
The impact of changing anthropogenic emissions on

European atmospheric aerosols over the second half of the

20th Century

Steven Thomas Turnock

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

The University of Leeds

School of Earth and Environment

May 2016



- ii -

Declaration of Authorship

The candidate confirms that the work submitted is his own, except where

work which has formed part of jointly-authored publications has been

included. The contribution of the candidate and the other authors to this

work has been explicitly indicated below. The candidate confirms that

appropriate credit has been given within the thesis where reference has

been made to the work of others.

Chapter 3 is the publication Turnock, S. T., Spracklen, D. V., Carslaw, K. S.,

Mann, G. W., Woodhouse, M. T., Forster, P. M., Haywood, J., Johnson, C.

E., Dalvi, M., Bellouin, N., and Sanchez-Lorenzo, A.: Modelled and observed

changes in aerosols and surface solar radiation over Europe between 1960

and 2009, Atmos. Chem. Phys., 15, 9477-9500, doi:10.5194/acp-15-9477-

2015, 2015. The manuscript was written by the candidate with advice from

supervisors (D.V. Spracklen, K.S. Carslaw, P.M. Forster and J. Haywood)

and comments from co-authors during its preparation. The analysis of model

simulations and evaluation against observations was solely undertaken by

the candidate. The set-up and running of the model simulations involved

collaboration between the candidate, M.T. Woodhouse and G.W. Mann.

Development of specific parts of the model version used in the paper was

done by C. Johnson, M. Dalvi and N. Bellouin. Observations of surface solar

radiation were provided by A. Sanchez-Lorenzo.

Chapter 4 is the draft manuscript Turnock, S. T., Mann, G. W., Woodhouse

M.T., Carslaw, K. S. and Spracklen, D. V: The Spatial and Temporal

Importance of Cloud Water pH to Global Sulfate Aerosols and their

Radiative Effect over the period 1960 to 2009, (in prep), 2016). The

manuscript was written by the candidate with advice from supervisors (D.V.

Spracklen and K.S. Carslaw). The analysis of model simulations and

evaluation against observations was solely undertaken by the candidate.

The set-up and running of the model simulations involved collaboration

between the candidate, M.T. Woodhouse and G.W. Mann.

Chapter 5 is the publication Turnock, S. T., Butt, E. W., Richardson, T. B.,

Mann, G. W., Reddington, C. L., Forster, P. M., Haywood, J., Crippa, M.,

Janssens-Maenhout, G., Johnson, C. E., Bellouin, N., Carslaw, K. S., and

Spracklen, D. V: The impact of European legislative and technology

measures to reduce air pollutants on air quality, human health and climate,

Environ. Res. Lett., 11(2), 024010, doi:10.1088/1748-9326/11/2/024010,



- iii -

2016. The manuscript was written by the candidate with advice from

supervisors (D.V. Spracklen, K.S. Carslaw and J. Haywood) and comments

from co-authors during its preparation. The set-up of simulations and

modification of input emissions, as well as the analysis of the model output,

was solely done by the candidate with advice from G. W. Mann. E. Butt

calculated the health impacts from the model output. T.B. Richardson and

P.M. Forster provided advice on calculating the climate impact from the

radiation changes between the two scenarios. M. Crippa and G. Janssens-

Maenhout provided the emissions data for each scenario. Development of

specific parts of the model version used in the paper was done by C.

Johnson and N. Bellouin. C.L. Reddington provided the code for undertaking

calculations of the urban contribution to PM2.5.

This copy has been supplied on the understanding that it is copyright

material and that no quotation from the thesis may be published without

proper acknowledgement.

The right of Steven Thomas Turnock to be identified as Author of this work

has been asserted by him in accordance with the Copyright, Designs and

Patents Act 1988.

© 2016 The University of Leeds and Steven Thomas Turnock



- iv -

Acknowledgements

I would like to thank my lead supervisor Dominick Spracklen for all the help

and advice that he provided to me throughout my PhD as I don’t think I

would have got this far without it. Also thanks goes to the contributions from

my other supervisors Ken Carslaw, Piers Forster and Jim Haywood (at the

Met office) for all the different reviews and guidance provided along the way.

Thanks should also go to the members of the aerosol modellers group for

providing a good group forum for modelling support and also for reviews of

presentations throughout different parts of my PhD. In particular, I would like

to thank Graham Mann and Matt Woodhouse who helped me with a lot of

different model related issues that I had in setting up and running the model

during those early days. Also thanks to Ed Butt for providing the human

health calculations and Tom Richardson for help and advice on the climate

impacts from air quality legislation.

I would like to acknowledge the funding from NERC for my PhD and also the

CASE funding from the Met Office. Also thanks should go to various people

within the Met Office and wider modelling support community who have

aided me at various points throughout my PhD.

Special thanks go to the members of my PhD year group (Douglas,

Leighton, Joey, David and Hannah) for sharing with me the ups and the

downs of doing a PhD at Leeds. Also thanks to anyone who has played

sport (football, badminton and squash mainly) with me over the years.

Thanks all of my friends and family, especially my parents, for all their

encouragement throughout the years. Finally the last and biggest thanks

goes to my wife Laura and son Benjamin for all the help and support that

you have provided me over the PhD years, as I definitely wouldn’t have

been able to get this far without you both.



- v -

Abstract

Across Europe anthropogenic emissions have changed substantially over

recent decades, due in part to the implementation of air pollution control

legislation. It is important to understand the effect that such changes in

emissions have on atmospheric aerosols and their impact on air quality and

climate.

The composition climate model HadGEM3-UKCA and long term

observations of aerosols are used to simulate and evaluate the change in

aerosols over the period 1960 to 2009. Simulated sulphate mass, total

aerosol mass and aerosol number concentrations from HadGEM3-UKCA

were underestimated but temporal trends were in better agreement when

compared to observations. The inclusion of aerosols was found to be

essential when reproducing the observed brightening trend in surface solar

radiation across Europe since 1990. The all-sky aerosol radiative forcing

(relative to a 1980-2000 mean) increased by >3 W m-2 during the period

1970-2009 due to reductions in aerosol concentrations.

The sensitivity of sulphate aerosol formation and aerosol radiative effects to

an increase in cloud water pH were investigated over the period 1970 to

2009. Sulphate aerosol mass increased over regions with large SO2

emissions but decreased at other locations. A positive response in the all-

sky aerosol radiative effect was simulated due to reductions in aerosol

number concentrations. Over Europe the aerosol radiative forcing between

1970 and 2009 varied from +1.5 to +7 W m-2 depending on whether an

increase or decrease in cloud water pH was assumed. This shows the

additional uncertainty that could exist in aerosol radiative effects if temporal

changes in such parameters are not considered.

Two emission scenarios have been used to assess the effect of European

air quality legislation and technology improvements since the 1970s on

particulate air quality, human health and climate. European annual mean

PM2.5 concentrations reduced by 35% and are calculated to have prevented

80,000 premature deaths annually across the European Union, a perceived

financial benefit to society of US$232 billion. A positive response in the all-

sky aerosol radiative effect was simulated, which has increased European

annual mean surface temperatures by 0.45 °C. The implementation of

legislation and technology improvements has improved air quality and

human health across Europe but also had an unintended impact on climate.
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Chapter 1

Introduction

The atmospheric aerosol consists of a population of solid and/or liquid

particles suspended in air. The size of aerosol particles vary enormously by

over several orders of magnitude from 1 nm to 0.1 mm. Aerosol particles can

be classified according to their source as either primary (directly emitted

from the source) or secondary (formed in-situ via gas to particle conversion).

The source of aerosol particles can be anthropogenic (e.g. soot from

combustion activities) or natural (e.g. mineral dust) in origin, and affects the

concentration and composition of particles at different locations throughout

the world. Typical number and mass concentrations of aerosol particles

range from <102 cm-3 and <101 µg m-3 in remote regions to >105 cm-3 and

>102 µg m-3 in urban areas (Baltensperger & Nyeki, 1998).

The size and physio-chemical properties of aerosol particles are determined

by processes such as condensation, evaporation, coagulation, chemical

reaction and water uptake. These processes influences the overall

properties of aerosol particles in the atmosphere and also their lifetime,

primarily determined by wet deposition (Seinfeld & Pandis, 2006).

Atmospheric aerosols are highly spatially and temporally variable (in both

concentration and composition) due to their short residence time in the

troposphere (~1 week), which makes modelling their different interactions

and impacts challenging. This is in contrast to the near uniform distribution

and relatively long residence time of long-lived greenhouse gases in the

atmosphere.

Aerosol particles contribute to a number of environmental problems including

acid deposition and damage to ecosystems, reduced visibility, poor air

quality and human health issues (Brunekreef & Holgate, 2002; Fowler et al.,

2009; Vautard et al., 2009). Additionally, they can influence the radiative

balance of the Earth through direct and indirect interactions (Boucher et al.,

2013). This thesis specifically focuses on the impact of aerosols (or

alternatively referred to as aerosol particles or particulate matter) on air

quality, human health and climate, inferred from changes to the radiative

balance.
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1.1 Air Quality and Human Health

1.1.1 Air Pollutants

Air pollution can be defined as a build-up of gases or aerosol particles,

emitted from anthropogenic or natural sources, in the atmosphere to

sufficiently high concentrations that results in damage to ecosystems,

human health and the built environment (Jacobson, 2002; Seinfeld & Pandis,

2006). The concentration of air pollutants within an environment is

expressed in terms of its air quality.

High levels of air pollutants have been traditionally associated with

anthropogenic activity in urban or industrialised areas. However, it is now

widely accepted that air pollution is also a transboundary problem, spanning

regional and hemispheric scales (depending on the lifetime in the

atmosphere of the pollutant considered).

Air pollutants can form from anthropogenic (or natural) emissions of both

gas-phase species and particulate matter, being either primary (directly

emitted) or secondary (formed via reaction in the atmosphere) in nature.

Table 1 shows some of the most common air pollutants, with the focus of

this thesis being on particulate air pollutants.

Table 1.1 List of common air pollutants

Gas-phase Particulate-phase

O3, SO2, NO, NO2, CO, CH4, VOCs,

POPs, Hg

PM10, PM2.5 and components Sulphate,

Black Carbon, Organic Matter, Nitrate

The majority of primary air pollutants tend to be emitted from anthropogenic

sources that involve fossil fuel combustion, for example the industry and

power generation sectors (e.g. sulphur dioxide, SO2) or the transport sectors

(e.g. nitrogen oxides, NOX or Black carbon, BC). Air pollutants can also be

emitted from natural sources, for example volcanic SO2 and mineral dust

particles from soils.

Secondary air pollutants are formed from chemical reactions in the

atmosphere. In urban environments a combination of meteorology

(photolysis and low levels of boundary layer mixing) and high emissions of

NOX and volatile organic compounds (VOCs) can lead to photochemical

smog episodes due to high concentrations of Ozone (O3) forming. This type

of air pollution incident is common in many major cities around the globe

(e.g. Los Angeles). Secondary particulate matter e.g. sulphate (SO4
2-) and

secondary organic aerosols (SOA), are formed by gas-to-particle
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conversion. Under conditions of high atmospheric pressure (low amounts of

dispersion) and low precipitation, high concentrations of air pollutants can

occur, leading to poor air quality.

1.1.2 Impacts on Health

A population exposed to high levels of air pollutants can experience

detrimental impacts to their health. Epidemiological studies have identified

an association between the concentration of air pollutants and observed

effects on human health; concentration dose response relationships

(Dockery et al., 1993; Pope et al., 1995; Seaton et al., 1995). This can be

linked to short term morbidity health outcomes such as an increase in

respiratory hospital admissions and cases of chronic bronchitis (World

Health Organization, 2003; AEA Technology, 2005). Exposure to air

pollutants has also been associated with long-term effects on human health

over an individual’s lifetime (e.g. excess premature mortality from lung

cancer).

Particles with a diameter of less than 10 µm cause the largest health effects

as they are small enough to penetrate and lodge inside the lungs. This can

lead to cardiovascular and respiratory diseases, as well as lung cancer

(Brunekreef & Holgate, 2002; World Health Organization, 2003, 2014).

Impacts on human health can occur even at low concentrations with no

identifiable threshold for observable effects (Burnett et al., 2014).

Human exposure to elevated concentrations of SO2, nitrogen dioxide (NO2)

and O3 can also lead to morbidity and mortality from the exasperation of

respiratory conditions (e.g. asthma, bronchitis, lung inflammation and lung

disease) (World Health Organization, 2003). Exposure to high

concentrations of O3 is currently the greatest concern of these gaseous

pollutants.

Recent studies have attempted to quantify the impact on human health from

exposure to air pollutants (Table 1.2). Human exposure to ambient

concentrations of fine particulate matter has been attributed to an estimated

0.8 to 3.7 million premature deaths worldwide, mostly occurring in Asia

(Cohen et al., 2005; World Health Organization, 2014). At a European level,

present day concentrations of air pollutants are resulting in a substantial

number of premature deaths and other health impacts, making exposure to

air pollutants a significant health risk factor. Most of these global and

regional estimates are provided at a relatively coarse resolution and are
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anticipated to have neglected enhanced concentrations of air pollutants from

urban areas.

A perceived economic impact on society can also result from the health

effects of poor air quality. The World Health Organization (WHO) for Europe

recently estimated the perceived economic costs to society across the

countries of the WHO European region (53 in total) from premature deaths

due to exposure to air pollution (both ambient and household) was US$

1.431 trillion in 2010 (WHO Regional Office for Europe & OECD, 2015). This

highlights the very large economic costs of poor air quality.

Table 1.2 Calculated long term health impacts from exposure to air pollutants in
recent studies

Scale Year

Premature mortality associated with
exposure to ambient air pollutants (95%
confidence intervals (C.I.))

ReferencePM2.5 O3

Global 2012 3.7 million N/A
World Health
Organization
(2014)

Global 2010 3.15 (1.52 – 4.60) million
142,000 (90,000 -
208,000)

Lelieveld et al.,
(2015)

Global 2000 3.7 (2.6 - 4.4) million
0.7 (0.4 – 1.0)
million

Anenberg et
al., (2010)

Global 2000 0.8 million N/A
Cohen et al.,
(2005)

European 2014
458,065 (301,304 –
602,092)

17,407 (8,413 –
25,782)

European
Environment
Agency (EEA),
(2014)

UK 2008
29,000 (4,700 – 51,000,
based changes in risk
coefficient used)

N/A
COMEAP
(2010)

USA 2005
200,000 (90,000 –
362,000, 90% C.I.)

5,000 (-900 –
11,000, 90% C.I.)

Caiazzo et al.,
(2013)

1.1.3 Air Quality Legislation

In response to episodes of poor air quality, legislation has been developed

on both a national and international level to reduce air pollutants to

concentrations that represent a minimum risk to human health and the

environment. Some of the earliest modern legislation to control the emission

of air pollutants was the implementation of Clean Air Acts in both the United

Kingdom (1956) and United States (1963). These were enacted following

large smog events in the 1940s and 50s across London (coal smoke) and

Los Angeles (photochemical), which resulted in numerous deaths.
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At an international level, the Convention on Long-Range Transboundary Air

Pollution (CLRTAP) was set up by the United Nations Economic

Commission for Europe (UNECE) in 1979. This was the first piece of

legislation to deal with the problem of air pollution at a regional and

transboundary level by requiring a reduction in emissions of air pollutants

using abatement technologies (United Nations Economic Commission for

Europe, 2004). CLRTAP has been extended by the adoption of additional

protocols such as the UNECE Gothenburg Protocol of 1999 (subsequently

revised in 2012), which sets limits on emissions of air pollutants from specific

activities. Following on from this initial legislation, countries mainly in North

America and Europe but also others around the world through the WHO,

have now set air quality standards on the concentrations of air pollutants that

would pose an unacceptable risk to human health (Table 1.3). With regards

to particulate matter, legislation has tended to focus on regulating mass

concentrations in the fine size fraction of particles less than 10 µm in

diameter (PM10) and more recently on particles less than 2.5 µm in diameter

(PM2.5).

Table 1.3 Air quality standards set for major air pollutants by the European air
quality directive, the WHO air quality guidelines (AQG) and the United States
Environmental Protection Agency (US-EPA) National Ambient Air Quality Standards
(NAAQS). Values in parenthesis show averaging period for which the standard is
defined.

Pollutant EU Limit Values1 WHO AQG2 USEPA
NAAQS3

PM2.5 20 µg/m3 (annual) 10 µg/m3 (annual) 12 µg/m3

(annual)

PM10 40 µg/m3 (annual) 20 µg/m3 (annual) 150 µg/m3 (24
hours)

Ozone (O3) 120 µg/m3 (max daily
8 hourly mean)

100 µg/m3 (8 hour
mean)

0.070 ppm (8
hour mean)

Nitrogen Dioxide
(NO2)

40 µg/m3 (annual) 40 µg/m3 (annual) 53 ppb (annual)

Sulphur Dioxide
(SO2)

125 µg/m3 (24 hours) 125 µg/m3 (24 hours) 75 ppb (1 hour)

Carbon
Monoxide (CO)

10 mg/m3 (max daily 8
hourly mean)

10 mg/m3 (max daily 8
hourly mean)

9 ppm (8 hours)

1 – Limit values from the 2008 ambient air quality directive (2008/50/EC)
2 – WHO Air Quality Guideline values (WHO, 2006)
3 – US-EPA National Ambient Air Quality Standards (https://www.epa.gov/criteria-air-
pollutants/naaqs-table, accessed 05/05/16)

The European Union (EU) and other regional organisations such as the

UNECE have introduced legislation since the 1970s across Europe in the

form of “directives” to regulate air pollutant concentrations and set emission

limits for specific activities. Directives covering standards for vehicle
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emissions and fuel quality have also been implemented. The 2008 ambient

air quality directive (2008/50/EC) is the most recent directive and sets legally

binding limit values for ambient concentrations of major air pollutants (PM10,

PM2.5, SO2, NO2, lead, benzene, carbon monoxide (CO)), which all member

states must adhere to. These limit values (Table 1.3) have been set at levels

for the protection of human health from both long and short term exposure to

air pollutants. The 2008 ambient air quality directive updated and

consolidated all historical EU air quality legislation which had previously set

limit values and objectives since the 1970s. Limits on emissions of air

pollutants (SO2, NOX, ammonia (NH3) and VOCs) are regulated under

separate legislation of the UNECE Gothenburg Protocol, which has been

translated into European law under the National Emission Ceilings Directive

(2001/81/EC).

1.2 Aerosol Radiative Effects and Climate

Air pollutants can interact with the Earth’s radiative balance and therefore

influence climate. Tropospheric O3 is also a greenhouse gas and directly

interacts with the Earth’s radiative balance by absorbing outgoing long wave

radiation, resulting in a positive radiative effect. Aerosols or particulate

matter can interact with climate directly, by either absorbing or reflecting

incoming solar radiation and also by absorbing outgoing longwave radiation.

They can also have an indirect effect on the radiative balance by modifying

the microphysical properties of clouds. Aerosol particles of a certain size and

composition can act as cloud condensation nuclei (CCN). CCN particles are

able to influence the cloud droplet number (CDN) concentration, which

modifies the properties of clouds and their interaction with radiation (Dusek

et al., 2006).

This indirect modification can be traditionally separated into two main

effects:

1 The cloud albedo effect; anthropogenic aerosols that are able to act

as CCN cause the formation of more numerous smaller cloud droplets

at a constant liquid water content increasing albedo and reflectivity of

a cloud (Twomey, 1977); and

2 The cloud lifetime effect; a decrease in precipitation efficiency at a

constant liquid water content due to the increased number of smaller

cloud drops from aerosols acting as CCN, resulting in longer lived

clouds (Albrecht, 1989).
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the radiative

leads to

(Figure 1.1).

nteractions of
aerosols with radiation; new definitions form the IPCC AR5 report and how they

s of radiative forcing

. Radiative

net (down minus up) radiative flux (shortwave plus

after allowing

stratospheric temperatures to readjust to radiative equilibrium, whilst holding

surface and tropospheric temperatures and state variables such as water
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RF is usually measured from the pre-industrial to present day and at the top

of atmosphere (climatological tropopause).

The climate system can also respond to such changes in the radiative

balance with rapid adjustments to clouds, surface temperature and

precipitation. These responses are excluded from the above definition of

radiative forcing but are included within the calculation of ERF (Figure 1.1).

Rapid adjustments from aerosol induced cloud changes e.g. cloud lifetime

and semi-direct effects are included within the ERF calculations. This is

defined in the AR5 report as;

“the change in net TOA downward radiative flux after allowing for

atmospheric temperatures, water vapour and clouds to adjust, but with

global mean surface temperature or a portion of surface conditions

unchanged.”

This includes simulations that use the method of fixing sea surface

temperatures and sea ice fields.

Figure 1.2 Global effective radiative forcing (ERF) estimates of the main drivers of
climate change relative to a 1750 baseline from AR5 (IPCC, 2013).

The confidence level in the net forcing (VH – very high, H – high, M – medium, L –
low, VL – very low) is shown on the right.
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Figure 1.2 shows the large positive radiative forcing from the well mixed

greenhouse gases (e.g. global mean value for CO2 of +1.68 W m-2) and the

relatively small error bars, highlighting the high scientific certainty to which

these effects are known. The radiative forcing due to aerosols is shown to be

negative (global mean value of -0.27 W m-2 for aerosols and -0.55 W m-2 for

cloud adjustments due to aerosols) but with large error bars, highlighting the

large uncertainties that currently exist within these estimates. The radiative

forcing from aerosols is influenced by the temporal and spatial distribution of

the aerosol burden, optical properties and various chemistry climate

processes (Haywood & Boucher 2000; Forster et al. 2007).

The individual components of aerosols can have different radiative effects

(Figure 1.3). Sulphate particles have a cooling effect on climate by directly

reflecting radiation (RFari = -0.34 W m-2, Figure 1.3). BC is an aerosol

component that has large human health effects, is a strong absorber of UV

radiation (direct effects RFari = +0.4 W m-2, Figure 1.3) and by coating with

soluble components can act as an effective CCN to influence cloud

properties (Menon et al. 2008; Bond et al. 2013; Andreae & Ramanathan

2013). Bond et al., (2013) provided another estimate of BC RFari of +0.51 W

m-2 for fossil fuel and biofuel sources, which is larger as BC absorption is

scaled to match observations. Estimates of RFari for BC are uncertain due

to model errors in reproducing the vertical profile and optical properties of

BC across the globe (Bond et al., 2013). Organic aerosols of primary origin

tend to be more reflective of radiation, as indicated by a RFari of -0.09 W m-

2. For SOA the median RFari is -0.03 W m-2 but with a large range reflecting

the spread in the response of biogenic VOC emissions to land use change

(Shindell et al., 2013).

An estimate of aerosol ERF (that takes into account both ari and aci) is

provided from the IPCC AR5 report in Figure 1.4. This shows the large

range, and hence uncertainty, in the different estimates of ERF that take into

account the rapid adjustment of aerosols on cloud. A mean aerosol ERF

value of -0.9 W m-2 is obtained from the IPCC AR5 report (5 to 95%

uncertainty range of –1.9 to –0.1 W m–2).
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Figure 1.3 Annual mean top of atmosphere radiative forcing due to aerosol
radiation interactions from different aerosol components over the period 1750 to
2010, as presented in the IPCC AR5 (Boucher et al., 2013).

Hatched boxes show median(line), 5th to 95th percentile ranges (box) and min/max
values (whiskers) from AeroCom II models (Myhre et al., 2013). Solid boxes show
the AR5 estimates and 90% uncertainty ranges.

Figure 1.4 Whisker plots showing estimates of the indirect effects of aerosol on
radiation from Global Climate Model studies involving satellite data of RFari,
ERFaci and ERFari+aci from the IPCC AR5 (Boucher et al., 2013).

CMIP5 (in red) shows RFari from CMIP5/ACCMIP models. ERFaci from GCMs
(labelled AR4, AR5 in green), all estimates of ERFari+aci (labelled ‘All’ in blue),
ERFari+aci from GCMs (labelled ‘Highlighted GCMs’ in blue), ERFari+aci from
satellites (labelled ‘Highlighted Satellites’ in blue), and expert judgement based on
estimates of ERFari+aci from these GCM and satellite studies (labelled ‘Expert
Judgement’ in blue).

The large error bars in the predictions of the aerosol ERF arise mainly due to

the large spatial and temporal variability in aerosols and the difficulties in

modelling their complex interactions in the atmosphere, particularly with

clouds. Also representing changes to the physical and chemical properties of

aerosols is important as it can affect their interactions with clouds and

climate. A reduction of this uncertainty is vital in order to improve the

accuracy and precision of climate predictions, as future aerosol cloud effects

are still anticipated to be important.
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region such as Europe due to its influence on the formation of both sulphate

and nitrate aerosols (Redington et al., 2009; Wang et al., 2013).

Figure 1.6 Time series of the European emissions of BC, CO, NOX and SO2

across Western and Central Europe from 1980 to 2010 in different emission
inventories (Granier et al., 2011).

Whilst emissions have decreased across Europe, anthropogenic emissions

have increased across other world regions due to population growth and
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economic development (Forster et al. 2007; Manktelow et al. 2007;

Leibensperger et al. 2012a). For example, SO2 emissions in east Asia have

increased by a factor of 7 from the 1960s to present day (Smith et al., 2011).

Natural emissions of aerosols and their precursor species are also

important, with their emission flux strongly dependent on meteorological

variables. They can contribute significantly to the background aerosol

concentration, which makes them important to quantify, particularly as their

pre-industrial and future state is uncertain (Andreae & Crutzen, 1997; Menon

et al., 2002; Kloster et al., 2008; Carslaw et al., 2013).

Figure 1.6 highlights some of the discrepancies between different emission

inventories in both the trend and magnitude of historical anthropogenic

emissions. Emission inventories of aerosols and their precursor species

represent a large uncertainty in modelling studies, although de Meij et al.,

(2006) showed that for model inter-comparisons structural differences in

models were more important than the choice of inventory. Never-the-less it

is important to have accurate inventories when predicting their impact on air

quality and climate.

Changes in anthropogenic emissions affect aerosol concentrations and

properties which can alter their impact on both air quality and the radiative

balance (Arneth et al., 2009; Ramanathan & Feng, 2009; Fiore et al., 2012).

The response of aerosol particles and their effect on climate to the

substantial changes in anthropogenic emissions in both the past (Figures 1.5

and 1.6) and future is currently uncertain (Penner et al., 2010; Chalmers et

al., 2012). Reductions in aerosol emissions have been attributed in part to

the warming response in recent decades over the USA (Leibensperger et al.,

2012a, 2012b; Mickley et al., 2012) and to an increase in extreme

temperature and precipitation events in Europe (Sillmann et al., 2013).

Simulating the effect on climate from the changes in emissions of aerosols

(and their precursors) is particularly challenging due to their spatial and

temporal variability in the atmosphere and the lack of knowledge regarding

some processes (e.g. aerosol cloud interactions). It is important therefore to

understand the response of aerosols (and their impacts) over the recent past

when large changes in anthropogenic emissions have occurred to improve

future predictions. In particular, it important to understand the impact on air

quality and climate from the implementation of historical legislation to reduce

emissions of air pollutants, especially when designing future measures.
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1.4 Long Term Aerosol Observations and Model Studies

Following the implementation of air pollution control legislation, ground-

based monitoring networks were established to provide evidence of

adherence to standards. The longest continuously operating networks

monitoring aerosol concentrations and physiochemical properties exist in

Europe (the European Monitoring and Evaluation Programme – EMEP, see

Tørseth et al. (2012)) and North America (the Integrated Monitoring of

Protected Visual Environments – IMPROVE, see

http://vista.cira.colostate.edu/improve/). Observations of total aerosol mass

and its constituent components are available from these networks since the

1970s. Aerosol Optical Depth (AOD) observations from the ground-based

Aerosol Robotic Network (AERONET) (Holben et al., 1998) are available

over the last 10 to 20 years across certain areas of the globe. Additionally

long term observations of Surface Solar Radiation (SSR) are available since

the 1950s over large parts of Europe from the ground-based Global Energy

Balance Archive (GEBA). Whilst SSR is not a direct measurement of

aerosols, changes in it can be used along with other observations and model

simulations to infer the influence of aerosols on the surface radiation

balance.

For model evaluation purposes there are limitations in both the spatial and

temporal extent of such observational datasets. Additionally, the

components and instrumental techniques used to provide measurements

can be inconsistent throughout the entire operational time period at an

individual measurement location. However, these observational datasets

are a useful source of multi-decadal aerosol properties and concentrations

with which to compare and evaluate model output.

Long term aerosol observations over Europe from the EMEP network show

that both SO2 concentrations and SO4
2- aerosol mass concentrations

reduced by ~90% and 70% respectively over the period 1980 to 2009

(Figure 1.7 and in Tørseth et al. 2012). Large reductions in SO2 and SO4
2-

were also observed over the United States for a similar time period (Hand et

al., 2012). These changes are primarily attributed to the reduction in

anthropogenic emissions of SO2 due to economic factors and from the

implementation of air quality legislation and abatement technologies. Smaller

reductions have also occurred in concentrations of NO2, ammonium and

nitrate over the same time period (Fagerli & Aas, 2008).
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Figure 1.7 Annual mean concentrations of SO4
2- (µg m-3) in aerosols from 1974 to

2009 (Tørseth et al., 2012)

Reductions in both PM10 and PM2.5 were observed over Europe between

2000 and 2009 (Figure 1.8), although larger decreases were observed in

smaller size particles (Barmpadimos et al., 2012; Tørseth et al., 2012).

Aerosol number concentrations, a key parameter for aerosol climate

interactions, were shown to decrease across Europe over the last 10 to 15

years with reductions in anthropogenic emissions identified as the strongest

possible cause out of a number of options (Asmi et al., 2013). However, a

similar study into temporal changes in aerosol optical properties (with

potential climate implications) over Europe found no significant changes

(Collaud Coen et al., 2013). Over the UK, Harrison et al., (2008) found that

observations of PM10 have remained relatively stable between 1999 and

2006 even when reduction in anthropogenic emissions of precursor species

are anticipated to have occurred.
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Figure 1.8 Time series of PM2.5 (left) and PM10 (right) in µg m-3 at selected EMEP
sites from 1998 to 2009 (Tørseth et al., 2012)

In contrast to the reduction in aerosol concentrations observed over Europe,

measured AOD has increased over the last couple of decades in Asia

(Krishna Moorthy et al., 2013). Increased anthropogenic aerosols due to

industrialisation and population growth have been identified as major factors

in this change and if it continues could have an important effect on climate

over Asia.

Observed changes in SSR across Europe have shown a reduction or a

“dimming” period in the 1980s and a subsequent increase in SSR or a

“brightening” period from the 1990s onwards. Over Europe, these Observed

changes in SSR have been in part attributed to changes in properties of

clouds, aerosols and aerosol-cloud interactions (Wild, 2009).

Evaluating composition chemistry models against such observations is

necessary to validate the simulated changes in aerosols and their radiative

effects over multi-decadal timescales. Several studies have compared long-

term aerosol observations to model simulations. Leibensperger et al.,

(2012a) used the Chemical Transport Model (CTM) GEOS-Chem to

evaluate aerosol trends over the USA at decadal time slices and found that

sulphate but not black carbon was well represented by the model. Berglen et

al., (2007) compared European sulphate predicted by OsloCTM2 to

observations and obtained a slight underprediction by the model when

attempting to reproduce the reduction in observed concentrations.
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Other studies have evaluated global models with a simplified aerosol

scheme (mass only) for decadal time slices throughout the industrial period.

Koch et al., (2011) found that their global simulations underestimated

sulphate concentrations in the 1980s over Europe as well as the magnitude

of the decreasing in concentrations. The inter-decadal variability of surface

solar radiation was simulated well in this study but the magnitude was

underestimated when compared to measurements. Skeie et al., (2011)

achieved a good comparison between decadal mean concentrations of

simulated and observed sulphate over Europe but under-predicted nitrate

and organic aerosol concentrations over North America.

Other studies have evaluated aerosols in global models by using changes in

AOD, a single property representative of the bulk aerosol. Lamarque et al.,

(2010) evaluated simulations of present day AOD against AERONET

observations and reported a relatively good reproduction of inter-annual

variability, apart from at high AOD values. Shindell et al., (2013) assessed

AOD from the models involved in the Atmospheric Chemistry and Climate

Model Inter comparison Project (ACCMIP) and showed that most captured

the trends between 1980 to 2010 relatively well, although many under

predicted present day AOD, particularly over East Asia.

A multi-model assessment of aerosol trends in Europe over the last decade

was undertaken by Colette et al., (2011). Models were able to reproduce the

decrease in PM10 observed at measurement sites but failed to reproduce the

increase observed at certain locations. However, the modelled absolute

PM10 mass concentrations were consistently lower than that measured. Chin

et al., (2014) analysed changes in marine and continental aerosols from

1980 to 2009 using the GOCART model and numerous satellite and ground

based observations of aerosol properties. The modelled multi-decadal

changes in aerosol properties were comparable, but the overall simulated

magnitudes were lower than that observed. This analysis highlighted the

need for smaller spatial scale studies as important regional changes in

aerosol properties can potentially be masked by compensatory changes

observed at the global scale.

Model simulations set up to reproduce changes in SSR have been unable to

reproduce both the timing and magnitude of the dimming period but are able

to simulate the observed brightening trend (Folini & Wild, 2011; Allen et al.,

2013). The failure to reproduce the dimming signal in observed SSR was

attributed to an underestimation of the aerosol direct effect (Allen et al.,

2013) whilst Chiacchio et al., (2015) found that the inclusion of aerosols
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were necessary to replicate the observed brightening signal. These studies

indicate that including a detailed treatment of aerosols is essential in being

able to reproduce changes in surface radiative fluxes.

Multi-decadal observations of aerosols can provide direct evidence of the

causes behind any spatial and temporal changes in them and also of the

adherence to air quality limit values set for the protection of human health. In

conjunction with model studies, observations can provide confidence in the

results of simulations and also aid in the identification of the causes behind

long term changes in aerosol properties and processes.

1.5 Aerosols Processes affected by Emission Changes

Changes to the magnitude and location of anthropogenic emissions can

induce significant non-linear responses in aerosol processes, properties and

also their interactions with climate (Stier et al., 2006a). Understanding how

aerosols interact with climate depends on a number of interrelated factors

including; the distribution of emissions (both spatially and temporally),

meteorological conditions (e.g. temperature, precipitation), transport

processes within the overall model and the microphysical processes

(secondary chemical production, water uptake, removal processes etc.)

implemented within the aerosol model (Textor et al., 2007).

In order to identify appropriate future emission reduction policies it is

essential to improve the understanding how these interactions of aerosol

processes with climate have changed over the recent past (Stier et al.,

2006b; Langmann et al., 2008).

1.5.1 Sources and Emissions

Sources of aerosols and their precursor species are diverse and numerous,

with both anthropogenic and natural origins. Aerosols can be either primary

or secondary in nature. Primary aerosols are emitted directly into the

atmosphere and can be from anthropogenic (from incomplete combustion)

and natural sources (via mechanical formation mechanisms e.g. mineral

dust, sea spray, biological debris). Secondary particles can be formed in-situ

via gas-to-particle conversion (e.g. new particle formation of SO4
2- from the

emissions of SO2) or by the condensation of gas phase species onto existing

aerosol particles. Table 1.4 shows global estimates of emission fluxes for

primary and secondary aerosols from both natural and anthropogenic

sources.
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Table 1.4 Global emission estimates for major aerosol classes (Seinfeld and
Pandis, 2006, and references therein)

Source
Estimated
Flux (Tg yr -1)

Natural Primary Mineral Dust 0.1-1.0 µm 48

1.0-2.5 µm 260

2.5-5.0 µm 609

5.0-10.0 µm 573

0.1-10.0 µm 1490

Seasalt 10,100

Volcanic Dust 30

Biological debris 50

Secondary Sulphate from DMS 12.4

Sulphates from volcanic SO2 20

Organic aerosol from biogenic VOC 11.2

Anthropogenic

Primary Industrial dust (except BC) 100

Black Carbon 12a

Organic aerosols 81a

Secondary Sulphates from SO2 48.6 b

Nitrates from NO2 21.3 c

a Tg C, b Tg S, c Tg NO3

Table 1.4 shows that emission fluxes of primary aerosols from natural

sources are much larger than secondary anthropogenic sources. However,

these tend to produce coarse particles that are larger in size and have

shorter residence times in the atmosphere. Anthropogenic sources tend to

produce particles in the accumulation size range (100 nm – 1 µm), which

have longer residence times and are the size range of most importance for

interaction with radiation. Whilst natural aerosol sources have tended to

remain relatively constant, albeit with larger interannual variability,

anthropogenic sources have increased over the industrial era thus having a

strong influence on aerosol properties and effects.

Changes in anthropogenic emissions cannot be solely used to infer the

change in aerosol radiative effects as it is important to consider aerosol

lifetime, ageing, size, composition and mixing state (Stier et al., 2006b).

1.5.2 Chemical Composition

Aerosol particles are made up of a number of different chemical components

that tend to be internally mixed. The extent of mixing is primarily determined

by the nature and proximity of the source and the extent of processing

(ageing) undergone. The chemical composition of aerosols is important in

determining their interaction with radiation via optical properties and
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influence on clouds (Lohmann & Feichter, 2005). Typical components

include sulphate, ammonium, nitrate, seasalt, carbonaceous material and

mineral dust; as summarised in Table 1.5.

Changes to anthropogenic emissions can affect aerosol formation rates by

altering primary aerosol emissions as well as the availability of aerosol

precursor species and the oxidative capacity of the atmosphere. It is

important to consider how the oxidative capacity of the atmosphere has

altered in response to emission changes over different regions when

simulating aerosol concentrations (Unger et al., 2006; Berglen et al., 2007;

Yu et al., 2012; Megaritis et al., 2013). In particular, a latitude dependent

oxidation efficiency was shown as anthropogenic emissions have shifted

southwards from Europe and North America towards east and south Asia

over the last 30 years, which can affect aerosol formation (Manktelow et al.,

2007; Pozzoli et al., 2011; Skeie et al., 2011).

Changes in anthropogenic emissions can also induce changes to other

properties relevant to aerosol formation. Cloud water pH is an important

property in aqueous phase formation of sulphate aerosols (Roelofs et al.,

2001). The review by Ervens (2015) highlighted that the treatment of in-

cloud aqueous phase sulphate formation and calculation of cloud water pH

varies across difference global composition climate models. The

underrepresentation of this process has been identified in studies as a

possible cause of the simulated underestimation of observed sulphate

aerosol mass concentrations across regions such as Europe (Feichter et al.,

1996; Kasibhatla et al., 1997; Roelofs et al., 2001; Berglen, 2004; Textor et

al., 2006). Different representations of cloud water pH by the use of different

cloud droplet schemes can also affect aerosol optical properties and

interaction with radiation (Kreidenweis, 2003; Roelofs et al., 2006). Cloud

water pH was identified as being the third most important processes

controlling CCN uncertainty, particularly in winter across northern mid-

latitudes (Lee et al., 2013). Understanding the sensitivity of sulphate aerosol

formation to cloud water pH is therefore important to be able to accurately

represent aerosol mass concentrations and aerosol interactions with climate.

Reductions in the emissions of acidifying gases over the last 30 year across

Europe and North America have resulted in an increase in cloud and

rainwater pH (Vet et al., 2014; Schwab et al., 2016). The effect of such a

temporal change in pH across different regions on sulphate aerosol

formation and their radiative effects over recent decades is not currently

quantified.
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Table 1.5 Summary of sources, formation and effects of aerosol components
(Boucher et al., 2013)

Species Formation Main Sources Effects

Sulphate
(SO4

2-) or
after reaction
of H2SO4 with
NH3

ammonium
sulphate
((NH4)2SO4)

Secondary particles
formed from gas
phase oxidation
products of SO2 and
DMS. Also in-cloud
aqueous phase
oxidation to form
secondary particles

Anthropogenic fossil
fuel burning, volcanic
and biomass burning
emissions of SO2.
Phytoplankton
emissions of DMS

Strong scattering
aerosol with RFari
of -0.34 W m-2. CCN
active.

Nitrate (NO3
-)

or after
reaction of
HNO3 with
NH3

ammonium
nitrate
(NH4NO3)

Secondary particles
formed from
reactions of NOX,
nitric acid (HNO3)
and NH3. Requires
low amounts of
SO4

2- and excess
NH3.

NOX emissions from
fossil fuel combustion,
soils, lightning, biomass
burning. NH3 emissions
from mainly agriculture.

Strong scattering
aerosol with RFari
of -0.11 W m-2. CCN
active.

Black Carbon
(BC)

Primary emissions Incomplete combustion
of fossil fuel, biofuel
and biomass burning

Stronger absorber
of shortwave
radiation with RFari
of +0.4 W m-2. CCN
active when coated.

Particulate
Organic
Matter (POM)

Primary emissions.
Also secondary
formation from
oxidation of biogenic
or anthropogenic
VOCs

Primary emissions from
fossil fuel, biofuel and
biomass burning. Also
primary material from
algae and pollen
spores. Emissions of
VOCs from both
biogenic (vegetation)
and anthropogenic
(incomplete
combustion) sources.

Light scattering and
CCN active.
Although some are
also medium
absorbers of UV
and visible
radiation. RFari of
primary organic
aerosol is -0.09 W
m-2 whilst form
secondary it is -0.03
W m-2.

Sea salt
(NaCl)

Primary emissions White caps and bubble
bursting induced by
breaking of waves.

Light scattering in
visible. CCN active.
No individual RFari
calculated.

Mineral Dust Primary emissions Mechanical attrition of
wind on bare soil. Soil
resuspension.
Anthropogenic activities
of agriculture and
construction operations.

Light scattering of
visible and absorber
of infrared. RFari of
-0.1 W m-2.

The chemical mixing state of aerosols will also alter in accordance with

changes in precursor emissions. Changes to the chemical mixing state will

alter the composition and ageing rate of particles within the climatically

important internally mixed accumulation mode, affecting the aerosol optical

properties and radiative effects (Stier et al., 2006b; Spracklen et al., 2010;

Cappa et al., 2012).
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The aerosol size distribution can be altered in response to changing sources

of emissions and other chemical and microphysical processes in the

atmosphere, which can ultimately affect the climate relevant properties of

aerosols. Changes to the magnitude and location of anthropogenic

emissions can alter the new particle formation rate at that location

(Spracklen et al. 2010; Merikanto et al. 2010; Ahlm et al. 2013), which is

important for producing particles of CCN relevant sizes. To reduce the

uncertainty in aerosol radiative effects it is important to increase the

understanding of how changes in emissions impact on the formation of

climate relevant particles (CCN sizes) at different spatial and temporal

scales.

Table 1.6 Summary of the main microphysical processes influencing the aerosol
size distribution

Process Description Example

New particle
formation
(nucleation)

When concentrations of volatile species exceed
their equilibrium vapour pressure, particles can
be nucleated to form new clusters, which quickly
grow via condensation and coagulation

Sulphate
formation from
H2SO4 vapour

Condensational
growth

Conversion of gas-phase species to particles via
heterogeneous nucleation (increases size and
mass but conserves number). Important for
smaller sized particles (<100 nm) and in regions
of high particle number concentration (Raes et

al., 2000).

H2SO4 vapour and
VOCs

Coagulation Collision and adhesion of particles to form larger
sizes (decreases number but conserves mass).
Important in smaller sized particles and at high
number concentrations.

Pre-existing
particles of larger
size

Activation Activation of particles of a particular size and
composition (subset behaving as CCN) into
cloud droplets at a critical supersaturation

Hygroscopic
particles e.g.
SO4

2-, NO3
-,

NaCl, organics

1.5.4 Removal

The main loss mechanism for aerosols in the atmosphere is wet removal via

both in-cloud scavenging (removal of activated fraction) and rain out (below

cloud impaction), which is strongly affected by their size and chemical

composition. Dry deposition of particles onto surfaces is also important,

especially for larger particles which are removed relatively quickly from the

atmosphere by gravitational settling. Small particles can be removed from

the atmosphere by diffusing to the Earth’s surface. Particles between 0.1

and 1 µm in diameter tend to accumulate in the atmosphere as dry removal

is slow but with the right hygroscopic properties they can be activated in

clouds and removed by wet deposition. Aerosols within the accumulation

mode tend to have lifetimes in the atmosphere of between a few days to
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or evaluated the model against a limited range of aerosol properties over a

selected time period (e.g. AOD at time slices; Shindell et al., (2013)). This

thesis will improve on such studies by using a larger number and type of

long term observations of aerosol properties (sulphate, aerosol mass,

number concentration, AOD and SSR) to evaluate a composition climate

model, with an improved treatment of aerosols, across Europe; a region

previously neglected for such long term model evaluation studies. The long

term model evaluation across Europe is particularly important as it is a

region that has experienced large changes in anthropogenic emissions over

recent decades, and has the potential for additional future changes.

The reduction in anthropogenic emissions of air pollutants over the last 40

years across Europe has been in part due to the implementation of specific

legislative measures and technology improvements. The impact on air

quality and climate from historical or future changes in anthropogenic

emissions has been assessed in studies by Unger et al., (2008), Colette et

al., (2011) and Koch et al., (2011). However, such studies have not

attributed the impact on air quality, human health and climate to the specific

legislation and policy measures that were implemented to reduce air

pollutant emissions. It is important to assess the impact of past air pollutant

legislative and policy measures when designing future measures to make

sure the desired improvements in air quality and human health are achieved,

as well as avoiding any inadvertent impacts on climate.

Changes in anthropogenic emissions can also affect properties relevant to

aerosol formation and aerosol radiative effects, like cloud water pH. The

complexity with which global composition climate models represent cloud

water pH varies (Ervens, 2015) and has been identified as causing some of

the simulated underestimation in sulphate aerosol mass over Europe

(Roelofs et al., 2001; Berglen, 2004). In addition, aerosol optical properties

and their interaction with radiation can also be affected by the use of

different cloud droplet schemes, and hence cloud water pH (Kreidenweis,

2003; Roelofs et al., 2006). In an uncertainty analysis of aerosol properties

and processes, Lee et al., (2013) found that cloud droplet pH was the third

most important factor controlling uncertainty in CCN concentrations.

Therefore understanding the sensitivity of sulphate aerosol formation to

variations in cloud water pH induced by emission changes is important in

accurately determining how aerosols and their interaction with climate has

changed over time. There are currently no studies into the effect of temporal

changes in cloud water pH on sulphate aerosol formation and aerosol
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radiative effects over recent decades. This could be particularly important as

changes in anthropogenic emissions are different regionally and could

induce important but different responses in cloud water pH and aerosols.

Understanding the response of aerosols to anthropogenic emissions is

complicated by the interaction of air quality with climate (Figure 1.10), and

the potentially large but uncertain feedback response of air quality to

changes in climate (Jacob & Winner, 2009; von Schneidemesser et al.,

2015).

It is important therefore to understand the effect that changes in

anthropogenic emissions have on aerosol properties and processes and

how this alters their interaction with the radiative balance. This is particularly

important over the latter half of the 20th Century when significant changes in

anthropogenic emissions have occurred across different regions. In

particular, it is important to understand the impact on emissions and

aerosols from the implementation of air pollutant control legislation when

designing any future legislation. Comparing long term observations to output

from a global composition climate model will aid in determining the response

of aerosol processes and properties to applied perturbations, which are

important to ensure that future mitigation measures deliver the anticipated

benefits.

1.7 Thesis Aims and Objectives

The overall aim of this thesis is to investigate how changes in anthropogenic

emissions of aerosol precursor species have impacted aerosols and their

radiative effect. The work will focus on the European regional domain over

the period 1960 to 2009 when large changes in anthropogenic emissions

have occurred. The work has been carried out using the global composition

climate model HadGEM3-UKCA and observations of aerosol properties from

monitoring networks over Europe.

The individual aims of each chapter are set out below:

1. How have aerosols and their radiative effects varied across Europe

over the period 1960 to 2009 in response to changes in

anthropogenic emissions?

a. What are the observed trends in aerosol properties over

Europe?

b. Can a global composition climate model reproduce such long

term trends?
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c. What processes or understanding are we missing within our

model that is limiting our ability to reproduce such long term

trends?

d. How has the aerosol radiative effect changed across Europe

over the period 1960 to 2009 in response to changes in

anthropogenic emissions?

e. Given the model evaluation of aerosol properties can we have

confidence in the simulated changes in the aerosol radiative

effects?

2. How important is a spatially and temporally varying value of cloud

water pH for the accurate prediction of sulphate aerosol formation and

its radiative effects?

a. What is the global and regional impact of a change in pH on

sulphate aerosol formation?

b. Does a changes in pH improve the long term model evaluation

of sulphate aerosols over Europe?

c. How does a change in cloud water pH affect the aerosol size

distribution and number of particles available at climate

relevant sizes?

d. What is the impact on the aerosol radiative effect of the change

in cloud water pH over the period 1960 to 2009?

e. Is a fixed global value of cloud water pH sufficient to represent

sulphate formation and its radiative impact over the period

1960 to 2009?

3. What is the impact of historical European air quality policy measures

and technology changes on air quality, human health and climate?

a. How much have historical European policy measures to reduce

air pollutants impacted on anthropogenic emissions?

b. How much has particulate air quality been improved by the

implementation of air pollution mitigation measures and

technology improvements?

c. What has been the impact on human health from the

implementation of these measures?

d. What are the unintended impacts on climate from the

implementation of historical European measures to reduce air

pollutants?
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Chapter 2

Methods

2.1 Introduction

Atmospheric chemistry and aerosols have been incorporated into the third

generation of the Met Office’s Hadley Centre Global Environment Model

(HadGEM) through the United Kingdom Chemistry and Aerosols (UKCA)

programme. The version used here is HadGEM3-UKCA; a coupled

composition climate model able to simulate the interaction between

chemistry, aerosols and their impacts on the radiative balance of the climate

system.

The dynamical core of HadGEM3-UKCA is based upon the dynamics

scheme implemented by Davies et al., (2005) in the Met Office’s Unified

Model (UM). This simulates the processes of large scale advection of

tracers, convective uplift and boundary layer mixing. Chemistry is calculated

“online” in HadGEM3-UKCA using the scheme described in O’Connor et al.,

(2014). The modal aerosol scheme of the Global Model of Aerosol Process

(GLOMAP-mode) is used within this version of HadGEM3-UKCA to simulate

the interaction of aerosols with chemistry and climate (Mann et al. 2010).

GLOMAP-mode is used in preference to the sectional GLOMAP-bin scheme

because of the computational requirements in coupling an aerosol scheme

to a climate model, but the two schemes do produce comparative results

(Mann et al., 2012). Descriptions of the chemistry and aerosol scheme as

well as features of importance in the climate model are described in the next

sections.

2.2 The Chemistry Scheme

Chemistry is calculated ‘online’ (i.e. oxidants are interactively regenerated) in

HadGEM3-UKCA within the TropIsop scheme; the standard tropospheric

chemistry scheme with additional reactions for isoprene to treat 55 chemical

species, as described in O’Connor et al., (2014). The mechanism involves

chemistry for tropospheric O3, HOX, NOX and VOC species with reactions

(uni-, bi- and ter-molecular) of odd oxygen (OX), nitrogen (NOY), hydrogen

(HOX = OH + HO2) and CO, as well as methane (CH4) and other short chain

non-methane VOCs. A photolysis scheme (Fast-J) is implemented within

UKCA which calculates online photolysis rates based on the current
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distribution of clouds, ozone and aerosols (Wild et al., 2000), allowing for the

inclusion of aerosol and climate feedbacks on the chemistry.

To allow for coupling to the aerosol model, the chemistry scheme has been

extended to include additional reactions for sulphur and monoterpene

oxidation (Spracklen et al., 2006; Mann et al., 2010; Scott et al., 2014).

These include reactions for the following additional species that are

important for aerosol formation: SO2, sulphuric acid (H2SO4), dimethyl

sulphide (DMS), methane sulphonic acid (MSA), carbon disulphide (CS2),

carbonyl sulphide (COS) and monoterpenes. In the gas phase sulphate

aerosol mass can be formed by the oxidation of SO2 with the hydroxyl

radical (OH).

If low level clouds are present then the oxidation of sulphur species (S(IV) to

S(VI)) to form sulphate aerosols can occur in the aqueous phase via

reactions with hydrogen peroxide (H2O2) and O3; traditionally the dominant

and most well understood in-cloud oxidants (Ervens, 2015).

A simple scheme is included to account for the oxidation of biogenic VOCs

and subsequent SOA formation. SOA is formed from the products (SEC-

ORG; Table 2.1) of monoterpene (equivalent to α-pinene, MONOTERP in 

Table 2.1) oxidation at a yield of 13%, which are assumed to be involatile

and condense onto existing aerosols (Spracklen et al., 2006).

The TropIsop scheme and modifications described above contains enough

detailed chemistry to cover reactions leading to and affecting aerosol

formation, processing and loss within the troposphere. Chemical reactions

within the stratosphere were not considered as it was outside the scope of

this thesis. Table 2.1 shows a summary of the gas-phase chemistry

reactions that directly influence aerosol formation and used within GLOMAP-

mode.

Schemes for dry and wet deposition of gas phase chemical species are

included within the model (O’Connor et al., 2014), which allows for

components to be removed from the atmosphere.
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Table 2.1 Summary of the gas and aqueous phase chemistry used within
GLOMAP-mode (Mann et al., 2010).

Chemical Reaction

ଶ
(a)

ଶ
(b)

ଶ
(b)

ଷ ଶ
(a)

ଶ ଶ
(b)

ଶ
(b)

ଶ ଶ ସ
(b)

(a)

ଷ
(a)

ଷ
(a)

ଶ ଶ ଶ ଶ
(c)

ଷ
ି

ଶ ଶ ସ
ଶି ା

ଶ
(d)

ଷ
ି

ଷ ସ
ଶି ା

ଶ
(d)

ଷ
ଶି

ଷ ସ
ଶି

ଶ
(d)

(a) Atkinson et al., (1989), (b) Pham et al., (1995), (c) Jones et al., (2001), (d) Seinfeld &

Pandis, (2006)

2.3 The Aerosol Model

The Global Model of Aerosol Processes (GLOMAP) is a global aerosol

microphysical model that simulates the evolution of size resolved number

and mass of aerosol particles with different compositions. The modal version

of GLOMAP uses log-normal modes to represent the aerosol size

distribution and simulates the interaction of various aerosol processes

including size resolved primary emissions, cloud processing, new particle

formation, hygroscopic growth, coagulation, condensation, deposition and

scavenging processes (Mann et al., 2010). The coupling of GLOMAP-mode

to the climate model has resulted in modifications to the wet and dry aerosol

deposition processes from that in the standard offline version of GLOMAP-

mode.

2.3.1 Gas Phase and Primary Aerosol Emissions

Monthly mean emissions (to include seasonal variations) of SO2 are included

within the model from both anthropogenic (energy, transport, industry,

shipping, agriculture, residential and waste sectors) and natural (volcanoes

and biomass burning) sources. Low level sources from the agricultural,

residential, shipping, transportation and waste sectors are assumed to emit

SO2 into the lowest level of the model. Whilst higher level sources from the
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energy and industrial sectors are assumed to emit SO2 at altitudes between

100 - 300m above the surface, representative of chimney stack emissions.

An additional source of new sulphate particles can be nucleated within the

SO2 plumes emitted from power plants and volcanoes (Brock et al., 2002;

Stevens et al., 2012). To represent this process that occurs on the sub-grid

scale of the model, a 2.5% fraction of SO2 emissions is assumed to occur

directly as primary sulphate particles, based on AEROCOM

recommendations (Dentener et al., 2006). The effective log-normal emitted

size distribution of sub-grid sulphate used within GLOMAP is based on that

used by Stier et al., (2005).

Natural emissions of SO2 from volcanoes (both continuous and explosively

erupting types) are included from Andres & Kasgnoc, (1998) and Halmer et

al., (2002), using injection heights based on the recommendations in

Dentener et al., (2006) for both types of volcanoes. SO2 emissions from

wildfire (biomass burning) are included within the model from the MACCity

(MACC and CityZen project) inventory (Granier et al., 2011) and are

distributed uniformly over the lowest 3 km of the atmosphere.

Emissions of DMS in the model are based on monthly seawater

concentration fields from Kettle & Andreae, (2000) and a wind speed

dependent air–sea exchange parameterisation (Liss & Merlivat, 1986).

Emission fluxes of sea salt are calculated using the surface wind speed

parameterisation of Gong, (2003) and are emitted into the accumulation and

coarse modes. Monthly mean emissions of monoterpenes from vegetation

are prescribed from the values in Guenther et al., (1995). These emission

fluxes are constant throughout the monthly and daily cycle and do not

account for any adjustments due to the local environmental meteorological

variables e.g. temperature (Spracklen et al., 2006).

The simulation of mineral dust aerosols is undertaken using the six-bin mass

scheme developed by Woodward, (2001), which is separately incorporated

within the host UM. Dust emissions depend on the surface soil type (bare

soil fraction) and particle size distribution of the soil, as well as the wind

speed and soil moisture exceeding threshold values. This scheme simulates

the evolution of the mass of dust particles with dry size radii between 0.03 to

30 µm.

Primary emissions of BC and OC are included as monthly mean fluxes from

anthropogenic fossil fuel (energy, transport, industry, shipping, and

agriculture), anthropogenic biofuel (residential, waste and agricultural waste
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sectors) and natural (volcanoes and biomass burning) sources. Particles are

emitted using an initial log-normal size distribution based on the size settings

recommended by AEROCOM (Dentener et al., 2006), with modifications as

in Stier et al., (2005). Biomass and biofuel emissions have a geometric

mean diameter of 150 nm, whilst for fossil fuel emissions it is set at 60 nm.

Both biomass and biofuel emissions have a geometric standard deviation of

1.59. Biofuel and fossil fuel emissions occur within the lowest model level

whilst; biomass burning emissions are distributed uniformly over the lowest 3

km of the atmosphere.

See section 2.6 for details of the anthropogenic emission inventories used

for each of the simulations within this thesis.

2.3.2 Aerosol Microphysics

GLOMAP-mode uses log-normal modes to represent aerosol number and

mass concentrations within the nucleation (dry diameter (Dp) <10 nm),

Aitken (Dp 10 – 100 nm), accumulation (Dp 100 nm to 1 µm) and coarse (Dp

>1 µm) modes of the size distribution. Each mode has a constant geometric

standard deviation but a varying geometric mean diameter. When the

geometric mean diameter exceeds the upper size range of the mode

(defined above) particle number and mass are transferred between modes

through aerosol microphysical processes included within GLOMAP

(coagulation, condensational growth and in-cloud processing). The insoluble

species can be transferred into their respective soluble modes following the

process of condensational ageing. New particles are formed via binary

homogeneous nucleation in both the boundary layer and free troposphere

within the model. Particles can be completely removed via the processes of

wet and dry deposition. Aerosols within the log-normal modes can be a

combination of internal and external mixtures of components. HadGEM3-

UKCA is set up here to simulate sulphate, BC, particulate organic matter

(POM) and sea salt within four soluble modes and one insoluble Aitken

mode; the standard component setup of aerosols available within the model.

There is no representation of ammonium nitrate aerosols within this version

of the model. For a more detailed description of the aerosol microphysical

processes see Spracklen et al., (2005) and Mann et al., (2010).

2.3.2.1 New Particle Formation

Nucleation is the formation of small new clusters of particles (primarily from

the vapour to liquid droplet phase), which can then grow via the coalescence

and condensation of gaseous precursors (Seinfeld & Pandis 2006). H2SO4 is
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assumed to be the principal gas-phase species involved in nucleation (Raes

et al. 2000; Andreae 2013). Throughout the boundary layer, activation or

kinetic mechanisms can be used within GLOMAP-mode to simulate new

particle formation (Spracklen et al. 2010). Boundary layer nucleation has not

been implemented within this version of the model and is not a mechanism

to new particle formation used within this thesis. New particle formation in

the free troposphere is represented by the binary homogeneous (H2SO4-

H2O) mechanism within GLOMAP-Mode (Kulmala et al., 1998), which

dominates new particle formation in the free troposphere (Spracklen et al.

2010). Other mechanisms involving organic oxidation products (of both

biogenic and anthropogenic origin), ammonia and amines also contribute to

the nucleation rate of new particles (Metzger et al., 2010; Almeida et al.,

2013). These additional nucleation schemes are not currently available for

use within the version of HadGEM3-UKCA used within this thesis, although

an organically mediated nucleation scheme has been implemented and

tested in a version of GLOMAP-mode (Scott et al., 2014).

2.3.2.2 Coagulation

Coagulation occurs in GLOMAP-mode via collisions of particles both within

and between modes. Coagulation is the adhesion of particles together to

form larger but less numerous particles (i.e. reducing particle number but

conserving mass). The parameterisation within GLOMAP-mode only

considers coagulation from Brownian diffusion, the dominant coagulation

process for submicron aerosol. Coagulation between Aitken and nucleation

sized particles is an important growth mechanism but if larger sized particles

already exist then they can act as a sink of secondary particles. For further

details see Mann et al., (2010).

2.3.2.3 Condensation

Condensation of H2SO4 and VOC oxidation products (SEC-ORG) occur onto

existing primary particles (acting as a condensational sink), with the size and

composition of these particles determining the specific growth rates. This

acts to increase the size and mass of particles but does not change the

overall number concentration, shifting the size distribution to larger sizes.

Both the processes of nucleation and condensational growth compete for the

available condensable vapours, determined by a number of “competition

sub-steps” (Mann et al., 2010). The existence of larger sized particles at any

location in the atmosphere can suppress new particle formation by providing

a condensational sink for growth (Spracklen et al. 2010).
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Condensation of both H2SO4 and SEC-ORG within GLOMAP-mode can also

‘age’ insoluble particles to become partially soluble. The ‘ageing’ of insoluble

particles can also occur via inter-modal coagulation of smaller water soluble

particles. In GLOMAP-mode an insoluble particle is required to be coated by

10 monolayers to make it soluble, which also partially determines the

timescale for wet removal of the insoluble BC and POM aerosol (Mann et al.,

2010).

2.3.2.4 In-cloud Oxidation/Cloud Processing

When low level clouds are present in the model (defined by the cloud

fraction of the model grid box), aqueous phase oxidation of sulphur dioxide

can occur through reaction with H2O2 and O3, accounting for the majority of

sulphate aerosol formed in the troposphere (Chin et al., 1996; Barth et al.,

2000; Roelofs et al., 2001; Faloona, 2009). Oxidation by H2O2 is the

preferential pathway under most conditions and is pH independent (Seinfeld

& Pandis, 2006). Whereas, oxidation by O3 is highly sensitive to pH and is

preferential only under certain conditions.

In HadGEM3-UKCA SO2 first dissolves in cloud droplets using a Henry’s law

equilibrium approach. A grid box is defined as having low level clouds

present if the cloud liquid water content exceeds 0.2 g m-3; that of typical

stratocumulus clouds. SO2 dissolves in cloud water to form the HSO3
-

species, which can also further dissociate to SO3
2-. Both these species can

lead to sulphate aerosol formation via the oxidation reactions with H2O2 and

O3, as in Table 2.1. Cloud water pH depends on the kinetic and

thermodynamic processes of an evolving cloud droplet size distribution and

is complicated to calculate in models (Fahey, 2003). Within the standard

setup of HadGEM3-UKCA a fixed cloud water pH of 5.0 is chosen for

aqueous phase reactions, which is considered to be representative of the

‘effective’ pH of the bulk cloud droplets based on the observed variability in

pH (Collett et al., 1993; Benedict et al., 2012; Murray et al., 2013).

The processing of aerosols in low-level clouds involves the uptake and

chemical reaction of gases to grow particles that exist in non-precipitating

clouds. This creates a minimum in the size distribution between the Aitken

and accumulation modes due to differing growths rates between activated

and non-activated particles (Hoppel et al., 1994). To enable cloud

processing within the model a minimum activation dry radius is defined,

representing the smallest sized hygroscopic particles that are activated to

cloud droplets. The activation radius is controlled by cloud updraught

velocities which are difficult to obtain in a global model at the sub-grid scale.
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Variations in the values of the activation radius lead to uncertainties in the

prediction of aerosol number concentrations (Spracklen et al., 2005b). Within

HadGEM3-UKCA the activation dry radius is assumed to be a globally

representative bulk value of 37.5 nm, that of typical marine stratocumulus

clouds with supersaturation values of 0.2% (Spracklen et al., 2005a; Mann et

al., 2010).

Cloud processing takes place by firstly defining the fraction of particle mass

and number larger than the activation diameter in the Aitken mode and

transferring it to the soluble accumulation mode. The sulphate aerosol mass

produced from the in-cloud oxidation routes is then partitioned between the

soluble accumulation and coarse modes of the modal aerosol size

distribution according to the ratio of their respective number concentrations

to their sum. This allows larger particles within the Aitken mode to become

activated and cloud processed as well as producing the minimum in the size

distribution between the soluble Aitken and accumulation modes (Mann et

al., 2010).

2.3.3 Removal Processes

2.3.3.1 Dry Deposition

Small particles can be removed from the atmosphere by diffusing to the

Earth’s surface and large particles can settle out by gravity based on Slinn,

(1982) and (Zhang et al., 2001). The particle size, land surface type and

wind speed determine the rate of deposition. Dry deposition is fastest for

larger sized particles and over certain land surface types.

Particles between 0.1 and 1 µm in diameter tend to accumulate in the

atmosphere as dry removal is slow and with the right hygroscopic properties

can become activated in clouds and removed by wet deposition.

Dry deposition of aerosols follows the approach in Spracklen et al., (2005)

and Mann et al., (2010) by calculating deposition velocities for Brownian

diffusion over different surface types.

2.3.3.2 Wet Deposition

Wet removal of particles from the atmosphere can occur via in-cloud

nucleation scavenging (rainout) or below cloud impact scavenging

(washout). All of the activated particles within the soluble accumulation and

coarse modes (i.e. >100 nm) are assumed to be scavenged by cloud

droplets in the cloudy fraction of each grid box by large scale precipitation.

Convective rainfall is treated in a similar way but assumes a cloud fraction of
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30% and a 99% rain conversion rate over 6 hours in grid boxes where

convective rain is produced (Kipling et al., 2013). Aerosols are removed in

both large scale and convective precipitation at a rate proportional to the

amount of condensate converted to rain. Aerosol is not returned to the

atmosphere when rain water evaporates but is removed immediately. The

soluble nucleation and Aitken modes as well as the insoluble Aitken mode

are not subject to nucleation scavenging.

Below cloud impaction of rain drops onto aerosols follows the method of

Slinn, (1984) and is calculated using a lookup table of raindrop-aerosol

collection efficiencies Beard & Grover, (1973) based on the geometric mean

dry radius of mode and a size distribution of raindrops (Sekhon & Srivastava,

1971). The terminal velocity of rain drops is from Easter & Hales, (1983).

2.4 The Climate Model

The coupling of chemistry and aerosols to a climate model allows the

interaction and feedback of composition changes on climate to be simulated.

In particular, the effect of aerosols on climate requires the simulation of how

changes in aerosols affect clouds and the radiative balance.

The impact of radiatively active chemical and aerosol species on the Earth’s

radiation balance is calculated ‘online’ within the HadGEM model using the

Edwards-Slingo radiation code (Edwards & Slingo, 1996). To enable the

interaction of the GLOMAP-Mode aerosol scheme to the UM radiation

scheme, a sub-routine within the HadGEM model, UKCA_RADAER, was

developed by Bellouin (2010).

2.4.1 Aerosol Radiation Interactions

Aerosol optical properties are first obtained from pre-computed look-up

tables of monochromatic optical properties for all modal radii and refractive

indices. Based on the chemical composition of the aerosols within each

mode, waveband averaged optical properties can be obtained (Bellouin,

2010). Waveband-averaged scattering and absorption coefficients can then

be obtained across the entire modelled size distribution along with a volume-

weighted average of component refractive indices within each mode

(Bellouin et al. 2013). The aerosol optical properties are then used within the

radiation scheme to calculate the perturbation of the radiative fluxes at both

long and short wavelengths from including atmospheric aerosols; the direct

aerosol effect or ari.
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2.4.2 Aerosol Cloud Interactions

GLOMAP-mode calculates CCN as the number concentration of soluble

particles larger than the dry activation radius of 37.5 nm. The CCN number

concentrations are used to calculate the aerosol interaction with clouds (ACI)

or aerosol indirect effects. The effect of changes in CCN number

concentrations on the CDN concentrations is calculated by using the

empirical relationship derived by Jones et al., (2001), which was based on

an external mixture of sulphate and sea salt particles:

଼ ିଽ (1)

Where CDN and CCN are given in m-3 and a minimum CDN value of 5.0 x

106 m-3 is used in the model (to take account of naturally occurring

continental sources of CCN (Jones et al., 2001)). This relationship was used

within this version of HadGEM3-UKCA and throughout this thesis to

calculate the impact on CDN concentrations from changes in CCN

concentrations, as derived from the aerosol scheme.

The CDN concentrations are then used to calculate the cloud effective

radius (using the formula within Jones et al., (2001)) and subsequently the

cloud albedo. The aerosol cloud albedo effect is determined from changes in

the cloud albedo (and its influence on the radiative balance) due to aerosol

induced changes in CCN concentrations, CDN concentrations and the cloud

effective radius.

By coupling UKCA to the precipitation scheme in the climate model, the

rapid adjustment of clouds due to aerosol effects (cloud lifetime) can be

calculated by using the effect of aerosols on CDN, cloud effective radius and

eventually the auto-conversion of cloud droplets to rain, as described in

Jones et al., (2001).

In more recent versions of HadGEM3-UKCA (not used in this thesis), the

aerosol activation scheme to calculate CCN concentrations has been

improved by coupling the aerosol output to the Köhler-theory based

activation scheme of Abdul-Razzak & Ghan, (2000). This scheme takes into

account the aerosols properties (size, number and composition) in addition

to important meteorological parameters at the sub-grid scale (updraft

velocity, temperature and pressure). This allows for a more representative

calculation of the number of activated aerosols that can influence the CDN

concentrations and thus affect the radiation balance.
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2.4.3 Set up of radiation scheme

Within all the simulations used for this thesis, the radiation scheme has been

set up in a ‘double-call’ configuration. At each time step, the radiation

scheme is called twice; the first call uses the modelled aerosol concentration

fields, and the second uses an aerosol free atmosphere for clear sky

radiative calculations and a prescribed default CDN field (based on an

aerosol climatology of 300 cm-3 over land and 100 cm-3 over oceans) for all

sky radiative calculations. The double-call configuration effectively eliminates

any radiative feedbacks from aerosol effects onto the climate system by

prohibiting the rapid adjustment of clouds. It is therefore able to diagnose

and quantify aerosol radiative effects for both ari and aci at each time step

within each model grid box.

2.5 Health Impacts

The calculation of health effects from pollutant concentrations is based on

the concept of a concentration dose-response function (CRF) for both short

and long term effects. The calculations in this thesis will only consider the

long term health effects from exposure to fine particulate matter (PM2.5). The

CRF provide a relationship between changes in exposure of a population to

long-term concentrations of PM2.5 and the relative risk (RR) of disease.

CRFs have been traditionally based upon epidemiological studies in North

America over the last 30 years by the American Cancer Society (Pope III,

2002). These CRFs were derived based on PM2.5 concentrations that were

below 30 µg m-3 and did not take into account exposure to elevated

concentrations of >30 µg m-3, that regularly occur in densely populated

urban environments. To account for population exposure across the full

range of PM2.5 concentrations CRFs were extrapolated by linear and log-

linear models to capture a full range of RRs (Cohen et al., 2004; Ostro,

2004).

The upper range of RRs derived using linear and log-linear models were

found to be outside the range that could be constrained by observations. To

constrain the CRF at high values of PM2.5, Burnett et al., (2014) used

observed epidemiological meta-data of exposure from different combustion

sources (e.g., ambient air pollution, household air pollution, second hand

smoking and active smoking) to develop integrated exposure response

functions (IERs). In addition, the concept of a threshold concentration was

introduced; a concentration below which there is no evidence of detrimental

health effects. The RR curves from the IERs for five different diseases (for
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adults over 25 years of age: stroke, ischemic heart disease (IHD), chronic

obstructive pulmonary disease (COPD) and lung cancer (LC); for infants less

than 5 years of age: acute lower respiratory infection (ALRI)) are calculated

as follows:

଴
ఋ (2)
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Where RR(C) is the relative risk of disease based on the PM2.5

concentrations C, C0 is the minimum risk PM2.5 concentration above which

there is evidence of a health effect (typical range of 5.8 – 8.0 g µm-3) and

parameters α, γ and δ determine the shape of the CRF for each disease.

The health impacts from exposure to PM2.5 for a particular disease are

calculated by using the change in annual mean concentrations of PM2.5, the

baseline rate of disease for a particular country and the spatial distribution of

the total exposed population. The relationship defined by Apte et al., (2015)

is used to calculate the change in mortality (ΔM) for a particular disease

within a model grid box i and within a specific country k due to a change in

annual mean PM2.5 concentration from Ci to Ci*:

௜,௝ ௜ ௝,௞ ௝ ௜
∗
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Where M is premature mortality in a particularly age stratum (z) for disease j

due to PM2.5 in grid box i within country k. Pi represents the population within

each grid box i, Ij,k is the baseline mortality rate for a particular disease j in

country k, and RRj(Ci) is the RR at concentration Ci. The underlying baseline

mortality rate for disease j is not altered in this calculation. ௜,௞ represents

the average population-weighted RR for disease j within country k, as

defined by Apte et al., (2015). The grouping of ௝,௞ ௝,௞ ௝,௞ indicates the

hypothetical underlying baseline mortality rate for country k if PM2.5

concentrations are reduced to that of the minimum risk within country k.

The change in mortality calculated in (3) represents that for an individual

disease within an individual grid box. Summing over all the diseases for

each grid box within a particular region yields the total change in mortality for

the change in exposure to PM2.5 concentrations.

Health effects from air pollutants can also have a perceived economic effect

on society. A monetary value is assigned to particular health impacts

associated with air pollution, which are then used to calculate the economic

value from a change in the risk of mortality across a population (Hutton &

Menne, 2014; WHO Regional Office for Europe & OECD, 2015). The
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concept used in this thesis is the “value of a statistical life” (VSL), which is

derived from surveys of an individual’s willingness to pay (WTP) to maintain

the current standard of life in the event of an increased level of mortality

(OECD, 2012). A baseline VSL figure of US$3 million is provided by OECD,

(2012), which can then be adjusted to obtain values for individual countries.

This allows the economic value of air pollution to be quantified in addition to

the impact on human health. These values can be used in the cost-benefit

assessment of emission mitigation measures.

2.6 The Experiments

HadGEM3-UKCA was used in this thesis in atmosphere only mode to output

monthly 3D fields at a horizontal resolution of 1.875° x 1.25° (approximately

140 km at mid latitudes) and with 63 vertical levels up to 40 km (based on σ-

hybrid pressure levels). Meteorological fields within the model experiments

have all been ‘nudged’ at 6 hour intervals to the European Centre for

Medium-range Weather Forecast (ECMWF) reanalysis products (Uppala et

al., 2005; Dee et al., 2011). In HadGEM the potential temperature and

horizontal wind fields are relaxed towards the values within the reanalysis

fields (Telford et al., 2008, 2013). Using nudging attempts to constrain the

meteorology produced within the climate model to that observed in the

reanalysis product over a given time period. This enables a realistic

representation of the observed meteorology to be produced by the model,

which is necessary when comparing model values to observations or when

attempting to reproduce the atmospheric composition that occurred under

particular meteorological conditions.

Sea surface temperatures and sea ice extent were prescribed with the

monthly values used within CMIP5 to provide a realistic representation of the

historical ocean state within the model (Hurrell et al., 2008). The atmosphere

and land surface exchange of CO2, heat and moisture are coupled using the

Met Office Surface Exchange Scheme (MOSES; Essery et al., 2002).

Concentrations of greenhouse gases from 1960 to 2010 are obtained from

data used in the development of the CMIP5 historical scenarios as well as

the Reference Concentration Pathways (RCPs). Monthly zonal aerosol

optical depth fields are provided for the stratosphere to take account of

volcanic emissions that reach this height. Monthly fields of stratospheric O3

concentrations are also used within this setup. Greenhouse gas

concentrations, stratospheric aerosol and ozone fields are provided to



- 53 -

produce a realistic radiative balance so that any changes due to variations in

aerosols can be accurately diagnosed.

Using this standard configuration, a number of different experiments have

been undertaken as part of this thesis (using slight modifications to the

standard setup) to investigate the interaction of aerosols and climate.

2.6.1 Time varying emissions 1960-2009

To study how atmospheric aerosols and their radiative impact have changed

across Europe over the recent past, HadGEM3-UKCA was setup to output

monthly 3D aerosol fields over the period 1960 to 2009. The model has been

nudged to the ECMWF meteorological fields ERA-40 (Uppala et al., 2005)

from 1960 to 2000 and ERA-Interim (Dee et al., 2011) for the period 2000-

2009. Nudging to meteorological fields attempts to provide a realistic

representation of meteorology and allows for the model evaluation against

available measurement data to be conducted using consistent meteorology.

The computational expense of conducting the historical simulations meant

that it was not possible to re-run them with ERA-interim re-analysis fields

from 1979 to ascertain the impact of different re-analysis products on the

results.

As part of these simulations, anthropogenic emissions from the MACCity

inventory are used, as described in Granier et al. (2011) and available from

the Emissions of atmospheric Compounds & Compilation of Ancillary Data

(ECCAD; http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_login.jsf).

This emission dataset is based on that used in the ACCMIP, derived from

Lamarque et al. (2010), for 1960 to 2000, and RCP 8.5 for emissions since

the year 2000. None of these previous datasets provided detailed monthly

emissions of the principal tropospheric gases over recent decades. The

MACCity dataset improved on the existing inventories by providing sector

based monthly emissions of the main tropospheric species of interest over

the period 1960 to 2010, allowing the impact from temporal changes in

anthropogenic emissions on aerosols to be studied.

To generate the MACCity inventory yearly emissions for each species and

within each sector are calculated by linearly interpolating between the start

and end year of each decade. A seasonal cycle is then applied to the yearly

emissions to generate monthly emissions at 0.5° by 0.5° horizontal

resolution, which account for seasonal variation over the years 1960 to

2010. Emissions from sectors such as agricultural activities, energy

production, and transportation (both land and ship) are included within the
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MACCity inventory. Emissions are provided for SO2, BC, OC, NOX, NH3 and

also for speciated VOCs. Most emissions are applied at the surface apart

from SO2, which is injected at a higher level based on chimney stack height,

and aircraft NOX which is supplied as a 3D field in the atmosphere.

Biomass burning emissions are included as the wildfire (forest, grassland

and savanna fires) emissions from the MACCity dataset based upon a

similar methodology as described above. Emissions of BC, OC and SO2

from fires are distributed uniformly over the lowest 3 km of the model to

represent the vertical extent of biomass burning fires.

For these experiments and the results presented in Chapter 3, the aerosol

radiative forcing is defined as the difference in the shortwave aerosol

radiative effect in a single year to that of the 1980-2000 mean.

2.6.2 Alternative pH

To study the effect of changes in cloud water pH (a parameter related to

aerosol formation), along with changes in anthropogenic emissions, on

sulphate aerosol formation and aerosol radiative effects, a similar

experimental set up as described in section 2.6.1 has been used. The only

difference for these simulations occurred through changes to the in-cloud

SO2 oxidation scheme. In HadGEM3-UKCA the standard cloud water pH

value of 5.0, considered to be representative of the effective pH of bulk cloud

droplets, was increased to a value of 6.5. The value of pH 6.5 was chosen

based on the upper range of values used within the analysis by Lee et al.,

(2013), obtained by an expert elicitation and literature search. Lee et al.,

(2013) found that cloud water pH was the third most important parameter

controlling uncertainty in CCN, particularly in the northern hemisphere

winter.

3D monthly aerosol fields were outputted over the period 1960 to 2009 using

this new cloud water pH value. The output from these simulations can then

be compared to those produced in 2.6.1 to ascertain the sensitivity of

sulphate aerosol formation and its radiative effects to spatial and temporal

changes in cloud water pH. The aerosol forcing used in this part of the thesis

(Chapter 4) is defined as the difference between shortwave aerosol radiative

effects in 2009 and 1970 using different values of cloud water pH.

2.6.3 European Air Quality Measures

The same initial set up of HadGEM3-UKCA was used in these experiments

to quantify the impact of European air quality policy measures and
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technology improvements on air quality, human health and climate. The

main difference in these experiments is the use of monthly mean

anthropogenic emissions of CO, SO2, NOX, VOCs, OC and BC from version

4.3 of the Emission Database for Global Atmospheric Research (EDGAR)

(EC-JRC/PBL, 2015). Monthly emissions are provided at a 0.5° by 0.5°

horizontal resolution across similar sectors to those in the MACCity inventory

of energy, industry, transport, agriculture, residential, waste and others

(http://edgar.jrc.ec.europa.eu/pegasos). The anthropogenic emissions used

in these experiments was switched from MACCity to EDGAR as this

inventory was used to develop the emission scenario to consider the non-

implementation of specific European air quality legislation and technology

measures. This presented some inconsistencies between the two

inventories which are mentioned below and discussed in Crippa et al.,

(2016a).

Two sets of simulations using HadGEM3-UKCA were conducted with

different anthropogenic emissions, whilst all other emissions were kept the

same. Actual 2010 anthropogenic emissions were used within the reference

(REF) simulations. The NO-AQ simulations used anthropogenic emissions

that would have occurred in 2010 if air quality policy measures and

technology improvements to reduce air pollutants between 1970 and 2010

did not occur. The anthropogenic emissions for the NO-AQ simulations used

1970 emission factors with 2010 economic activity data to simulate a

stagnation of technology improvements. Changes in the makeup of the

energy supply that are not due to specific legislation e.g. the switch from

coal to gas are still accounted for within the NO-AQ scenario. Additionally it

was assumed that emissions were not reduced in the NO-AQ scenario due

to the non-implementation of end-of-pipe treatment technologies such as

particle filter traps and flue gas desulphurisation (Crippa et al., 2016a).

These emission changes were applied only within the energy, industry and

transportation sectors as they were the sectors historically targeted by air

pollution control legislation.

A full description of the anthropogenic emission scenarios used in these

experiments are provided in Crippa et al., (2016a). The stagnation of

technology improvements are applied globally within the NO-AQ emissions

scenario and some of the European emissions standards (e.g. vehicle

emission standards) are also applied outside of Europe (Crippa et al.,

2016b). This means that there are the potential for global implications of

these emission changes however, in this thesis the focus in on the impact of



- 56 -

these measures over Europe (defined as the domain of 10°W – 36°E and

36°N – 61°N).

Figure 2.1 shows the total European (Domain area of 10°W – 36°E, 36°N –

61°N) emissions across all sectors of SO2, BC and OC in 2010 from the

MACCity (used in Chapter 3 and 4) and EDGAR inventory (used in Chapter

5). Small differences in emissions occur in 2010 between the inventories

used within this thesis, which can be considered as acceptable when taken

in the context of the uncertainties inherent within individual emission

inventories (Janssens-Maenhout et al., 2015; Crippa et al., 2016a).

Figure 2.1 Total annual European emissions of sulphur dioxide (SO2), black
carbon (BC) and organic carbon (OC) in 2010 from the MACCity and EDGAR (both
the reference and NO-AQ scenarios) emissions inventory.

2.7 Long Term Aerosol Observations over Europe

Long term observations of aerosol properties across Europe from 1978 to

2010 were collected and analysed to enable a multi-decadal evaluation of

HadGEM3-UKCA on a monthly and annual basis. The details of the ground

based observations that have been collected, processed and analysed for

use in this thesis are shown in Table 2.2.

The number of observation sites in Table 2.2 is the maximum number

available for use over the entire time period, with only a subset of sites

actually conducting observations for a particular time period. For each
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dataset a different amount of processing and analysis was required, which is

summarised below.

Table 2.2 Details of the ground based observations and where used within this
thesis

Monitoring
Network

Measurements Time
period

Number
of Sites

used

Chapter
used

EMEP Total sulphate aerosol mass
concentrations

1978-2010 97 3,4

EMEP Total suspended particle mass
concentrations

1978-2005 42 3

EMEP PM10 mass concentrations 1996-2010 55 3

EMEP Sulphur dioxide mass
concentrations

1978-2010 161 3,4

EMEP Rainwater pH 1972-2010 39 4

EUSAAR
and GUAN

Aerosol size distributions
providing number concentrations
of particles greater than 30, 50
and 100 nm dry diameter

2008-2009 17 3

AERONET Aerosol optical depth (AOD) at
440 nm wavelength

1994-2010 20 3

GEBA Incident surface solar radiation 1922-2010 56 3

EUSAAR – European Supersite for Atmospheric Aerosol Research, GUAN - German Ultrafine Network

2.7.1 EMEP Observations

Measurements of sulphur dioxide concentrations (1978 to 2009), sulphate

mass concentrations (1978 to 2009), SPM (total aerosol mass with no size

cut –off; 1978 to 2005), PM10 (1996 to 2009) and rainwater pH (1972 to

2009) were obtained from the EMEP network. Measurements of SPM up to

1998 were only used due to a reduction in availability and quality of

obsrvations post 1998. Measurement data from all the monitoring locations

in Table 2.2 are shown in Figure 2.2.

Sites were only selected for use in the analysis if they have been

continuously operating for more than 5 years. Individual site data files

containing a single year of observations were downloaded for all the years

that data was available from the EBAS database (http://ebase.nilu.no).

EBAS brings together in one place and in standard format, observations

(mainly ground based) from a number of different projects, including

CREATE, EUSAAR and EUCARRI. For individual monitoring locations data

files exist for multiple different instruments, measuring aerosol properties at

different time resolutions (hourly, daily, weekly, monthly). Measurement data

can overlap when two different instruments are used over the same time

period for the same property at the same location. When this overlap was
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Abstract. Substantial changes in anthropogenic aerosols

and precursor gas emissions have occurred over recent

decades due to the implementation of air pollution con-

trol legislation and economic growth. The response of at-

mospheric aerosols to these changes and the impact on cli-

mate are poorly constrained, particularly in studies using de-

tailed aerosol chemistry–climate models. Here we compare

the HadGEM3-UKCA (Hadley Centre Global Environment

Model-United Kingdom Chemistry and Aerosols) coupled

chemistry–climate model for the period 1960–2009 against

extensive ground-based observations of sulfate aerosol mass

(1978–2009), total suspended particle matter (SPM, 1978–

1998), PM10 (1997–2009), aerosol optical depth (AOD,

2000–2009), aerosol size distributions (2008–2009) and sur-

face solar radiation (SSR, 1960–2009) over Europe. The

model underestimates observed sulfate aerosol mass (nor-

malised mean bias factor (NMBF) =−0.4), SPM (NMBF

=−0.9), PM10 (NMBF =−0.2), aerosol number concentra-

tions (N30 NMBF=−0.85; N50 NMBF=−0.65; and N100

NMBF =−0.96) and AOD (NMBF =−0.01) but slightly

overpredicts SSR (NMBF= 0.02). Trends in aerosol over the

observational period are well simulated by the model, with

observed (simulated) changes in sulfate of −68 % (−78 %),

SPM of −42 % (−20 %), PM10 of −9 % (−8 %) and AOD

of −11 % (−14 %). Discrepancies in the magnitude of sim-

ulated aerosol mass do not affect the ability of the model to

reproduce the observed SSR trends. The positive change in

observed European SSR (5 %) during 1990–2009 (“bright-

ening”) is better reproduced by the model when aerosol ra-

diative effects (ARE) are included (3 %), compared to simu-

lations where ARE are excluded (0.2 %). The simulated top-

of-the-atmosphere aerosol radiative forcing over Europe un-

der all-sky conditions increased by > 3.0 W m−2 during the

period 1970–2009 in response to changes in anthropogenic

emissions and aerosol concentrations.

1 Introduction

Aerosols can cause acid deposition, degradation of atmo-

spheric visibility, changes to Earth’s radiative balance, and

are also a major source of air pollution, which affects human

health. Aerosols interact with climate by absorbing and re-

flecting incoming solar radiation and by modifying the mi-

crophysical properties of clouds. These effects have been

defined in the latest Intergovernmental Panel on Climate

Change (IPCC) report (Boucher et al., 2013) as aerosol–

radiation interactions (ARI) and aerosol–cloud interactions

(ACI). Aerosols (also referred to as particulate matter (PM))

are detrimental to air quality and human health, as parti-

cles below a certain size can penetrate into the lungs causing

respiratory and cardiovascular problems (COMEAP, 2010).

Strategies that attempt to mitigate climate change and poor

air quality are inherently connected and have the potential to

Published by Copernicus Publications on behalf of the European Geosciences Union.
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induce both benefits and penalties for either depending on the

particular species targeted (Arneth et al., 2009; Ramanathan

and Feng, 2009; Fiore et al., 2012).

Here we use a global coupled chemistry–climate model to

improve our understanding of changes in aerosols over Eu-

rope from 1960 to 2009. The climate impact of aerosols over

this period, in response to emission changes, was calculated

as an aerosol radiative forcing. An assessment of the con-

fidence in this effect was obtained from the ability of the

model to reproduce observed long-term changes in a num-

ber of aerosol properties including mass concentrations and

aerosol optical depth (AOD).

Anthropogenic emissions of aerosol particles and their

precursors have increased significantly since pre-industrial

times. For example, global SO2 emissions have increased by

a factor of 60 from the pre-industrial to a peak in the 1970s

(Lamarque et al., 2010; Granier et al., 2011; Smith et al.,

2011). However, from the 1980s onwards, regional reduc-

tions in anthropogenic emissions (mainly North America and

Europe) have occurred due to air quality mitigation strate-

gies, which has led to a decline in European SO2 emissions

of 73 % between 1980 and 2004 (Vestreng et al., 2007; Hand

et al., 2012). Anthropogenic emissions of oxides of nitrogen

(NOX), carbon monoxide (CO) and black carbon (BC) have

also decreased over Europe between 1980 and 2010 by 30, 58

and 55 % respectively (Granier et al., 2011). Conversely, an-

thropogenic emissions from eastern Asia have increased due

to population growth and economic development, leading to

an increase in SO2 emissions of a factor of 7 from the 1960s

to the present day (Smith et al., 2011).

Changes in anthropogenic emissions and aerosol con-

centrations affect Earth’s climate (Arneth et al., 2009; Ra-

manathan and Feng, 2009; Fiore et al., 2012). The effect of

past and future changes in emissions on aerosols and their

associated climate impacts is uncertain (Penner et al., 2010;

Chalmers et al., 2012). In addition, emission inventories of

aerosols and their precursor species account for large uncer-

tainty in models (de Meij et al., 2006). It is therefore impor-

tant to understand and evaluate the changes to aerosol pro-

cesses and properties that have occurred over recent decades

where we have aerosol measurements.

Ground-based monitoring networks providing observa-

tions of aerosol concentrations and physiochemical proper-

ties were established following air pollution control legisla-

tion. The longest continuous measurements of aerosols are

available in North America and Europe from the 1970s to

present day. In Europe, observations of aerosol mass con-

centrations (both sulfate and total) are available from the

European Monitoring and Evaluation Programme (EMEP)

network (Tørseth et al., 2012) and similar data for North

America are available from the Integrated Monitoring of

Protected Visual Environments (IMPROVE) network (http:

//vista.cira.colostate.edu/improve/). In addition, AOD has

been monitored in Europe over the last decade by the ground-

based Aerosol Robotic Network (AERONET) (Holben et al.,

1998). There are limitations in the spatial and temporal ex-

tent of the data from these networks, as well as in the consis-

tency of the instrumental techniques used and components

measured throughout the monitoring period. However, they

do provide a useful source of multidecadal aerosol data with

which to evaluate model predictions.

Several studies have analysed long-term trends in observed

aerosols. Tørseth et al. (2012) used observations from the

EMEP network to show a decline in sulfate aerosol mass

from the 1970s to present day and a decline in PM10 (mass of

particles with diameter < 10 µm) from 2000 to 2009. Asmi

et al. (2013) and Barmpadimos et al. (2012) reported a re-

duction in the aerosol number and mass concentration over

the last 10–15 years across Europe. However, Collaud Coen

et al. (2013) found no significant changes in aerosol optical

properties over Europe for a similar period. Similarly, Harri-

son et al. (2008) analysed changes in aerosol mass concen-

trations over the UK and reported relatively stable concen-

trations over 2000–2010, even when emission reductions are

anticipated to have occurred.

Evaluating the ability of chemistry–climate models to re-

produce observed trends is necessary in order to reliably pre-

dict the climate effects of aerosols over this period. Many

studies qualitatively match the direction of observed trends

in aerosol but underestimate both absolute concentrations

and the magnitude of observed trends (Berglen et al., 2007;

Colette et al., 2011; Koch et al., 2011; Chin et al., 2014).

Leibensperger et al. (2012) used the chemical transport

model (CTM) GEOS-Chem to evaluate aerosol trends over

the USA at decadal time slices and found that sulfate but not

BC was represented well by the model. A multimodel assess-

ment of aerosol trends in Europe over the last decade showed

models successfully simulate observed negative trends in

PM10 but fail to reproduce the positive trends observed at

some locations and typically underestimate absolute concen-

trations (Colette et al., 2011). Observed reductions in sulfate

over Europe have also been underestimated by other studies

(Berglen et al., 2007; Koch et al., 2011). Over Europe, Skeie

et al. (2011) reproduced the observed change in decadal av-

erage sulfate concentrations but overestimated nitrate aerosol

concentrations.

Several studies (Lamarque et al., 2010; Shindell et al.,

2013) have also assessed long-term changes in AOD. Lamar-

que et al. (2010) evaluated simulations of present day AOD

against AERONET observations and reported a relatively

good reproduction of interannual variability, except in re-

gions of high AOD. Shindell et al. (2013) assessed AOD from

the models involved in the Atmospheric Chemistry and Cli-

mate Model Intercomparison Project (ACCMIP) and showed

that most captured the observed trends between 1980 and

2010 relatively well, although many were underpredicted in

the present day, particularly over eastern Asia.

Changes in surface solar radiation (SSR) do not provide a

direct measurement of aerosols but they can be used to infer

their influence on the surface radiation balance.The Global

Atmos. Chem. Phys., 15, 9477–9500, 2015 www.atmos-chem-phys.net/15/9477/2015/
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Energy Balance Archive (GEBA) provides long-term obser-

vations of SSR from the 1950s until present day over a large

part of Europe (Sanchez-Lorenzo et al., 2013). These mea-

surements can also be used as a general measure to vali-

date radiation balance predictions from global climate mod-

els against the observed surface variations. Such observa-

tions have shown that the European “dimming” period of

the 1980s and the subsequent “brightening” period of the

1990s–2000s can be attributed partly to changes in clouds,

concentrations of aerosols and aerosol–cloud effects (Wild,

2009). Model simulations have been evaluated against SSR

observations and demonstrated issues in simulating the tim-

ing and magnitude of observed SSR trends. In an assessment

of the models contributing to the 5th Coupled Model Inter-

comparison Project (CMIP5), Allen et al. (2013) showed that

the dimming trend over Europe was underestimated in all

models, potentially due to an under-represented aerosol di-

rect effect. However, the CMIP5 models were able to repro-

duce the observed brightening trend. Folini and Wild (2011)

performed transient simulations with ECHAM5-HAM over

Europe (with interactive aerosols) and found that simulated

reductions in SSR occurred too early in the model, whereas

the increase in SSR was correctly timed. Using a regional cli-

mate model over Europe driven by reanalysis data, Chiacchio

et al. (2015) overestimated SSR, simulated a premature onset

of dimming and demonstrated that only simulations includ-

ing aerosols were able to reproduce the observed brightening

trend. In addition, Koch et al. (2011) simulated the correct

interdecadal variability in SSR but underestimated the mag-

nitude of observed SSR.

These previous studies have either simplified their treat-

ment of aerosols or the model was evaluated against a lim-

ited range of aerosol properties over a relatively coarse spa-

tial and temporal scale. The importance of studies at re-

gional spatial scales was also highlighted as changes in

aerosols at this level can potentially be masked by compen-

satory changes observed on the global scale. Here we simu-

late monthly-mean aerosol concentrations from 1960 to 2009

using the HadGEM3-UKCA (Hadley Centre Global Envi-

ronment Model-United Kingdom Chemistry and Aerosols)

global chemistry–climate model, which includes aerosol mi-

crophysics (aerosol number and mass size distributions). We

evaluate the ability of the model to consistently capture ob-

served changes in bulk in situ aerosol properties (PM, aerosol

size distributions and chemical components) as well as radia-

tive properties (AOD, SSR) over Europe. We also calculate

the regional top of atmosphere radiative perturbations due to

simulated changes in aerosols. This has enabled a detailed re-

gional analysis and evaluation of the changing radiative im-

pact of aerosols due to variations in emissions.

Section 2 describes the HadGEM3-UKCA model, the sim-

ulations performed and the long-term observations used. Sec-

tion 3 discusses and evaluates the simulated changes to Euro-

pean aerosols and surface solar radiation. Section 4 presents

aerosol radiative forcing over Europe. Conclusions are pre-

sented in Sect. 5.

2 Methods

2.1 Model description and simulations

2.1.1 General

We used the coupled chemistry–climate model HadGEM3-

UKCA to study the interaction between chemistry, aerosols

and the impacts on the radiation balance of the climate sys-

tem. HadGEM3-UKCA is part of the third generation of

the Met Office’s Hadley Centre Global Environment Model

(HadGEM) family, which incorporates an online treatment of

chemistry and aerosols through the United Kingdom Chem-

istry and Aerosols (UKCA) programme. The Met Office Uni-

fied Model (UM) acts as the dynamical core and provides

the components for atmospheric transport and tracer mixing.

This is based on the dynamics implemented by Davies et al.

(2005) and includes processes such as large-scale advection,

convective uplift and boundary layer mixing. A description

of the atmosphere-only version of HadGEM3 is provided in

Hewitt et al. (2011). Morgenstern et al. (2009) and O’Connor

et al. (2014) describe the incorporation and evaluation of

UKCA into HadGEM.

HadGEM3-UKCA is used here in atmosphere-only mode.

We output monthly 3-D aerosol and radiation fields for the

years 1960–2009 at a resolution of 1.875◦× 1.25◦ (approxi-

mately 140 km at mid latitudes) with 63 vertical levels up to

40 km. The 3-D meteorological fields were nudged at 6 h in-

tervals to the European Centre for Medium-Range Weather

Forecasts (ECMWF) Reanalysis (ERA-40) (Uppala et al.,

2005) for the years 1960–2000 and ERA-Interim (Dee et al.,

2011) for 2000–2009. Sea surface temperatures and sea ice

fields were prescribed in accordance with those used in

CMIP5 (Hurrell et al., 2008). Coupling between the land sur-

face and atmosphere was simulated using the Met Office Sur-

face Exchange Scheme (MOSES; Essery et al., 2002). By

nudging to reanalysis data, we ensure that the model pro-

duces a realistic representation of the meteorological condi-

tions under which aerosol observations were taken.

Tropospheric ozone, HOX, NOX and VOC (volatile or-

ganic compounds) chemistry was calculated using the mech-

anism described by O’Connor et al. (2014), which includes

reactions of odd oxygen (OX), nitrogen (NOY ), hydrogen

(HOX =OH + HO2) and CO, as well as methane and other

short chain non-methane VOCs. The scheme has been ex-

tended to include additional sulfur (Mann et al., 2010),

monoterpene (Spracklen et al., 2006) and isoprene (Scott

et al., 2014) chemistry.

The Fast-J photolysis scheme is implemented within

UKCA to calculate online photolysis rates based on the dis-

tribution of clouds, ozone and aerosols (Wild et al., 2000).
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Dry and wet deposition of gas-phase species is described in

O’Connor et al. (2014).

HadGEM3-UKCA uses the modal aerosol scheme of

the Global Model of Aerosol Processes (GLOMAP mode)

(Mann et al., 2010). GLOMAP mode uses log-normal modes

to represent the aerosol size distribution and simulates the

evolution of the size-resolved number and mass of aerosol

particles with different compositions. GLOMAP simulates

the interaction of various aerosol processes including size-

resolved primary emissions, cloud processing, new particle

formation, hygroscopic growth, coagulation, condensation,

deposition and scavenging. Log-normal modes are used to

represent aerosols in the nucleation (diameter (D) < 10 nm),

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

coarse (D > 1 µm) modes. In this study the model is set up

to simulate sulfate, BC, organic carbon (OC) and sea salt

aerosol in five different modes (four soluble and one in-

soluble Aitken modes). Secondary organic aerosol (SOA)

is formed from products of monoterpene oxidation, which

are generated at 13 % yield and assumed to be involatile

(Spracklen et al., 2006). There is no representation of ammo-

nium nitrate in this version of the model. Mineral dust is sim-

ulated using a separate six-bin scheme developed by Wood-

ward (2001) and covers particle sizes from 0.03 to 30 µm in

radius.

2.1.2 Aerosol radiative effects

The Edwards–Slingo radiation code (Edwards and Slingo,

1996) calculates changes in Earth’s radiation balance from

chemical and aerosol species. ARI (aerosol direct effects)

are calculated according to Bellouin et al. (2013) from

waveband-averaged scattering and absorption coefficients

obtained from modelled size distributions and a volume-

weighted average of component refractive indices within

each mode. GLOMAP-mode provides the aerosol fields for

the calculation of ACI online within the model, in accordance

with that described in Bellouin et al. (2013). Simulated cloud

condensation nuclei (CCN) concentrations are used to calcu-

late cloud droplet number (CDN) concentrations based on

the empirical relationship derived by Jones et al. (2001). The

cloud albedo effect is calculated using simulated CDN. The

coupling of UKCA to the precipitation scheme potentially al-

lows for the effect of aerosols on cloud lifetime (rapid adjust-

ments for ACI) to be diagnosed. This can be done by calcu-

lating the influence they have on CDN concentrations, cloud

effective radius and ultimately the auto-conversion of cloud

drops to precipitation, as described in Jones et al. (2001).

However, in this study, because we nudge to reanalysis fields,

the changes in the radiative balance due to aerosols are not

allowed to feedback on to the meteorology.

The radiation scheme was called twice for each time step

(every 30 m) in a double-call radiation configuration (Bel-

louin et al., 2013). The first call uses the modelled aerosol

fields and the second call uses an aerosol-free atmosphere

for the clear-sky radiative calculation and a prescribed de-

fault CDN field (based on an aerosol climatology) for the

cloud radiation calculation. This approach therefore elimi-

nates the model’s radiatively-driven response to changes in

aerosols, enabling the radiative forcing from ARI and ACI

to be calculated with no rapid adjustments to clouds permit-

ted from either effect. Here we calculate an aerosol radiative

forcing (only from the direct and first indirect effects) as the

difference between monthly values in each year of the sim-

ulation and the monthly mean aerosol radiative state in the

period 1980–2000. An estimate of the cloud albedo effect

(first aerosol indirect) can be obtained by subtracting the ra-

diative effect obtained under all-sky conditions from those

under clear skies.

2.1.3 Aerosol emissions

Sea salt emissions are calculated using the surface wind

speed and the parameterisation of Gong (2003). Emissions

from tropospheric volcanoes (both continuous and explo-

sively erupting) are included from Andres and Kasgnoc

(1998) and Halmer et al. (2002) using the AEROCOM rec-

ommendations. Dimethyl sulfide (DMS) emissions are cal-

culated from monthly seawater concentration fields (Ket-

tle and Andreae, 2000) and a wind speed dependent air–

sea exchange parameterisation (Liss and Merlivat, 1986).

Wildfire (biomass burning) emissions are from the MACC-

ity (MACC/CityZEN EU projects) inventory (Granier et al.,

2011) for 1980–2009 and from the RETRO inventory from

1960 to 1980 (Schultz et al., 2008). Monoterpene emissions

from vegetation are prescribed as monthly mean fields from

Guenther et al. (1995). Dust emissions from the surface are

calculated online using a six-bin scheme (Woodward, 2001)

and depend on the particle size distribution of the soil, sur-

face soil type (represented by a bare soil fraction), soil mois-

ture and wind speed. Dust is emitted when the wind speed

exceeds a threshold value and if the soil moisture is below a

certain level.

Monthly mean anthropogenic emissions of CO, SO2,

NOX, OC and BC from 1960 to 2009 are taken from the

MACCity inventory (Granier et al., 2011). Emissions are pro-

vided at a 0.5◦ by 0.5◦ resolution and are based on those

from ACCMIP and the IPCC Reference Concentration Path-

way (RCP) scenario 8.5 for energy, transportation, industry,

shipping, agriculture, residential and waste sectors.

Figure 1 shows the European and regional domains used

throughout this study. Figure 2 shows the emissions of SO2,

OC, BC, NH3 and NOX across Europe from the MACC-

ity inventory between 1960 and 2009. Anthropogenic emis-

sions of SO2 over the European domain have increased from

33 Tg yr−1 in 1960 to a peak of 46 Tg yr−1 in 1980 before

decreasing at a relatively constant rate to 11 Tg yr−1 in 2009

(Fig. 2a). Between 1980 and 2009, European anthropogenic

SO2 emissions in this data set declined by 70 %, in agreement

with previous assessments (Vestreng et al., 2007; Tørseth

Atmos. Chem. Phys., 15, 9477–9500, 2015 www.atmos-chem-phys.net/15/9477/2015/
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et al., 2012). The emissions of NOX have decreased by 20 %

and followed a similar temporal trend to SO2. A continuous

decline in BC and OC emissions occurred from the 1960s to

present day, due to reductions in the residential sector, par-

tially offset by recent increases from the transportation sec-

tor. The emissions of NH3 across Europe (not used as part

of the aerosol scheme in this study due to the absence of

ammonium nitrate) increased continuously over the period

1960–2009, driven largely by the agriculture sector.

Figure 2b–f show the annual emissions of each species

from the MACCity inventory across the individual European

regions. Emissions of OC (Fig. 2f) and SO2 (Fig. 2b) have

decreased across all the different European regions. Emis-

sions of NOX and BC (Fig. 2c, e) increase until the 1980s–

1990s before declining across all regions, except in southern

Europe. Anthropogenic emissions from northern and cen-

tral Europe have declined from the 1980s onwards, whereas

emissions from southern Europe have either increased or re-

mained unchanged.

2.2 Observations

Ground-based measurements of aerosols used in this study

are listed in Table 1 and include aerosol mass concentra-

tions (sulfate and total mass) from the EMEP network (http://

www.emep.int), AOD from AERONET (http://aeronet.gsfc.

nasa.gov/), aerosol size distributions from EUSAAR (Eu-

ropean Supersites for Atmospheric Aerosol Research) and

GUAN (German Ultrafine Aerosol Network) (Asmi et al.,

2011) and SSR from the GEBA database (http://www.geba.

ethz.ch/history/index). All data used in this study are pre-

sented as either monthly or annual averages. Figure 1 shows

the location of all the measurement sites along with the five

regions of Europe. Figure 3 shows the temporal evolution in

the number of measurement sites used in this analysis for

each observation. We note that the number of locations re-

porting sulfate and SSR has declined since 2000.

2.2.1 EMEP observations

The EMEP network has reported the concentrations of sul-

fate and total aerosol mass at locations across Europe from

1978 until present day (Tørseth et al., 2012). Measurements

of total suspended particle matter (SPM) are an early mea-

sure of particulate matter and available from 1978 to 2005,

with most measurements from Germany, Switzerland and

Spain. However, only measurements up to and including

1998 are used due to the reduced availability of data in the

period 1999–2005 (Fig. 3). The SPM measurements cover all

particle sizes and may be influenced by local sources of very

large particles (diameter > 10 µm). Measurements of PM10

are available from EMEP from 1996 until present day. Sul-

fate aerosol mass measurements are available from 1978 until

present day.

We used sulfate aerosol mass, PM10 and total SPM from

the sites that have been continuously operating for more

than 5 years (Fig. 1a). The measurements were made us-

ing different measurement techniques and time frequencies

(hourly and daily). The raw data were screened to remove

any anomalous data points according to the flag in the origi-

nal data records. Monthly and annual mean values were then

calculated from the screened data for sites that had more than

75 % of measurements in the averaging period.

2.2.2 Aerosol size distribution

Aerosol size distribution data over Europe from the EU-

SAAR and GUAN ground-based monitoring sites have pre-

viously been collected and processed by Asmi et al. (2011)

over the period 2008–2009. Here we use the same 17 low

altitude sites as in the multimodel comparison by Mann

et al. (2014) to compare modelled and observed aerosol num-

ber concentrations at three different size fractions (> 30 nm

(N30), > 50 nm (N50) and > 100 nm (N100) dry diameter)

over the period 2008–2009.

2.2.3 AOD

The AERONET program is a ground-based network of sun

photometers, currently with more than 200 sites providing

aerosol optical, microphysical and radiative properties (Hol-

ben et al., 1998). Observed AOD values are available over

Europe from the mid-1990s but most sites only started oper-

ating within the last 10 years (Fig. 3) and there are relatively

few consistent long-term data sets available before 2000. We

used the Level 2.0 data product (cloud-screened and qual-

ity assured) from 20 sites that have been operating for longer

than 5 years over Europe between 2000 and 2009. AOD mea-

surements have the best record for wavelengths of 440, 500

and 675 nm. We used the 440 nm wavelength as it has the

best spatial and temporal coverage.

2.2.4 Surface solar radiation

GEBA contains worldwide measurements of energy fluxes at

the surface from more than 2000 sites, with the highest den-

sity over Europe. Monthly mean values of incident SSR (ex-

pressed as mean irradiance, in W m−2) have been obtained

from 56 sites across Europe starting before the 1970s, pro-

vided by Sanchez-Lorenzo et al. (2013), and include more

than 20 sites that have data in the 1960s. The length of this

observational record enabled the model evaluation to be ex-

tended prior to the availability of sulfate data. These mea-

surements therefore enable an indirect evaluation of aerosol

changes in the model across the entire time period of the sim-

ulations and also the validation of how changes in aerosols

can affect Earth’s radiation balance.

www.atmos-chem-phys.net/15/9477/2015/ Atmos. Chem. Phys., 15, 9477–9500, 2015
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Figure 1. Location of measurements used in this study for (a) sulfate aerosol mass (∗), total aerosol mass (♦) and sites that have measured

both (×), (b) AOD (�) and surface solar radiation (+). Regional European definitions are north-western Europe (green), northern Europe

(red), central Europe (blue), eastern Europe (orange) and southern Europe (purple).

Figure 2. Annual European emissions (Gg yr−1) of aerosols and aerosol precursors from the MACCity inventory over the period 1960–2009.

(a) Total European emissions of sulfur dioxide (SO2, orange), organic carbon (OC, light green), black carbon (BC, black), ammonia (NH3,

light purple) and oxides of nitrogen (NOX , blue). (b)–(f) show European regional emissions for (b) SO2, (c) NOX , (d) NH3, (e) BC and (f)

OC. Regions are as defined in Fig. 1: northern (red), north-western (green), central (blue), eastern (orange), southern (purple).

Atmos. Chem. Phys., 15, 9477–9500, 2015 www.atmos-chem-phys.net/15/9477/2015/
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Table 1. Details of the ground-based observations used in this study.

Data Measurements Period Total number of

source sites available

EMEP total sulfate aerosol mass concentrations 1978–2009 97

EMEP total suspended particle mass concentrations 1978–2005 42

EMEP PM10 mass concentrations 1996–2009 52

EUSAAR and GUAN aerosol number concentrations greater than 30 nm 2008–2009 24

(N30), 50 nm (N50) and 100 nm (N100) in dry diameter

AERONET aerosol optical depth (AOD) 1994–2009 21

GEBA surface solar radiation (SSR) 1928–2009 50
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Figure 3. Temporal variation in the number of locations measuring

surface solar radiation (SSR), sulfate aerosol mass (SO4), total sus-

pended particle mass (SPM), PM10 mass and aerosol optical depth

(AOD).

2.3 Model evaluation metrics

Comparisons were made using monthly and annual mean

values at individual monitoring locations and also across Eu-

rope as a whole. Model values were linearly interpolated to

each measurement site using the relative contribution from

the four closest surrounding model grid squares. The abso-

lute and percentage change in the simulated and observed

values of sulfate, SPM, PM10, AOD and SSR were calcu-

lated as the difference between the mean of the initial 5 years

and the most recent 5 years of data.

The temporal trend in simulated and observed data was

calculated by fitting an ordinary least squares linear model to

the data using the function

Yi = a+ bXi(i = 1, . . .,n). (1)

The standard error (SE) of the trend line was used to provide

an assessment of the error. For each simulated and observed

trend, ± two SE in the gradient was applied to provide an

uncertainty range. Firstly, the standard deviation of the resid-

uals (σ ) was determined and then used to calculate the SE.

The simulated temporal trends were evaluated by compar-

ing against observed trends; if the gradient of the simulated

and observed trends are within ± two SE of each other we

considered them to be similar.

An assessment of model accuracy is provided here by cal-

culating the normalised mean bias factor (NMBF) of the

model when compared to the observations (Yu et al., 2006).

This metric is symmetric (i.e. not biased towards underpre-

diction or overprediction) and is not biased when a low num-

ber of observed values are used. It is defined as

NMBF= S
[
exp

(∣∣ln(
M̄/Ō

)∣∣)− 1
]
, (2)

where

S =
(
M̄ − Ō

)
/
∣∣M̄ − Ō∣∣ . (3)

where M represents the model values and O represents the

observed values. The sign of the NMBF indicates whether

the model underestimates (negative) or overestimates (posi-

tive) the observed values. For a negative NMBF, the model

values are a factor of 1−NMBF below the observed values

and for a positive NMBF the model values are a factor of

1+NMBF above the observations (Yu et al., 2006). That is,

NMBF =−0.5 means the model is a factor 1.5 low biased

and NMBF = 0.5 means the model is a factor 1.5 high bi-

ased.

The goodness of fit between the model and observations

is obtained by calculating the square of the linear Pearson

correlation coefficient. A measure of the difference between

model and observational values is provided by calculating

the root mean square error (RMSE).

3 Results

3.1 Simulated european aerosols and surface solar

radiation from 1960 to 2009

Figure 4a shows the simulated European (land only) mass

concentrations of the different aerosol components over the

www.atmos-chem-phys.net/15/9477/2015/ Atmos. Chem. Phys., 15, 9477–9500, 2015
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period 1960–2009. Simulated PM10 declines from the early

1980s until 2009, coinciding with the reduction in anthro-

pogenic emissions (Fig. 2). Continually decreasing mass

concentrations of BC and OC are simulated between 1960

and 2009. Simulated sulfate mass concentrations increase

from 1960 to a peak around 1980 and decrease thereafter.

Figure 4b shows the change in simulated European surface

aerosol number concentrations over the total, N30, N50 and

N100 size fractions between 1960 and 2009. Aerosol number

concentrations across all size fractions increase from 1960 to

a peak in 1970 before declining to concentrations that are

50 % lower in 2009.

Simulated European AOD (Fig. 4c) increases from 1960

to a peak in 1973 before decreasing till 2009 to an AOD that

is lower than that simulated 1960. Figure 4d shows that simu-

lated European SSR decreases from 1960 to 1980 (dimming)

and then increases until 2009 (brightening).

3.2 Model evaluation

3.2.1 Sulfate aerosol mass

Figure 5a–d compare simulated single year annual mean sul-

fate concentrations over Europe for 1980, 1990, 2000 and

2009 against observations. Observed and simulated annual

mean European sulfate aerosol concentrations declined by

68 and 78 % respectively over the period 1978–2009 (Table

2). In 1980 (Fig. 5a) simulated and observed sulfate concen-

trations were largest in central Europe. In 2000 and 2009

(Fig. 5c, d) both simulated and observed sulfate concentra-

tions in central Europe declined substantially, with the largest

simulated concentrations over south-eastern Europe.

The model underestimates European annual mean sul-

fate aerosol mass concentrations in the period 1978–2009

(NMBF =−0.384, Table 2), with summertime concen-

trations overestimated (NMBF = 0.694) and wintertime

concentrations underestimated (NMBF =−2.19). Figure 6

shows the range of model bias in seasonal sulfate across Eu-

ropean regions for the period 1978–2009. In summer, ob-

served sulfate is underestimated by the model at the start of

the period before coming into closer agreement towards the

end of the period (Figs. 5e, 6). The model underestimates ob-

served summertime sulfate across northern and southern Eu-

rope (NMBF between 0 and −1), and overestimates sulfate

in central and eastern Europe (NMBF < 1).The model con-

sistently underestimates wintertime sulfate (NMBF of −1 to

−6) across all the European regions, with the largest discrep-

ancy occurring in northern Europe.

An underprediction of wintertime European sulfate con-

centrations has been previously reported and may be due

to an underestimation of oxidants in the model (Berglen

et al., 2007; Manktelow et al., 2007; Langmann et al.,

2008). In wintertime over northern Europe, the region with

largest model bias, low concentrations of H2O2 limit in-

cloud aqueous-phase oxidation of SO2. Under these condi-

tions, oxidation by ozone is the dominant sulfate formation

mechanism (Kreidenweis, 2003). We hypothesise that oxida-

tion by ozone could be under-represented in the model, re-

sulting in an underestimation of wintertime sulfate. This will

be explored further in a future publication. Model underesti-

mation could also be due to an artificially high wet deposition

rate of sulfate, caused by an enhanced occurrence of drizzle

precipitation within this version of the model (Walters et al.,

2011).

Although the model underestimates absolute sulfate con-

centrations, the simulated trend over the period 1978–2009

(−0.04± 0.002 µg S m−3 yr−1) is in good agreement with

the observed trend (−0.05± 0.002 µg S m−3 yr−1), at least

on a European-wide annual mean basis (Fig. 5e). These

trends can be considered similar as they are within two

standard errors of each other. The largest decline in both

simulated and observed sulfate concentrations occurred dur-

ing 1980–2000, when average concentrations changed by

−0.05 µg S m−3 yr−1. Between 1980 and 2000, average sim-

ulated and observed concentrations declined by 50–60 %,

corresponding to a 60–70 % decrease in anthropogenic emis-

sions of SO2 (Fig. 2). A smaller reduction in sulfate aerosol

mass of 13–18 % was simulated and observed in the pe-

riod 2000–2009, when average concentrations changed by

−0.015 µg S m−3 yr−1. Figure 7 compares the simulated and

observed linear trends in sulfate concentrations at all mea-

surement locations. The model reproduces the observed lin-

ear trends in the annual mean concentrations. However, lin-

ear trends in wintertime sulfate aerosol mass are underesti-

mated (by a factor of 3) but overestimated in summertime

(by a factor of 1.3). This corresponds with the calculated

NMBFs for winter and summertime mass concentrations,

which showed an under- and overprediction respectively.

3.2.2 Total aerosol mass

Figure 8a and b compare simulated and observed annual

mean total SPM concentrations over Europe in 1980 and

1990. The spatial changes in SPM over this period are less

distinct than for sulfate. Simulated and observed SPM de-

creases over central Europe and increases over eastern Eu-

rope between 1980 and 1990. In contrast to sulfate aerosol

mass, the simulated 20 % decrease in SPM mass concentra-

tions in the period 1978–1998 is considerably lower than the

50 % observed decrease.

The model underpredicts the observed European annual

mean SPM mass concentrations, with a NMBF of −0.88 in

the period 1978–1998 (Table 3). A consistent underpredic-

tion of observed SPM concentrations was modelled across

all European regions in both summer and winter (Fig. 9a).

The model substantially underpredicts SPM concentrations

in wintertime for southern and eastern Europe (NMBF of

−8 to −0.5). In summertime and across all European re-

gions the model underpredicts observations by a smaller

amount (NMBF of 0 to −2). The large underprediction of

Atmos. Chem. Phys., 15, 9477–9500, 2015 www.atmos-chem-phys.net/15/9477/2015/
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Figure 4. Simulated European annual mean (a) PM10 and composition-resolved surface mass concentration; (b) aerosol number concentra-

tion for particles with dry diameter > 3 (total), > 30 (N30), > 50 (N50) and > 100 nm (N100); (c) AOD at 440 nm; and (d) SSR between

1960 and 2009. Mean values are calculated over the European land domain shown in Fig. 1.

Table 2. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean sulfate at all long-term (>20 years data)

measurement sites (34 sites) between 1978 and 2009. Absolute and relative ( %) changes in concentrations are calculated as the difference

between the mean of the initial 5 years of data minus the mean of the last 5 years of data. Trends that are above or below the value of twice

of the standard error of the trend (95 % confidence) are highlighted in bold.

Component Type Absolute change Standard deviation % Change in Calculated −2* SE +2* SE r2 NMBF RMSE

in concentration of mean value concentration linear trend of trend of trend

(µg S m−3) (µg S m−3 yr−1)

Sulfate annual
observed −1.23 0.466 −68 % −0.048 −0.053 −0.043

0.434 −0.384 0.334
model −1.15 0.424 −78 % −0.044 −0.048 −0.040

Sulfate DJF
observed −1.67 0.65 −73 % −0.064 −0.073 −0.055

0.385 −2.19 0.978
model −0.53 0.20 −75 % −0.020 −0.023 −0.017

Sulfate JJA
observed −1.39 0.57 −70 % −0.056 −0.064 −0.048

0.434 0.694 1.17
model −3.35 1.34 −86 % −0.138 −0.152 −0.124

observed SPM mass concentrations could indicate that an

additional emission source or process for generating super-

micron aerosol mass is missing from the model, particularly

in the 1980s and early 1990s when the model bias is largest.

Figure 8c shows that the larger observed trend in Euro-

pean annual mean SPM mass over the period 1978–1998

of −1.19± 0.22 µg m−3 yr−1 is substantially different to the

simulated trend of −0.26± 0.12 µg m−3 yr−1 (Table 3). Fig-

ure 10a shows that the observed trends in SPM mass concen-

trations are underpredicted at all the measurement locations,

with little seasonal differences. The calculated trends in sim-

ulated and observed SPM values are considered to be differ-

ent as they are outside the range of ± two standard errors of

each trend line (Table 3).

Figure 8d and e compare simulated and observed annual

mean PM10 mass concentrations over Europe in 2000 and

2009. A slight reduction in PM10 mass concentrations of 8–

9 % was both observed and simulated over this period (Ta-

ble 3), with the largest reductions occurring over central and

north-eastern continental Europe.
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Figure 5. Annual mean sulfate aerosol mass concentrations (µg S m−3) from the lowest model level with observations overplotted in circles

for (a) 1980, (b) 1990, (c) 2000 and (d) 2009. (e) Time series of annual and seasonal mean observed (solid lines) and modelled (dashed lines)

sulfate concentrations averaged across all measurement locations for each particular year. Shaded areas show ±1 standard deviation of the

modelled (light grey) and observed (dark grey) annual mean values, with the hatching identifying areas of overlap.

The model generally underestimates observed PM10 mass

concentrations (NMBF of 0 to −1) for the majority of Euro-

pean regions and across most of the evaluated years (Fig. 9b).

An exception occurs across northern and north-western Eu-

rope in wintertime where the model overpredicts concen-

trations (NMBF of 0–2). This is potentially caused by an

overestimation of sea salt aerosol (as also seen in studies

by Mann et al., 2010, 2012), so it mostly affects coastal lo-

cations. Overall, the model simulates European PM10 mass

concentrations between 1997 and 2009 within a factor of 2

and is much improved when compared to the simulation of

total SPM between 1978 and 1998.

The temporal changes in PM10 mass concentrations

(Fig. 8f) highlight the smaller difference between simulated

and observed PM10 across Europe compared to SPM. The

linear trends for observed (−0.27± 0.24 µg m−3 yr−1) and

simulated (−0.14± 0.16 µg m−3 yr−1) PM10 mass concen-

trations over the period 1997–2009 are similar (gradients

within twice the standard error of each other) (Table 3). How-

ever, Fig. 10b shows that the magnitude of the observed

downward trends is slightly underpredicted at the majority of

measurement locations, with little difference between sum-

mer and winter.

The model underpredicts SPM mass concentrations by up

to 20 µg m−3 in the 1980s and PM10 by less than 5 µg m−3

in the 2000s. This larger underprediction in the 1990s could

be due to errors in the measurement of SPM, as most of

these observations are not well documented (Tørseth et al.,

2012) and may have substantial uncertainty. We compared

SPM and PM10 observations during a period when both vari-

ables were observed at six monitoring sites in Spain, and

found SPM was greater than PM10 by 6–17 µg m−3. Taking

this into account, along with the better model agreement for

PM10 mass, indicates that coarse-sized particles (D> 10 µm)

are under-represented by the model. Potential anthropogenic

sources of coarse particles that are not represented in the

model include road traffic dust and construction sources.

Underprediction of aerosol mass could be due to under-

estimation of aerosol processes, as well as missing aerosol

sources from the model. The model does not include nitrate
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Table 3. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean SPM concentrations at all long-term

(> 20 years of data) measurement sites (34 sites) between 1978 and 1998. A similar comparison is presented for PM10 mass concentrations

at all long-term (> 10 years of data) measurement sites (16 sites) between 1997 and 2009. Absolute and relative (%) changes in concentrations

are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data. Trends that are

above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in bold.

Component Type Absolute change Standard deviation % Change in calculated −2* SE +2* SE r2 NMBF RMSE

in concentration of mean value concentration linear trend of trend of trend

(µg m−3) (µg m−3 yr−1)

SPM Annual
observed −18.32 7.96 −42 % −1.19 −1.41 −0.97

0.104 −0.88 18.04
model −4.11 2.36 −20 % −0.26 −0.39 −0.14

SPM DJF
observed −24.50 10.81 −51 % −1.52 −1.91 −1.13

0.044 −0.852 19.39
model −3.95 3.82 −19 % −0.27 −0.52 −0.02

SPM JJA
observed −14.80 7.74 −35 % −1.04 −1.36 −0.72

0.354 −0.796 16.41
model −5.06 2.94 −23 % −0.38 −0.51 −0.25

PM10 Annual
observed −1.50 1.84 −9 % −0.27 −0.50 −0.03

0.037 −0.221 3.35
model −1.08 1.16 −8 % −0.14 −0.30 0.02

PM10 DJF
observed −1.53 2.35 −9 % −0.29 −0.61 0.03

0.023 −0.12 4.01
model −2.40 3.04 −15 % −0.29 −0.73 0.14

PM10 JJA
observed 0.19 1.87 1 % −0.02 −0.31 0.27

0.295 −0.339 4.66
model 3.12 2.75 30 % 0.32 −0.06 0.70
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Figure 6. European and sub-regional normalised mean bias factors

for summertime (red) and wintertime (blue) sulfate aerosol mass

concentrations across all the years that data were available. The

solid line shows the median value, the boxes show the 25th and

75th percentile values with the error bars showing the maximum

and minimum values and the circles representing outliers (values

> 1.5× interquartile range).

aerosol which could account for 1–3 µg m−3 of aerosol mass

over Europe (Fagerli and Aas, 2008; Bellouin et al., 2011;

Pozzer et al., 2012). This could be particularly important

in reducing the model bias in winter and over northern and

north-western Europe where nitrate concentrations are antic-

ipated to be largest. The reductions in SO2 emissions and in-

crease in NH3 emissions across Europe over the last 30 years

(Fig. 2) could have important impacts on aerosol composi-

Figure 7. Annual (black), summertime (red) and wintertime (blue)

trends in modelled and observed sulfate aerosol mass concentra-

tions (µg S m−3 yr−1) at each individual monitoring location over

their operational period between 1978 and 2009.

tion (Fagerli and Aas, 2008). In historical periods with high

SO2 emissions, sulfate aerosol dominates and nitrate concen-

trations are likely to be small. In the recent past and in the fu-

ture, declines in SO2 and sulfate aerosol mass, coupled with

an increase in NH3 emissions, may lead to increased nitrate

aerosol concentrations. Inclusion of nitrate aerosol would re-

duce the model bias in PM10 concentrations over more re-

cent years but would have a smaller fractional impact in the

1980s–1990s due to the dominance of sulfate concentrations.
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Figure 8. Annual mean SPM mass concentrations (µg m−3) from the lowest model level with observations overplotted in circles for (a)

1980 and (b) 1990. (d) and (e) are the same as (a) and (b) but for PM10 mass concentrations in 2000 and 2009. A time series of annual and

seasonal mean observed (solid lines) and modelled (dashed lines) (c) SPM and (f) PM10 concentrations averaged across all measurement

locations for each particular year. Shaded areas show ±1 standard deviation of the modelled (light grey) and observed (dark grey) annual

mean values, with the hatching identifying areas of overlap.

The model also does not include primary biological aerosol

sources, which may contribute 1–2 µg m−3 to PM10 mass

over Europe (Heald and Spracklen, 2009); the contribution

to D> 10 µm is not known.

Uncertainty in aerosol precursor emissions will also con-

tribute to the model–observation discrepancy. In particular,

domestic wood burning and wildfires could contribute up

to 50 % of OC locally over Europe and may be underesti-

mated in emission data sets (Hodzic et al., 2007; Langmann

et al., 2008; Manders et al., 2012). The calculation of SOA

is also a large uncertainty, particularly the proportions from

anthropogenic and biogenic sources. Global aerosol models

typically underpredict the amount of organic aerosols in the

atmosphere (Tsigaridis et al., 2014), particularly from an-

thropogenic sources (Volkamer et al., 2006; Farina et al.,

2010; Spracklen et al., 2011). Anthropogenic sources (or an-

thropogenically modified biogenic sources) that are not ac-

counted for here may contribute up to 3 µg m−3 of SOA over

Europe (Spracklen et al., 2011).

Nevertheless, even using the upper estimates of some of

these potential missing sources, there still appears to be a

model underprediction of total aerosol mass particularly dur-

ing the early period (1980–1990), suggesting that additional

sources or processes are missing within the model or that re-

moval processes are overestimated.

3.2.3 Aerosol size distribution

Figure 11a–c compare simulated and observed annual mean

surface aerosol number concentrations averaged over the pe-

riod 2008–2009 for particles with dry diameter greater than

30, 50 and 100 nm. The model underestimates the observed

aerosol number concentrations for all size fractions, with

a slightly larger model bias for larger size particles (N100

NMBF =−0.96; N50 NMBF =−0.65; and N30 NMBF

=−0.85). The model substantially underestimates aerosol

number concentrations over all size fractions at the high lat-

itude Arctic monitoring locations of Pallas and Zeppelin. In

addition, simulated aerosol number concentrations are under-
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Figure 9. European and sub-regional normalised mean bias factors for summertime (red) and wintertime (blue) (a) SPM and (b) PM10

mass concentrations across all the years that data were available. The solid line shows the median value, the boxes show the 25th and

75th percentile values with the error bars showing the maximum and minimum values and the circles representing outliers (values > 1.5×

interquartile range).

Figure 10. Calculated annual (black), summertime (red) and wintertime (blue) linear trends in modelled and observed (a) SPM and (b) PM10

mass concentrations (µg S m−3 yr−1) at each individual monitoring location over their operational period between 1978 and 2002 for SPM

and between 1996 and 2009 for PM10.

estimated to a larger extent at the more polluted, central Eu-

ropean monitoring sites of Ispra, Preila, Bösel and K-Puszta.

The model is able to reproduce the observed aerosol num-

ber concentrations within a factor of 2 at the majority of Eu-

ropean monitoring locations, which is in agreement with the

recent intercomparison and evaluation of global aerosol mi-

crophysical models (Mann et al., 2014). In addition, Mann

et al. (2014) also found that all of the evaluated models un-

derestimated aerosol number concentrations in the Arctic.

This suggests that N50 concentrations (a proxy for CCN

concentrations) are slightly underpredicted by the model in

the present day but have declined across Europe (Fig. 4b)

by 50 % since the 1970s, with a large potential impact on

the European radiative balance. However, over the more re-

cent period of 2001–2010 no discernible trend was found in

aerosol number concentration by Asmi et al. (2013) across

three central European monitoring sites.
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Figure 11. Annual mean observed vs. simulated aerosol number concentrations for (a) N30 (particles greater than 30 nm diameter), (b) N50

(> 50 nm) and (c) N100 (> 100 nm) at monitoring sites across Europe.

3.2.4 Aerosol optical depth

Figure 12a, b compare simulated and observed annual mean

AOD at 440 nm in 2000 and 2009. The largest simulated and

observed AOD occurs over eastern and south-eastern Europe.

The model is relatively unbiased against annual mean AOD

(NMBF =−0.013). The model captures the observed sea-

sonal cycle in European AOD with the highest AOD in the

summer and lowest in the winter but overestimates winter-

time AOD (NMBF= 0.258) and underestimates summertime

AOD (NMBF =−0.167) (Table 4). These seasonal biases

are of opposite sign to those for sulfate and PM10. How-

ever, we note that simulation of AOD requires information

on aerosol optics, aerosol size distribution and atmospheric

humidity, meaning it is difficult to relate to comparisons of

surface aerosol mass.

Observed and simulated AOD has declined over the pe-

riod 2000–2009 (Fig. 12c). Table 4 shows that at the

three monitoring locations with the longest data records

(9–10 years), simulated and observed AOD has declined

by a similar magnitude (11–14 %) but AOD is underes-

timated by the model (NMBF =−0.296). The observed

AOD trend at the three long-term sites in the period 2000–

2009 is −0.007± 0.004 yr −1 and is similar to that mod-

elled of −0.006± 0.0008 yr−1 (Table 4). The trend in ob-

served wintertime AOD (−0.006± 0.002 yr−1) is well cap-

tured by the model (−0.007± 0.002 yr−1). The larger ob-

served summertime trend of −0.014± 0.003 yr−1 is under-

estimated (−0.005± 0.002 yr−1). The ability of the model to

reproduce the decline in AOD is similar for sulfate and PM10.

3.2.5 Surface solar radiation

Figure 13 shows simulated and observed annual mean all-sky

SSR anomalies across Europe between 1960 and 2009, rel-

ative to a 1980–2000 mean. The long-term mean was based

on the period 1980–2000, considered to be the period with

the most reliable observations. Evaluation of SSR has been

split into three distinct time periods (1960–1974, 1975–1989

and 1990–2009) based on the changes in the observed all-sky

SSR values (Table 5). The observed SSR anomaly is gener-

ally positive and relatively constant in the period 1960–1974.

There is a decrease in observed SSR from 1975 until the late

1980s, after which a strong increase in SSR is observed from

1990 to 2009.

Between 1990 and 2009 both the observed and simulated

European SSR increases by 5.8 and 4.0 W m−2 respectively

with similar positive linear trends (0.37–0.32 W m−2 yr−1;

Table 5). The highest spatial correlation (r2
= 0.90) be-

tween modelled and observed SSR values occurs in the pe-

riod 1990–2009, whereas the bias (NMBF = 0.04) and er-

ror (RMSE = 8.0) in SSR are similar to that in 1975–1989.

An evaluation of seasonal mean modelled and observed SSR

also showed small differences in the NMBF over each season

for all time periods, although RMSE is larger and the spa-

tial correlation is smaller in summer. The positive SSR trend
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Table 4. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean AOD at all long-term (> 7 years of

data) measurement sites (13 sites) between 2000 and 2009. A similar comparison is presented at the three measurement locations that

contain annual mean observations throughout every year between 2000 and 2009 (AOD , three sites). Absolute and relative (%) changes in

concentrations are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data.

Trends that are above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in bold.

Component Type Absolute Standard deviation % Change Calculated −2* SE +2* SE r2 NMBF RMSE

change of mean value in AOD linear trend of trend of trend

in AOD (AOD yr−1)

AOD
observed −0.03 0.022 −12 % −0.0061 −0.009 −0.003

0.031 −0.013 0.026
model −0.006 0.014 −2 % 0.00005 −0.003 0.003

AOD 3 Sites
observed −0.03 0.037 −11 % −0.007 −0.014 −0.001

0.011 −0.296 0.066
model −0.03 0.019 −14 % −0.006 −0.007 −0.004

AOD DJF
observed −0.024 0.026 −13 % −0.0063 −0.010 −0.002

0.024 0.258 0.050
model −0.040 0.027 −16 % −0.0074 −0.011 −0.004

AOD JJA
observed −0.072 0.047 −23 % −0.014 −0.019 −0.008

0.039 −0.167 0.053
model −0.030 0.021 −12 % −0.005 −0.008 −0.002

Figure 12. Annual mean AOD at 440 nm with observations from the AERONET sites overplotted for (a) 2000 and (b) 2009. (c) Time

series of monthly and seasonal mean observed (solid lines) and modelled (dashed lines) AOD at 440 nm averaged across all measurement

locations. (d) European NMBFs of AOD for annual (orange), summertime (red) and wintertime (blue) across all the years and sites that data

were available. The annual NMBF for the three sites with the longest continuous record (> 9 years) is shown in yellow.
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Table 5. Statistical summary of simulated and observed annual mean SSR for three different time periods (1960–1974, 1975–1989 and

1990–2009) at the 20 measurement sites across Europe which have a continuous 50-year data record. Absolute and relative (%) changes in

SSR are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data for the time

period considered. Trends that are above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in

bold.

Type Time period Absolute Standard deviation % Change Calculated −2* SE +2* SE r2 NMBF RMSE

change in of mean value in SSR linear trend of trend of trend

SSR (W m−2) (W m−2 yr−1)

observed

1960−1974

−0.79 2.40 −1 −0.011 −0.309 0.286
0.838 0.002 7.72

model + ARE −1.67 1.89 −1 −0.088 −0.317 0.141

model − ARE −0.20 2.12 −0.2 0.069 −0.237 0.376 0.748 0.045 11.04

observed
1975−1989

−2.24 3.42 −2 −0.259 −0.658 0.140
0.803 0.029 8.43

model + ARE 3.12 3.06 3 0.304 −0.036 0.643

model − ARE 1.89 3.50 1.6 0.187 −0.191 0.564 0.757 0.063 11.84

observed

1990−2009

5.78 3.47 5 0.369 0.153 0.584
0.896 0.043 8.00

model + ARE 3.98 3.04 3 0.316 0.125 0.507

model − ARE 0.27 2.92 0.2 0.09 −0.185 0.366 0.828 0.053 10.23

Figure 13. Observed (black line) and simulated (red line) European

annual mean all-sky SSR anomalies (Wm−2) relative to a 1980–

2000 average. Simulated all-sky SSR not including aerosol radiative

effects (ARE) is also shown (orange line). Values are calculated as

the average across all measurement locations within Europe (see

Fig. 1). The standard deviation of the annual mean for each year

is shown by the shaded areas of dark grey for the observations and

light grey for the model with the hatching representing where the

areas overlap.

(brightening) observed between the late 1980s and 2009 is

reproduced by the model, but simulated brightening begins

several years earlier than observed. The positive trend in

SSR anomaly across Europe from the mid-1980s to present

day corresponds with the observed and simulated decrease

in aerosol concentrations. Figure 13 also shows the mod-

elled all-sky SSR anomalies without aerosol radiative effects

(ARE). Without ARE the simulated trend in SSR is underes-

timated (0.09± 0.14 W m−2 yr−1), suggesting that changes

in aerosol concentrations are a dominant driver of SSR trends

during this period. The simulated positive trend in SSR in-

cluding ARE presented here is in agreement with other stud-

ies over this period (Wild, 2009; Allen et al., 2013; Sanchez-

Lorenzo et al., 2013; Chiacchio et al., 2015).

In the period 1975–1989, both the modelled and ob-

served SSR anomalies are generally negative, which coin-

cides with the maximum anthropogenic emissions and at-

mospheric aerosol loading. Over this period the observed

SSR decreases by an average of 2.2 W m−2, whilst simulated

SSR increases by 3.1 W m−2 (Table 5). A similar discrep-

ancy in sign and magnitude is also apparent in the linear

trends of the model (0.30± 0.17 W m−2 yr−1) and observa-

tions (−0.26± 0.20 W m−2 yr−1). This reflects the model’s

inability to simulate the timing and magnitude of the ob-

served dimming trend in SSR values between 1975 and 1989

(Fig. 13). Over this period the simulated and observed SSR

values have a lower correlation (r2
= 0.80) and larger er-

ror (RMSE = 8.43) than the 1990–2009 period, indicating a

slightly poorer representation by the model. The model with-

out ARE also shows similar disagreements (Table 5), poten-

tially indicating that errors in the simulation of aerosol are

not causing simulated discrepancy in SSR during this period.

Over the period 1960–1974, simulated European an-

nual mean SSR remained relatively constant (Fig. 13) and

is of a similar magnitude (Table 5) to that observed.

Over this period the observed SSR anomalies are posi-

tive (compared to a 1980–2000 mean), whilst the mod-

elled SSR anomalies are negative. The small observed trend

of −0.01± 0.15 W m−2 yr−1 over the period 1960–1974

is overestimated by the model (−0.09± 0.11 W m−2 yr−1).

The stronger simulated negative trend in SSR between 1960

and 1974 indicates that the dimming observed in the period

1974–1989 occurs too early in the model. The model with-

out ARE does not show a dimming trend over this period (but

does have a large uncertainty; Table 5), which implies that the
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Figure 14. European normalised mean bias factors for sulfate

aerosol mass, SPM mass, PM10 mass, AOD and SSR across all the

years where data were available (see Tables 2–5) and separately for

the period 2000–2009. The solid line shows the median value, the

boxes show the 25th and 75th percentile values with the error bars

showing the maximum and minimum values and the circles repre-

senting outliers (values > 1.5× interquartile range).

discrepancy in the SSR trend could be due to uncertainties in

simulated aerosols.

Understanding the discrepancy in simulated SSR prior to

1980 is difficult because aerosol observations are not avail-

able. Possible causes of model discrepancy include errors

in simulated aerosol, problems with the observations, or the

ECMWF reanalysis product. With regards to observational

uncertainties, there were fewer observations of SSR before

1970 (Fig. 3) and there is also a larger correction factor as-

sociated with data from the available sites (Sanchez-Lorenzo

et al., 2013). This suggests that observational error may be

larger in the early period. Prior to 2000, the model is forced

by the ERA-40 reanalysis. ERA-40 was improved in the

1970s by the inclusion of additional measurements, most no-

tably from satellites (Uppala et al., 2005). Larger errors in

the reanalyses prior to 1980 (Uppala et al., 2005) could cause

errors in the generation of clouds by the host GCM (global

circulation model), which would affect simulated SSR.

3.2.6 Evaluation summary

Figure 14 summarises the comparison between simulated

and observed sulfate, SPM, PM10, AOD and SSR across Eu-

rope separately for their entire operational period and also for

the period 2000–2009 (when PM10 and AOD observations

are available). The model underpredicts SPM, PM10 and sul-

fate aerosol mass over both periods. The largest underpre-

diction occurs for SPM (1978–1998, NMBF =−0.88), with

smaller underpredictions for sulfate (1978–2009, NMBF

=−0.38) and PM10 (1997–2009, NMBF =−0.22). Simu-

lated European annual mean SSR has a smaller model bias

(1960–2009, NMBF = 0.02). Over the period 2000–2009,

the model has comparatively small biases in AOD (NMBF

Figure 15. Taylor diagram comparing simulated and observed Eu-

ropean sulfate mass concentrations, SPM, PM10, AOD and SSR.

Comparisons are made across all the years where observations are

available. We additionally show results for the period 2000–2009,

where sulfate, PM10, AOD and SSR are consistently available. For

AOD, we separately plot the three locations with the longest obser-

vational record. For SSR we also plot the three different time peri-

ods (1960–1974, 1975–1989, 1990–2009). Correlation coefficients

are plotted against the observed standard deviations normalised rel-

ative to the simulated standard deviation.

=−0.013) and SSR (NMBF = 0.036) but larger biases for

sulfate (NMBF =−0.71) and PM10 (NMBF =−0.22). The

model also underestimates aerosol number concentrations

across the N30 (NMBF =−0.85), N50 (NMBF =−0.65)

and N100 (NMBF =−0.96) size fractions in 2008–2009.

Underestimation of annual and seasonal mean surface sul-

fate, PM10 and aerosol number concentration is therefore not

manifested in the simulation of the annual and seasonal cycle

of AOD or SSR. Calculation of AOD requires information

on the aerosol vertical profile, aerosol optics, aerosol size

distribution and atmospheric humidity. Simulation of SSR

strongly depends on model representation of clouds. A di-

rect comparison of model performance in simulating surface

aerosol mass with AOD or SSR is therefore complicated.

Figure 15 shows the spatial correlation and variability (rep-

resented by the standard deviation in observed values nor-

malised to the modelled values, SDobs / SDmod) in sulfate,

SPM, PM10, AOD and SSR. In general, SSR and sulfate are

better simulated in terms of spatial correlation and variabil-

ity, with poorer model simulation of SPM, PM10 and AOD.

The observed negative trends in sulfate, PM10 and AOD

(−0.05 µg S m−3 yr−1,−0.27 µg m−3 yr−1 and−0.007 yr−1)

are all well reproduced by the model (−0.04 µg S m−3 yr−1,

−0.14 µg m−3 yr−1 and−0.006 yr−1). Over the period 1990–

2009, observed trends in SSR (0.37 W m−2 yr−1 ) are also
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Table 6. Global and European shortwave top of atmosphere all-sky

and clear-sky aerosol RF, relative to a 1980–2000 mean. Values for

1972 are included as this is when the simulated minimum aerosol

RF occurs over Europe. For comparison we include global carbon

dioxide RF (relative to 1750) from the IPCC fifth assessment report

(Myhre et al., 2013).

Year All-sky aerosol Clear-sky aerosol Estimates of CO2 RF

RF (W m−2) RF (W m−2) (Myhre et al., 2013)

Global Europe Global Europe Global

1960 +0.9 +0.8 +0.4 +0.2 +0.7

1970 −0.1 −1.0 +0.01 −0.1 +0.9

1972 −0.1 −1.4 +0.2 −1.6 NA

1980 −0.4 −0.6 +0.01 −0.5 +1.1

1990 +0.01 +0.1 +0.04 −0.1 +1.3

2000 +0.4 +1.7 −0.1 +1.1 +1.5

2009 +0.3 +2.1 +0.1 +1.9 +1.8

well simulated by the model when ARE are included

(0.32 W m−2 yr−1), but poorly simulated when ARE are ex-

cluded (0.09 W m−2 yr−1). This confirms that being able to

simulate the decline in aerosol concentrations over Europe is

important for reproducing the observed brightening trend in

SSR between 1990 and 2009. Prior to 1990, the model does

not simulate trends in SSR as well but few aerosol obser-

vations are available to determine the reason for model fail-

ure, which could be caused by issues with simulated aerosol,

clouds or with the observations.

4 European aerosol radiative forcing trends

Figure 16 shows the changes in simulated European mean

top of atmosphere (TOA) outgoing radiation, relative to a

1980–2000 mean, under all-sky (Fig. 16a) and clear-sky con-

ditions (Fig. 16b) with the numbers presented in Table 6.

Here we define this difference in TOA radiation as a radia-

tive forcing (RF) between the current year and the long-term

mean state. European mean all-sky RF (Fig. 16a) decreases

by > 2.0 W m−2 (cooling trend) over the period 1960–1972,

corresponding to the increase in simulated aerosol loading.

From 1973 to 2009, European mean all-sky radiation in-

creases by > 3.0 W m−2 (warming trend), corresponding to

the simulated reduction of aerosols. All-sky RF showed the

largest increase of 6.0 W m−2 over central Europe between

1973 and 2009, which is consistent with this region having

experienced the largest change in anthropogenic emissions

(Fig. 2) and aerosol concentrations (Fig. 8). Other regions of

Europe have a similar temporal change but with a smaller

magnitude.

The simulated clear-sky aerosol TOA RF (Fig. 16b) is

similar to that simulated under all-sky conditions. Euro-

pean mean clear-sky RF decreased by > 1.5 W m−2 between

1960 and 1972 (cooling) and from 1973 to 2009 it increased

by > 3.0 W m−2 (warming). Marmer et al. (2007) reported

a similar change of +2.0 W m−2 in the direct shortwave

RF from sulfate aerosols over Europe between 1980 and

2000. This indicates the strong influence directly exerted

by aerosols on the European radiative balance in response

to changes in anthropogenic emissions. An estimate of the

cloud albedo effect is obtained as the difference between

the all-sky and clear-sky RF. Over the period 1973–2009,

the cloud albedo effect is estimated to have increased by

0.44 W m−2 (warming), indicating that it is a relatively small

change when compared to that from the direct effect.

The changes in aerosol RF we simulate over Europe

are slightly larger than those calculated for the USA by

Leibensperger et al. (2012) of approximately +1 W m−2 for

the direct effect and+1 W m−2 for the indirect (first and sec-

ond) effects. The smaller changes in aerosol RF reported by

Leibensperger et al. (2012) are possibly related to the smaller

reductions in sulfate aerosol mass concentrations observed

over the USA of ∼ 0.8 µg S m−3 (40 %) when compared to

those observed over Europe of 1.2 µg S m−3 (70 %).

The calculated changes in all-sky TOA RF indicate the ex-

tent to which changes in anthropogenic emissions over the

last 50 years have affected the European radiative balance.

Reductions in anthropogenic aerosols have resulted in a pos-

itive response in the European radiative balance. We estimate

that the magnitude of these emission reductions has caused

European mean all-sky RF to increase by > 3.0 W m−2 be-

tween the mid-1970s and 2009, mainly due to the direct

aerosol effect (as shown by similar changes in the clear-sky

RF). Table 6 shows that the change in European mean aerosol

RF is much larger than the change in global mean aerosol RF

of +0.4 W m−2. Shindell et al. (2013) reported a multimodel

evaluation of aerosol RF over the period 1850–2100, with

six of the nine models reporting a positive increase in global

mean aerosol RF between 1980 and 2000, qualitatively simi-

lar to the results presented here. At the global scale, our sim-

ulated change in all-sky aerosol RF between 1970 and 2009

is ∼ 40 % of the magnitude of change in global CO2 radia-

tive forcing over the same period. At the European scale, the

simulated change in all-sky aerosol RF is more than 3 times

the change in global mean CO2 RF. This indicates the large

regional impact that decreasing aerosol concentrations have

had on the radiative balance and climate over Europe com-

pared to other forcing agents.

The agreement between the model and observations in the

changes in aerosols and in the brightening period of the sur-

face radiation balance between the 1990 and 2009 improve

our confidence in the magnitude and temporal change of the

simulated TOA RF over this period when most of the change

occurs (2.0 W m−2). Future work needs to explore the poten-

tial climate implications from these changes to the radiative

balance. It will be important to understand the role of Euro-

pean air quality legislation in observed emission reductions

as this may have important implications when considering

the impact of future air quality mitigation measures on cli-

mate.
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Figure 16. European and sub-regional top of atmosphere aerosol radiative forcing (Wm−2), relative to a 1980–2000 average, under (a)

all-sky and (b) clear-sky conditions. European regions are as defined in Fig. 1

5 Conclusions

We used the HadGEM3-UKCA coupled chemistry–climate

model to simulate changes in aerosols between 1960 and

2009, a period over which anthropogenic sources of aerosol

changed substantially. We evaluated the model against Euro-

pean observations of sulfate aerosol mass, total SPM, PM10

mass concentrations, aerosol number concentrations, AOD

and surface SSR. We also calculated the impact of changes

in atmospheric aerosols on European aerosol radiative forc-

ing.

The model underpredicts sulfate aerosol mass concentra-

tions (NMBF =−0.4), SPM (1978–1998, NMBF =−0.9)

and PM10 (1997–2009, NMBF =−0.2). In addition, the

model underpredicts present-day aerosol number concen-

trations over the size fractions of N30 (NMBF =−0.85),

N50 (NMBF =−0.65) and N100 (NMBF =−0.96). Un-

derestimation of aerosol number and mass could be due

to uncertainties in the observations (Tørseth et al., 2012),

an overestimation of deposition processes or underestimated

sources of PM including nitrate, anthropogenic SOA, domes-

tic biomass combustion, dust and primary biological aerosol

particles. The larger underestimation of particles with diam-

eters> 10 µm suggests that the sources of such particles may

be more uncertain and are not well treated by the model. The

model particularly underestimates sulfate in winter and over

northern Europe potentially due to an under-representation of

the in-cloud oxidation of sulfur species to sulfate via reaction

with ozone or an enhanced wet deposition rate, caused by ar-

tificial high drizzle precipitation. Biases in simulated AOD

(2000–2009, NMBF =−0.01) are smaller than for surface

aerosol concentrations. Calculation of AOD requires infor-

mation on the aerosol vertical profile, aerosol optics, aerosol

size distribution and atmospheric humidity and complicates

any direct comparison between surface aerosol mass and

AOD.

Observed trends in surface aerosol mass and AOD were

generally well represented by the model. Sulfate aerosol

mass declines by 68 % in the observations and by 78 % in

the model between 1978 and 2009, consistent with the de-

crease in SO2 emissions over Europe. The observed Euro-

pean annual mean SPM decreased by 42 % between 1978

and 1998, compared to a simulated decrease of 20 %. Be-

tween 1997 and 2009 PM10 mass concentrations decreased

by 9 % in the observations and by 8 % in the model. Between

2000 and 2009 AOD decreased by 11 % in the observations

and by 14 % in the model at observation sites with more than

9 years of data.

The all-sky European SSR was shown to increase be-

tween 1990 and 2009 in both the model (4.0 W m−2) and
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observations (5.8 W m−2) (brightening). In the model sim-

ulation where aerosol radiative effects were excluded, Euro-

pean all-sky SSR increased by only 0.3 W m−2. This compar-

ison suggests that observed brightening post-1990 is driven

by changes in aerosol that are well captured by the model.

Accounting for changes to aerosols is therefore important

to reproduce the European brightening trend from 1990 to

2009.

Prior to 1990, there are discrepancies between observed

and simulated all-sky SSR anomalies. Specifically, the model

is unable to reproduce the magnitude and timing of the ob-

served reduction in SSR values (dimming). These errors in

SSR coincide with the largest model bias in observed SPM

concentrations between 1978 and 1980 (Fig. 8c), but the lack

of extensive aerosol observations prior to 1980 prevents iso-

lation of the cause of this model observational discrepancy in

SSR. Possible reasons include errors in simulated aerosols,

errors associated with the meteorological reanalysis fields,

and issues with the measurement data (less SSR observations

were available before 1970).

From the peak in aerosol loading in the early 1970s, Eu-

ropean all-sky aerosol TOA radiative forcing has increased

by > 3.0 W m−2, due to a reduction in the aerosol cooling

effect. Changes in European mean RF are mainly due to

changes in the direct aerosol effect, as shown by the similar-

ity between clear-sky and all-sky RF. The largest RF is over

central Europe (+6.0 W m−2), which has seen the largest

change in anthropogenic emissions and aerosol concentra-

tions. The change in European mean aerosol RF is much

larger than that globally and also 3 times as large as the

change in global mean CO2 RF over the period 1970–2009.

Our evaluation showed that the model is able to reproduce

the observed changes in SSR over the period 1990–2009,

during which two-thirds of the simulated change in RF oc-

curred (2.0 W m−2). Our evaluation therefore provides con-

fidence in the simulated changes of TOA RF. The reductions

in anthropogenic aerosol emissions over this period have re-

sulted in a positive response in the radiative balance over Eu-

rope, which may have contributed to increasing temperatures

across Europe (Philipona et al., 2009). The RFs simulated

in this work are similar in magnitude to those reported by

Marmer et al. (2007) over Europe and by Leibensperger et al.

(2012) over the USA. The change in anthropogenic aerosol

emissions over the period 1970–2009, in part due to mea-

sures to improve air quality, has led to a considerable re-

duction in the concentrations of aerosols over Europe. This

decrease in aerosols has reduced the aerosol radiative cool-

ing effect over Europe. Attempts to improve European air

quality over the last 30–40 years have potentially had non-

negligible impacts on European climate (Arneth et al., 2009;

Philipona et al., 2009; Ramanathan and Feng, 2009; Fiore

et al., 2012) and should be the subject of future study. These

air quality–climate interactions should be considered when

designing any future measures to improve air quality and mit-

igate climate change.
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Chapter 4

The spatial and temporal importance of pH to sulphate

aerosols and radiative forcing over the period 1960 to 2009
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Key Points:

 Cloud water pH can affect the ability to reproduce both changes in

sulphate aerosol mass and its aerosol radiative effects over different

spatial and temporal scales

 The comparison of simulated and observed sulphate and sulphur

dioxide mass concentrations over Europe is improved by increasing

cloud water pH

 Aerosol radiative forcing between 1970 and 2009 can vary over

regions by up to a factor of 5 depending on the choice of pH at the

start and end points
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Abstract

Sulphate is a major component of fine particulate matter. In-cloud aqueous

phase oxidation with ozone is one of the principal routes to sulphate aerosol

formation, which is strongly dependent on cloud water pH. Here the

sensitivity of sulphate formation to cloud water pH and its implications for

aerosol radiative effects are explored over the period 1970 to 2009. The

mass of sulphate aerosol reduces at a global scale, but increases by 20%

over regions with large SO2 emissions. Global cloud condensation nuclei

concentrations reduce by ~50%. The aerosol radiative forcing between 1970

and 2009 varies by a factor of 5 and changes from +6.9 to -4.6 Wm-2 over

the North Atlantic depending on whether an increase or decrease in pH is

assumed. Global composition climate models should calculate a spatially

and temporally varying cloud water pH to improve the representation of

aerosol radiative effects over recent decades.

4.1 Introduction

Sulphate is a major component of the fine aerosol mass, comprising 32% of

the submicron particle mass over much of the world (Zhang et al., 2007). It

contributes to problems such as reduced visibility, acidic deposition, poor air

quality and impacts on human health. Sulphate is largely present in the fine

size fraction of aerosols (less than 2.5 microns) where it can interact both

directly and indirectly (via the modification of cloud microphysical properties)

with the Earth’s radiative balance, leading to a large, but uncertain, cooling

effect on climate (IPCC, 2013). Accurate quantification of sulphate formation

over different spatial and temporal scales is therefore important to be able to

quantify impacts on both air quality and climate.

Sulphate aerosol is produced from the oxidation of sulphur dioxide (SO2) via

gas-phase reactions with the hydroxyl radical (OH) or by aqueous phase

reactions in cloud droplets with hydrogen peroxide (H2O2), ozone (O3), O2

plus transition metal ion catalysts and other oxidants (Seinfeld & Pandis,

2006; Harris et al., 2013; Ervens, 2015 and references within). Globally

aqueous phase oxidation is the dominant pathway to sulphate formation with

60-80% of tropospheric sulphate formed through this way compared to 15 –

35% from gas phase oxidation (Chin et al., 1996; Barth et al., 2000; Roelofs

et al., 2001; Faloona, 2009). The largest uncertainties in modelling in-cloud

sulphate formation tend not to come from the chemical mechanism but

depend on the predicted cloud properties such as the liquid water content,
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cloud processing time and precipitation rates (wet deposition), which also

impact on the aerosol size distribution/composition and availability of

oxidants (Pandis & Seinfeld, 1989; Rasch et al., 2000).

The rate of in-cloud dissolution and subsequent aqueous phase reactions of

SO2 are dependent on the pH of the cloud water, which is determined by the

balance of dissolved acids (sulfuric, nitric and carbonic) and bases

(ammonia and base cations from sea salt aerosol or mineral dust). The

oxidation rate of S(IV) by H2O2 is approximately independent of pH and is

the preferential pathway at a pH <5.5. Conversely, the oxidation rate of S(IV)

by O3 is highly sensitive to pH and is the preferential pathway for pH >5.5

(Seinfeld & Pandis, 2006). Increasing the pH by 1 unit can increase the

oxidation reaction rate of S(IV) with O3 by a factor of 100 (Kreidenweis,

2003).

Cloud water pH is highly variable in space and time. Low cloud water pH

tends to be associated with smaller particles that are mainly acidic in nature

(e.g. sulphate), whereas larger particles tend to have higher pH due to the

presence of carbonates from mineral dust or sea salt (Gurciullo & Pandis,

1997). Consistent observations of cloud water pH are restricted to a few

locations with limited temporal trends. The observed values of cloud water

pH vary from 3 to 7 across coastal marine environments and continental

areas of USA, Europe, China and India (Collett et al., 1993; Plessow et al.,

2001; Aleksic et al., 2009; Sun et al., 2010; Benedict et al., 2012; Murray et

al., 2013; Budhavant et al., 2014). Since the mid-1980s observed cloud

water pH increased from 4 to ~5 in the north eastern United States due to

reductions in emissions of acidifying gases, as a result of the Clean Air Act

(Aleksic et al., 2009; Murray et al., 2013; Schwab et al., 2016).

There are substantially more measurements of rainwater pH. The trend in

observed rainwater pH is anticipated to correlate with that of cloud water but

rainwater tends to be more dilute and therefore less acidic due to different

cloud scavenging efficiencies and the rate of chemical reactions (Collett et

al., 1993; Aleksic et al., 2009). Rodhe et al., (2002) used a global chemical

transport model to show the spatial variability of pH in precipitation, with

lowest values (pH 4-5) occurring in the polluted continental regions of the

world and higher values (pH >6) over dust source regions and marine

locations. A review by Vet et al., (2014) summarised rainwater pH

observations from around the globe and reported that over Europe and

North America values have increased by >0.5 pH units since the 1980s due

to reductions in anthropogenic emissions of SO2. It is reasonable to assume
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that a similar change in cloud water pH would also have occurred over these

regions, which could have important consequences for the formation of

sulphate aerosols.

The treatment of in-cloud aqueous phase sulphate formation varies between

global models from those using a fixed pH to those explicitly calculating the

pH of different sized cloud droplets (Fahey, 2003; Ervens, 2015; Table A1).

The results from the multi-model Comparison of large-scale atmospheric

sulphate aerosol models (COSAM) project highlighted the importance of

accurately representing the value of cloud water pH for aqueous phase

formation of sulphate aerosols in global models (Barrie et al., 2001;

Lohmann et al., 2001; Roelofs et al., 2001). Over the UK and Germany,

increasing the fixed value of pH from 5 to 5.5-5.8 in two models was shown

to improve the comparison of simulated sulphate mass with observations

(Redington et al., 2009; Banzhaf et al., 2012). The underrepresentation of in-

cloud aqueous phase sulphate formation has been previously identified as a

possible reason for some of the modelled underestimation of observed

sulphate mass and overestimation of SO2 concentrations across regions like

Europe, which are important in simulating particulate air quality (Feichter et

al., 1996; Kasibhatla et al., 1997; Roelofs et al., 2001; Berglen, 2004; Textor

et al., 2006).

The optical properties of aerosols and the cloud droplet number

concentrations can be affected by the different cloud droplet schemes used

within models, which can lead to uncertainties in the aerosol radiative effects

(Kreidenweis, 2003; Roelofs et al., 2006). Cloud droplet pH was found to be

the third most important parameter controlling CCN uncertainty in winter,

especially across the northern mid-latitudes (Lee et al., 2013). It is important

to understand how processes such as cloud water pH have varied over the

industrial period to properly quantify the effect of this on cloud albedo

radiative forcing, as the uncertainty could be larger if their pre-industrial

baseline state and changes occurring from it are not properly accounted for

(Carslaw et al., 2013; Regayre et al., 2014).

It is therefore important to consider the spatial and temporal effect of

changes in cloud water pH on sulphate aerosol formation and ultimately their

radiative effects over recent decades, especially for regions such as Europe

and Asia where large changes in SO2 emissions, and consequently acidity,

have occurred. Here we test the sensitivity of aqueous phase sulphate

formation to changes in pH over a 50 year time period in a global

composition climate model. The analysis shows that changes to sulphate



- 103 -

and the aerosol size distribution from an increase in pH can lead to large

differences in aerosol radiative effects between 1970 and 2009.

4.2 Materials and Methods

4.2.1 HadGEM3-UKCA composition-climate model

The global composition-climate model HadGM3-UKCA, as described in

Turnock et al. (2015), is used to simulate aerosol processes and their impact

on the radiative balance. The model was used in atmosphere-only mode and

nudged to the European Centre for Medium-Range Weather Forecasts

(ECMWF) reanalysis. Monthly 3D aerosol, gas-phase and radiation fields

were output at a horizontal resolution of 1.875 x 1.25 (~140 km at mid

latitudes) with 63 levels in the vertical (~40 km). The model includes a

comprehensive tropospheric chemistry scheme with additional reactions

involving sulphur, monoterpenes and isoprene (Spracklen et al., 2006; Mann

et al., 2010; O’Connor et al., 2014; Scott et al., 2014).

The modal aerosol scheme of the Global Model of Aerosol Processes

(GLOMAP-mode) is used within this version of HadGEM3-UKCA (Mann et

al., 2010). GLOMAP-mode simulates the evolution of size-resolved number

and mass of sulphate, black carbon, particulate organic matter and sea salt

aerosol components across the nucleation, Aitken, accumulation and coarse

modes. Ammonium nitrate is not represented in this version of the model.

Dust aerosol mass concentrations are calculated using a 6-bin scheme

(Woodward, 2001).

Natural aerosol emissions are calculated using interactive parameterizations

or monthly mean emission fields of sea-salt, volcanoes and dimethyl

sulphide. Anthropogenic emissions of CO, SO2, NOX, Organic Carbon and

Black Carbon are provided at a 0.5 by 0.5 horizontal resolution from the

MACCity inventory (Granier et al., 2011).

The Edwards & Slingo (1996) radiation code within HadGEM3-UKCA has

been used to calculate the changes to the Earth’s radiative balance from the

differences in aerosols. A ‘double-call’ radiation configuration has been used

to diagnose the aerosol radiative effect (ARE) from aerosol radiation

interactions (ari, direct effect) and aerosol cloud interactions (aci, 1st indirect

effect); that is the difference between a radiation call with aerosol fields

included and an aerosol fee atmosphere (Bellouin et al., 2013; Turnock et

al., 2015). The change in ARE is the difference between calculated ARE in

two different simulations. Aerosol radiative forcings (ARF) are defined here
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as the difference between ARE in 1970 and 2009. Feedbacks onto the

meteorology are not permitted in the ‘double-call’ set up and therefore rapid

adjustments to clouds and the atmosphere from changes in aerosols are not

accounted for.

This model version has been previously evaluated against long term

European observations of aerosols (see Turnock et al. 2015). Turnock et al.

(2015) showed that the model was able to reproduce the observed trends in

sulphate aerosol mass over the period 1978 to 2009. However, the model

consistently underestimated winter time sulphate mass, particularly over

northern Europe, which could be potentially due to enhanced removal

processes (e.g. wet deposition) or an under-prediction in formation

mechanisms. As the model bias was particularly strong over northern

Europe in wintertime when oxidants (especially H2O2) are limited, it was

hypothesized that sulphate aerosol formation through in-cloud oxidation of

SO2 with O3 was under-represented. The model evaluation will be further

explored in this study by comparing additional simulations using different pH

against observations of sulphate aerosol mass and sulphur dioxide

concentrations (in accordance with Turnock et al., 2015).

4.2.2 Sulphate aerosol formation in HadGEM3-UKCA

Sulphate aerosols can be formed in the gas phase by SO2 reacting with the

hydroxyl radical to form sulfuric acid vapour:

ଶ ଶ (R4.1)

ଶ ଶ ଶ ଷ (R4.2)

ଷ ଶ ଶ ସ (R4.3)

The aerosol processes of condensation and nucleation compete for the

available sulfuric acid vapour to form secondary aerosol particles (via

reaction with ammonia), increasing the aerosol number concentration.

Globally nucleation tends to account for a lower amount of sulphate aerosol

but is preferential in the free troposphere, leading to the formation of more

numerous smaller sized particles.

When low level clouds are present, aqueous phase oxidation of sulphur

dioxide can occur through reaction with H2O2 and O3, accounting for the

majority of sulphate aerosol mass formed in the troposphere. In HadGEM3-

UKCA sulphur dioxide first dissolves in cloud droplets using a Henry’s law

equilibrium approach. A grid box is defined as having low level clouds

present if the cloud liquid water content exceeds 0.2 g m-3, that of typical
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stratocumulus clouds. SO2 dissolves in cloud water to form the HSO3
-

species, which can also further dissociate to SO3
2-. Both these species can

lead to sulphate aerosol formation via the following oxidation reactions:

ଷ
ି

ଶ ଶ
ା

ସ
ଶି ା

ଶ (R4.4)

ଷ
ି

ଷ ସ
ଶି ା

ଶ (R4.5)

ଷ
ଶି

ଷ ସ
ଶି

ଶ (R4.6)

The sulphate aerosol mass produced from the in-cloud oxidation pathways is

partitioned into the soluble accumulation and coarse modes of the modal

aerosol size distribution according to the ratio of their respective number

concentrations to their sum. This produces sulphate particles of larger sizes

and with more mass.

4.2.3 Simulations

We completed two simulations over the period 1960 to 2009. A baseline

simulation (identified here as pH 5.0) used a cloud water pH of 5.0. This is

the standard cloud water pH used within HadGEM3-UKCA and uses a fixed

value similar to other global climate models to represent the pH of bulk cloud

droplets (see Table S1). An additional simulation (identified here as pH 6.5)

was conducted where the cloud water pH was changed to pH 6.5 to explore

the sensitivity of in-cloud sulphate formation to pH and its impact on aerosol

radiative effects over recent decades. The value of pH 6.5 was chosen

based on the upper range of values (obtained by an expert elicitation and

literature search) used within the analysis by Lee et al., (2013), which found

that droplet pH is the third most important parameter controlling CCN

uncertainty, particularly in the northern hemisphere winter.

4.3 Results and Discussions

4.3.1 Sulphate Formation

The calculated global burdens of SO2, sulphate and gas phase H2SO4 are

shown in Table A2 and are within the range of those calculated for other

model studies (Spracklen et al., 2005a; Berglen, 2004; Textor et al., 2006;

Mann et al., 2010). Figure 4.1 shows the impact of increasing cloud water

pH on column burdens of SO2 and sulphate aerosol mass concentrations.

An increase in cloud water pH causes a ~66% reduction in the global SO2

burden (Fig. 4.1a and Table A2) as more SO2 is oxidized through reactions

R4.5 and R4.5. The largest absolute reductions occur over regions that have
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the largest anthropogenic emissions of SO2 e.g. Europe, North America and

East Asia.

The sulphate aerosol mass burden increases by ~20% over Europe, North

America and East Asia with increased cloud water pH. Over these regions

oxidants tend to be limited, particularly H2O2 in winter (Berglen, 2004).

Increasing cloud water pH favours sulphate formation via in-cloud oxidation

by O3 and leads to the large increase in sulphate aerosol mass (Fig. 1b),

especially in winter (Fig. A1) when O3 is not as limited as H2O2.

However, in other areas of the world the sulphate aerosol mass burden

reduces with an increase in cloud water pH. The global sulphate aerosol

mass burden reduces by ~30% (Table A2). An increase in sulphate aerosol

mass occurs within the lowest few kilometres of the atmosphere (Fig. A2)

due to the presence of low clouds that facilitate aqueous phase oxidation

reactions. SO2 is depleted at these altitudes by reactions R4.5 and R4.6 and

less is available to form sulphate via gas-phase oxidation (R4.1), as

indicated by the reductions in gas phase H2SO4 (Fig. A3) and the fluxes of

nucleation and condensation within the global sulphur budget (Table A3).

Additionally, the global atmospheric lifetime of sulphate reduces from an

increase in cloud water pH. Enhanced sulphate deposition rates result from

the increased in-cloud formation of larger sulphate particles within the

accumulation and coarse modes that are more efficiently removed from the

atmosphere by wet deposition. The increase in cloud water pH reduces the

global sulphate mass burden but increases it over regions where SO2

concentrations are high enough that enhanced production outweighs loss.

A time series of the difference in SO2 and sulphate mass burdens between

the two pH simulations across four regions is shown in Figure 4.1c and 4.1d.

The increase in cloud water pH causes the largest increase in sulphate

mass burden to occur in the 1970s-80s over Europe and north eastern

United States. Whereas, over China the increase in cloud water pH results in

the largest increase in sulphate mass burden in the 2000s. These regional

differences reflect the relative changes in anthropogenic emissions of SO2

(decreases in emissions over Europe and north eastern United States and

an increase over China) and the regional impact on sulphate formation when

pH is increased.

The value of cloud water pH used is important when simulating the SO2 and

sulphate mass concentrations and their impacts on air quality and climate

across different regions and time periods. Aqueous phase sulphate

formation across industrialized regions such as Europe is particularly
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bias factor) against observations than in 2005-09 whereas, using pH 6.5 the

simulated concentrations in 2005-09 are more representative of

observations than in 1980-84.

This evaluation indicates the importance of accurately representing the in-

cloud formation of sulphate aerosol for regions like Europe where a change

in cloud water pH can dramatically affect the ability of the model to

reproduce observations and also regional particulate air quality. In particular,

accounting for temporal changes in cloud water pH is important to improve

the comparison of simulated changes in SO2 and sulphate to observations.

4.3.3 Climate Implications

The increase in cloud water pH and subsequent change in sulphate aerosol

formation also modifies the aerosol number concentration and size

distribution, which alters the climate relevant properties of aerosols. The

increase in pH causes a reduction in the number concentration of particles of

all sizes, with largest reductions in the smaller particles (Fig. 4.3a - b).

Globally the total number concentration of particles (N total) reduces by

39%, and by 27% for particles larger than 100 nm diameter (N100). The

change in the aerosol size distributions for Europe, NE USA, China and

North Atlantic indicate that the increase in cloud water pH reduces the

number of smaller particles and increases the number of larger ones over

these regions (Fig. 4.3c – d). These changes occur because of the

increased amount of sulphate mass in the accumulation and coarse modes

and a reduction in aerosol nucleation and condensational growth (Table A3).

This shift in the aerosol size distribution to larger sizes reduces the number

of particles able to act as CCN by ~50% over some areas (Fig. A7).

The difference in the top of atmosphere (TOA) all-sky and clear-sky

shortwave ARE due to the increase in cloud water pH from 5.0 to 6.5 is

shown in Figures 4.4a and 4.4b. Under all-sky conditions (considering both

ari and aci effects) the increase in cloud water pH causes a positive change

in the ARE over the majority of the globe. The decrease in the number of

smaller particles (Fig. 4.3), CCN concentrations (Fig. A7) and also therefore

cloud droplet number (CDN) concentrations from the increase in pH have

reduced the magnitude of the aerosol cloud albedo effect. The global annual

mean all-sky ARE at the TOA increases by 2.4 W m-2 in 1985, with the

largest increase of 5.8 W m-2 occurring over the North Atlantic region. The

largest regional increase in the all-sky ARE occurs over the north Atlantic as

CCN and CDN concentrations are initially lower, which makes the cloud

albedo effect particularly susceptible to any increase in them. In addition,



large relative changes in CCN and CDN concentrations als

region (Fig. A

region results in a large change to their cloud albedo radiative effect.

Figure 4.3
(mid-year of the period) in surface number concentrations of particles with a dry
diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined
in Figure S4
using a pH of 5.0 and 6.5 respectively.

An increase in cloud water pH causes a negative change in the clear

ARE of 1.7 W m

China in 1985 due to the larger

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

corresponding with the temporal change in

anthropogenic emissions of SO

positive changes in clear

the slight reduction in

4.1b).

We calculate the ARF as the difference in ARE between 1970 and 2009 for

all-sky and clear

is +0.4 W m

large relative changes in CCN and CDN concentrations als

region (Fig. A7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Figure 4.3 Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined
in Figure S4. Solid and dashed lines show the simulated aerosol size distribution
using a pH of 5.0 and 6.5 respectively.

An increase in cloud water pH causes a negative change in the clear

ARE of 1.7 W m-2

ina in 1985 due to the larger

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

corresponding with the temporal change in

anthropogenic emissions of SO

positive changes in clear

the slight reduction in

We calculate the ARF as the difference in ARE between 1970 and 2009 for

sky and clear-sky conditions (Fig.

is +0.4 W m-2 in the pH 5.0 simulation and only slightly lower (+0.3 W m

large relative changes in CCN and CDN concentrations als

7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution
using a pH of 5.0 and 6.5 respectively.

An increase in cloud water pH causes a negative change in the clear
2 over Europe, 0.8 W m

ina in 1985 due to the larger

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

corresponding with the temporal change in

anthropogenic emissions of SO

positive changes in clear-sky ARE occur in other areas of the world due to

the slight reduction in sulphate

We calculate the ARF as the difference in ARE between 1970 and 2009 for

sky conditions (Fig.

in the pH 5.0 simulation and only slightly lower (+0.3 W m

- 110

large relative changes in CCN and CDN concentrations als

7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution
using a pH of 5.0 and 6.5 respectively.

An increase in cloud water pH causes a negative change in the clear

over Europe, 0.8 W m

ina in 1985 due to the larger sulphate

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

corresponding with the temporal change in

anthropogenic emissions of SO2 across these regions (Fig

sky ARE occur in other areas of the world due to

sulphate aerosol mass in the atmospheric column (Fig.

We calculate the ARF as the difference in ARE between 1970 and 2009 for

sky conditions (Fig. 4.

in the pH 5.0 simulation and only slightly lower (+0.3 W m

110 -

large relative changes in CCN and CDN concentrations als

7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution

An increase in cloud water pH causes a negative change in the clear

over Europe, 0.8 W m-2 over NE USA and 0.6 W m

sulphate mass concentrations over these

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

corresponding with the temporal change in sulph

across these regions (Fig

sky ARE occur in other areas of the world due to

aerosol mass in the atmospheric column (Fig.

We calculate the ARF as the difference in ARE between 1970 and 2009 for

4.4c and 4.4

in the pH 5.0 simulation and only slightly lower (+0.3 W m

large relative changes in CCN and CDN concentrations als

7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution

An increase in cloud water pH causes a negative change in the clear

over NE USA and 0.6 W m

mass concentrations over these

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

sulphate aerosol mass and also

across these regions (Fig

sky ARE occur in other areas of the world due to

aerosol mass in the atmospheric column (Fig.

We calculate the ARF as the difference in ARE between 1970 and 2009 for

4.4d). The global all

in the pH 5.0 simulation and only slightly lower (+0.3 W m

large relative changes in CCN and CDN concentrations also occur over this

7), which in combination with the high susceptibility

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution

An increase in cloud water pH causes a negative change in the clear

over NE USA and 0.6 W m

mass concentrations over these

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

aerosol mass and also

across these regions (Fig 4.1b). Small

sky ARE occur in other areas of the world due to

aerosol mass in the atmospheric column (Fig.

We calculate the ARF as the difference in ARE between 1970 and 2009 for

d). The global all-

in the pH 5.0 simulation and only slightly lower (+0.3 W m

o occur over this

7), which in combination with the high susceptibility of the

region results in a large change to their cloud albedo radiative effect.

Percentage difference between pH 6.5 and pH 5.0 simulations for 1985
year of the period) in surface number concentrations of particles with a dry

diameter larger than a) 100 nm (N100) and b) all sizes (N Total). Surface aerosol
number size distributions in 1985 averaged across the regions c) Europe (black)
and NE USA (pale green), and d) China (red) and North Atlantic (blue), as defined

. Solid and dashed lines show the simulated aerosol size distribution

An increase in cloud water pH causes a negative change in the clear-sky

over NE USA and 0.6 W m-2 over

mass concentrations over these

regions in the pH 6.5 simulations. These changes reduce in magnitude from

1985 to 2009 across Europe and NE USA but increase across China,

aerosol mass and also

1b). Small

sky ARE occur in other areas of the world due to

aerosol mass in the atmospheric column (Fig.

We calculate the ARF as the difference in ARE between 1970 and 2009 for

-sky ARF

in the pH 5.0 simulation and only slightly lower (+0.3 W m -2) in



- 111 -

the pH 6.5 simulation (Table A4). This means that the aerosol forcing is

essentially independent of cloud water pH, provided that the pH remains

constant in both time periods. To explore the potential impact of a time

varying cloud water pH on simulated ARF we calculate the difference

between ARE in 2009 with a pH of 6.5 to those in 1970 with a pH of 5.0. This

scenario considers an increase in cloud water pH of 1.5 units from 1970 to

2009 and results in a global all-sky ARF of +2.7 W m-2. In contrast, a

decrease in pH between 1970 (pH 6.5) and 2009 (pH 5.0) results in a global

all-sky ARF of -2.0 W m-2. However, applying a global 1.5 unit change in pH

is unlikely but relatively large changes in pH are observed at a regional scale

(e.g. USA and Europe; Aleksic et al., (2009); Murray et al., (2013); Vet et al.,

(2014); Schwab, (2016)).

Figure 4.4 Differences in all-sky a) and clear-sky b) shortwave top of atmosphere
aerosol radiative effects between the pH 6.5 and pH 5 simulations for the year
1985. Hatching in a) shows where the differences in cloud drop number
concentrations are more than 40%. Calculated c) all-sky and d) clear-sky aerosol
radiative forcings between 1970 and 2009 over Europe, NE USA, China and North
Atlantic (regions defined in Fig. A4) using four different start and end point
combinations from the pH 5.0 and pH 6.5 simulations.
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The impacts on all-sky ARF are even larger on regional scales where such a

change in pH might occur. Over Europe, the regional all-sky ARF is +4.4 to

+4.5 W m-2 if pH is assumed to be unchanged, but +7.0 W m-2 if we assume

pH has increased over this period (Fig. 4.4c). Over China, the all-sky ARF is

-6.9 to -8.4 W m-2 if pH has not changed, but -11.2 W m-2 if pH is assumed to

have reduced and -4.1 W m-2 if pH increases. The sign of the pH change is

particularly important over a region such as the North Atlantic due to its large

susceptibility to changes in cloud albedo. An assumed increase in pH over

this region results in an ARF of +6.9 W m-2 whereas, for a decrease in pH

the ARF is -4.6 W m-2. The non-implementation of temporal changes in pH

(and other such parameters) could result in large errors in the calculated

aerosol radiative forcing across regions over the last few decades (Fig. 4.4c

- d) and also over the industrial period. The analysis of the uncertainty in

aerosol cloud radiative forcing by Carslaw et al., (2013) and Regayre et al.,

(2014) assumed that uncertainties in pH for the start and end time period

were correlated and therefore neglected any errors associated with a

temporal change in cloud water pH.

4.4 Conclusions

This study highlighted the importance of accounting for spatial and temporal

variability in a parameter such as cloud water pH when considering its

impact on sulphate aerosol formation and aerosol radiative effects over

recent decades. Our analysis suggests that regions with large SO2

emissions and also limited oxidants (at certain times of years) are sensitive

to changes in cloud water pH. The increase of cloud water pH from 5.0 to

6.5 reduced the SO2 mass burden over Europe, north eastern United States

and East Asia by ~60% and increased the sulphate mass burden over these

regions by up to 20% due to enhanced in-cloud oxidation of SO2 with O3.

Whilst a 1.5 unit change in pH is large, observations have indicated that

smaller changes are possible on a regional basis (Vet et al., 2014; Schwab

et al., 2016). However, for an increase in pH the global sulphate mass

burden decreased by ~30% due to reductions in nucleation and

condensational growth as well as in the atmospheric lifetime of sulphate

from increased deposition rates. Regionally the largest increase in the

column burden of sulphate mass from an increase in pH occurred in the

1970s and 1980s over Europe and NE USA, whereas it was largest over

China in the 2000s. The large spatial and temporal differences in sulphate

show the importance of accounting for variations in pH over regions of the
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world that are sensitive to these changes and have experienced large

changes in anthropogenic emissions of SO2 over recent decades.

In evaluating the model, the majority of the bias that was present when

comparing observed sulphate and SO2 mass concentrations to values

simulated using a pH of 5.0, and also in other studies (Feichter et al., 1996;

Kasibhatla et al., 1997; Roelofs et al., 2001; Textor et al., 2006), was

removed by using values simulated at a higher pH. Additionally, the

evaluation across Europe highlighted that temporal variations in pH were

important to improve the model comparison to observations. A lower model

bias was produced in the 1980s with a lower pH value whereas in the 2000s

the model reproduced observations better when using a higher value of pH.

The calculated regional aerosol radiative effects and also aerosol radiative

forcing over recent decades was shown to be particular sensitive to the

choice of cloud water pH used. The all-sky aerosol radiative forcing over the

period 1970 to 2009 was found to vary by a factor of 5 depending on the

value cloud water pH used to calculate the ARE at each end point. Such

errors from a temporally varying cloud water pH were not taken into account

in recent studies on the uncertainty in aerosol cloud radiative forcing where

the uncertainties in such parameters were assumed to correlate over the

time period in question (Carslaw et al., 2013; Regayre et al., 2014). Here we

find that taking account of such changes are important when considering the

aerosol cloud albedo forcing over regions that are highly susceptible to

changes in this effect e.g. the North Atlantic. Over this region the all-sky

aerosol radiative forcing was +6.9 W m-2 if an increase in pH was assumed

between 1970 and 2009 whereas for a decrease in pH over this period it

was -4.6 W m-2. Therefore using a fixed cloud water pH to represent

sulphate aerosol formation in global composition climate models could lead

to uncertainties in the calculated aerosol radiative effect that have not been

previously accounted for.

Here we show that accounting for the spatial and temporal variation in cloud

water pH over recent decades is important to accurately simulate sulphate

aerosol formation and also to account for changes in aerosol radiative

effects over this period. In light of these findings it is recommended that

global composition climate models ensure that they are able to calculate a

spatially and temporally variable cloud water pH to improve the simulation of

aerosols and their impacts.
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Abstract
European air quality legislation has reduced emissions of air pollutants across Europe since the 1970s,
affecting air quality, human health and regional climate.We used a coupled composition-climate
model to simulate the impacts of European air quality legislation and technologymeasures
implemented between 1970 and 2010.We contrast simulations using two emission scenarios; one
with actual emissions in 2010 and the otherwith emissions that would have occurred in 2010 in the
absence of technological improvements and end-of-pipe treatmentmeasures in the energy, industrial
and road transport sectors. European emissions of sulphur dioxide, black carbon (BC) and organic
carbon in 2010 are 53%, 59%and 32% lower respectively compared to emissions that would have
occurred in 2010 in the absence of legislative and technologymeasures. These emission reductions
decreased simulated European annualmean concentrations offine particulatematter (PM2.5) by 35%,
sulphate by 44%, BCby 56% and particulate organicmatter by 23%. The reduction in PM2.5

concentrations is calculated to have prevented 80 000 (37 000–116 000, at 95% confidence intervals)
premature deaths annually across the EuropeanUnion, resulting in a perceived financial benefit to
society ofUS$232 billion annually (1.4%of 2010 EUGDP). The reduction in aerosol concentrations
due to legislative and technologymeasures caused a positive change in the aerosol radiative effect at
the top of atmosphere, reduced atmospheric absorption and also increased the amount of solar
radiation incident at the surface over Europe.Weused an energy budget approximation to estimate
that these changes in the radiative balance have increased European annualmean surface temperatures
and precipitation by 0.45±0.11 °Cand by 13±0.8mm yr−1 respectively. Our results show that the
implementation of European legislation and technological improvements to reduce the emission of
air pollutants has improved air quality and human health over Europe, as well as having an unintended
impact on the regional radiative balance and climate.

1. Introduction

Air pollutants have a detrimental effect on atmo-
spheric visibility (Vautard et al 2009, Stjern et al 2011),
ecosystems (Fowler et al 2009) and human health
(Seaton et al 1995, Brunekreef and Holgate 2002). The
World Health Organization (WHO) attributed 3.7

million annual premature deaths worldwide to the
effects of ambient air pollution in 2012 (WHO 2014).
Air pollutants can either be gas phase species (e.g.
ozone) or particulate matter. This study will focus
solely on particulate matter air quality. Exposure to
fine particulate matter (PM2.5) is responsible for ∼3.3
million deaths worldwide each year (Cohen et al 2005,
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Lelieveld et al 2015), with in excess of 400 000
premature deaths annually across Europe (EEA 2014).
Particulate matter (also known as aerosols) also
influences climate by altering the radiation budget at
both the top of atmosphere (TOA) and surface
(Boucher et al 2013). Aerosols scatter and absorb
radiation, termed as aerosol radiation interactions
(ari), and can also alter the properties of clouds,
termed as aerosol cloud interactions (aci) (Boucher
et al 2013). Both interactions caused a negative
radiative forcing of the Earth’s radiation budget over
the industrial period resulting in a cooling effect on
climate (IPCC 2013).

Europe and North America implemented legisla-
tion from the 1970s to reduce emissions of air pollu-
tants (UNECE 2004). Emissions of sulphur dioxide
(SO2) fell by 73% across Europe over the period
1980–2004 and by 70% in the United States from 1980
to 2010 (Vestreng et al 2007, US EPA 2011). Conse-
quently, European surface concentrations of sulphate
aerosol mass decreased by between 65% and 78% over
the period 1980–2010 (Tørseth et al 2012, Turnock
et al 2015). In addition to the beneficial health effects
from improved air quality, such reductions in particu-
late matter will also have changed the regional radia-
tive balance and climate (Turnock et al 2015).

The benefits to human health from reductions in
anthropogenic emissions have been highlighted in a
number of studies (Anenberg et al 2011, 2012, Shindell
et al 2012). Reducing PM2.5 concentrations across
more than 20 European cities to 15 μg m−3 was calcu-
lated to reduce the number of annual premature
deaths by nearly 17 000 (Boldo et al 2006), with larger
PM2.5 reductions to the WHO annual mean guideline
value of 10 μg m−3 estimated to avoid 19 000 pre-
mature deaths (Pascal et al 2013). Considering specific
emission reductions from power plants over the Uni-
ted States, Levy et al (2007) calculated that
17 000–21 000 annual premature deaths could be
avoided. These studies highlight the large potential
benefit to human health that can be achieved from
reducing the emissions of air pollutants.

Policies that reduce anthropogenic emissions of
aerosols may cause inadvertent impacts on climate
(Andreae et al 2005, Arneth et al 2009, Fiore
et al 2012, 2015, von Schneidemesser et al 2015). The
air quality and climate impact of reductions in particu-
late matter depends on the contribution from purely
scattering (sulphate) and more absorbing (black car-
bon (BC)) components (Shindell and Faluvegi 2009),
as well as the complex interactions between aerosols
and clouds.

Increased surface temperatures over Europe since
the 1980s have been attributed to a combination of
reductions in aerosols and increases in greenhouse
gases (Ruckstuhl et al 2008, Philipona et al 2009).
Increased surface radiation over Europe (solar bright-
ening) has been observed since the 1980s across the
continent (Wild 2009 and references within). This

solar brightening was simulated in all of the Fifth Cou-
pledModel Intercomparison Project (CMIP5)models
from 1990 to 2005 and was attributed to a reduction in
aerosol optical depth caused by decreases in sulphate
aerosols (Cherian et al 2014). Changes to aerosols over
Europe between the 1980s and 2000s are estimated to
have led to a positive change in the TOA aerosol radia-
tive effect (RE) of 1–2Wm−2 and increased surface
radiation by 2Wm−2 (Marmer et al 2007, Pozzoli
et al 2011). The associated changes in cloud albedo are
estimated to have caused a positive change in the RE of
1.5Wm−2 over central Europe from the late 1980s to
late 1990s (Krüger and Graβl 2002). In the United
States, a reduction in anthropogenic aerosol precursor
emissions between 1990 and 2010 coincided with
REari and REaci decreasing by 0.8Wm−2 and
1.0Wm−2 respectively (Leibensperger et al 2012a).
The observed rapid warming over this period of 0.5 °C
was potentially attributed in part to a reduction in
anthropogenic aerosols (Leibensperger et al 2012b).
Gan et al (2014) analysed the effect of air pollution
controls in the US and found that an increase in the
surface shortwave radiation occurred over the same
time period as negative trends inAODandPM2.5.

Previous studies have assessed the impact of chan-
ges in historical (Colette et al 2011, Koch et al 2011,
Turnock et al 2015) and future emissions (Kloster
et al 2008, Unger et al 2008, Colette et al 2013) on air
quality and climate. Changes in historical emissions
have resulted from the combined effects of legislation,
abatement technology, economic situation and
makeup of the national energy supply (Vestreng
et al 2007). However, it is not known what fraction of
the changes in historical emissions and associated
impacts on air quality, climate and human health can
be attributed to the implementation of legislation and
technological developments. Such studies are needed
to understand the efficacy of historical policy. In
recent work, Crippa et al (2015) studied the impact of
historical European air pollution mitigation measures
on emissions of SO2, BC and organic carbon (OC).
They found that emissions of SO2 and PM2.5 in
2010 would have been substantially higher over Eur-
ope if technology improvements and end of pipe
abatement measures had not been implemented
since 1970.

Here we use emissions scenarios from Crippa et al
(2015), combined with a global composition climate
model to assess the effect of historical legislative and
technology measures on particulate matter air quality,
climate and human health. The effect of these emis-
sion changes on ozone concentrations will be the sub-
ject of a future study. The achievements from past
policy initiatives are highlighted and will aid in the
design of future emission mitigation measures to
improve air quality and climate across other regions of
the globe.
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2.Methods

2.1.HadGEM3-UKCA composition-climatemodel
We used the composition-climate model HadGEM3-
UKCA, as described in Turnock et al (2015), to
simulate surface aerosolmass concentrations as well as
the impact on aerosol REs. HadGEM3-UKCA is
similar in complexity to other models that have
participated in the Atmospheric Chemistry and Cli-
mate Model Intercomparison Project (ACCMIP,
(Lamarque et al 2013)) and the AeroCom initiative
(Mann et al 2014). Simulations had a horizontal
resolution of 1.875° by 1.275° (∼140 km at mid
latitudes). Our previous work has demonstrated that
HadGEM3-UKCA is able to capture the regional
changes in annual mean surface aerosol mass concen-
trations and surface solar radiation observed over
Europe in response to changes in anthropogenic
emissions during the period 1980–2010 (Turnock
et al 2015). Our simulations therefore capture regional
changes in PM2.5 (at the scale of ∼100 km) and are
suitable for isolating the effects of policy driven
changes in regional aerosol precursor emissions. Our
model underestimates PM2.5 concentrations in urban
areas; we estimate the impact of this in section 2.3.
Further details on the model description and exper-
imental set-up are in supplementary methods
section 1.

2.2. Anthropogenic emission scenarios
Monthly mean anthropogenic emissions of CO, SO2,
NOX, NMVOC, OC and BC are based on version v4.3
of the Emission Database for Global Atmospheric
Research (EDGAR) (EC-JRC/PBL 2015). The emis-
sions used in this study are described in Crippa et al
(2015) and are summarised below. Emission fields are
provided at 0.5° by 0.5° resolution for the energy,
industry, transport, agriculture, residential, waste and
other sources sectors (http://edgar.jrc.ec.europa.eu/
pegasos).

We compare two simulations with different
anthropogenic emissions. All other factors in the
model are the same. The reference simulation (REF)
uses actual 2010 emissions. The NO-AQ simulation
uses anthropogenic emissions that would have occur-
red in 2010 if measures to reduce air pollutant emis-
sions between 1970 and 2010 did not occur. The NO-
AQ scenario is based on 2010 economic activity data
but assumes 1970 emission factors to simulate the
stagnation of technological improvements in the
energy, industry and road transport sectors. It also
assumes that no further end-of-pipe abatement mea-
sures (e.g., particle filter traps, fuel desulphurisation)
occurred in the energy and road transportation sectors
after 1970 (Crippa et al 2015). The NO-AQ scenario
does however account for changes in the makeup of
the national energy supply (e.g. coal to gas) that occur-
red without specific legislation. These assumptions

alter emissions globally, since stagnation of technology
improvements are applied globally and some Eur-
opean emission standards are used outside Europe
(Crippa et al 2016). However, we focus on the impact
of these measures over Europe (defined here as the
domain 10°W–36°E and 36°N–61°N).

Figures 1(a)–(c) shows the spatial distribution of
the difference in emissions between the two scenarios
(REF minus NO-AQ). This difference represents the
emissions that were averted in 2010 due to the imple-
mentation of technology improvements and end-of-
pipe abatement measures. The largest difference in
emissions occurs over central and eastern Europe and
the UK. Total European SO2, BC and OC emissions
over all sectors are reduced, compared to what would
have occurred, by 9.4 Tg SO2 yr

−1 (53%), 0.4 Tg BC
yr−1 (59%) and 0.3 Tg OC yr−1 (32%) (figure 1(d)).
Reductions in SO2 emissions are dominated by chan-
ges in the energy sector, whereas reductions in BC and
OC are dominated by changes in the transport sector
(table S1).

Figure 1(d) compares total European emissions in
theNO-AQ scenario against the actual 2010 (REF) and
1970 emissions from the EDGAR and MACCity
inventories. The emissions of SO2 and OC in both the
2010 REF and NO-AQ scenarios are lower than emis-
sions in 1970. In contrast, BC emissions from the 2010
NO-AQ scenario are larger than in 1970 but are lower
in the 2010 REF scenario. This suggests that in the
absence of technological improvements and end-of-
pipe abatement measures, emissions of SO2 and OC
would still have declined substantially due to changes
in the makeup of the energy supply and consumption
rates whereas emissions of BC would have been larger
than in 1970. This highlights the large impact of legis-
lation and technological improvements on reducing
BC emissions compared to SO2 and OC and that his-
torical changes to anthropogenic emissions are deter-
mined by the combined effect of legislation,
technology and economic factors.

2.3.Humanhealth and economic impacts
Concentration response functions (CRFs) for long-
term exposure to PM2.5 have been used here to
quantify the adverse health effects in terms of excess
premature mortality from ischemic heart disease,
stroke, chronic obstructive pulmonary disease, lung
cancer and acute lower respiratory infection in infants.
Here, the link between PM2.5 concentrations and
relative risk of the above diseases is based on the
integrated exposure-response functions developed by
Burnett et al (2014), which also uses the baseline rate of
disease and spatial distribution of the population.

The resolution of global aerosol models means
that they typically underestimate urban PM2.5 con-
centrations. To estimate the impact of this under-
estimation on simulated human health impacts, we
complete another calculation where we increase the

3
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PM2.5 concentrations in European urban areas in both
the REF and NO-AQ simulations. We then apply the
CRFs to these modified concentrations. We estimate
that the underprediction of PM2.5 in urban areas in
our globalmodel (Turnock et al 2015) causes an bias in
ourmortality estimates of 13%–16%, substantially less
than the uncertainty in the CRF (see supplementary
methods). Ourmethod is outlined fully in supplemen-
tarymethods section 2.

The impact on human health frompoor air quality
can also have a perceived economic effect on society.
The methods and data within WHO Regional Office
for Europe (2015) have been used to calculate the per-
ceived economic benefit to society that result from the
health benefits associated with the reduction in parti-
culate matter concentrations due to the implementa-
tion of air pollution mitigation measures (see
supplementarymethods section 3).

2.4. Climate response
Based on the climate response to regional radiative
forcing (Shindell and Faluvegi 2009), and the atmo-
spheric energy budget (Andrews et al 2010, Richardson
et al 2015), we estimate the temperature and precipita-
tion response due to changes in the radiative balance

from the implementation of air pollutant (particulate
matter) mitigation measures (see supplementary
methods section 4).

3. Results and discussion

3.1. Effects on air quality
Figure 2 shows the simulated change in surface annual
mean PM2.5 concentrations due to the implementa-
tion of European air pollutant emission reduction
measures (REF versusNO-AQ simulations). European
average concentrations are calculated as the 5 year
annual mean (±standard deviation) over the conti-
nental land mass within the domain 10°W–36°E and
36°N–61°N. Across Europe, annual mean PM2.5

concentrations reduce by 1.75±0.04 μg m−3 (35%),
sulphate by 1.1±0.03 μg m−3 (44%), BC by
0.27±0.01 μg m−3 (56%) and particulate organic
matter (POM) by 0.36±0.01 μg m−3 (23%).

Reductions in PM2.5 mass concentration of 40%–

50%occur acrossmuch of central, eastern and parts of
southern Europe (figure 2(a)). Sulphate mass con-
centrations decrease by more than 50% across most of
central Europe and south eastern Europe (figure 2(b)),
mainly due to the substantial decrease in SO2

Figure 1.The impact of European air qualitymitigation on annualmean emissions of (a) sulphur dioxide (SO2) (b) black carbon (BC),
(c) organic carbon (OC). The impact is shown as the difference between the 2010REF emissions and theNO-AQ emission scenario,
calculated as the total of the energy, industry and road transportation sectors. Panel (d) shows the total European emissions (10°W–

36°E, 36°N–61°N) in each scenario, as well as those in 1970 from theMACCity and EDGAR inventories. The totals from theNO-AQ
andREF scenarios alongwith the difference between each are also displayed above panels (a)–(c).Within panel (d) the values refer to
the percentage difference in the European total emissions of each species between EDGARREF 1970 and each of the 2010REF and
NO-AQ scenario.
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emissions in these regions (figure 1(a)) that mostly
occurs in the energy sector (table S1). The largest abso-
lute reduction in sulphate mass concentrations (of
>5 μg m−3) occurs in south-eastern Europe (figure
S1). This is attributed to large reductions in SO2 emis-
sions from the energy sector combined with atmo-
spheric conditions that enhance the efficiency of
sulphate formation (higher oxidant concentrations
and temperatures than northern Europe). Reductions
in BC mass concentrations of more than 70% occur
across all of western Europe and Scandinavia
(figure 2(c)), mainly due emissions reductions over
Europe from the road transport sector (table S1). Frac-
tional reductions in POM mass concentrations are
typically less than 40% (figure 2(d)), despite a similar
absolute reduction compared to BC (figure S1). The
smaller fractional change in POM concentrations are
due to the larger background concentrations of POM
from natural emissions, which are the same in both
simulations.

Legislative and technology measures have there-
fore led to reduced aerosol mass concentrations across
Europe, with potential impacts for both regional cli-
mate and human health. We compared the change in
aerosol concentration calculated due to these air

quality mitigation measures against the change in
aerosol concentrations that actually occurred over the
period 1970–2009 simulated by Turnock et al (2015)
using the same model. Using this method we estimate
that air pollutant mitigation measures are responsible
for 29% of the actual reductions in PM2.5 that occur-
red over the same period. Air pollutant mitigation
contributes the most to changes in BC concentrations
(73%) compared to sulphate (33%) or POM (15%).
This difference reflects the different causes behind the
changes in anthropogenic emissions and highlights
the important effect of enacted European legislation
on air quality.

Ammonium nitrate aerosol (absent from our
simulations) has increased by 15%–30% over Europe
since the 1980s due to the reduction in SO2 and sul-
phate aerosols (Fagerli and Aas 2008). The increase in
ammonium nitrate aerosol concentrations would par-
tially offset some of our simulated improvements to
air quality and health but would not alter the overall
net decrease in European mean particulate matter
concentrations (1.75 μg m−3) due to the larger
declines in sulphate (44%), BC (56%) and POM (23%)
simulated here.

Figure 2.Percentage change in annualmean surface concentrations (averaged over 5 years) of (a)PM2.5, (b) sulphate, (c) black carbon
(BC) and (d)particulate organicmatter (POM) due to themitigation of air pollution. Percentage changes are calculated as the
difference between the REF andNO-AQ simulations relative to the latter simulation (i.e. REF-NOAQ/NOAQ). Stippling indicates
regions where the difference is larger than the variability of the annualmean values (i.e. greater than two standard deviations of the
annualmean). Above each panel we show the Europeanmean concentrations (calculated asmean values over the continental land
mass within the domain 10°W–36°E and 36°N–61°N) for each scenario alongwith the absolute and percentage change between
simulations.We also detail the 1970–2009 simulated change in concentration fromTurnock et al (2015).
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3.2.Health and economic effects
Figure 3 shows the impacts of improvements in
regional air quality from air pollutant mitigation
measures on public health. The simulated reduction in
PM2.5 concentrations due to air pollutant mitigation
measures reduces the number of premature deaths
across Europe, with the largest numbers prevented
across central Europe (Germany and The Nether-
lands) (figure 3(a)). Air pollutant mitigation measures
prevent 3 to 4 premature deaths annually per 10 000
people in central and eastern Europe (figure 3(b)) and
5 to 6 premature deaths annually per 10 000 people in
south eastern Europe (Romania and Bulgaria), where
the largest reductions in PM2.5 occurred (figures 2(a)
and S1(a)).

Across all the European Union (EU), reductions in
PM2.5 due to air pollutant mitigation measures pre-
vented 80 250 (37 380–115 840, at 95% confidence
intervals of the CRFs) premature deaths annually
(individual country totals on figure 3(c) and table S2),
which is 19%of the estimated premature deaths due to
present-day (2011) PM2.5 concentrations across
Europe.

We compared the improved public health due to
these air quality mitigation measures against an esti-
mate of the improved public health due to the actual
change in PM2.5 concentrations that occurred over the
same period. Using the change in simulated PM2.5

concentrations between 1970–74 and 2005–2009 from
Turnock et al (2015), we estimate that 210 000 annual
premature deaths were prevented over this period.
Therefore European policies to reduce air pollutants
and technological improvements can be considered
responsible for ∼38% of the total number of pre-
mature deaths prevented due to the improved air qual-
ity across the EU from1970 to 2009 (figure 3(c)).

We estimate that the improvement in human
health from implementing air pollutant mitigation
measures results in a perceived economic benefit to
society of US$232 billion across the EU (individual
country totals on figure 3(d) and table S3), 1.4% of the
EU’s GDP in 2010. In particular, the perceived eco-
nomic benefits to society for some countries in eastern
Europe, such as Hungary and Bulgaria, are relatively
more important and represent a greater percentage of
their national GDP (>5%). The WHO calculated that

Figure 3.The impact of air qualitymitigationmeasures on humanhealth and perceived economic benefit in Europe. (a)Number of
premature deaths prevented annually due to all causes of disease from the change in PM2.5 concentrations due to air qualitymitigation
(REFminusNO-AQ simulations). (b) Same as (a) but per 10 000 population. (c)Total number of premature deaths prevented for all
causes of disease across the EUdue to air qualitymitigation compared to the reduction in premature deaths calculated due to the
actual change in PM2.5 concentrations over the period 1970–2009 simulated by Turnock et al (2015) (error bars represent the 95%
confidence intervals of the concentration response functions used for calculating total European annually prevented premature
mortality). (d)The perceived economic benefit calculated for air qualitymitigation from the number of deaths prevented annually
across Europe. The error bars represent the economic savings calculated using the 95% confidence intervals of the total number of
European annually prevented premature deaths.

6

Environ. Res. Lett. 11 (2016) 024010

lec1stt
Text Box
- 126 -




in 2010, premature mortality due to ambient con-
centrations of particulate matter was costing the EU
US$700 billion, or 4% of the EU’s GDP (WHORegio-
nal Office for Europe 2015). We therefore suggest that
the perceived economic costs of poor air quality would
be 33% greater than they are currently if European
legalisation and technological improvements had not
been implemented.

3.3. Effects on climate
Table 1 shows the difference in European annualmean
aerosol RE at the TOA and at the surface due to the
implementation of the air pollutant emission mitiga-
tion measures. The reduction of aerosol concentra-
tions in the atmosphere over Europe (figure 2) causes a
positive change in the aerosol RE at the TOA, reduces
the atmospheric absorption of radiation (mainly due
to reductions in BC) and also increases the shortwave
radiation incident at the surface. The annual European
mean all-sky aerosol RE at the TOA increases by
2.3±0.06Wm−2 with clear-sky TOA radiation
increasing by 1.7±0.05Wm−2. The shortwave
radiation incident at the surface increases under both
all-sky (3.3±0.07Wm−2) and clear-sky conditions
(2.7±0.05Wm−2). Air pollutant mitigation mea-
sures have reduced atmospheric absorption of radia-
tion over Europe by ∼1Wm−2 in both all-sky and
clear-sky conditions (table 1 and figure 4) due to the
large reductions in BC aerosols. Ourmodel shows that
air pollution mitigation has resulted in a warming
effect on climate compared to what would have
occurred, dominated by changes in the direct aerosol
RE (clear-sky). This occurs from a combination of
warming due to reductions in scattering aerosols
(sulphate and POM) and the cooling response from
the reduction in absorbing BC aerosols.

We can compare the change in aerosol RE calcu-
lated here against an estimate of the RE that actually
occurred over the period 1970–2009 (table 1). In tran-
sient simulations with historical emissions, Turnock
et al (2015) estimated that the annual European mean
all-sky aerosol RE increased by 3.1Wm−2 between
1970 and 2009. The larger change in RE over the per-
iod 1970–2009 reflects the similar changes in BC but
larger reductions in sulphate and POM that occurred
in reality. Therefore our model simulations show that

European legislation and technological improvements
to reduce air pollutants are responsible for approxi-
mately 74% of the change in all-sky TOA aerosol RE
from the 1970s to present day.

Over the 20th Century nitrate aerosols (not pre-
sent within our model) were shown by Bellouin et al
(2011) to have had a relatively small impact on the
negative global aerosol forcing, enhancing it by less
than 20%. The calculated changes in aerosol REs in
this study will have been overestimated due to the
absence of the negative aerosol REs from ammonium
nitrate.

Figure 4 shows the spatial pattern of changes to the
aerosol RE at the TOA and at the surface. The largest
increase in TOA clear-sky aerosol RE occurs over
south-east and central Europe (figure 4(b)), corresp-
onding with the largest reduction in sulphate mass
(figures 2(b) and S1). The largest reductions in atmo-
spheric absorption (TOA minus surface) occur over
The Netherlands and Germany where the largest
reductions in BC aerosols occurs (figure 2(c)). The
TOA warming response over these areas would have
been even larger without the reductions of the absorb-
ing BC aerosols (cooling response).

The all-sky changes are also caused by changes to
cloud properties (aci). Air pollution mitigation redu-
ces concentrations of cloud condensation nuclei
(CCN) (figure S3(a)) leading to larger, less numerous
cloud droplets (figure S3(b)), increasing shortwave all-
sky radiation at the TOA and surface (figures 4(a) and
(c)). Air pollutant mitigation causes the largest
increase in all-sky radiation (both TOA and surface)
over coastal areas of western Europe (figures 4(a) and
(c)), corresponding with the largest reduction in CCN,
cloud droplet number concentrations and larger cloud
fractions (figures S3 and S4). Over central Europe,
CCN and cloud drop concentrations are larger (shown
by larger total number concentrations in figure S2),
meaning air pollutant mitigation causes smaller frac-
tional changes and a smaller RE here. The difference
between all-sky and clear-sky radiation changes
(figure S3(d)) gives an indication of the cloudy sky RE,
which is greatest over northwest Europe.

Overall reductions in aerosols from the imple-
mentation of air pollutant mitigation measures resul-
ted in a positive change in the aerosol RE at the TOA
and also increased the amount of solar radiation inci-
dent at the surface under both all-sky and clear-sky
conditions. The simulated change in European all-sky
TOA aerosol RE due to air pollutant mitigation is 2.5
times the change in global mean CO2 radiative forcing
over the period 1970–2009 (Myhre et al 2013), indicat-
ing the large regional impact of air pollutant mitiga-
tion measures. Such changes to the radiative balance
over Europe could have non-negligible effects on the
climate, impacting both surface temperature and pre-
cipitation patterns.

Using the change in TOA aerosol RE between the
two simulations, we estimate that the reduction in

Table 1.Changes in the European annualmean all-sky aerosol
radiative effects due to air pollutantmitigationmeasures. Clear-sky
and cloudy-sky RE at the TOA and surface between the REF and
NO-AQ simulations over the European continental landmass
within the domain 10°W–36°E and 36°N–61°N.Values in par-
entheses are changes over the period 1970–2009 fromTurnock
et al (2015).

All

sky (W m−2)
Clear

sky (W m−2)
Cloudy

sky (W m−2)

TOA 2.26 (3.1) 1.67 (2.0) 0.59 (1.1)
Surface 3.30 2.70 0.60

Atmosphere −1.04 −1.03 −0.01
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particulatematter from the implementation of air pol-
lutant mitigation measures have increased European
mean surface temperatures by 0.45±0.11 °C com-
pared to temperatures that would have occurred with-
out mitigation measures (for methods see section 4 of
supplementary methods). This change in European
surface temperature is anticipated to be slightly smal-
ler than that presented here due to the absence of
ammonium nitrate from the simulations. In addition,
the reduced atmospheric absorption of radiation
caused by mitigation measures will induce a rapid
adjustment to increase European precipitation by
13±0.8 mm yr−1. Future work is needed to contrast
the human health and economic costs associated with
these changes in climate against those quantified here
due to air quality improvements.

4. Conclusions

Air quality legislation and technology improvements
implemented over Europe have reduced the emission
of air pollutants. Here we used a coupled composi-
tion-climate model to assess the impact of these
reduced emissions on air quality, human health and
the Earth’s radiative balance.

We used two simulations to quantify the impact of
air pollutant mitigation measures on emissions across
the energy, industry and road transport sectors over
the period 1970–2010 (Crippa et al 2015). One simula-
tion used actual 2010 emissions whereas the other
simulation used a 2010 emission scenario in which air
pollutant mitigation measures were not implemented,
represented by the absence of improvements to end-
of-pipe abatement measures and technology between
1970 and 2010. The implementation of these air pollu-
tant mitigation measures is estimated to have reduced
European anthropogenic emissions of SO2 (53%), BC
(59%) and OC (32%) compared to what would have
occurred in the absence of legislative and technology
measures.

We estimate that this reduction in emissions
improved regional air quality over Europe by reducing
concentrations of fine particulate matter (PM2.5 by
35%) and their component masses (sulphate by 44%,
BC by 56% and POM by 23%). We estimate that these
policy measures and technology changes are respon-
sible for ∼29% of the actual reductions in PM2.5 that
occurred from1970 to 2009.

The improvement in air quality from the imple-
mentation of European air pollutant mitigation mea-
sures has benefitted human health by preventing

Figure 4.Difference between the REF andNO-AQ simulations in annualmean (average over 5 years) aerosol radiative effect at the top
of atmosphere for (a) all-sky and (b) clear-sky conditions and incident surface solar radiation for (c) all-sky and (d) clear-sky
conditions. Stippling indicates regions where the difference is larger than the variability of the annualmean values (i.e. greater than
two standard deviations of the annualmean). Europeanmean concentrations for each scenario are calculated asmean values over the
continental landmass within the domain (10°W–36°E and 36°N–61°N,with the change between the two simulations shown above
each panel.

8

Environ. Res. Lett. 11 (2016) 024010

lec1stt
Text Box
- 128 -




80 000 premature deaths (37 000–116 000, at 95%
confidence intervals of the CRF) annually across Eur-
ope. These improvements to health have had a per-
ceived economic benefit to society estimated to be US
$232 billion annually, representing 1.4% of the EU’s
GDP in 2010.

The spatial resolution of our global model
(∼140 km) means that our results apply to regional
changes in PM2.5. For this reason our model typically
underestimates PM2.5 concentrations in urban areas
of Europe, leading to a ∼15% bias in our premature
mortality estimates (based on calculations where we
adjust simulated PM2.5 concentrations in urban areas
to match observed concentrations). This error is sub-
stantially smaller than the factor 3 uncertainty in esti-
mated premature mortality calculated using the 95%
confidence intervals of the CRF. Better understanding
of the health impacts of PM2.5, in addition to studies
using higher resolution models would improve future
calculations of the impact of air pollutants on human
health.

Changes in fine particulate matter concentrations
from measures to reduce air pollutants can have an
unintended impact on climate by altering the radiative
balance. The reduction in aerosol concentrations has
caused a positive change to the all-sky aerosol RE at the
TOA (2Wm−2), reduced the absorption of radiation
in the atmosphere (−1Wm−2) and increased the
amount of shortwave radiation incident at the surface
(3Wm−2). Changes are largest over central and east-
ern Europe for clear sky conditions, indicating that
aerosol radiation interactions are dominant here, but
for all-sky conditions the changes are largest over wes-
tern Europe, signifying that aerosol cloud interactions
aremore important here.

We have estimated that these changes in the radia-
tive balance from air pollutant mitigation measures
would have caused European mean surface tempera-
tures to increase by∼0.45±0.11 °C and precipitation
by∼13±0.8 mm yr−1 compared to those that would
have occurredwithoutmitigationmeasures.

Implementing measures to reduce emissions of air
pollutants has led to an improvement in air quality
and reduced the impact on human health over Europe.
However, the reduction in aerosol concentrations has
also had an unintended warming (positive) response
on the Earth’s radiative balance. The calculated effect
on air quality, climate and human health from Eur-
opean legislation and technological improvements
implemented over the last 40 years should be used to
help inform the design of future multi-pollutant miti-
gation strategies.
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Chapter 6

Discussion and Conclusion

Anthropogenic emissions have altered significantly over the last 50 years

across regions such as Europe where air pollution control legislation has

played a large part in reducing emissions since the 1980s. This has altered

the concentrations and properties of aerosols across this time period, which

has important consequences for their contribution to air quality and also their

impact on climate. It is important to quantify if a composition climate model is

able to reproduce the impact of past measures to improve air quality (on

both air pollutants and climate), prior to using such models in estimating the

impact from future emission reduction measures.

A coupled composition climate model, HadGEM3-UKCA, was used to study

the effect of changes in anthropogenic emissions on aerosols and their

impact on air quality and climate across Europe over the period 1960 to

2009. HadGEM3-UKCA simulates the interaction between chemistry,

aerosols and the radiative balance, thus linking any changes in emissions to

impacts on predicted air quality and climate.

The following sections provide a summary of the results from each chapter

and refer back to the aims of the thesis in Chapter 1.

6.1 Modelled and Observed Changes in aerosols and

surface solar radiation over Europe between 1960 and

2009

HadGEM3-UKCA was used to simulate the changes in European aerosol

components and their effect on the radiative balance over a period of

substantial change in anthropogenic emissions. The model was also

evaluated against long term observations of aerosol properties over Europe

to ascertain the ability of such models to reproduce long term changes in

aerosol properties. A summary of the findings from this study in relation to

the research questions posed is presented below:

a. Observed European sulphate aerosol mass concentrations reduced

by 68% over the period 1978 to 2009 with the model simulating a

78% reduction. Total suspended particulate matter reduced by 50%

between 1978 and 1998, whilst a 20% reduction was simulated by the

model. Over the period 1997 to 2009, both observed and simulated
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PM10 concentrations reduced by 9% and 8% respectively. Observed

and simulated AOD reduced by 11-14% over the period 2000 to 2009

across Europe. SSR was observed and simulated to have increased

over Europe between 1990 and 2009 by 4 – 6 W m-2. A decrease in

SSR occurred in both the observations and model simulations from

1960 to 1974. However, over the period 1975 to 1989 observed SSR

increased whilst that simulated by the model decreased.

b. The model is able to reproduce the annual mean changes in sulphate

aerosol mass over a 30 year period, although the magnitude of the

linear trend in winter is underestimated. In addition, the model is able

to reproduce the more recent changes in PM10 (1997 – 2009), AOD

(2000 – 2009) and SSR (1990 – 2009). However, the model is not

able to reproduce the magnitude of the changes in total suspended

particulate matter (1978 – 1998) or the sign and magnitude of

changes in SSR before 1990.

The model also consistently underpredicts aerosol mass

concentrations of sulphate, total suspended particulate matter and

PM10 concentrations across their respective measurement periods of

1978-2009, 1978-1998 and 1998-2009. In particular, the model

exhibited a large underprediction of sulphate aerosol mass in winter

over northern Europe. Present day aerosol number concentrations

are also underpredicted across all size ranges, with a slightly better

representation of smaller sized particles than larger ones. The model

had a smaller bias when compared to ground based AOD

observations than for surface mass concentrations but to calculate

AOD requires additional information (e.g. relative humidity) so it can’t

be directly compared to surface observations.

c. A number of possible reasons have been suggested for the model

underestimation including:

o Uncertainties in observations;

o Overestimation of deposition processes;

o Underestimation of aerosols from missing sources of nitrate,

anthropogenic SOA, dust, domestic primary biomass

combustion and primary biological aerosols.

The large underestimation of wintertime sulphate across Europe

could be due to an underrepresentation of the in-cloud oxidation

reaction route to sulphate aerosol formation or an overestimation of

deposition processes. The former is the subject of Chapter 4 in this

thesis.
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d. The European all-sky TOA shortwave aerosol radiative forcing

(relative to a 1980-2000 mean) has increased by > 3.0 W m-2 over the

period 1973 to 2009. This change has occurred concurrently with a

period of large reductions in anthropogenic emissions and aerosol

concentrations leading to a reduction in their cooling effect on climate.

A similar change was also simulated for the change in clear-sky TOA

aerosol radiative forcing across Europe.

e. The model evaluation highlighted that whilst absolute concentrations

of aerosols tended to be underestimated, the change in both sulphate

and SSR over the period 1990 to 2009 are relatively well reproduced.

This is also the period when most of the change in TOA aerosol

radiative forcing occurs. Therefore the model evaluation of long term

changes in aerosols can provide a degree of confidence in the

magnitude of the simulated changes in aerosol radiative effects.

6.2 The spatial and temporal importance of pH to sulphate

aerosols and radiative forcing over the period 1960 to

2009

A similar experimental set up as described above was used to ascertain the

sensitivity of sulphate aerosol formation and its radiative effects to spatial

and temporal variations in cloud water pH over a period of substantial

change in anthropogenic emissions. A summary of the findings from this

study in relation to the research questions posed is presented below:

a. An increase in cloud water pH increased the total column burden of

sulphate aerosol mass across regions with high anthropogenic SO2

emissions and oxidant limited conditions (Europe, north eastern

United States and east Asia). Across other areas of the globe a slight

reduction in the total column burden of sulphate aerosols was

predicted due to the decreased importance of other routes to sulphate

aerosol formation (namely the gas-phase oxidation route) and a

decreased global atmospheric lifetime of sulphate from increased

deposition rates.

b. The model evaluation against ground based observations of sulphate

aerosol mass was generally improved across Europe when using an

increased value of cloud water pH, particularly in wintertime. In

addition, simulated sulphate mass concentrations using a lower value

of pH in the 1980s compared better to observations whereas, in the

period 2005 to 2009 simulated concentrations using a higher pH were
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more representative of observations. The modelled representation of

wintertime temporal trends in sulphate aerosol mass across Europe

was improved by increasing cloud water pH. However, the increase in

cloud water pH resulted in an overestimation of summertime trends in

sulphate mass.

c. The increase in cloud water pH also affected the aerosol size

distribution by reducing the number of smaller sized particles in the

nucleation and Aitken modes, whilst increasing the number of larger

particles within the accumulation and coarse modes. The number of

particles at CCN relevant sizes was reduced by the increase in cloud

water pH.

d. By reducing the number of particles able to act as CCN, the increase

in cloud water pH has effectively reduced the magnitude of the

aerosol cloud albedo effect. A positive response of up to 5 W m-2

locally was found as the difference between the aerosol radiative

effects in the pH 6.5 and pH 5.0 simulations. However, under clear

skies a negative response of up to 3.0 W m-2 occurred over Europe,

north east USA and east Asia due to the increased sulphate aerosol

mass produced. Calculated aerosol radiative forcings (1970 to 2009)

were found to be independent of cloud water pH, provided that the pH

is the same for both time periods. However, large regional differences

in aerosol radiative forcings were calculated if pH was allowed to vary

between the two time periods. Over Europe an assumed pH increase

between 1970 and 2009 resulted in an aerosol radiative forcing of

+7.0 W m-2 whereas, for a pH decrease over the same time it was

+1.5 W m-2. Similarly over the North Atlantic aerosol radiative forcing

was calculated to vary between -4.6 W m-2 and +6.9 W m-2 depending

on whether an increase or decrease in pH was assumed.

e. The use of a fixed global value of cloud water pH is not sufficient to

represent the spatial and temporal changes in sulphate aerosol

formation that would have occurred due to the anticipated changes in

cloud water pH. This could lead to uncertainties in the calculation of

the aerosol radiative effects and also the impact on particulate air

quality, particularly over regions that are sensitive to in-cloud aqueous

phase sulphate formation (e.g. Europe, north east USA and east

Asia).
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6.3 The impact of European legislative and technology

measures to reduce air pollutants on air quality, human

health and climate

An emission scenario was used to consider the impact from the

implementation of specific European air quality policy measures and

technology changes on air quality, human health and climate. A summary of

the findings from this study in relation to the research questions posed is

presented below:

a. The application of European air quality policy measures for the end-

of-pipe treatment of emissions, as well as improvements in

technology since the 1970s has resulted in a substantial reduction in

European emissions of aerosol precursor species. Compared to what

would have occurred without these mitigation measures, total

European emissions of SO2, BC and OC are 53%, 59% and 32%

lower. These reductions are dominated by changes in the energy and

transportation sectors.

b. The implementation of these air quality policy measures has improved

particulate air quality across Europe. European fine particulate matter

(PM2.5) reduced by 35%, along with its constituent components of

sulphate by 44%, BC by 56% and POM by 23%.

c. The reduction in fine particulate matter from the implementation of the

air quality policy measures and technology improvements has been

calculated as preventing 80,250 premature deaths annually across

Europe. This represents 19% of the calculated premature deaths due

to the current concentrations of PM2.5 across Europe, showing that

measures to reduce the emissions of air pollutants have benefitted

the health of citizens of the European Union. This improvement in

health has also been calculated to have a perceived economic benefit

to society of US$ 232 billion across the EU, 1.4% of the EU’s GDP in

2010.

d. As well as the benefits to air quality and human health, the

implementation of air quality policy measures and technology

improvements has had an unintended impact on climate via changes

to the radiative balance. The reduction in aerosol concentrations

causes a positive change in the aerosol radiative effect at the TOA of

2.3 W m-2 across Europe. This change occurs from the combined

effect of a warming response due to reductions in scattering aerosols

(sulphate and POM) and a cooling response from a reduction in
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absorbing BC aerosols. In addition, the atmospheric absorption

reduces (due to decreases in BC) and the amount of radiation

incident at the surface increases. Using the change in aerosol

radiative effects at the TOA, European surface temperatures are

calculated to have increased by 0.45°C when compared to what

would have occurred without the mitigation measures. The reduction

in atmospheric absorption of radiation is anticipated to induce a rapid

adjustment in European precipitation and increase it by 13 mm yr-1.

6.4 Summary

The large changes in anthropogenic emissions over the last 40 years across

Europe induced considerable variations in the concentrations, properties and

processes of aerosols, as well as in their impact on air quality and climate.

Chapter 3 of this thesis evaluated the composition climate model HadGEM3-

UKCA (microphysical treatment of both aerosol mass and number) over

Europe for the period 1978 to 2009 against a number of different

observations of aerosol properties (sulphate, total mass, aerosol number

concentrations, AOD and surface solar radiation). Compared to previous

studies this analysis represents a more detailed model evaluation of the

changes in aerosol properties over a relatively long timescale across Europe

(a region experiencing large changes in anthropogenic emissions) by using

a larger number and type of observations, a detailed treatment of aerosols

within the model and monthly output over a multi-decadal period (Berglen et

al., 2007; Koch et al., 2011; Skeie et al., 2011; Shindell et al., 2013). The

results from Chapter 3 also complement other such detailed evaluation

studies (Leibensperger et al., 2012a; Chin et al., 2014) by showing that

HadGEM3-UKCA is able to reproduce the temporal trends but not the

absolute magnitude of aerosol properties over the last 30 years across

Europe. Understanding the ability of the model to reproduce historical

changes of aerosol properties in response to changing anthropogenic

emissions is important when using the same model to simulate the future

response to emissions.

The long term model evaluation highlighted that the absence of aerosol

sources (e.g. nitrate aerosols, emissions of domestic combustion and

primary biological aerosols) and the underrepresentation of aerosol

processes (e.g. cloud pH and anthropogenic SOA formation) could account

for some of the identified model bias and are potentially topics for future

model development. Additionally the model was able to reproduce the
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observed increase in incoming surface solar radiation since 1990

(‘brightening’) but was unable to simulate the decrease (‘dimming’) in the

1980s in accordance with other studies (Folini & Wild, 2011; Allen et al.,

2013; Chiacchio et al., 2015). The double-call radiation setup used in this

thesis was able to show that the inclusion of aerosols is necessary to

reproduce the increasing trend in SSR since the 1990s, which provided

confidence in the simulated positive response of aerosol radiative effects

across Europe over this period as anthropogenic emissions declined.

The underrepresentation of cloud water pH in the model was a process

identified within chapter 3 and other studies (Roelofs et al., 2001; Berglen,

2004; Textor et al., 2006) that could have caused some of the

underestimation of observed wintertime sulphate mass concentrations

across Europe. Cloud water pH is known to be important for in-cloud

aqueous phase sulphate aerosol formation (Roelofs et al., 2001; Faloona,

2009) but its treatment varies between global climate model (Ervens, 2015).

Chapter 4 improves on previous studies (Redington et al., 2009; Banzhaf et

al., 2012) by assessing the sensitivity of sulphate aerosol formation and

aerosol radiative effects to changes in cloud water pH over the period 1960

to 2009, when anthropogenic emissions and concentrations of oxidants have

varied.

An increase in cloud water pH caused sulphate aerosol formation to

increase over regions with a seasonal limitation in oxidants and also large

sources of SO2. The strength of aerosol radiation interactions also increased

over these regions (negative response in clear-sky aerosol radiative effects).

Over Europe, the increase in cloud water pH was able to virtually eliminate

the model bias against observed sulphate mass concentrations, indicating

the importance of including both temporal and spatial variations in pH.

Across other regions an increase in cloud water pH shifted the aerosol size

distribution to larger sizes, reducing the lifetime of aerosols in the

atmosphere and resulting in a positive response in all-sky aerosol radiative

effects.

Previous studies into the uncertainty of aerosol cloud radiative forcing

assumed that uncertainties in pH are correlated between the start and end

point, therefore neglecting any impact from temporal changes in pH

(Carslaw et al., 2013; Regayre et al., 2014). It was found in chapter 4 that

the magnitude of the aerosol radiative forcing calculated over the period

1970 to 2009 was particularly sensitive to the value of pH selected at the

start and end point of the time period. Over Europe an increase in cloud
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water pH (from 5.0 to 6.5) between 1970 and 2009 resulted in an aerosol

radiative forcing that was 5.5 W m-2 larger than if a decrease was assumed

over the same period. Uncertainties in the current estimates of aerosol

radiative forcing could be even larger if these spatial and temporal changes

in cloud water pH are not taken into account.

Whilst varying pH by 1.5 units globally is a relatively extreme sensitivity

study, observations have indicated that similar changes are possible at the

regional scale. The results in Chapter 4 highlight the regional importance of

taking into account such spatial and temporal changes in cloud water pH for

simulating sulphate aerosol formation and aerosol radiative effects. The

results show that a fixed representation of cloud water pH in models is not

adequate to represent the effects from such changes.

Chapters 3 and 4, along with previous studies (Colette et al., 2011; Koch et

al., 2011), have considered the impact of total emission changes over recent

decades on aerosol properties, air quality and climate via aerosol radiative

effects. Historical anthropogenic emissions have changed due to the

combined effects of economic factors, makeup of the national energy supply,

legislation and abatement technology. It is not known what fraction of

emission reductions and their impact on air quality, human health and

climate can be attributed to the implementation of previous air quality

legislation and emission abatement technology as no studies have

previously analysed this. When considering the design of future emission

mitigation measures it is important to consider how effective past legislation

and technology measures have been.

Chapter 5 showed that historical European air quality policy measures and

technology improvements reduced anthropogenic emissions of aerosol

precursor species. European particulate air quality was improved by the

implementation of these measures, with annual mean PM2.5 concentrations

reducing by 1.75 µg m-3 (35%). This represents 29% of the actual changes

in PM2.5 that occurred in Chapter 3. The reduction in PM2.5 concentrations

improved human health over Europe by preventing 80,250 premature deaths

annually, which is 19% of the prevented deaths attributed to European PM2.5

concentrations in 2011. However, the implementation of the measures to

improve air quality has had an unintended impact on the radiative balance.

The reduction in aerosol concentrations induced a positive change in all-sky

aerosol radiative effects at the top of atmosphere of +2.3 W m-2, compared

to a change in Chapter 3 of +3.1 W m-2. Based on these changes to the

radiative balance, European annual mean surface temperatures are
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calculated to have increased by 0.45 °C when compared to what would have

occurred without the mitigation measures.

The reduction in PM2.5 concentrations and the change in aerosol radiative

effects calculated in Chapter 5 are smaller than the changes calculated in

Chapter 3 but indicate the contribution of policy and technology induced

changes to that of the total. The results in Chapter 5 quantify the efficacy of

European air quality legislative and technology measures by linking them

directly to changes in anthropogenic emissions and the resultant effect on air

quality, human exposure to air pollutants and inadvertent climate impacts.

Overall it is important to understand and evaluate model simulations of

historical changes in aerosols and their radiative effects over a period of

substantial change in anthropogenic emissions (in part due to legislative

measures) prior to developing future mitigation measures to improve air

quality.

6.5 Implications for Future Work

The results of this thesis show that the large change in anthropogenic

emissions over Europe, in part due to the implementation of air pollutant

emission reduction legislation, has had a considerable impact on the

concentrations of aerosols and also their radiative effects. The model

evaluation within Chapter 3 highlighted that whilst HadGEM3-UKCA was

able to simulate the changes in aerosols relatively well over the last 30

years, a number of potentially important model biases occurred. In particular,

aerosol mass and number concentrations were consistently underestimated

by the model, implying that aerosol sources and/or processes are

underrepresented. Therefore to be able to simulate temporal changes in

aerosols across regions within global composition climate models, it is

important that future model development attempts to address some of these

biases.

Future work to improve the model evaluation against observations should

focus on a number of potentially important processes that are missing within

the current version of HadGEM3-UKCA. Nitrate is an important aerosol

component that needs to be included within the model to be able to

accurately simulate both past and future changes in aerosols and their

radiative effects (Bellouin et al., 2011). This could be particularly important

when simulating sulphate aerosol formation and also for predicting future air

quality effects across regions (e.g. Europe), as the two aerosol species
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compete with each other for ammonia. Here large reductions in sulphate and

uncontrolled increases in ammonia emissions mean that nitrate will be an

important future component of fine particulate matter (Fagerli & Aas, 2008;

Pozzer et al., 2012; Wang et al., 2013). This is an active area of model

development within the UKCA community but future work should focus on

evaluating the ability of the model to reproduce temporal changes in aerosol

mixtures that include nitrate.

The calculation of SOA and the proportion from biogenic and anthropogenic

sources is a large uncertainty within global models, with most

underpredicting the quantity of organic aerosols (Volkamer et al., 2006;

Farina et al., 2010; Spracklen et al., 2011; Tsigaridis et al., 2014). The

inclusion of additional SOA from both biogenic and anthropogenic sources

could improve the model representation of organic aerosol and its

comparison against observations. The large model bias in total suspended

particulate matter over the period 1978 to 1998 and the improved

comparison against PM10 observations between 1997 and 2009 indicate that

larger sized particles e.g. dust or biological material, are underrepresented in

the model. Including sources of re-suspended mineral dust, primary

biological particles (Heald & Spracklen, 2009), domestic wood burning and

wildfires over Europe (Hodzic et al., 2007; Langmann et al., 2008; Manders

et al., 2012) within emission inventories could improve the model-

observational comparison.

The model evaluation of long term changes in aerosols could be extended to

include additional datasets of long term observations such as satellite

products and also ground based observations from across other regions e.g.

North America. This could extend the model evaluation to outside Europe

and include other methods of measuring aerosols to ascertain if the model

biases exist in other regions and for other measurement techniques.

Whilst the focus of Chapter 3 has been on the changes in anthropogenic

emissions and the effect on aerosols over the period 1960 to 2009, natural

emissions of aerosols and their precursor species could also have changed.

The importance of any temporal trends in natural sources of dust or sea salt

could be investigated to ascertain their influence on European air quality and

aerosol radiative effects.

Chapter 3 showed that to be able to capture observed spatial and temporal

changes in aerosols within the model, certain aerosol processes are not

adequately represented. Chapter 4 explored the sensitivity of sulphate

aerosol formation to spatial and temporal changes in cloud water pH. This
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showed that global composition climate models need to simulate a spatially

and temporally varying cloud water pH to be able to accurately represent

sulphate aerosol formation.

Future developments to HadGEM3-UKCA could include the incorporation of

an online calculation of cloud water pH, such as those within other models

(Berglen, 2004; Redington et al., 2009; Ervens, 2015). This model

development should be tested against the sulphate and SO2 observations

over Europe used within this thesis. The model evaluation can be extended

to include observations from north America and other regions that are

sensitive to aqueous phase chemistry to provide a thorough validation of the

new pH parameterisation. In particular, it would be important to use the

version of the model that includes nitrate chemistry to take account of the

effect of changes in sulphate aerosol on nitrate. The version of HadGEM3-

UKCA utilising an “online” pH calculation could then be compared to the

results within this thesis, as well as the work down on uncertainty estimation

by Lee et al., (2013). All of which could provide an indication of how much a

temporal change in such a parameter that is important for aerosol formation

could affect aerosol radiative forcing. Additionally a pre-industrial simulation

could be conducted to include the online pH calculation and ascertain any

difference in the pre-industrial to present day aerosol radiative forcing.

Chapter 5 showed the impact of air pollutant mitigation measures and

technology improvements on air quality, human health and climate using a

double call configuration of the radiation scheme. This allowed the changes

in the radiative balance to be diagnosed and used in a simple calculation of

the effect on surface temperatures and precipitation. To improve on this the

same set of emissions could be used within a version of the model that is

coupled to an ocean, set up to generate its own meteorology (so called

“free-running”) and has a single call to the radiation scheme. This would

allow radiative changes from aerosols to feedback onto the meteorology and

calculate the impact on climate from air quality measures. Using an updated

version of the model that also incorporates the ACTIVATE scheme for

aerosol cloud interactions would allow for aerosols to induce rapid

adjustments on clouds. A comparison between two simulations using the

reference and no air quality emissions would ascertain the effect on

temperature and precipitation from the implementation of the air quality

mitigation measures and technology changes. The analysis could be

extended further to the impact of such measures on the hydrological cycle

and in particular the ‘acid rain’ problems across northern Europe in the
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1980s. This would provide a more robust estimation of the climate response

to air quality mitigation measures.

As the emission scenarios provided also include changes to gas-phase air

pollutants, the analysis could be easily extended from the focus on

particulate air quality to include that of gas phase species e.g. O3. The air

quality, health and radiative impacts from gas-phase species such as O3

could be considered under the same scenario as was done for particulate air

quality.

Using the understanding gained from Chapter 5 it would be a natural step to

analyse how future air quality mitigation measures could affect climate and

also the impact of a future climate (from CO2 driven changes) on air

pollutants. This could also be extended to future impacts on human health

from air pollutants. Using an earth system model, the air quality, chemistry

climate interactions and feedbacks (Figure 1.10) could be investigated by

using future emission pathways of air pollutants. Using such a setup, the

impact on other areas of the Earth system such as the carbon/nitrogen cycle

could also be investigated. This is important as understanding the various

aerosol-chemistry-climate mechanisms from different aerosol components is

essential to comprehend changes to the past and present day prior to

making any future climate predictions (Hansen et al., 2007; Kloster et al.,

2008).
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Supplementary Tables

Table A1 –Summary of the representation of aqueous phase oxidation in numerous
global composition climate models (information reproduced from Ervens, 2015)

Model
S(IV)
Oxidants

Assumptions
on
partitioning,
pH

Cloud
properties

Resolution

Chem/

Met
Coupling

GEOS-
CHEM

H2O2, O3 Thermodyna
mic eqm,
pH=4.5

LWC = f(T) 2° lon X 2.5°
lat; 48
vertical;
chem sims
on 4° X 5°
grid; aerosol
on 2° X 2.5°

Coupled
aerosol/ox
idant
simulation
s

GOCART H2O2 SO4
formation –
f([H2O2]gas,
cloud fraction)

LWC derived
based on
cloud fraction

2° lon X 2.5°
lat; 46
vertical (0.1
mbar)

Online

Oslo
CTM2

H2O2, O3,
HNO4

Thermodyna
mic eqm,
pH=4.5

Liquid water
from Met
fields

5.626° X
5.625°; 19
vertical up
to 10 hPa

5 min
chem; 60
min for
transport;
can be
run online
or offline

GISS H2O2 Thermodyna
mic eqm,
semi-
prognostic
H2O2

Prognostic
cloud water
prediction,
cloud fraction
diagnostically
determined

4° lon X 5°
lat; 9
vertical;

Decouple
d chem
with semi
prognostic
H2O2

MOZART H2O2, O3 pH based on
charge
balance

Cloud water
content
prognostically
predicted

2.8° lon X
2.8° lat

Couple
aerosol
module;
offline
photolysis
rates

NARCM H2O2, O3 Thermodyna
mic eqm, pH
based on
charge
balance

Prognostic
LWC
prediction, Nd
is related to
sulphate
mass;
simulated
aerosol size
distribution

145Km
spacing; 22
vertical
levels up to
14 hPa

Offline
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Model
S(IV)
Oxidants

Assumptions
on
partitioning,
pH

Cloud
properties

Resolution
Chem/

Met
Coupling

ECHAM5
-HAM

H2O2, O3 pH based on
initial aerosol
in small and
large drops
respectively

Average drop
sizes (2
classes)
based on
LWC and
drop number
concentration;
7 internally
and externally
mixed aerosol
modes

300km X
300km; 5.6°
X 5.6°; 19
vertical
layers to 10
hPa

Online,
fully
coupled

TM4 and
TM5

H2O2, O3 Thermodyna
mic eqm,
pH=5.0

Fixed drop
size (8um); 7
aerosol
modes

Standard
resolution 3°
X 2°; nested
chem 1° X
1°

Offline

ECHAM5
/MESSy1

H2O2, O3,
CH3OOH –
details
aqueous
phase
chem

Kinetic
uptake; pH
based on
explicit
aqueous
phase chem

Monodisperse
drop
distribution

2.8° lon X
2.8° lat; 90
vertical
layers up to
0.01 hPa

offline

Table A2 – Global burdens of SO2, H2SO4 and SO4 in the pH 5.0 and pH 6.5
simulations

Year

SO2 (Tg S) H2SO4 (Tg S) SO4 (Tg S)

pH
5.0

pH
6.5

pH 6.5

– pH
5.0

pH
5.0

pH
6.5

pH 6.5

– pH
5.0

pH
5.0

pH
6.5

pH 6.5

– pH
5.0

1965 0.34 0.12
-0.22

(-65%)
4.3E-5 3.1E-5

-1.2E-5

(-28%)
0.52 0.37

-0.15

(-29%)

1975 0.35 0.12
-0.23

(-66%)
4.7E-5 3.2E-5

-1.5E-5

(-32%)
0.60 0.41

-0.19

(-32%)

1985 0.35 0.12
-0.23

(-66%)
4.3E-5 3.1E-5

-1.2E-5

(-28%)
0.60 0.43

-0.17

(-28%)

1995 0.31 0.11
-0.20

(-65%)
4.4E-5 3.0E-5

-1.4E-5

(-32%)
0.64 0.46

-0.18

(-28%)

2005 0.31 0.12
-0.19

(-61%)
4.5E-5 3.1E-5

-1.4E-5

(-31%)
0.65 0.45

-0.20

(-31%)
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Table A3 – Difference between the pH 6.5 and pH 5.0 simulations in the fluxes of the sulphur budget (Tg S) within each mode for the mid-year of
the hindcast period, 1985. Values in parenthesis are percentage difference.

Mode Total Nucl Cond
In-cloud
H2O2

In-cloud
O3

Cloud
Processing

Coagulation
Mode
Merging

Dry
Deposition

Nucl
Scav

Impact
Scav

Lifetime
(days)

Nucleation
-0.001

(-58)

-0.03
(-77)

-0.1

(-69)
N/A N/A N/A

To Acc -0.03
(-73)

To Cor -0.01
(-49)

-0.04

(-62)

-0.001

(-58)
N/A N/A +0.8

Aitken Soluble
-0.17

(-64)
N/A

-2.3

(-63)
N/A N/A -1.4 (-64)

To Acc -0.19
(-66)

To Cor

-0.001 (-34)

-0.56

(-59)

-0.17

(-55)
N/A N/A -1.2

Accumulation
-0.007

(-2)
N/A

-1.7

(-51)

-4.7

(-96)

+12.1
(+299)

-1.4 (-64)
To Cor
+0.001 (+119)

+1.2
(+1055)

+0.25

(+24)

+2.0
(+14)

+0.11
(+44)

-1.4

Coarse
+0.012
(+312)

N/A
-0.03
(-23)

-0.02

(-83)

+0.4
(+2660)

N/A N/A N/A
+0.16
(+162)

+1.3
(+492)

+0.02
(+143)

-0.3

Nucl – Nucleation, Cond – condensation, Scav – Scavenging, Acc – Accumulation, Cor - Coarse
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Table A4 – Mean values of Aerosol Radiative Effect (ARE) and Aerosol Radiative Forcings (ARF) from pH 5.0 and pH 6.5 simulations and over different time
periods.

Region

1970 ARE Δ 1970 
ARE

pH 6.5 –
pH 5.0

2009 ARE Δ 2009 
ARE

pH 6.5 –
pH 5.0

Δ ARF 
pH 5.0
2009 -
1970

Δ ARF 
pH 6.5
2009 -
1970

Δ ARF 
2009 pH

6.5 – 1970
pH 5.0

Δ ARF 
2009 pH

5.0 – 1970
pH 6.5

pH 5.0 pH 6.5 pH 5.0 pH 6.5

All-
Sky

Global + 3.6 + 6.0 + 2.4 + 4.0 + 6.3 + 2.3 +0.4 +0.3 + 2.7 - 2.0

Europe - 4.3 - 1.7 + 2.6 - 0.2 + 2.7 + 2.9 +4.1 +4.4 + 7.0 + 1.5

NE USA -3.6 -0.8 +2.8 +1.9 +5.5 +3.6 +5.5 +6.3 +9.1 +1.8

N Atlantic + 0.03 + 6.3 + 6.3 + 1.7 + 6.9 + 5.2 +1.67 +0.3 + 6.9 - 4.6

Arctic +4.6 +5.5 +0.9 +6.0 +6.8 +0.8 +1.4 +1.3 +2.2 +0.5

China + 2.9 + 7.2 + 4.3 - 4.0 - 1.2 + 2.8 -6.9 -8.4 - 4.1 - 11.2

Clear-
Sky

Global - 3.2 - 3.0 + 0.2 - 3.2 - 2.9 + 0.3 0.0 +0.1 + 0.2 - 0.3

Europe - 9.9 - 11.7 - 1.8 - 5.4 - 5.8 - 0.4 +4.5 +5.9 + 4.1 +6.3

NE USA -9.0 -10.0 -1.0 -4.5 -4.7 -0.2 +4.5 +5.3 +4.3 +5.5

N Atlantic - 5.4 - 4.8 + 0.6 - 4.4 - 3.9 + 0.5 +1.0 +0.9 + 1.5 + 0.4

Arctic -1.1 -0.8 +0.3 -0.8 -0.6 +0.2 +0.3 +0.2 +0.5 0.0

China - 6.2 - 6.4 - 0.2 - 12.7 - 13.7 - 1.0 -6.5 -7.3 - 7.5 - 6.3
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SUPPLEMENTARY MATERIAL

METHODS

1 HadGEM3-UKCA Model Set up

We used the HadGEM3-UKCA chemistry-climate model to simulate the impact of different

emission scenarios on global aerosol concentrations and their interaction with the Earth’s

radiative balance. The simulations were performed using an atmosphere only configuration of

the model at a resolution of 1.875° by 1.275° in the horizontal (approximately 140 km at mid

latitudes) and 63 vertical levels (up to 40 km). 3-D monthly mean fields of aerosols and

radiation were output over a 5 year period to account for meteorological variability, but using

the same single year of emissions in each. The ERA-Interim reanalysis fields (Dee et al., 2011)

for 2005-2009 were used to nudge the 3-D meteorological fields within HadGEM3-UKCA at 6-

hourly intervals. The sea ice and sea surface temperature are prescribed from CMIP5 (Hurrell et

al., 2008).

The coupling of chemistry and aerosols into HadGEM3-UKCA is described by Morgenstern et

al. (2009) and O’Connor et al. (2014). Tropospheric chemistry reactions involving O3-HOX-

NOX-VOC (O’Connor et al., 2014) and sulphur species (Mann et al., 2010) are included in the

model. The aerosol size distribution is simulated using a two-moment modal scheme with five

log-normal modes and four chemical components (sulphate, BC, POM and sea salt). The model

simulates the interactions of various aerosol processes including particle formation, cloud

processing, hygroscopic growth, coagulation, condensation, deposition and scavenging.

Mineral dust aerosol is simulated using the 6 bin Woodward (2001) scheme. There is no

representation of ammonium nitrate in this model version.

Changes in the Earth’s radiative balance are calculated using the Edwards & Slingo (1996)

radiation code within HadGEM3-UKCA. A ‘double-call’ radiation configuration has been used

in these simulations, where the radiation scheme is called twice; once with modelled aerosol

fields included and the other with an aerosol-free atmosphere (an aerosol climatology is used to

define cloud drop concentrations) (Bellouin et al., 2013; Turnock et al., 2015). An aerosol
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radiative effect (RE), from aerosol radiation interactions (ari, direct effect) and aerosol cloud

interactions (aci, 1st indirect effect), is calculated as the difference between monthly mean

values in each call at both top-of-atmosphere (TOA) and surface. The change in aerosol RE due

to the inclusion of air pollutant mitigation is calculated as the difference in aerosol RE between

the two simulations using the different anthropogenic emissions. The ‘double-call’ radiation

configuration does not allow changes to the radiative balance to feed back onto the meteorology

and therefore rapid adjustments of the atmosphere and clouds due to changes in aerosols are not

accounted for. However, based on the transient climate response to forcing and the atmospheric

energy budget we have estimated the temperature and precipitation response due to the

calculated difference in aerosol radiative effect between the two simulations (see

supplementary methods section 4).

Natural emissions of aerosols from sea-salt, tropospheric volcanoes and dimethyl sulphide are

calculated using interactive parameterisations or represented as monthly mean fields (see

Turnock et al. 2015 for details). These emissions, along with the meteorological fields, are the

same in both simulations such that any changes in aerosols can be attributed to the different

anthropogenic emissions used within each simulation.

The model has been previously shown to be able to adequately simulate changes in European

annual mean surface concentrations of aerosol mass (Turnock et al., 2015), making it an

appropriate model to use in assessing the regional impact of policy driven changes in

anthropogenic emissions.

2 Health Effects Calculations

Concentration response functions (CRFs) for long-term exposure to PM2.5 have been used to

quantify the adverse health effects in terms of excess annual premature mortality. These

functions provide assumed shape relationships between changes in long-term PM2.5

concentration exposure and relative risk (RR) of disease within a given population. Until

recently CRFs have previously been determined from North American epidemiological studies

(e.g. Pope III, (2002)) where annual mean PM2.5 concentrations were typically below 30 μg m-3.

However, in densely populated areas of the world annual mean PM2.5 concentrations regularly

exceed 30 μg m-3. CRFs have traditionally been extrapolated using linear (Cohen et al., 2004)

and log-linear (Ostro, 2004) models to capture RRs for populations across the full range of

PM2.5 exposures. However, these extrapolation models simulated RRs above the observed

maximum which cannot be constrained using empirical evidence. Burnett et al., (2014)

developed integrated exposure-response functions (IERs) to constrain the concentration

response relationship at high PM2.5 concentrations (>30 µg m-3) by using observed

epidemiological meta-data of exposure from different combustion sources (e.g., ambient air

pollution, household air pollution, second hand smoking and active smoking). We use the

results of this study to simulate RRs for five different diseases (for adults ≥ 25 years of age: 

stroke, ischemic heart disease (IHD), chronic obstructive pulmonary disease (COPD) and lung

cancer (LC); for infants ≤ 5 years of age: acute lower respiratory infection (ALRI)).  

The IER of Burnett et al. (2014) describes the relative risk, RR, based on the PM2.5

concentration, C:

଴
ఋ (1)

଴����������������
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Where C0 is the minimum-risk PM2.5 concentration above which there is evidence indicating

detrimental health impacts (range: 5.8−8.0 μg m−3) and parameters α, γ and δ determine the 

shape of the concentration response function for each disease.

Burnett et al., (2014) provides 1000 point estimates of C0, α, γ and δ with age-specific estimates 

for both IHD and stroke. We developed a lookup table for each disease using the mean value

RR corresponding to PM2.5 concentrations in the range of 0−200 μg m−3 at 0.1 μgm−3

increments. We also produce the median, 5th, 95th percentile RRs in order to capture the

uncertainty range in the RR.

To calculate premature mortality for a baseline simulation, we used the attributable-fraction

type relationship provided by Apte et al., (2015):

௜,௝ ௜ ௝,௞ ௝ ௜ , where ௝,௞
ூመೕ,ೖ

ோோതതതതೕ,ೖ
(2)

where, M is premature mortality in a particularly age stratum ( for disease due to PM2.5 in

grid box within country . Note that as in Apte et al. (2015), we also omit population age

stratum for compaction of notation. Pi represents the population within each grid box i, Ij,k is

the baseline mortality rate for disease j in country k, Ci represents the annual mean PM2.5

concentration within grid box i and RRj(Ci) is the RR at concentration Ci. ௜,௞ represents the

average population-weighted RR for disease j within country k, defined by Apte et al., (2015):

௝,௞
∑ ௉೔×ோோೕ(஼೔)
ಿ
೔సభ

∑ ௉೔
ಿ
೔సభ

(3)

The grouping of ௝,௞ ௝,௞ ௝,௞ indicates the hypothetical underlying baseline mortality rate

for country if PM2.5 concentrations are reduced to that of the minimum risk within country .

To calculate the change in mortality (ΔM) in grid box i and within country k under an emission

scenario where PM2.5 concentrations are changed from Ci to an alternative concentration Ci
*

without altering the underlying baseline mortality rate for disease j, we apply the relationship

defined by Apte et al., (2015):

௜,௝ ௜ ௝,௞ ௝ ௜
∗

௝ ௜ (4)

The total change in mortality is obtained by summing over all the individual disease end points

for each grid box within a region. Here Ci is the annual mean PM2.5 mass concentration (µg m-3)

calculated using the REF 2010 emissions and Ci
* is the annual mean PM2.5 mass concentration

(µg m-3) calculated using the NO-AQ emission scenario. For use in the calculation of human

health effects the PM2.5 concentrations provided from the global model are assumed to

represent the regional concentrations of an area when interpolated onto the finer resolution of

the population grid data (~5 km). The global gridded population count data (P) is obtained from

the Gridded Population of the World Version 3 for the year 2010 (CIESIN, 2015). For year

2010 age specific population data, we use country level results taken from the United Nations

World Population Prospects (UN, 2015). For year 2010 mortality data, we use country level

results from the Global Burden of Disease study (GBD, 2012) that provides age- and cause-

specific mortality data (Ij,k) for the five diseases IHD, stroke, COPD, LC, ALRI.

The total change in mortality between 1970-74 and 2005-2009 was calculated by using

equation (4) and the difference between annual mean PM2.5 concentrations over the period

1970-74 and 2005-2009 from Turnock et al. (2015).
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An additional sensitivity scenario calculated the change in mortality between the PM2.5

concentrations in the REF and NO-AQ simulations including an estimate of the enhanced

contribution to PM2.5 from urban areas over Europe. A comparison between the observed and

simulated (REF) annual mean PM2.5 concentrations across the capital cities of the 28 EU

member states was undertaken. The magnitude of the discrepancy between the observations and

model was used to enhance the amount of simulated PM2.5 (in both the REF and NO-AQ)

within the urban areas of the particular country (defined based on grid cells within the

population data having a population density of larger than 1,000 people per km2) by either 5,

10, 15 or 20 µg m-3. The sensitivity of the calculated health impacts to the inclusion of the

additional urban area PM2.5 has been obtained by comparing the annual prevented premature

mortalities from the difference between these simulations to that calculated without the urban

PM2.5 fraction included.

3 Economic Savings Calculations

The impact on human health from poor air quality can also have a perceived economic effect on

society. The concept of “value of a statistical life” (VSL) is used to calculate the economic

benefit achieved from preventing premature deaths due to the improvements in air quality. The

VSL is derived from surveys of individual’s willingness to pay (WTP) to maintain the current

standard of life in the event of an increased level of risk to mortality (OECD, 2012; WHO

Regional Office for Europe, 2015). The VSL is the WTP divided by the change in risk to

mortality. This allows society to assign a monetary value to a particular health impact and the

VSL is the aggregation of individual monetary values for small changes in the risk of mortality

across an entire population.

The perceived economic benefits to society from the implementation of air pollution mitigation

measures has been carried out in accordance with the methods and data within WHO Regional

Office for Europe, (2015). The perceived economic benefits to society are calculated by

multiplying country specific average adult VSL values for each of the EU member states in

2010 by the number of premature deaths prevented annually for each country due to air

pollutant mitigation measures. The country specific VSL are based on studies by the

Organisation for Economic Co-operation and Development (OECD), which provide a baseline

VSL figure of US$3 million as a starting point and are then adjusted for specific country

differences in per capita income (per-capita GDP) and best-estimated income elasticity

(Braathen, 2012; OECD, 2012, 2014; WHO Regional Office for Europe, 2015). The total

economic benefits to society have also been calculated as a percentage of each country’s 2010

GDP values (World Bank, 2015).

4 Calculation of Climate response

4.1 Temperature

The change in European mean surface air temperature induced by the radiative forcing at the

TOA over Europe from the reduction in aerosols due to air pollution mitigation measures is

calculated using the values of regional climate response per unit local radiative forcing, as

determined by Shindell & Faluvegi (2009). These values represent the change in surface air

temperature in response to an applied radiative forcing over a defined latitudinal banding. They

have recently been applied by Sand et al., (2015) in calculating the Arctic surface temperature

response to regional changes in anthropogenic emissions. Shindell & Faluvegi (2009)

investigated the sensitivity of regional climate to different types of radiative forcings (e.g. CO2,
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aerosols, ozone) applied at different spatial locations and found that the extratropics have an

increased sensitivity to applied local forcing.

Local climate response values of ~0.15 °C(W m-2)-1 for black carbon aerosols and ~0.25 °C(W

m-2)-1 for sulphate aerosols are obtained over the latitudinal banding of 28°N to 60°N (values

obtained from Figure 1 of Shindell & Faluvegi (2009)). Here we use a mean value of 0.2 ± 0.05

°C(W m-2)-1 to represent the local climate response (LCR) to an applied TOA aerosol radiative

forcing (FTOA) over Europe. The change in European mean surface temperature (ΔT) is

calculated in equation (5) by multiplying LCR by the TOA forcing (FTOA).

்ை஺ (5)

The European aerosol all-sky TOA radiative forcing between the REF and NO-AQ simulations

of +2.26 W m-2 was used within equation 5 along with the LCR of 0.2 ± 0.05 °C(W m-2)-1 to

calculate the response in European surface air temperature to this forcing. This represents the

difference in European surface temperature that has occurred due to the changes in particulate

matter from the implementation of air pollution mitigation measures.

4.2 Precipitation

The estimated precipitation changes are calculated based on changes in the atmospheric energy

budget. Global mean precipitation is tightly constrained by tropospheric cooling (Andrews et

al., 2010; Richardson et al., 2015). Therefore, in response to an applied forcing over the

troposphere (calculated as the RE at TOA minus RE at the surface, ΔFatm) there is a rapid

adjustment in precipitation due to the near-instantaneous change in tropospheric cooling, and an

additional feedback driven by changes in surface air temperature (Andrews et al., 2010).

The rapid precipitation response to forcing in the mid-latitudes is dominated by changes in

tropospheric cooling as circulation changes are small (Richardson et al., 2015). Therefore the

European rapid precipitation response can be estimated based solely on the change in

tropospheric cooling over Europe. This method neglects changes in sensible heat flux from the

surface which would affect the atmospheric energy balance, and therefore also precipitation.

The rapid adjustment in precipitation (ΔPfast) is calculated using equation (6).

௙௔௦௧ ௔௧௠ (6)

The conversion factor (C) converts the atmospheric radiative forcing to precipitation units (mm

yr-1) using the density of water (ρwater) and the latent heat of condensation for water (Lc), and is

given by:

ଷ଺ହ×଼଺ସ଴଴×ଵ଴଴଴/ఘೢ ೌ೟೐ೝ

௅೎

ଷ଺ହ

ଶଽ
ିଵ ିଵ ଶ

Assuming no significant changes in circulation, the rapid precipitation response over Europe of

13 ± 0.8 mm yr-1 is calculated by multiplying the ΔFatm over Europe (-1.04 ± 0.06 W m-2) by the

conversion factor C.

Precipitation would be expected to further increase due to the radiative feedback response

(ΔPfb) induced by the temperature increase from the reduction in aerosols (Andrews et al.,

2010). This is calculated using equation (7) by multiplying the precipitation feedback response

per unit kelvin (ΔPfb/k) value of 2.49% K-1 from Andrews et al., (2010) by the estimated

temperature change (ΔT). The error in the feedback response is based on the average regression

error in Andrews et al., (2010) of 0.5% K-1. It is difficult to estimate how the precipitation
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feedback response would manifest regionally without knowing the regional pattern of

temperature change and therefore this has not been calculated for Europe.

௙௕ ௙௕/௞ (7)

The calculated values of temperature and precipitation changes are fairly crude theoretical

estimates. However, based on our physical understanding of how the climate responds to an

applied radiative forcing it is highly likely that both temperature and precipitation have

increased over Europe as a result of the aerosol reductions from the implemented air quality

mitigation measures.
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SUPPLEMENTARY TABLES

Table S1. Total European emissions of air pollutants from the energy, industrial, transport sectors (Crippa et al., 2015) in the
REF and NO-AQ simulations. The total of all three sectors is calculated for each scenario. The absolute and relative differences in
emissions between each scenario are calculated for each sector.

Air Pollutant Sector

Total European Emission (Gg yr-1) Absolute change
(REF – NO-AQ)

(Gg yr-1)

Percentage
Change (%)REF NO-AQ

SO2

Total 6214 15570 -9356 -60

Energy 5311 13021 -7710 -59

Industrial 875 1570 -695 -44

Transport 29 978 -949 -97

BC

Total 148 532 -384 -72

Energy 7 48 -41 -85

Industrial 18 36 -18 -50

Transport 124 449 -325 -72

OC

Total 90 347 -257 -74

Energy 6 43 -37 -86

Industrial 21 52 -31 -60

Transport 63 252 -189 -75
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Table S2. Number of annually prevented premature deaths from all causes of disease across the 28 EU member states due to the
reduction in PM2.5 concentrations between the NO-AQ and REF simulations. The number of prevented premature deaths is also
calculated using PM2.5 concentrations that include an estimate of urban contribution to PM2.5 in each country (+ Urban). Uncertainty
estimates are represented by the 5th and 95th percentile values in the concentration response functions of each disease considered.

Number of annual prevented premature deaths per year (all causes of disease)

Country Mean Mean + Urban 5% C.I. 5% C.I. + Urban 95% C.I. 95% C.I. + Urban

EU 15 Countries

Germany 24,450 14,372 7,664 4,971 45,315 26,933

France 6,209 4,011 1,592 1,663 12,141 7,256

Italy 6,268 4,928 4,573 3,343 6,641 6,300

Netherlands 3,254 1,710 1,110 792 4,946 2,725

Belgium 2,518 1,333 645 560 4,936 2,363

Luxembourg 110 79 44 37 193 128

Denmark 111 127 0 49 571 321

Ireland 0 53 0 40 0 58

UK 2,353 5,539 0 5,029 1,023 6,252

Greece 760 675 424 367 1,190 1,059

Spain 1,595 1,247 875 774 2,084 1,675

Portugal 1,094 767 559 494 1,018 798

Austria 1,826 1,407 1,317 866 2,173 1,926

Finland 0 26 0 17 0 40

Sweden 39 146 0 105 200 221

EU15 Total 50,587 36,420 18,803 19,105 82,431 58,056

Additional Countries to make up EU Member States

Bulgaria 2,264 2,015 1,595 1,346 2,926 2,612

Croatia 685 564 670 445 652 699

Cyprus 9 8 6 5 16 13

Czech Republic 3,624 2,265 1,493 1,009 4,389 3,019

Estonia 0 18 0 19 0 19

Hungary 3,116 2,437 2,529 1,731 2,711 2,653

Latvia 0 45 0 20 0 79

Lithuania 14 93 0 48 16 157

Malta 3 3 2 1 5 4

Poland 8,660 5,763 4,691 2,866 10,390 8,128

Romania 8,986 7,883 6,166 4,973 10,359 10,276

Slovakia 2,034 1,382 1,181 790 1,691 1,363

Slovenia 267 219 239 163 254 268

Additional Total 29,661 22,693 18,573 13,415 33,407 29,290

EU28 Total 80,248 59,112 37,376 32,520 115,838 87,347
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Table S3. Economic savings across the EU member states from the value of a statistical life for each country (WHO Regional
Office for Europe, 2015) and annual prevented premature deaths calculated from air pollution mitigation measures. These savings
have been converted to a percentage of each country’s 2010 GDP (World Bank, 2015). %5 C.I. and 95% C.I. are calculated based
on the annual prevented premature deaths calculated using the respective confidence intervals in Table S2.

Country
Country Specific
VSL (2010) US$

(millions)

Economic cost of premature deaths from
change in PM2.5 Exposure 2010 US $
(millions)

Economic cost of
premature deaths from

change in PM2.5 Exposure
as a % of GDP (2010)Mean 5% C.I. 95% C.I.

Austria 3.67 6,702 4,833 7,976 1.7

Belgium 3.50 8,812 2,258 17,276 1.8

Bulgaria 1.77 4,007 2,824 5,178 8.2

Croatia 2.07 1,418 1,387 1,349 2.4

Cyprus 2.87 27 16 45 0.1

Czech
Republic

2.75
9,966 4,107 12,070 4.8

Denmark 3.46 384 0 1,976 0.1

Estonia 2.27 0 0 0 0.0

Finland 3.32 0 0 0 0.0

France 3.16 19,620 5,030 38,367 0.7

Germany 3.48 85,085 26,671 157,697 2.5

Greece 2.82 2,142 1,195 3,355 0.7

Hungary 2.32 7,228 5,866 6,288 5.6

Ireland 3.75 0 0 0 0.0

Italy 2.92 18,303 13,354 19,391 0.9

Latvia 2.10 0 0 0 0.0

Lithuania 2.15 29 0 34 0.1

Luxembourg 6.28 693 277 1,211 1.3

Malta 2.65 9 4 13 0.1

Netherlands 3.76 12,236 4,173 18,596 1.5

Poland 2.10 18,186 9,852 21,820 3.8

Portugal 2.50 2,734 1,398 2,544 1.1

Romania 1.67 15,006 10,298 17,299 9.1

Slovakia 2.42 4,922 2,858 4,092 5.5

Slovenia 2.90 774 694 736 1.6

Spain 3.06 4,882 2,676 6,377 0.3

Sweden 3.50 136 0 700 0.0

United
Kingdom

3.55
8,353 1 3,632 0.3

Total 3.60 231,654 99,772 348,022 1.4
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