
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 ondimensional 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 PM2s

In Chapter5, simulated PM.sconcentrations are evaluated againgground-based
observations and satellite-derived PMe.s. These measurements are described in

the following sub-sections.

3.6.3.1 Ground-based PM2s

Table 3.7describes the groundbased PM.s observations included in this thesis.
The locations of surface sites are shown in Chapter 5 (Figure 5.2). European and
North American surface PMs observations are included from the EMEP and
IMPROVE monitoring networks, respectively, as collated for th&lobal Aerosol
Synthesis and Science Project (GASSP) aerosol datab&@&e\se 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 1.8/° longitude). Ground-based PMs
observations are used to apply aegional bias correction over Europe and the
USA, in ordetrto offset this low urban bias and other potential sources of low bias

in simulated PM s, as described irChapter 5.

Due to a lackof 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 bgonibear 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.grcher-Nicholls

et al.,, 2019. These were collated into DJF, JJA and annual means for the

evauation in Chapter 5.

Table 3.7 Summary of surfacdased PMs measurements included in the model
evaluation ofChapter5.

Region (data Measurement Number of Reference

source) year observations

Europe 2008 30 https://www.nilu.no/projects/ccc/index.ht

(EBAS) mi

N. America 2008 120 http://vista.cira.colostate.edu/Improve/

(IMPROVE)

India 2016 45 Conibear et al., 2018; Government o
India, 2016

China 2014 561 http://www.cnemc.cn/

http://pm25.in/

3.6.3.2 Satellite -derived PM 25

Global year 2008 annual mean satellitelerived PM.sdata are alsousedin the
model evaluationin Chapter 5.Saellite -derived PMe.s are used to apply regional
bias corrections to simulated PNs over China and India, in the absence of
widespread year 2008 groundbased PM:s observations. The Geographically
Weighted Regression (GWRy adjusted dataset ofvan Donkelaar et al. (2016)s
used in this thesis, which updates the dataset applied in tH&13 GBD Brauer
et al., 2019 but precedes that used in the 2015 GBDCphen et al., 201y 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 (MuHkangle Imaging
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SpectroRadiometer) and SeaWIFS Deep Blue (S®¥@wing Wide Fieldof-View
Sensor) as invan Donkelaar et al.015). The total column AOD retrievals were
combined from each satellite dataset and converted to surface RNfields based
on the spatiotemporally varying relationship of AOD to Pl simulated by the
GEOSChem chemical transport model. The satellitelerived PMsfield was then
bias-adjusted using GVR based on grounebased monitor observations. The
satellite-derived PMesfields have a grid resolution of 6 areminutes, equivalent

to 0.1 degrees, and cover the global land surface between 70° North and 55°
South.

The GWRadjusted satellite-derived PMes dataset correlates well with global
direct PMz.s observations (R = 0.85). However the withinregion 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 PMsfields is approximately 20% due to mcertainty in the AOD

to-surface-PMz s relationship and 10% due to satellite observational uncertainty.
3.6.4 Aerosol number concentrations

In Chapter6, simulated surface level number concentrations of particles with dry
diameter greater than 50 nm (No) are compared against observations from

continental and marine cruisebased field campaigrfor the year 2008.

The surface level Mo observations from the European Supersites for
Atmospheric Aerosol Research EUSAAR and German Ultrafine Aerosol
Network (GUAN) networks were collected and collated byAsmi et al. (2011)and
processed into annual mean concentrations for the modalbservation
comparison ofTurnock et al. (2015) Annual mean Mo are compared at the same
17 low altitude measurement sites as irMann et al. (2014)and Turnock et al.

(2016). The locations of these sites are shown lfigure 6.5

In addition to surface station data, simulated bb are compared to those observed
during the International Chemistry Experiment in the Arctc LOwer Troposphere
(ICEALQOT) ship cruise campaigriRussell et al., 2010; Frossard et al., 2011
These observations were collated by the Global Aerosol Synthesis and Science
Project (GASSHReddington et al., 201}. 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 6b.

3.7 Model evaluation methods

Model-observation comparisons are maden 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 relativeo tthe
observations (equation3.8). The NMB is chosen to not be overly influenced by

low observed concentrations.

B 0 0 0 © 3.
v (3.7)

. .. B 0 0 3.8
ovo ——— (38
Where M and Q are the modelled and observed values at each measurement site

respectively.0 and U 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 sizeesolved nitrate,
ammonium and sulphate concentrations on seasonal and annual mean
timescales as simulated by thaJM-UKCAmodel with the HyDiS1.0 inorganic
dissolution solver. This work furthers the recent model evaluations byBenduhn
et al. (2016), in which HyDS-1.0 is implemented in GLOMA#node within the
TOMCAT CTM, and blurnock et al. (2015), in which simulated European trends
in sulphate and aerosol properties are evaluated from the nonitrate -extended
version of the UM-UKCA model. Furthermore, UM-UKCAsimulated aerosol
concentrations are placed in context with the recent multmodel AeroCom

Phase Il nitrate experiment ofBian 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 obigations 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-UKCAsimulated nitrate, ammonium and sulphate
concentrations is then furthered by comparing global burdens, mean surface
concentrations and zonal mean concentrations with the latest AeroCom Phase I

multi -model results.

Finally, two sensitivity runs with the UM-UKCAmodel are included to assess the
influence of heterogeneous NOs EUAOT I UOEO AT A A OEIiI Bl
assumption for the thermodynamic partitioning of semivolatile inorganic
species on simulated, sizeesolved nitrate aerosol concentrations. The nitrate
aerosol extension to GLOMAIMode and tropospheric heterogeneous chemistry
represent developments that are not included in theUM-UKCAI T AAT 8 O
tropospheric chemistry configuration as standard. Thechapter concludes with
recommendations for simulations of nitrate aerosol in thdJM-UKCAmodel and

future related research.
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4.2 UM-UKCAsensitivity runs

The control and sensitivity simulations in thischapter have been performed with

the UM-UKCAmodel. For all simulations, UMJUKCA is run at N96 resolution
(1.875° x 1.25°) for the year 2008, following a 4nonth spin-up period. The UM
UKCA model has been described in previous Section 3.2 and so only specifics of

the UMUKCA sensitivity runs performed in thischapter are described here.

All simulations are summarised in Table 4.1. The control simulation (HYB)
applies the hybrid gasparticle partitioning configuration and includes
tropospheric heterogeneous NOs hydrolysis. In a second simulation (EQU), the
inorganic dissolution solver is run in an equilibrium configuration to assss the
influence of the gasparticle partitioning assumption on size-resolved NQ- and
NHs+ aerosol concentrations, while heterogeneous #0s chemistry remains
included. Finally, the hybrid simulation is repeated with the tropospheric

heterogeneous NOs hydrolysis rates set to zero (HB-NoHet).

s s oA £ s £ oA~ ~ ~

Table 4.1 Table 4.1. Summaryof UM5 + #! OAT OEOEOEOU OO1T 6h 088 E
feature is included.

Sensitivity Hybrid Equilibrium  Heterogeneous Nitric acid

Runs partitioning partitioning N2Os hydrolysis  partitioning to
on nitrate aerosol

HYB X X X

EQU X X X

HYB-NoHet X X

The AeroCom Phase Il multmodel experiment designand observations used in

this chapter are described in Sections 3.5 and &, respectively.
Observations and AeroCom Phase Il ndels are compared to the HYB
OEi O1 ACGET1T ET 3AAOETITO 1808ph 1808¢ AT A 180

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 41 shows annual (ann) and seasonal mean (DJF and JJA) simulated

surface nitrate aerosol concentrations over theegions of Europe, North America
and East Asia, with observations overplotted from the EMEP,
CASTNET/IMPROVE and EANET observation networks, resfively. 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 Ameriea a
result of high regional precursor gas emissions and relatively short aeros
atmospheric lifetime. The seasonal and annual mean model observation

comparison is summarised in Table 4.2.
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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 (&), IMPROVE ), CASTNET () and EANET (g)

T AOxT OEO8 0$*&86 AT A O**1 8 OAEAO OI
to the June, July and August seasonal mean concentrations, respectively.

OE £
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b. DJF mean
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Figure 4.2 Same as Figure 4.1 for total nitrate (tNDsum of gaseous nitric
acid and nitrate aerosol) concentrations. USA observations are from
CASTNET network only.

Figure 4.3 shows the annual mean nuel-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, JJAR = 0.676; Table 4.2), though annual mean concentrations ear
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 aerosol 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 Arcticise 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 NMBG&:699, IMPROVE NMB =
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Table 4.2 Table 4.2. Statistical summary of annual and seasonal mean
modelobservation comparison from HYB simulation.

Comp- Season Network
onent EMEP CASTNET IMPROVE  AMON EANET
(Europe) (USA) (USA) (USA) (E. Asia)
R NMB R NMB R NMB R NMB R NMB
Annual 0.697 -0.342 0.696 -0.605 0.616 -0.581 - - 0.088 -0.487
NQB- DJE 0.738 -0.581 0.671 -0.699 0.564 -0.636 - - 0.373 -0.617
JIA 0.676 -0.167 0.169 -0.702 0.323 -0.764 - - 0.003 -0.311
tNOs  Annual 079% -0173 0779 0229 - - - - 0278  -0.207
DJF 0.679 -0.549 0.088 -0.606 - - - - 0.421 -0.190
JIA 0.684 0.435 0.446 0.001 - - - - -0.233 0.804
NHs+  Annual 0859 -0337 0794 0592 - - - - 0366  -0.417
DJF 0.828 -0.597 0.687 -0.735 - - - - 0.449 -0.554
JIA 0.842 -0.011 0.779 -0.595 - - - - 0.538 -0.285
iNHy _ Annual 0427 0801 - - - - 0159 -0.168 0206  -0.400
DJE 0.357 0.433 - - - - - - 0.483 -0.645
JIA 0.455 0.582 - - - - - - 0.193 -0.388
SQ2  Annual 0733 0593 0785 -0595 0872 -0510 - - 0517 0579
DJF 0.737 -0.759 0.467 -0.777 0.434 -0.700 - - 0.565 -0.719
JIA 0.671 -0.392 0.837 -0.555 0.838 -0.500 - - 0.414 -0.468

a. Statistics are calculated for AMoN gaphase NH, not total NH

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
Z 76% across both networks. Elevated coastal nitrate aerosol concentrations are
captured well by the model under theinfluence of local NQ and NH: 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-6.487).
However, there is a high density of observations over Japan and the comparison
may be disproportionately weighted to this region. The largest underestimations
of NG occur at smallisland 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 Compaison 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 columnn@&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 @solving
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
OAOAOAT AAOOAOG8 &EOOOI Uh OEA 11T AAT AT Aol
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., 2026
Secondly, aerosol wet deposition may be artificially high in this version of the

model, particularly in the high latitudes, as a result of oveenhanced occurrence

0

¢]
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of drizzle precipitation in this model version (Walters et al., 2011; Turnock et al.,
2015). The lack of stratospherietropospheric exchange of nitric acidin these
simulations may also be partly responsible for underestimations in nitrate

aerosol.

Simulated total nitrate concentrations compare very well with the EMEP
(Europe) and CASTNETUSA) observations on annual mean timescales. The
model correlation against EMEP and CASTNET total nitrate is higher than those
for nitrate aerosol at 0.796and 0.779, respectively, with only a small low bias
(EMEP NMB =0.173, CASTNET NMB 6.229). The better modelobservation
agreement for annual mean total nitrate indicates that theemaining low bias in
nitrate aerosol in these regions is more likely tchave 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 = 0.67RA 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
tNOs is too high, or that wintertime formation of nitric acid is too low in the
model. The role oheterogeneousN20s hydrolysis in reducing wintertime bias in

nitrate aerosol is discussed later in &ction 4.3.5.

Over the USA, the model simulates annual mean tbtatrate 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.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
OEOAOG8 ! 1 EIi EOAA AT i PAOEOIT ETAEAAOAO
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 Figurd.1 for ammonium aerosol.

model skill is better in DJF (DJF R = 0.421, NMB0=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 sitesthvireliable
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 surfa@mmonium 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 Nklare high and HN®@ and H:SQ are

available to neutralise NH*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



- 101 -

Annual mean ugim? DJF mean ug/m® JJA mean ugfm?
20.000 : 20.000 . 20.000

10.000 10.000 10.000
5.000 5.000
2.000 2.000
1.000 1.000
0.500 0.500
0.200 0.200
0.100
0.050
0.020

5.000
2.000
1.000
0.500
0.200
0.100 0.100
0.050
0.020

0.050
0.020

0.000
ugfm?

10.000

5.000

0.000 0.000

ugim? ugfm?
10.000 f‘ 10.000
5.000
2.000
1.000

5.000
2.000
1.000

2.000
1.000
0.500
0.200
0.100

0.500
0.200
0.100
0.050
0.020
0.010
0.000

0.500
0.200
0.100
0.050 0.050
0.020
0.010

0.020
0.010

0.000 0.000

ugim’ h ugim’ . ugim®
50.000 : 50.00 50.000
20.000 2000 20000

10.000

5.000

10.00
5.000
2.000
1.000
0.500
0.200
0.100
0.050
0.000

10.000
5.000
2.000
1.000
0.500
0.200
0.100
0.050
0.000

2.000
1.000
0.500
0.200
0.100
0.050
0.000

Figure 4.5. Same as Figure 4.1 for total ammonium (tNBum of gaseous
ammonia and ammonium aerosol) ceentrations in Europe (top row) and
Asia (bottom row). USA maps (central row) show simulated gdmse NH
only, with annual mean NElobservations overplotted (panel d) from the
AMoN network.

seasons (DJF R =0.828, JJA R = 0.842). The model underestsrdbh* 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 gasis 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 inthese 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 NH emission inventory. The four
most important contributions to uncertainty in the MACCity NH inventory
(derived from EDGAR v4) are nitrogen excretion rates, NHemission rates for
manure in animal houses and storage, the grazing time of ruminants and non
agricultural use of manure Beusen et al., 2008 The subgrid variability in these

factors mean that NH emissions can be challenging to reproduce at the spatial
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and temporal resolution requred for atmospheric models. UMUKCA also only
considers the unidirectional dry deposition of NHs to the surface when, in

reality, the air-surface exchange of N&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 lowerin summer (DJF NMB =0.735, JJA NMB .595). Figure 4.4
shows that the low bias in North American Nkt is more apparent at sites
measuring higher concentrations, the majority of which are located in North East
USA. However, Nkt aerosol concentrations n 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 tharegional

emissions of precursor species are too low.

The magnitude of annual mean gaghase 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 NH, however, is not reproduced by the model
(R = 0.159). Again, the model discrepancy may be partly caused by variability in
NHs emissions, which can be uncertain given that sufrid scale heterogeneity
arises between local emission sources. The relatively well simated magnitude
of NHs 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 NorthAmerica (R =0.366, NMB .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 concentriains 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 NH is greater in JA (JJA R = 0.538,
NMB =-0.233) than in DJF (DJF R = 0.421, NMB0554).
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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 greatests$0O
concentrations are found over continental regions and downwind of regions
where SQ 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 capttes 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 RB#LD 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 Epeo As
with the other species described in this study, the greatest underestimations
relative to EMEP observations occur at remote coastal sites Northern Europe

and the Arctic.
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The model performance is best for annuamean 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-6.595,
IMPROVE NMBF =0.510). The low bias is greatest at remote sites in Alaska and
coastal sites in Eastern USA. €lspatial distribution of sulphate is captured less
well in DJF with R values of 0.467 and 0.434 and NMB scores®?77 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 andnel biases 0f0.555 and-0.500 for
CASTNET and IMPBVE observations, respectively.

Of the three regions, simulated annual mean sulphate concentrations compare
least well over Asia (R = 0.517, NMB #©.579). Sulphate is underestimated by
over a factor of5 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 9.468).

Model underestimates of SO2- aerosol have been reported peviously 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-UKCAmay have artificially suppressed S&3- formation by
aqueous phase © oxidation (Kreidenweis et al., 2003, particularly at high
latitudes and in the wintertime. Finally, as with other aerosol components,
enhanced drizzle may have contributed to overesthates in aerosol wet

deposition.
4.3.2 Comparison to aircraft observations
4.3.2.1 Nitrate aerosol

Figure 4.7 shows simulated submicron itrate aerosol vertical profiles compared
against field campaign observations over (4.7a and b) Europe, (4.7c and d) the
Arctic, (4.7e) South Americaand (4.7f) Borneo. Model skill and bias metrics are
printed in each panel, based on comparisons to obsertians in the lowest 4km

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 biasedw in the lower
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against mean (black solid), median (black dashed) and standard deviation
(grey error bars) observatios from year 2008 aircraft field campaigns, as
collated by Heald et al. (2011). Simulated monthtyean 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 deviaton of
the observations (%std) over most of the lowermost 4km (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 aganst EUCAARI observations, the model does not reproduce

enhanced nitrate concentrations observed up to 2km altitude.

The ARCTASSpring campaign covered higHatitude Arctic regions while the
ARCTASSummer campaign flew closer to midatitude industrial regions and
local boreal biomass burning over North America. The model is biased low on
average in the Ilower troposphere compared to the observed mean
concentrations in both campaigns (NMB=-0.95 and-0.68). However, the bias is
relatively small in absolute &rms and the simulated values are within the

standard deviation at all levels below &«m across both campaigns.
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Underestimations in the mean observed concentrations for ARCTASpring are
only prominent above 3.5 km, indicating that there may be missing ansport
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 tife AeroCom Phase

[l nitrate models. The model compares particularly well to the median observed
profile in the ARCTASSpring campaign and also shows high correlation tthe
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 ARCTASummer observed values because peaks in the observed

vertical profile are underestimated.

The model overestimates nitrate concentrations in the lowest 1km in the $ith-
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 die 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 observats 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 campaigs. 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 levelsup to 4 km falling within the observed
standard deviation (88.9 and 77.8%). Despite this, concentrations are again
biased low in the lowermost 4km (NMB =-0.62 and-0.68).

The observed ammonium vertical profile from ARCTASummer aligns closely

with the observed ntrate 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. Simdated concentrations at all levels below 4
km are within the standard deviation of obsenations, with good correlation (R
= 0.78) kut are biased low on average (NMB -0.65). As with nitrate, the model
does not reproduce the 3.5 4 km peak in ammonium corentrations observed
during ARCTASSpring but does correlate well overall with observations R =
0.90), capturing a general increase in ammonium concentration with height in
this region. Simulated values nderestimate those observed (NMB--0.83) but
are within the standard deviation at 77.8% of levels below &m. 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 NHs* (R = 0.12,NMB = -0.52 and%std = 55.6). The simulated Nkt
profile is too uniform with height relative to the observations, and
underestimates NH* near the surface. The vertical profile in ammonium
observed during the OP3 campaign is reproduced very wdly the model with
high correlation (R = 0.80), low model bias (NMB-= -0.16) and all simulated

concentrations below 4km (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 GLOMAMNode 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 Km with Pearson correlation
coefficient values of 0.84 and.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 &m, the modd bias is
moderately low at a NMBvalue of-0.26. Simulated sulphate concentrations are
more uniform with height than those observed over the ADIENT flight tractith

a higher normalised mean bias score 6D.62.

The sulphate vertical profile from the ARCTASummer 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 concenttions 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 ARCTASpring campaign.

For VOCALSsimulated and observed S@- are weakly anticorrelated and the
normalised mean bias is low through the lowermost «m at +5% because of
under- and over-estimations in sulphate concentration below and above 1.5km,
respectively. Simulated sulphate concentratios are within the observed

standard deviation at 55.6% of levels below &m.

Simulated values correlate well with the OP3 observationd= 0.92) below 4km
with 66.7% of levels within the standard deviation of observations.

Concentrations in the lowermostl.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% orvarage between
the surface and 4km, with an apparent oveestimation of up to around 0.4ug

smr3 continuing to higher levels.

Model overestimation of sulphate in the mid to upper troposphere is apparent in
the SE Pacific, Borneo and over Europe. Sulphageaiso overestimated in the free

troposphere over Europe inKapadia et al. (2016)where GLOMAPmMode is

Ei DI Ai AT OAA ET OEA 4/ -#1'4 #4-h ADOO EOI 6C

SE Paific and SE Asia. Ae upward tendency in simulated sulphate aerosol
concentration above approximately 4km also exists in nonnitrate extended

configurations ofthis UM-UKCAversion. Thismay be a presentation of a known
limitation that was subsequentlyamended in later configurations of the model
by incorporating anin-plume convective scavenging schem&(pling et al., 2013,
Kipling et al., 2018.

4.3.3 Comparison to AeroCom multi -model ensemble
4.3.3.1 Global burden and surface concentrations

Tables 4.3 and 4.4howthe annual, globalmean NQ-, NH:i*, S@%, NHsand HNQ
burden and surface concentrations, respectivelycompared to the AeroCom

multi -model mean values. The annual mean global Bi®urden of 0.145 Tg from



- 110 -

the HYB simulation is lower than the AeroCom Phase Ill (AP3) mean of 0.63 Tg
and just within the range simdated by individual models in the AeroCom

ensemble (0.14 to 1.88 Tg). The simulated annual mean global surface sNO

AAOT 0T 1T ATTAAT OOANGES 1t wuh) K alZo Bdw gelative tCtheE C
AeroCom multsl T AAT T AAT AT 1T AAT OOQBudiEd withinith€ m8co t C E
OAT CA 1T &£ OAI OAO OEI OI AGAA AU OfA 1T AOT #1101 11A,

UKCA HYB simulates a niic acid burden of 1.160 Tg, which is within the
AeroCom range of 0.66 to 5.7 TgThe globalmean surface nitric acid
concentration simulated by UMUKCA HYBis greater than that from any of the
FAOT #1101 11 AAT Otftompabed 1o the AeCom andef®.04 to 0.32
t C -1ET@e higher nitric acid concentrations relative to the AeroCom range
suggest that differences in NOemissions (Section 3.5Figure 34), i.e. in HNG@
availability, are not solely responsible for lower nitrate aerosol concentration
in UM-UKCAIt is more likely that UM-UKCA simulated concentrations are lower
because they do not treat nitrate aerosol formation on dust, whicBian et al.
(2017) and Karydis et al. (2016)found to be an important pathway forcoarse

mode nitrate formation.

Table 4.3 Simulated glolal annuakmean burdens from UMUKCA sensitivity
runs compared with the AeroCom mean, minimum and maximum burdens
(Bian et al., 2017). These are total atmospheric burdens, except for HNO
where the tropospheric burden up to 100 hPa is given, as in Biarl.Ra17).

(Tg) NGs- NH4* SOz NHs HNGs
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 0.63 0.32 1.8 0.20 2.5

[min - max] [0.14 -1.88] [0.17-0.75] [0.83-3.3] [0.05-0.85] [0.66-5.7]
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Table 4.4 Simulated annualmean, globalmean surface concentrations from

UM-UKCA sensitivity runs compared with the AeroCom mean, minimum and

maximum globatmean surface concentrations (fromi&n et al., 2017). UM

5+#1 OAIl OAO A-tibst i EofstencyBniith unitS of Bigh et al.

fotvioq AETIA BAOAT OEAOAOG Oj q8 A& O A1 OEOO,
comparisons in section 4.3.1.

t C EC NOs- NH,* SQ2 NHs HNO
jteyl
Ve 0.082 0.139 0.463 0.302 0.381
(0.095) (0.161) (0.536) (0.337) (0.444)
QU 0.080 0.140 0.462 0.230 0.371
(0.094) (0.163) (0.532) (0.333) (0.432)
0.048 0.131 0.468 0.308 0.356
HYB-NoHet (0.056) (0.152) (0.542) (0.343) (0.414)
AeroCom 0.23 0.18 0.63 0.49 0.14
mean [min - [0.04 -
max] 0.05-047) [0.08-0.44] [034-172] [025-139] .

The annual mean global Nkt burden of 0.345 Tg is just above the mean AeroCom

burden of 0.32 Tg and within the AeroCom multmodel range of 0.17 to 0.797g.

The annual mean global NHWOOOAZAAA AT T AAT OOADEIBI A Cm
m3q xEEAE DI AAAO EO EOOO AAIT x &eMl ! AOI
withinthemulti-l T AAT  OAT CA 1 /A1 dM-uKEAsinllates 8giobal { C E C
ammonia burden of 0.068 Tg, which falls within the range simulated by the

AeroCom models (0.05 Tg to 0.85 Tg). ThdV-UKCAannual global mean surface

NHsAT T AAT OOAOET T aldo falls hadweenghe Ae@Cdingnodel range

I £ n8¢uv O p8ow tC EC

The UM-UKCAsimulated global-mean surface sulphate aerosol concentration of
81 @ o -!is Gelok Qe AeroCom mean but within the range simulated by
AeroCom models, despite appearing to be systematically biased low when
previously compared to observations. ThdJM-UKCASQ?- burden of 2.28 Tg
placesUM-UKCAbetween the AeroCom multimodel 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-, NHit and SOi2-

Figure 4.10 compares the spatial distribution of surface nitrate aerosol
concentration from UM-UKCA simulation HYB with the 25t, 50h and 750

percentile concentrations from the AeroCom multimodel ensemble. It has been
shown already that theUM-UKCAglobal mean surface nitrate concentration of
n8nyYyc 1f €8 ik qud) ig below the AeroCom mean but within the range

simulated by individual models.
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Figure 4.10 Annual mean simulated surface Ntop row), NHi* (middle
row) and S@ aerosol from UMUKCA HYB (1st column), compared with
25% (2nd column), 5@ (3@ column) and 7% (4t column) percentile
concentrations from 9 participating AeroCom Pka Il models. Hatching
indicates regions where UNUKCAsimulated concentrations are within
the AeroCom interquartile range.

Regions of highest surface nitrate concentrations (Europe, USA, China and India)
in UM-UKCAcorrespond with those simulated by theAeroCom 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 M-UKCA
becauseb of the 9 AP3 models represent this procesklIM-UKCAsurfacenitrate
concentrations are within the AP3 interquartile range (IQR) over much of
Europe and Eastern China but are underestimated relative to the AP3 125
percentile in eastern North America. Marine concentrations in the Northern
Hemispheric mid-latitudes are largdy within the AP3 IQR but fall below the 2%

percentile over much of the Tropics and Southern Hemispheric mithtitudes.
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UM-UKCAconcentrations in the Arctic exceed the AP3 T5percentile yet still

underestimate observed concentrations in this region (Fjs. 4.1 and 4.7).

As with nitrate, regions of highest ammonium concentrations are located over
continental and outflow regions and correspondwell with the regions simulated
by the AeroCom models. Comparison to the AeroCom models varies with region
over the continents, whereUM-UKCAsimulates ammonium levels around either
the 50 or 251 AeroCom percentile valuesUM-UKCAvalues in the remote
marine regions are generally in the third and upper quartile of those simulated
by the AeroCom models, with the exaption of the Arctic Circle whereUM-UKCA
concentrations are lower than the AeroCom medianUM-UKCA and most
AeroCom models are in agreement that concentrations are low (below 0.002 ug

m-3) over the Antarctic.

Regions of highestsurface sulphate aerosolin UM-UKCAare similarly located
over continental and outflow regions, as in the AP3 models. $concentrations
are below the AP3 28 percentile in Western Europe and eastern North America
and also below the 28 percentile in the polar and midlatitude marine regions.
Unlike NG, SQ@2 concentrations exceed the 7% percentile over much of

northern sub-Saharan Africa.

4.3.3.3 UM-UKCAand AeroCom multi -model skill versus observations

Figures 4.11 and 4.12 compare th&/M-UKCAmodel skill (Pearson correlaton
coefficient and normalised mean bias) against the range of model skill in the
AeroCom Phase Il simulations. This study therefore determines not only how
simulated UM-UKCA concentrations compare to the AeroCom mukmodel
range, but also how wellUM-UKCAcompares to observations relative to other

models.

Figure 4.11 compares the Pearson correlation coefficients from each of the
AeroCom models against those frordM-UKCA Over Europe, botiUM-UKCAand
the AeroCom models represent the spatial variabilityri annual meannitrate,
ammonium and sulphate aerosol well and consistédly, as demonstrated by
median Rvalues above 0.6. Th&M-UKCAPearson correlation coefficient is
within the AP3 interquartile range in terms of model skill in DJF and remains

above 06 on annual and JJA timescales despite falling below the AP3 skill range
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a. EMEP (Europe) b. CASTNET (N. America)

Q%f @;T o8] i@é il

o
®

* 0.6

o
=)
[ ]

0.4 1

S
B

0.2

o
X}

Pearson correlation coefficient
Pearson correlation coefficient

® HYB [ N .,
® EQU
0.0+ ® HYB-NoHet __ __ 0.2 1
—T— T T T T — T T r — T
C L o C w < c W < =S TR 4 C w < c w <
o= c g = c 7= o= c g = c =
© F‘ ; s B . c O ! g 0 | s B X s O )
1 m + t - [ I [ - " + [
m A QO s S I NN e mn 2O + = T NN
o e T I = = T O o © r I = =+ Q
g == z =2 2@ 5z = =z =z g0

o

c. IMPROVE (N. America) . EANET (East Asia)

o
@
HiEk
HTH
a7

o
o

o o
o @
HT
@ H
-
® —H

o
B
i
FS
L

o
(X]

Pearson correlation coefficient
o9
Pearson correlation coefficient

i
=

o (=]
o N
WA —e—_—TF—

Figure 4.11 UM-UKCA EYB blue marker) and AeroCom Phase Il (box plot)
Pearsoncorrelation coefficients for annual and seasonal mean surfacesNO

, NH+ and S@ aerosol concentrations, from comparisons against (a)
EMEP, (b) CASTNET, (c) IMPROVE and (d) EANET observations. Boxes mark
the interquartile range and median (orange) of theAeroCom model
coefficients with whiskers denoting the maximum and minimum of the
multi-model range. Pearson correlation coefficients from HMCA
simulations EQU and H¥RoHet are indicated by the red and green
markers, respectively.

in the latter periods. TheUM-UKCAcorrelation coefficients for NHi* and SQ2 in

all seasons are greater or equal to the AP3 median scores, indicating thiv-
UKCAoutperforms some or allother AeroCom models in terms of reproducing
the spatial distribution of those speciesover 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 N® comparison to EMEP ranges from R
=0.393 to 0.585) potentially because annual mean concentians are compared

in this thesis, whereas Bian et al. (2017) compared the models to observations

on shorter temporal timescales
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a. EMEP (Europe) b. CASTNET (N. America)
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Figure 4.12 UM-UKCA (HYBblue marker) and AeroCom Phase Il (box
plot) normalised mean bias scores for annual and seasonal mean surface
NG, NH+ and S@ 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-UKICA simulations

EQU and HY®BloHet are indicated by the red and green mauis,
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 USAhan over
Europe. UM-UKCA ranks within the upper quartile of the AP3 correlation
coefficients on annual mean timescales and within the AP3 muithodel
correlation range in DJF and JJA relative to US observation networks. A8)M-
UKCA the skill of other AeroCom modelss also reduced in JJA (median &t 0.2

0.4 for both networks) and theUM-UKCAPearson coefficient remains within the
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multi-model interquartile range. The lower model skill in JJA across moldemay
indicate that the gasparticle partitioning of nitric acid is more uncertain across
models at higher temperatures or that the spatial variability ofprecursor

emissions is less certain in summer.

Ammonium concentrations in the US are monitored by the CASTNET network
but not IMPROVE The AeroCom modetorrelation coefficientsare consistently
high in the three time periods and thdJM-UKCAcorrelation coefficients for NHy*
over the USA are below the AeroCom interquartile range, but within the muiti
model range for each periodUM-UKCAIs within the AP3 multi-model range of
correlation scores for sulphate in JJA and on annual mean timescales. However,
the UM-UKCAmodel correlation for sulphate aerosol is below that of any other

AeroCom model in DJF.

Compared to East Asian observations, théJM-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 folUM-UKCA the AP3 correlation to N@ observations is
also lower in JJA on average. Th#V-FUKCAcorrelation coefficients for NHs* and
SQ2Zin East Asia are below the AP3 range on annual mean timescalgsl-UKCA
NHs* is within the AP3 range in DJF and J®hd UM-UKCASQ? 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-UKCAsimulated values. Over Europe, the median AeroCom model, in
terms of magnitude o model bias is biased low for N@, NH* and SQ@% against
annual, DJF and JJA mean observations. The negative biagdMiUKCAannual
mean surface nitrate reported in Section 4.3.1.1 is smaller than the median
annual and JJA mean AP3 bias. However, tHéM-UKCA NGOz bias is
approximately equal to that of the lowest AP3 model in DJF. ThM-UKCANHa*
bias over Europe is within the multtmodel bias range for all seasons shown here,
and outperforms the AP3 interquartile range in JJAJM-UKCAshows a stronger
negative bias in European S 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 averagéM-UKCAlow bias in NQ-, NHi* and SQ2 is
greater than most of the AP3 models for the time periods atysed, although the
normalised mean bias for each aerosd@peciesis within the AP3 multi-model
range in JJA. Over East Asia, td-UKCAnormalised mean bias is within those
from the AP3 range for each species and season, with the exception ofsNid
DJF when theUM-UKCAbias is greater than that of any other AP3 model.

The low bias inUM-UKCAsimulated SQ@? is just within the range of AP3 annual
and DJF mean scores, and within the interquartile range and close to the median
JJA mealNMB. The low surfa@ SQ? bias across the AP3 models isss expected,
given that sulphate has traditionally received more attention in modelling

studies, and is also seen in the evaluation Bian et al. (2017)
4.3.3.4 Zonal mean NGs-, NHs* and SQi2- concentrations

It has already been shown in Table 4.3 that th&fM-UKCAsimulated nitrate
aerosol burden is below the mean but within the AeroCom mukmodel range.
Figure 4.13 shows the annual zonal mean distribution of NQ NHi* and SQ2- in
the UM-UKCA control simulation, compared against the AeroCom Phase |li

median and interquartile range.

UKCA simulates the highestonal meannitrate concentrations (> 0.1ug kg?) in
the lowermost 200 hPa between 25 and 65 N (Fig 4.13a) Zonal mean
concentrations in this region are largelynear but below those of the AeroCom
25t percentile, though lower concentrations (0.02z 0.1 ug kgt) between~ 50°

N an70° N are within the AP3 IQRBroadly, there are three regions where the
UM-UKCAsimulated zonal meanNGs- 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 surfaceto ~ 800hPa) between 60° S and 50N. UM-UKCA
places more nitrate at the poles than other AP3 models. Comparisons to ARCTAS
Spring in Section 4.3.2.1 indicated thdtM-UKCAnitrate was within the standard
deviation of observations with a moderate low bias, which together with this
zonal meananalysis suggests thaUM-UKCAhas higher skill than other AP3

models in this region desjite being outside of the IQR.
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Figure 4.13 Annual mean simulatedzonal mean N®(top row), NH: (centre
row) and SQ@ aerosol from UMUKCA HYB (1st column), compared witht25
(2nd column), 5@ (3 column) and 73" (4th column) percentile concentrations
from the 9 participating AeroCom Phase Ill (AP3) models. Hatchimdjcates
regions where UMJKCAsimulated concentrations are within the AP3
interguartile range.

The lower nitrate concentrations simulated by UM-UKCA in the northern
hemispheric mid-latitudes may be attributable in part to lower NQ emissionsin
UM-UKCAcompared to other AeroCom models (see Figure 4. Lower zonal
mean concentrations may be driven by lower nitratdormation associated with
dust and sea salt in northern Africa, South America and thesouthern
hemispheric oceans. Lower concentrations in rewote regions areindicative of
lower precursor availability or shorter aerosol lifetime. Lower nitrate
concentrations in warmmer equatorial regions may result fromuncertainty in the
temperature sensitivity of nitrate aerosol formation, encouraging partitioring 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.








































































































































































































































































