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Abstract

In this study, a global 3-D Lagrangian chemistry model (STOCHEM) is applied
to the formation of tropospheric oxidants and their influence on the regional
scale formation and transport of photochemical ozone and on the deposition of
acidic species. We show here how, without simultaneous action on the global
scale to control methane and other tropospheric ozone precursors,
concentrations of tropospheric oxidants will increase in future years, with the
5 possibility of changing the intensity of regional scale photochemical episodes
and the deposition patterns of acidic species in Europe. A number of policy
scenarios are investigated to illustrate the coupling that might be anticipated
between policy actions which might be envisaged in the global climate arena
and measures currently under consideration to tackle acid rain within the
European region. As the global tropospheric oxidant concentrations rise over
- the period from 1992 to 2015, total sulphur deposition loads over central
Europe are expected to fall slower than SO, emissions. By the year 2015, peak
ozone concentrations are anticipated to increase throughout Europe by about 10
- ppb, during summertime and in the IS92a 'business-as-usual' scenario. The
increase in ozone concentrations is diminished dramatically by the current
reductions plans for NO, and SO, emissions in both Europe and north America.
e However, maximum feasible reductions for NO, and SO, in Europe are not
enough to keep future peak ozone levels below internationally-accepted
environmental criteria. Only with additional stringent reductions in European
VOC and CO emissions, can health-based air quality guidelines for ozone be
met satisfactorily throughout Europe. However, action will be required on the
global scale to control ozone precursor emissions, if ozone critical levels set to
protect crops, are to be reached in the year 2015 within Europe.




THREE-DIMENSIONAL (STOCHEM) MODEL STUDIES OF THE
COUPLING BETWEEN THE REGIONAL AND GLOBAL SCALE
FORMATION OF TROPOSPHERIC OXIDANTS

1. Introduction

It is considered likely that human activities have increased significantly the
global baseline levels of ozone (O;) in the northern hemisphere since
preindustrial times (Hough and Derwent 1990). However, without the evidence
of the increase in atmospheric concentrations from ice cores, we do not have the
same confidence in the magnitude of the concentration increase with ozone as
we do for the other greenhouse gases: methane (CH,), nitrous oxide (N,0) and
carbon dioxide (CO,) (IPCC 1996). The evidence that we do have for an ozone
increase, is based on the fragmentary time series of reliable ozone
measurements for the Montsouris Observatory, close to Paris, during the last
century (Volz and Kley 1988). The ozone increase to present-day levels is about
a factor of two and such an increase should be a general feature of much of the
northern hemisphere troposphere. Photochemical models confirm that such an
increase is plausible, based on our understanding of the global ozone life cycle
and the impact of human activities upon the trace gases which control ozone.
Regional scale photochemical ozone episodes are superimposed on top of this
global baseline and together they contribute to the damaging effects on plants,
crops, semi-natural ecosystems and ultimately on human health (WHO 1987).

It has been recognised for some time now that the tropospheric oxidants such
as ozone and hydrogen peroxide (H,0,) play an important role in the regional
scale formation and deposition of acidic sulphur (SO,) and nitrogen (NO_ and
NH,) species. There is therefore a close linkage between the problems ofy the
global scale build-up of the tropospheric oxidants and regional scale acid rain
(Grennfelt et al. 1994). The availability of tropospheric oxidants is thought to
change the competitive balance between dry and wet deposition of acidic
sulphur and nitrogen species and hence change the spatial scales of the
deposition patterns spreading away from the source regions of sulphur dioxide
(SO,), oxides of nitrogen (NO,) and ammonia (NH;). These changes in
deposition patterns, necessarily result from changes in lifetimes and hence
mean transport distances of the acidic sulphur (SO,), oxidised nitrogen (NO,)
and reduced nitrogen (NH,) species. Policy actions to control acid rain in
Europe, generally assume that deposition patterns or footprints will remain
unchanged in the future, expressed in terms of unit pollutant release. That is
to say, they assume that tropospheric oxidant levels and mean transport
distances will remain unchanged into the future.

In this study, STOCHEM, a global 3-D Lagrangian chemistry model (Collins et
al. 1997) is applied to the formation of tropospheric oxidants and their

3



influence on the regional scale formation and transport of photochemical ozone
and on the deposition of acidic species. We show here how, without
simultaneous action on the global scale to control methane and other
tropospheric ozone precursors, concentrations of tropospheric oxidants will
increase in future years, with the possibility of changing the intensity of
regional scale photochemical episodes and the deposition patterns of acidic
species in Europe. A number of policy scenarios are investigated to illustrate
the coupling that might be anticipated between policy actions which might be
envisaged in the global climate arena and measures currently under
consideration to tackle acid rain within the European region.

2. Description of the Global 3-D Lagrangian Chemistry Model

So far the main approach to three-dimensional tropospheric chemistry
modelling has been Eulerian. In the Eulerian approach, a regular

rectangular grid is built throughout the model domain and a finite-differencing
scheme is used to describe the processes involved in this fixed framework. The
accurate representation of the advection of trace gases is not straightforward if
negative concentrations, numerical dispersion and short timesteps are to be
avoided (Chock and Winkler 1994; Dabdub and Seinfeld 1994). Pseudospectral
techniques offer a formally accurate alternative to the conventional finite
difference approach in models of atmospheric dynamics. However, when applied
to atmospheric trace gas transport, they may generate negative concentrations
and spurious oscillations.

In this study a Lagrangian approach has been adopted using 50,000 constant
mass parcels of air, the centroids of which are advected by interpolated winds
from the United Kingdom Meteorological Office UM global climate model
(Cullen 1993). By this method, all trace gas species are advected together so
the chemistry and transport processes can be uncoupled and chemistry
timesteps determined locally. There are disadvantages with the Lagrangian
approach; species concentrations are defined on parcel centroids but output is
generally required on an Eulerian grid and this may be over- or under-
determined in a practical implementation where the number of parcels may be
limited. Furthermore, distortions due to wind shears can render the notion of a
distinct air parcel meaningless.

Although our implementation of the Lagrangian approach to three-dimensional
chemistry and transport follows a number of the principles and approaches of
the GRANTOUR model (Walton et al. 1988; Penner et al. 1991), it differs in a
number of respects, including the handling of diffusion, reinitialisation of
particles and the handling of emissions and deposition. The chemical scheme
adopted contains 70 chemical species and is an extension of that employed in
the development of European regional scale pollution control policies for ozone
within the United Nations Economic Commission for Europe EMEP programme
(Eliassen et al. 1982; Simpson 1991). A list of species is shown in Table 1. :
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Advection scheme

The height coordinate in the Meteorological Office Unified Model is a hybrid eta
coordinate. This is derived from the atmospheric pressure at that height and
the atmospheric pressure at the surface by the relation:

eta =P/P, + A(1/P,- 1/P),

where P is the pressure,
P, is the surface pressure,
P, is a reference pressure (=1000 hPa) and
A is a coefficient having the dimensions of pressure.

A is set equal to zero near the surface and is equal to the pressure for heights
greater than 30 hPa. Near the surface eta is terrain-following and is equal to

P/P,_, above a height of 30 hPa, eta follows the pressure surfaces and is equal
to P/(1000 hPa).

The Lagrangian cells are advected according to winds taken from the
Meteorological Office Unified Climate Model, which are based on a grid of 3.75°
longitude, 2.5° latitude and 19 unevenly-spaced eta levels between 1.0 and
0.0046 for the horizontal winds (U and V) and between 1.0 and 0.01

for the vertical wind (W). The winds are stored on the Hadley Centre Climate
Model archive every six hours. The advection timestep is typically set to three
hours and new cell positions are calculated using a 4th order Runge-Kutta
advection scheme. Winds are interpolated linearly in time, bi-linearly in the
horizontal domain and using a cubic polynomial in the vertical.

Convection

Small-scale convective processes (i.e. smaller than can be resolved on the
gridded wind data) can have a large influence on the tropospheric chemistry by
lifting pollutants out of the boundary layer or bringing down O, and NO, from
the top of the troposphere (Ehhalt et al. 1992). We have included convection in
our model using convective cloud fields diagnosed by the Unified Climate Model
(these include convective cloud top height, convective cloud cover and convective
precipitation). We mix completely a fraction of the cells throughout the column
below the cloud top. The fraction mixed is given by the amount of cloud cover
for clouds that are not precipitating, or by a mass flux calculated from the
precipitation rate for those that are precipitating using a formula taken from
Chatfield and Delany (1990). The mass flux is converted to a fraction by
dividing it by the mass of air beneath the cloud base.

Inter-parcel exchange

During the advection process the Lagrangian cells are considered to be isolated
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parcels of air. However in reality the air is mixed with other parcels by
diffusion processes characteristic of the size of a parcel. In this model the
mixing ratio of a species in a parcel ¢ is brought closer to the average
background mixing ratio ¢ by adding a term (c-c).d where d is

a parameter representing the degree of exchange taken to be 10° in the
troposphere and 10° in the stratosphere, (the division is taken arbitrarily to be
at eta = 0.4). We estimate ¢ to be the average mixing ratio of all the cells
within a grid volume, which is chosen to be: 5° x 5° x delta eta = 0.1, as this
gives an average of about one and a half cells per grid volume (more near the
equator, less near the poles). The volumes are fixed to the Eulerian grid. The
exchange is treated in a more theoretical manner by Walton et al. (1988).

Boundary laver height

The height of the boundary layer in our model is estimated from the archived
Unified Model meteorological data in two ways based on a study by Maryon
and Best (1992). The first is a dry adiabatic method. This involves following the
dry adiabatic lapse rate curve up from the near-surface temperature and
determining the height at which it intersects the environmental temperature
profile. The second is a Richardson number method where the boundary layer
height is taken to be the first model layer at which the bulk Richardson
number exceeds a critical value. The critical value is usually taken as +0.25 but
we use +1.3 as chosen by Maryon and Best (1992) which is more appropriate
for the Unified Climate Model output. The boundary layer height used is from
the method giving the higher value. In practice the dry adiabatic method tends
to be chosen in convective situations and the Richardson number method in
stable situations.

Chemistry

The three-dimensional model STOCHEM contains a full description of the fast
photochemistry of the troposphere and the free radical reactions which process
the major tropospheric trace gases. Included in these emissions are those from
human activities and industrial processes from the northern hemisphere
continents, from aircraft operations in the free troposphere, from deforestation,
biomass burning and agriculture in tropical and sub-tropical continental areas,
natural emissions from oceans, soils, tundra and wetland systems. Accordingly,
the chemistry describes the atmospheric oxidation and degradation of carbon
monoxide, methane, a range of hydrocarbons, oxygenated hydrocarbons and
simple sulphur compounds. Through the fast photochemistry reactions, these
oxidation and degradation pathways are coupled to ozone and hydrogen
peroxide production and destruction and hence control the oxidising capacity of
the model troposphere.

The chemical and photochemical reactions included in the three-dimensional
model chemistry are listed in Table 2, together with the assumed reaction
pathways and rate coefficients. These data were compiled from databases of
evaluated chemical kinetic data (Atkinson et al. 1992; DeMore et al. 1994;
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Atkinson et al. 1996), evaluations of previously published mechanisms (Wirtz et
al. 1994) and commissioned reviews of the degradation mechanisms of
particular organic species such as isoprene and dimethyl sulphide (Jenkin et al.
1996). The chemical mechanism adopted includes a full description of both the
nightime and daytime chemistry using a fixed five minute time-step.

A complete and detailed description of the chemistry outlined above would be
well beyond the computer resources available and some simplifications have
necessarily been made. The main form of simplification has been the neglect of
highly reactive species where there is no significant change in competitive
routes throughout the model domain. The hydrogen atom is not included
explicitly in the mechanism because its sole fate is to form hydroperoxy radicals
through reaction (1):

H+0,+M =HO, + M. (1).

The next class of species which have been neglected from the model chemistry,
are the organic carbon radicals which are homologues of methyl (CH,) and
whose sole fate is to react with oxygen to form organic peroxy radicals through
reactions of the form (2):

CH, + 0, + M = CH,0, + M. ©@).

A further class of radicals which have been neglected are those oxy-radicals
which react only with oxygen and have no other competitive routes. Such
radicals are typified by the straight-chain alkoxy radicals, of which methoxy
(CH;0) is the simplest example:

CH,0 + 0, = HO, + HCHO.

This principal simplification has been applied where possible throughout the
mechanism and the composite and simplified reactions are presented in Table
2. Further simplifications have been applied to the assumed degradation
schemes for isoprene and dimethyl sulphide and these are discussed further in
the paragraphs below.

The current values of the rate coefficients, including their temperature- and
pressure-dependences were calculated for each air parcel at the start of each
chemistry time-step from the instantaneous location and pressure, temperature
and specific humidity data.

Fast Photochemistry

The fast photochemistry of the sunlit troposphere has been described by the 28
chemical reactions listed in Table 2. These comprise the reactions of the odd-
oxygen species: O and O, those of the hydrogen species: OH, HO,, H,, H,O and
H,0,, those of the NO, species: NO, NO,, HNO,, HO,NO, and of carbon
monoxide. Together, these reactions set up the steady state concentrations of
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the highly reactive hydroxyl (OH) and hydroperoxy radicals (HO,) and provide
the main mechanism for the control of ozone production and destruction. The
bulk of these processes were identified by Levy (1971) and by Crutzen (1974)
though over the subsequent years there have been many significant changes to
the evaluated rate coefficient data for them.

The main OH and HO, free radical sources are photochemical in origin,
through the solar photolysis of ozone and formaldehyde:

O, + (radiation < 317.5 nm) = O'D + O,

O'D + H,0 = OH + OH

HCHO + (radiation < 360 nm) = H + HCO

HCO + O, = HO, + CO

The main OH to HO, free radical interconversion processes are:

OH + CO = HO, + CO,

OH + O, = HO, + O,,

and those which interconvert HO, to OH are:

HO, +0;=0H + O, + O,

HO, + NO = OH + NO,.

The representation of these two sets of processes in the three-dimensional
model is relatively straightforward, however, care has been taken to treat the
pressure-dependence of the of the OH + CO reactions in the required detail

since this process is of dominating importance throughout the troposphere.

The main reactions controlling the destruction of the OH and HO, free radicals
are:

OH + HO, = H,0 + O,

OH + NO,+ M = HNO, + M

HO,+ HO, + M =H,0,+0,+M

These two latter reactions show important pressure and temperature
dependences throughout the troposphere which were represented using a
detailed formulation of the fall-off behaviour, together with the evaluated third
order low-pressure limiting rate coefficients and the second order high-pressure

limiting rate coefficients. In addition, the HO, + HO, + M reaction shows a
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significant water vapour catalysis which is both temperature and pressure
dependent.

Methane Chemistry

The reaction of hydroxyl radicals with methane (CH,) is the main initiating
step in the degradation and removal of methane, making it one of the most
important chemical processes in the sunlit troposphere. In addition, this
process generates methyl peroxy radicals which through their reaction with
nitric oxide, lead to ozone production. The OH + CH, reaction also generates a
number of oxygenated species, including formaldehyde (HCHO), methyl
hydroperoxide (CH;OOH) and methyl alcohol (CH,OH). Formaldehyde, itself, is
photochemically-labile and is an important source of both free radicals and
hydrogen. Methyl hydroperoxide is an important oxidising agent which
accompanies hydrogen peroxide (H,0,) in most regions of the troposphere.

The accurate representation of the chemistry of the methyl peroxy radicals
requires the detailed treatment of a number of temperature- and pressure-
dependent competitive reactions, involving self reactions and reactions with
NO, HO, and other organic peroxy radicals. The detailed chemical kinetic data
for these reactions have only recently become available with the accuracy and
reliability required to evaluate their importance in tropospheric models. This
matter is given further attention in due course.

Chemistry of the Higher Hydrocarbons

STOCHEM includes a range of higher hydrocarbons and their atmospheric
degradation pathways with a view to fulfilling a number of requirements. The
role played by the higher hydrocarbons in the tropospheric ozone budget is still
not resolved according to the IPCC (1996) scientific assessment. Organic
nitrogen compounds such as peroxyacetylnitrate (CH,COO,NO,: PAN) can
potentially act as important carriers of NO, out of the more polluted
atmosphere into the free troposphere. To represent PAN adequately then all
significant PAN sources need to be addressed. This means treating both
natural and man-made PAN precursor hydrocarbons including isoprene,
ethane, propane and the aromatic hydrocarbons.

The most important reason for including an adequate representation of the
higher hydrocarbons comes from the requirement to represent the importance
of the different ozone sources. STOCHEM aims to represent a comprehensive
range of ozone sources, including man-made ground level photochemical smog
over the polluted northern hemisphere continents, photochemical ozone
formation from the natural biogenic isoprene emitted by tropical and sub-
tropical vegetation and ozone formation in biomass burning plumes from
tropical and sub-tropical vegetation systems in Africa and South America. The
purpose of the 3-D model study is to achieve an adequate representation of the
importance of each of these three main ozone sources. This is not
straightforward because of the complexities and uncertainties in the chemistry
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of the hydrocarbons involved and the uncertainties of the hydrocarbon
emissions from each of these sources, their seasonal and spatial distributions,
their species composition profiles and the chemical environment in which they
occur with respect to the simultaneous emissions of other trace gases such as
NO,, CO and methane.

The following hydrocarbons have therefore been included:

* ethane, because of its low reactivity, its association with both natural sources
and natural gas leakage and the widespread availability of surface
measurement data, including seasonal variations.

* propane, because it is a major precursor of acetone, a widely distributed
oxygenated hydrocarbon, and of PAN.

* butane, this is a major component of man-made hydrocarbon emissions from
the industrial regions over the northern hemisphere continents, where its
concentrations are widely measured.

* ethylene, this appears to have both man-made sources over the northern
hemisphere continents and natural sources in the oceans.

* propylene, is a major source of ground level ozone in man-made
photochemical smog episodes.

* isoprene, this is the major natural biogenic hydrocarbon which shows high
reactivity during the daylight with OH and with ozone and NO, radicals during
nighttime. Isoprene is the major precursor for the unsaturated carbonyl
compounds such as methyl vinyl ketone and methacrolein and also has some
man-made sources from pollution sources.

* toluene together with o-xylene, are major man-made hydrocarbons which
account for a significant fraction between them of the ozone and PAN produced
in ground level photochemical episodes. Dicarbonyl compounds such as methyl
glyoxal (CH3COCOH) and glyoxal (HCOCOH) appear to be major degradation
products of the aromatic hydrocarbons. In addition, aromatic hydrocarbon
degradation appears to lead to the formation low volatility organic nitrogen
compounds which may lead to aerosol formation.

Few of the reaction steps in the assumed degradation pathways of the higher
hydrocarbons have been studied individually under laboratory conditions.
However, for the steps after the initial attack by OH radicals where accurate
rate coefficient data are essential, relative rate coefficient may well suffice if
sufficient information is available about the competition between the many
different reaction pathways. Furthermore, structure-activity relationships have
been developed for a wide range of different organic free radical reactions to
extend the applicability of those reaction kinetic studies which have been
completed to a wider spectrum of organic radicals species. The chemical
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mechanism used in STOCHEM has been derived from a Master Chemical
Mechanism containing 7100 chemical reactions and 2400 chemical species,
describing the degradation of 120 emitted hydrocarbons (Jenkin et al. 1997).

Chemistry of the Simple Sulphur Compounds

The global sulphur cycle has two main precursors: dimethyl sulphide (DMS)
which is largely of natural origins and emitted by soils, vegetation and the
oceans; and, sulphur dioxide (SO,) which is largely emitted by human activities
in the northern hemisphere continental areas, although volcanoes are an
additional natural source.

The gas-phase chemistry of sulphur dioxide is relatively simple being
dominated by oxidation by hydroxyl radicals to produce sulphur trioxide (SO,)
whose main fate is to react with water vapour to produce sulphuric acid
(H,SO,). The reactions involved are:

OH + SO, + M = HOSO, + M
HOSO, + 0, = HO, + SO,
SO, + H,0 = H,S0,.

Only the first step has been included in the chemical mechanism since there
does not appear to be any other competitive routes for either of the HOSO,
radical or sulphur trioxide under tropospheric conditions.

In contrast, the chemistry of dimethyl sulphide is much more complex and a
complete representation is beyond current computer capacity to represent
completely. Nevertheless, the DMS oxidation scheme is thought to contain a
number of important features which are considered important enough to retain
in STOCHEM. One of the motivations for including the natural sulphur cycle is
the accurate representation of the formation of cloud condensation nuclei over
remote marine areas. The DMS chemistry is thought to be temperature
dependent and to be heavily influenced by the presence of trace concentrations
of NOx and ozone. These temperature and pollution effects may have important
consequences for climate change prediction and this limits the simplifications
that can be made with the DMS chemistry. A review was therefore
commissioned of current understanding of the atmospheric and laboratory
chemistry of DMS (Jenkin et al. 1996) from which the mechanism in Table 2
was assembled. Simple sensitivity runs demonstrated that the mechanism had
the required temperature and pollution dependences (Jenkin et al. 1996). The
main products of the atmospheric degradation of DMS appeared to be sulphur
dioxide, sulphuric acid aerosol, dimethyl sulphone (DMSO,) and methane
sulphonic acid (CH,SO,H).

Cloud chemistry
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It has been recognised for some time that aqueous-phase chemistry is
important for some tropospheric species, in particular, for the oxidation of
sulphur dioxide (SO,) to form sulphate aerosols (Langner and Rodhe 1991). The
incorporation of soluble species into cloud droplets is quite rapid (Warneck
1988) and is treated as an equilibrium process here. The gaseous species which
are dissolved into the cloud water are nitric acid (HNO,), ozone (O,), carbon
dioxide (CO,), hydrogen peroxide (H,0,) and ammonia (NH,). The aqueous-
phase equilibria treated in the model are:

HO s H . +DH

HNO, = H'+ NO3

SOz = H+ + HSOs'

HSO, = H'+ SO,

NH; = OH + NH,

CD, = H'+HCO;

- The hydrogen ion concentration in the clouds can then be calculated iteratively
so that the pH-dependant species concentraitons can be determined. This
treatment ignores the contributions made by organic acids or by alkaline
aerosols generated as wind-blown dust.

The production of sulphate aerosol is treated by the reactions:

HSO, + H,0,=S0.* + H' + H,0

HSO, +0;.. =80 +H + 0,

S0, + 0, =80.7°+0,

Photochemical processes

The photochemical reactions that are included in our 3-D Lagrangian
tropospheric chemistry model are described using a photolysis rate, or J-value,
for a species which is the product of the spherically-integrated actinic flux, with
the absorption cross-section and the quantum yield, integrated over all
wavelengths. The quantum yield is taken to be the probability of the species
dissociating after absorbing a photon. In practice, the integral is restricted to
the range in which the integrand is significant and the integral itself is
replaced by a sum over wavelength intervals. The cross-sections and quantum
yields for the reactions have been obtained from published evaluations (DeMore
et al. 1997).

The actinic flux is affected by a large number of factors. The solar flux incident
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on the atmosphere is attenuated by ozone and molecular oxygen absorption.
The remaining flux reaching the troposphere is scattered by aerosols, clouds
and atmospheric molecules and is reflected by the earth's surface. Thus the
light incident on any air parcel has arrived by many different and tortuous
paths. The algorithm used to calculate the spherically integrated solar flux is
an adaptation of the one-dimensional two stream model (upward and downward
fluxes) developed by Hough (1988).

Parameterising the photolysis results for the 3-D chemistry model

Ideally we would like to be able to calculate the flux exactly but to do this for
the 50,000 air parcels for every 5 minute timestep would be prohibitive in
terms of computing time. We are fortunate that most of the variables on which
the photolysis rates depend only vary slowly with time. The factors that affect
the photolysis rates are;

solar flux,

aerosol content,

stratospheric oxygen and ozone columns,
tropospheric oxygen and ozone profiles,
surface albedo,

cloud cover,

height above surface,

and solar zenith angle (secant theta).

Of these, only the solar zenith angle and the cloud cover vary on a diurnal
basis; the rest have a characteristic timescale of a year. Values of secant theta
are calculated for each air parcel at every chemical time step from its latitude,
longitude and time of day because the photolysis rates have a very strong
dependence on solar zenith angle.

A 72x36 grid (5° x 5°) on nine levels spaced by delta eta =0.1 is used when
calculating the J-values as described above. For each grid square, the J-value
for each reaction and for each level is recalculated every 45 minutes, taking
into account the stratospheric ozone column, the surface albedo, the cloud cover
and the variation of solar zenith angle with time of day. The aerosol and
oxygen profiles are global averages fixed for all grid squares and are taken
from Hough (1988). The stratospheric ozone is taken from a monthly 2-D
climatology. The tropospheric ozone profile is calculated within the model. We
have used the parameterisation from Hough (1988) to calculate the surface
albedo. Photolysis rates for each time-step are obtained by interpolation in time
between the appropriate values stored from the recalculation at intervals of 45
minutes.

The cloud data are taken from the Meteorological Office Climate Model as 6-
hour snapshot values for high, medium, low and convective cloud. These are
converted to physically thin (but may be optically thick), partially scattering
layers in a 5° x 5° x 9 eta level array.

13




Emissions in the Present-Day Atmosphere

Emissions into the model are implemented as an additional term in the
production flux for each species during each integration time-step. The
emissions used are listed in Table 3. The anthropogenic, biomass burning,
vegetation, soil, oceans and 'other' are all surface sources based on
two-dimensional (latitude, longitude) source maps. Stratospheric sources of
ozone and nitric acid are calculated as two-dimensional inputs into the top
model layer. The aircraft and lightning NO,_ sources are three-dimensional. We
use the term 'anthropogenic' in this paper to describe direct emissions from
fossil fuel combustion, although man will also have a large influence on
biomass burning and (through farming) on vegetation, paddies and animal
sources. Aircraft are not included in the 'anthropogenic' emissions but are
treated separately. The anthropogenic, paddy, tundra, wetland and 'other
animal' sources (see Table 3) are held constant throughout the year at the
yearly average value. The other sources vary by calendar month.

The methane emissions in Table 3 were based on the IPCC (1995) assessment
which provided for a total source strength of 485 Tg yr”. The spatial
distributions of the oceans, tundra and wetland sources were estimated from
the corresponding distributions of biospheric zones (Olson and Watts 1982);
anthropogenic sources were given the same distribution as NO, emissions
(Benkovitz et al. 1995) and biomass burning as that of SO, from the same
source (Spiro et al. 1992). Global hydrocarbon emissions from vegetation
sources were taken from (Hough 1991) and were distributed in space and time
as for dimethyl sulphide from the corresponding soil and vegetation sources
(Spiro et al. 1992). Soil NO_ emissions were taken from Yienger et al. (1995).

The entries in Table 3 for carbon monoxide are based on the literature review
by Warneck (1988). Biomass burning and human activities, mainly the
exhausts of petrol-engined vehicles, are the largest contributors. This table does
not account for the carbon monoxide produced by hydrocarbon oxidation which
our study shows to be a somewhat larger secondary source than any of the
direct primary emissions. The spatial distribution of the anthropogenic sources
were taken to be the same as that for NO_ (Benkovitz et al. 1995). All biomass
burning sources were given the same spatial distribution which was taken from
Spiro et al. (1992).

The principle source of the oxides of nitrogen is fossil fuel combustion and
Table 3 reflects this situation (Logan 1983; Dignon and Hameed 1989). The
spatial distribution was taken directly from Benkovitz et al. (1995). Although
SO, gas-phase chemistry has little or no effect on ozone production, it does
exert an influence on the lifetime and removal rate of hydrogen peroxide. We
have included ammonia and DMS emissions and a DMS oxidation scheme so
both the natural and human-influenced sulphur cycles are treated in some

detail.
In our model, surface emissions are added on a 5° x 5° grid square basis. This is
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too coarse (600 km x 400 km at mid-latitudes) to resolve individual centres of
pollution but is large enough to give an average cell occupancy of approximately
two Lagrangian cells within the boundary layer per grid square in the
mid-latitudes. After each advection timestep the surface emissions for a grid
square are distributed equally over all the Lagrangian cells that are within the
boundary layer in that grid square. If there are no cells within the boundary
layer for a particular emissions grid square then those emissions are stored
until a cell does pass through.

Isoprene is emitted by vegetation during the day, with its emission rate being
positively correlated with temperature (Jacob and Wofsy 1988). In our model
we use the simple approach of emitting isoprene at a rate proportional to the
cosine of the solar zenith angle during the day, with no emission at night. The
rate is adjusted to give the appropriate total emission over a month for each
grid square. These monthly emissions were taken from Guenther et al. (1995).

Lightning is an important NO, source in the free troposphere (Turman and
Edgar 1982; Franzblau and Popp 1989). We used a parameterisation from Price
and Rind (1992) based on model-simulated monthly two-dimensional fields of
convective cloud top heights. The emissions were distributed evenly by mass in
the vertical between the ground and the convective cloud tops. The total was
normalised to give a yearly emission of 5 Tg N yr’, emitted as NO. In
comparison, Strand and Hov (1994) suggest a total of 8 Tg N yr” emitted in the
regions of outflow from thunderclouds rather than distributed evenly in the
vertical. The lightning emissions are calculated on a 5° x 5° x delta eta = 0.1
grid. If there are no Lagrangian cells within an emissions grid volume then the
emissions in other grid volumes are increased to give the correct global
emission every timestep. For the NO_ emissions from civil and military aircraft
three-dimensional emissions fields were used (Stevenson et al. 1997) which
amounted to 0.85 Tg N yr" globally. These emissions have been assembled into
the model using the same procedure as for lightning.

The cells in our model are constrained to remain below 100 hPa by imposing

a fixed lid to the model. In reality, they would travel to and from the
stratosphere bringing high ozone and NO, concentrations down to the
troposphere and losing species into the stratosphere. Murphy and Fahey (1994)
estimate an ozone flux of 450 Tg yr™ from the stratosphere and an NO, (NO, =
NO + NO, + HNO, + PAN + 2N,0,) flux of 0.45 Tg N yr". The upper boundary
of our model is set at eta =0.1, (100 hPa) and so the vertical windfields are
used to calculate an ozone flux across the eta =0.1 surface on a 5° x 5° grid. We
neglect any loss in species due to upwards transport into the stratosphere.
Monthly zonal mean ozone fields are taken from Li and Shine (1995) and are
interpolated to give the ozone mass mixing ratio at 98.5 hPa, which is used to
calculate the stratospheric flux. This pressure level was chosen as it gives a
total ozone flux of 650 Tg over one year. The NO, flux is taken to be one
thousandth of the ozone flux by mass (as N) and is emitted into the model as
HNO,. The emissions are calculated on a 5° x 5° grid and distributed equally
between all Lagrangian cells that are within a grid square and have eta values
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between 0.2 and 0.1. As with the surface emissions if there are no Lagrangian
cells in which to distribute the emissions then the emissions are stored.

Emissions for the Scenario Cases Studied for the Year 2015

In the paragraphs above, the emissions have been described in some detail for
the 1992 base case. Model results have been obtained for three scenario cases
which aim to address the future situation in the year 2015 or thereabouts. The
changes in the model output in these runs have largely been driven by changes
in the total global emissions, rather in their spatial distribution or composition.
Emissions from fuel combustion, biomass burning and from agriculture have
been increased, loosely following a business-as-usual scenario, the IS92a case of
the TPCC (1992). Table 3 compares the emissions assumed for 1992 and 2015
for the trace gases: methane, carbon monoxide, VOCs, SO, and NO,. Lightning
and stratospheric sources have been left unchanged but aircraft NOx emissions
increase by a factor of 2.5 or so.

The four 2015 scenario cases differ in their treatments of the North American
and European SO, and NO, emissions from fuel combustion. The 2015-1S92a
scenario has SO, and NO, emissions from fuel combustion in the UN ECE
region increasing by 35 and 45%, respectively, by the year 2010 or thereabouts.
In the 2015-CRP scenario, North American SO, and NO, emissions in 2010 fall
to about 72% (28% reduction) and 95% (5% reduction) of the 1992 emissions
(United Nations 1997). European SO, and NO, emissions in 2010 fall to about
60% (40% reduction) and 79% (21% reduction), respectively, following the
introduction of pollution control systems to combat acid rain (United Nations
1997). Emissions of carbon monoxide in North America fall to 92% (8%
reduction) of their 1992 values and by 50% in Europe. In the 2015-MFR
scenario, SO, and NO, emissions fall even further relative to their 1992 values ,
by about 10% (90% reduction) and 40% (60% reduction), respectively. The 2015-
MFR scenario was developed by ITASA (Amann et al. 1997). In the 2015-
Low_VOC scenario, then CO and VOC emissions from human activities were
completely curtailed over Europe as a variant on the 2015-MFR scenario.

Dry Deposition

For all cells within the boundary layer the species loss flux due to dry
deposition is calculated to be [¢] x V, /H where [c] is the species concentration,
V, is the species-dependant deposition velocity and H is the height of the
boundary layer. The deposition velocity, V,, depends on the location of the cell,
according to whether the cell is over land or ocean. Deposition velocities are
taken from Hough (1991) and are tabulated in Table 4. This simple
parametrisation of dry deposition could be extended to include differences
between tundra, forest, desert etc. At present there is no parameterisation of
ice cover. The sea ice and Antarctica are classified as 'ocean', and all other land
ice is classified as 'land'. The deposition velocities are for a height of 1 metre
and are chosen specifically for the purposes of global-scale modelling. If we
assume that species concentrations at 50 metres are representative of those
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throughout the mixed boundary layer then we can convert the deposition
velocities at 1 metre to give values at 50 metres, allowing for aerodynamic
resistance using:

1/Vy, =1/V,+ 50/K,
where V, is the deposition velocity at 50 metres, V, is the deposition velocity at
1 metre and K, is the effective vertical eddy diffusion coefficient in m* s

between 1 metre and 50 metres. K, is calculated from the Unified Model heat
flux, surface temperature and surface stress using Monin-Obukhov scaling.

Wet Deposition

The aqueous phase deposition of the following soluble species is treated in
STOCHEM:

* formaldehyde (HCHO),

* nitric acid (HNO, and nitrogen pentoxide (N,Oy),

* hydrogen peroxides (H,0,) and the organic hydroperoxides (ROOH), and
* sulphur dioxide (SO,).

Scavenging coefficients for large-scale and convective precipitation were
adopted from Penner et al. (1994) and the scheme to convert fractional
scavenging rates to grid cell average rates follows the scheme of Walton et al.
(1988).

Model output

Although the model itself is Lagrangian, the most useful way to visualise the
output is as concentrations on a regular grid. The chosen output grid was 5° x
5° x delta eta = 0.1, as used in the emissions and for inter-parcel exchange. The
species concentration in each 3-D grid box is taken to be the average of all the
cells in that box. To smooth out the distributions near the poles and to fill in
holes where there are no cells in a grid box, the grid is convolved with a
2-dimensional (longitude-latitude) Gaussian filter with a constant width of 200
km.

As well as the species concentrations it is often useful to see the fluxes through
particular reactions. The average flux per cell within each grid box divided by
the volume of a cell at a height corresponding to the middle of the box gives the
volume-averaged reaction flux in molecule cm™® s,

Initial concentrations

The initial methane concentrations were established from the mid-1992 values
from the NOAA-CMDL flask sampling network (Dlugokencky et al. 1994). The
initial concentrations for 2015 for the tropospheric source gases were uplifted
from their 1992 values in proportion to the increase in emissions in the
scenario. Initial concentrations for carbon monoxide were established from the
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latitudinal cross-section of surface carbon monoxide measurements reviewed by
Derwent et al. (1994). The initial ozone concentrations were taken from an
altitude-latitude climatology calculated from a previous model experiment

Numerical Methods

The time-development of the volume mixing ratio of a trace gas, ¢;, in a
particular air parcel was represented in STOCHEM by the differential
equation:

de,/dt = E + P, - Lig, - vye/h -we, - M
where:

* E, is the instantaneous emission rate of the species, should the air parcel be
in the atmsopheric boundary layer,

* P, is the local rate of chemical production of the species,

* 14 is the local rate coefficient for chemical destruction,

* v, is the species-dependent dry deposition velocity, should the air parcel be in
the atmsopheric boundary layer,

* w, is the species-dependent wet scavenging loss coefficient, should the air
parcel be in cloud, and

* M, is the loss of material by inter-parcel exchange.

In all, the 70 x 50 000 = 3 500 000 simultaneous, inital-valued differential
equations were solved using a backwards-Euler iterative numerical procedure
due to Hertel et al. (1993), with a time-step (DTS) of five minutes and eight
iterations per time-step. The numerical formula which relates the mixing ratio
at the end of the step, Y “%, to that at the start, Y *, takes the form:

Y, " = (Y,* +DTS* P,)/( 1+DTS*L,)

The STOCHEM model took 1 hour of CPU time on the Met Office CRAY C90 to
run about 2 days of model experiment and each scenario case required a model
experiment which covered 18 months in model time.

3. Some Model Results for the Global Atmosphere

The model experiments described in this study, were started up from the
assumed initial composition of the troposphere during June of the first model
year and were run through to the Autumn of the next model year. All model
concentrations were generated by the processes within the model without
intervention, flux adjustment or the operation of fixed concentrations at any of
the model boundaries. Initial conditions were set for methane, ozone and
carbon monoxide but only those set for methane had a significant influence on
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the model atmospheric composition after more than 2-3 months into the model
experiments.

Global Free Radical Budgets

The central governing species in the STOCHEM model experiments is the
hydroxyl (OH) radical. Figure 1a shows the distribution of OH calculated for
July 1992, expressed as a monthly mean mixing ratio for the model layer
closest to the surface at eta=0.95 corresponding to an approximate altitude of
550 metres, midway up the daytime atmospheric boundary layer. Monthly
averaging smooths out the time-of-day variations in OH, leaving a distribution
which appears zonal (constant around latitude circles) and showing a marked
contrast between the summer and winter hemispheres. Local monthly mean
OH mixing ratios reach 0.5 ppt (corresponding to an OH concentration of about
1.25 x 10" molecule cm™) with a global mean surface layer mixing ratio of 0.063
ppt (1.6 x 10° molecule cm™®). OH concentrations tend to be higher over the
northern hemisphere continents, reflecting the influence of NO,_ sources which
are largely land-based. The influence of the large natural biogenic emissions of
isoprene from the forested regions of South America and West Africa can be
clearly seen in the depressed OH mixing ratios in these areas.

As the emissions of the main tropospheric source gases which control the OH
budget steadily increase from 1992 to 2015 in the IS 92a business-as-usual
scenario, the OH concentrations respond as shown in Figures 1b and c. The
global mean surface OH mixing ratio increases from 0.0634 to 0.0644 ppt, that
is by just under 2%. That this change is relatively small compared with the
changes in the levels of the tropospheric source gases, is a reflection of the
situation where these changes exert opposing influences on OH. So, methane
and carbon monoxide increases tend to reduce OH through the reactions:

OH + CH, = CH,; + H,0

OH + CO =H + CO,

where NO, increases OH through:

HO, + NO = OH + NO,

and decreases OH through:

OH + NO, + M =HNO; + M .

Because of the short lifetime of NO, and because its main sources are
continental, there is a large difference in the concentration ratio of HO, to OH
in remote marine environments compared with polluted continental
environments.

The largest differences in the surface layer OH mixing ratios between 1992 and
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2015 reach about 0.05 ppt and are located over the northern hemisphere
continents. There appears to be a region with depressed rather than increased
OH levels over North West Europe. This changeover from increased to
decreased OH presumably results from opposing influences of NO and NO, on
OH through the HO, + NO and OH + NO, reactions as indicated above. Strong
NO, inhibition of OH production is an important feature of regional scale
photochemical ozone formation and so it is heartening to see its influence in the
STOCHEM results. It is, however, surprising to see that its occurrence is not
widespread throughout the other heavily-industrialised regions of the northern
hemisphere. This may be a reflection of the coarse spatial resolution of the
man-made NO, emission inventory which may spread NO, emissions over too
large an area, reducing emission densities to below the level where NO_
inhibition of regional scale photochemical ozone is important.

The impacts of the trace gas increases on the free radical inventories and
budgets are analysed in Table 4 for the entire model domain and for a complete
year. The step-change in the methyl peroxy (CH;0,) and organic peroxy (RO.,)
radical inventories between 1992 and the various 2015 scenarios is clearly
evident in this table. The increases in global OH and HO, radical inventories
are also evident, though much smaller than those in the peroxy radicals. The
budget analyses shows that although it is helpful to see the influence of the
changes in tropospheric source gases through the initial reactions of OH with
CH, or CO and of HO, with NO, this is by no means their sole influence. Free
radical production also increases through increased formaldehyde photolysis
and there are necessarily compensating changes in free radical sinks to
maintain the fast photochemical balance. Furthermore, a small increase in OH
removal through increased OH + NO, + M is also apparent, leading to the
inhibition of photochemical ozone formation in the atmospheric boundary layer
as noted above.

Global Ozone Budgets

Since pre-industrial times, tropospheric ozone levels are thought to have
increased in the northern hemisphere as discussed in the introduction above.
As the tropospheric source gases increase in concentration from 1992 through
to 2015, the STOCHEM model predicts that the human influence on past ozone
levels continues into the future. Figure 2a presents the distribution of ozone in
the surface model layer in July 1992 and Figure 2b the corresponding
distribution for 2015 in the IS92A case, with the difference plot in ¢). The
monthly mean July surface ozone concentration increases from 33.75 to 36.86
ppb, representing an increase of about 9%. The increase is mainly in the
northern hemisphere and over the continental areas.

In January, the surface ozone levels are lower over the continents of the
northern hemisphere compared with the summertime levels because of lower
photochemical production, see Figure 3a. The response to the increasing
tropospheric source gases in 2015 changes sign in these regions and surface
ozone levels decrease. In lower latitudes, an increase in surface ozone through
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to 2015 is still observed as found in Figure 2b and ¢ for July. The January
increase in surface ozone concentrations of 2.65 ppb is somewhat lower in ppb
terms compared with the July increase and is in a different location, but it still
nevertheless represents the same percentage change.

To explain how the ozone levels have changed from 1992 through to 2015, the
respective global ozone budgets are presented in Table 5. These budgets show
that the increased ozone production required to sustain the higher ozone levels
in 2015 compared with 1992 has come mainly from the increased reaction flux
through HO, + NO. This flux has been driven up largely by increased CO
oxidation, increased ozone photolysis, increased formaldehyde photolysis and
increased availability of NO. The increased methane oxidation has not only
increased the CH,0, + NO flux but has also produced extra HO, and CO which
have contributed to the increased HO, + NO flux. The different 2015 scenario
variants have different global ozone budgets, mainly because of changes to the
HO, + NO flux. The relatively subtle differences in regional NO, emissions
appear to have a clear global influence on the ozone budgets. In all the cases in
Table 5, the ozone destruction processes readjust to the different ozone
production terms and re-establish balanced budgets. The changes in the NO,
levels between the different 2015 scenario variants exerts a small influence on
the O, + HO, flux and prompt a small readjustment in the relative importance
of the different destruction mechanisms.

Global Sulphur Deposition Budgets

The pre-industrial global sulphur cycle was dominated by fate and behaviour of
natural dimethyl sulphide (DMS) which is emitted from the decay of plankton
in the surface layers of the oceans and carbonyl sulphide (COS) from biomass
burning. Sulphur dioxide (SO,) emissions from coal and oil burning have
increased dramatically during the 20th century and at some point, have
overtaken the natural sources on the global scale. SO, is converted into
sulphuric acid and then to ammonium sulphate aerosol by photochemical
reactions involving the OH radical and by oxidation in cloud droplets involving
hydrogen peroxide, ozone and ammonia. DMS is also oxidised by OH radicals
but its degradation routes are relatively more complex than of SO, and
generate a variety of oxidation products including dimethyl sulphone, methane
sulphonic acid, sulphur dioxide and sulphate aerosol.

Because of the very different physical and chemical properties of the different
sulphur compounds and their oxidation products, they all differ in their
subsequent atmospheric removal processes and lifetimes. Dry deposition is an
efficient process for SO,, but is a relatively inefficient process for aerosol
species. By contrast, wet scavenging tends to be quite efficient for aerosols
compared with gases although its general importance is limited by the sporadic
nature of precipitation. Dry deposition can occur under all weather conditions
but it can only operate on material within the atmospheric boundary layer.
These differences turn out to exert major limitations on the fates and behaviour
of the different sulphur compounds and hence on the processes which control
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the global sulphur budgets and lifetimes.

Dry deposition of SO, is a major driving process in the regional scale acid rain
problems of North America and Europe. Figure 4a) plots the global scale spatial
pattern of the model dry deposition flux of SO, for 1992 emissions. There are
significant differences between the hemispheres with the largest fluxes over
North America and Europe. Dry deposition fluxes exceed 500 mg S m™? yr” over
the industrialised continents and fall to about 3 mg S m? yr’ over the southern
oceans. These calculated deposition fluxes are well within the range observed in
the various global acid deposition networks. Further detailed comparisons with
the European dry deposition observations are provided in a later section.

The wet deposition of sulphur compounds occurs when the sulphur compounds
enter clouds and act as nuclei for the formation of cloud droplets which are
subsequently scavenged within the cloud by falling rain droplets. Some wet
deposition also occurs by the scavenging of water soluble compounds by falling
rain droplets below the cloud base. Some of the wet deposition of sulphur
compounds will therefore occur by the nucleation scavenging of sulphuric acid
and ammonium sulphate and by the below-cloud washout of sulphur dioxide.
The role of ammonia is vital here because it is the major alkaline species in the
atmosphere and so acts to control the acidity of cloud droplets and hence the
oxidation rate of sulphur dioxide.

The model calculated global distributions of the wet deposition of sulphuric acid
and ammonium sulphate for 1992 emissions are shown in Figures 4b) and 4c),
respectively, and are similar both in magnitude and spatial distribution. It
appears that the wet removal of ammonium sulphate and sulphuric acid are
roughly comparable and this is exactly what is seen in the observations in the
global deposition networks. In a later section, the model wet deposition fields
for sulphate and ammonium will be carefully compared with the European wet
deposition observations.

Global Nitrogen Deposition Budgets

Understanding of the wet removal of atmospheric nitrogen compounds is not as
advanced as that for the sulphur compounds because of major analytical
problems involved with the observation and detection of the nitrogen
compounds involved. Much of the NO, emitted into the atmosphere is rapidly
converted into nitric acid by reaction with OH radicals:

OH + NO, + M = HNO, + M

However, nitric acid itself is readily dry deposited. Nitric acid is exceedingly
difficult to measure reliably and few datasets are available globally. The
available measurements suggest strongly that there is not enough nitric acid to
account for much of the observed nitrate in rain over Europe. Nitrate aerosol
can readily account for the observed levels of nitrate in rain but there would
need to be efficient routes for its formation from NO_ which did not necessarily
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have to involve nitric acid as an intermediate precursor. The mechanisms
thought to account for the conversion of NO_ into nitrate aerosol involve the
participation of the ubiquitous sea-salt aerosol and include:

NO, + O, = NO, + O,
NO, + NO, + M = N,0, + M
N,O, + NaCl = NaNO, + Cl + NO,

or the formation of ammonium nitrate aerosol and sodium nitrate aerosol
through nitric acid:

N,O; + H,0 = 2HNO,
NH, + HNO, = NH,NO,
HNO, + NaCl = NaNO, + HCI .

The sodium and ammonium nitrate aerosols are then removed by the
nucleation scavenging route in clouds and are deposited to the ground in rain.
Much of this detail is included in STOCHEM and the resulting global wet
deposition field for nitrate is shown in Figure 4d) for 1992 emissions. The
nitrate wet deposition levels are significantly higher in the northern
hemisphere compare with the southern hemisphere and appear to be well
within the order of magnitude range of observed wet deposition values.

4. European Acid Deposition in the STOCHEM Model

Dry sulphur deposition

There are two processes which, in principle, contribute to dry sulphur
deposition and they are the dry deposition of gaseous sulphur dioxide (SO,) and
of particulate sulphate aerosol, including both sulphuric acid droplets and
ammonium sulphate particles. Of these, however, only the dry deposition of
sulphur dioxide makes a major contribution and this is the only process
considered in detail in this section. The observed dry sulphur deposition field
across Europe from 25°W to 45°E and from 35°N to 70°N for 1994 is plotted out
in Figure 5a. This observed field was obtained by combining the annual mean
SO, concentrations from the EMEP monitoring network (Hjellbrekke et al.
1996) for 1994 in ug S m™ with a dry deposition velocity for SO, of 5 mm s™
and changing the units from ug m? s’ to mg S m™® yr". Dry sulphur deposition
appears to increase steadily eastwards from about 250 mg S m™ yr over
Ireland to a maximum of just over 630 mg S m™ yr” in central Europe.

The STOCHEM model calculated dry sulphur deposition field over Europe
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shows the same general features as the observations with low values on the
Atlantic Ocean fringes and high values in central Europe, see Figure 5b. The
model values are up to double the observations so that the maximum value is
over 1300 mg S m™? yr'. The European area-weighted mean dry sulphur
deposition is 332 mg S m™ yr’ in the model compared with 246 mg S m? yr' in
the observations (Hjellbrekke et al. 1996). For the central England grid square,
the model gives a dry sulphur deposition load of 803 mg S m™ yr. The
STOCHEM model dry sulphur budget for the UK amounts to about 240
thousand tonnes S yr” compared with the estimated budgets of 154 and 265
thousand tonnes yr* based on the UK precipitation network (RGAR 1997) and
the EMEP model (Barrett and Berge 1996), respectively.

On the basis of the site-by-site and budget comparisons for dry sulphur
deposition, it would appear that the STOCHEM model estimates are within
about a factor of two of the available estimates from observations and from
other models. The STOCHEM model is therefore representing some of the
salient features that control the dry deposition budgets for the UK and Europe.

Wet sulphur deposition

There are, in principle, two main processes which contribute to wet sulphur
deposition and these are the in-cloud scavenging of sulphate aerosol particles,
including both sulphuric acid droplets and ammonium sulphate particles, and
the below-cloud scavenging of sulphur dioxide. The observed wet sulphur
deposition field from the EMEP precipitation network (Hjellbrekke et al. 1996)
for 1994 is shown in Figure 6a using the observations in which sea-salt
sulphate has been subtracted. The observed deposition field steadily increases
from about 460 mg S m™ yr” over northern Scotland to 1078 mg S m*? yr! in
central Europe.

The STOCHEM model calculated wet sulphur deposition field over Europe
shows all of the main features of the observed field, with low values on the
Atlantic Ocean fringes and higher values in central and Eastern Europe, see
Figure 6b. However, the STOCHEM values generally underestimate the
observations for much of the European area. Model maximum values are just
over 500 mg S m? yr' and minimum values about 50 mg S m? yr. The mean
wet sulphur deposition load over the area of Figure 6b is 229 mg S m? yr*!
compared with the mean observed wet sulphur deposition load of 574 mg S m™
yr' . For the central England grid square, the STOCHEM model gives a mean
wet deposition load of 281 mg S m™ yr’. The model wet sulphur budget for the
UK amounts to about 84 thousand tonnes S yr’ compared with the estimated
budgets of 226 and 185 thousand tonnes yr” from the UK precitation network
(RGAR 1997) and from the EMEP model (Barrett and Berge 1996), respectively.

On the basis of the site-by-site and budget comparisons for wet sulphur
deposition, it would appear that the STOCHEM model estimates are about a
factor of two too low. The model is therefore representing some but not all of
the salient features that control the wet sulphur deposition budgets for the UK
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and Europe.

Total sulphur deposition

By adding together the dry sulphur and wet sulphur deposition fields, it is
possible to generate a total sulphur deposition field which gives a
representation of the total acid deposition load received by the earth's surface
and brought by the deposition of acidic sulphur species. The observed EMEP
total sulphur deposition field is shown in Figure 7a and the corresponding field
from STOCHEM in Figure 7b. The mean total sulphur deposition load over the
entire map area is 821 mg S m™® yr’ in the EMEP observations and 561 mg S
m* yr! in STOCHEM. This level of agreement, to within +- 30%, is considered
highly acceptable for these first set of model experiments. Clearly, further work
is required in STOCHEM to improve the split in total sulphur deposition
between the wet and dry deposition routes.

Wet oxidised nitrogen deposition

In comparison with sulphur deposition, much less is known about the
mechanisms underpinning the estimates of the wet deposition of nitrogen
compounds. Reliable observations are available for the nitrate concentrations in
precipitation and these can be compiled quite accurately into wet deposition
fields for oxidised nitrogen (NO,) compounds, see Figure 8a. The observed
EMEP wet NO, deposition ﬁeld (H]e]lbrekke et al. 1996) shows a minimum in
the European arctlc of about 76 mg N m yr ! and a maximum in central and
southern Europe of about 700 mg N m™ yr™.

The STOCHEM model includes the scavenging of gaseous NO, compounds,
nitric acid and N,0Oby background aerosol particles to form nitrate aerosol
which is then removed into rain by in-cloud scavenging. The resulting wet NO,
deposition field is shown in Figure 8b. Again, it shows many of the features
found in the observations, with minimum values in the arctic and maximum
values in central Europe. However, calculated values grossly underestimate the
observations. The area- welghted mean wet NO, deposition in the observations
is about 325 mg N m™ yr’ ,with the model calculated values about a factor of
six below this value.

For the central England grid square, the model gives a wet deposition load of
69 mg N m? yr'. The model wet NO, budget for the UK amounts to about 21
thousand tonnes N yr ! compared w1th the estimated budgets of 110 and 74
thousand tonnes yr’ from the precipitation network (RGAR 1997) and from the
EMEP model (Barrett and Berge 1996), respectively.

On the basis of the site-by-site and budget comparisons for wet oxidised
nitrogen deposition, it would appear that the STOCHEM model estimates are
about a factor of three to six too low but with the correct spatial pattern over
Europe. The model is therefore catching some but not all of the important
features that control the wet oxidised nitrogen deposition budgets for the UK
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and Europe. Clearly, further work is required in STOCHEM to improve the
treatment of the wet scavenging of nitric acid and N,O;.

Wet reduced nitrogen deposition

As with the deposition of oxidised nitrogen compounds, little is known about
the mechanisms underpinning the estimates of the wet deposition of reduced
nitrogen compounds. Reliable observations are available for the ammonium
concentrations in precipitation and these can be compiled quite accurately into
wet deposition fields for reduced nitrogen (NH,) compounds, see Figure 9a. The
observed EMEP wet NH_ deposition field (Hjellbrekke et al. 1996) shows a
minimum in the European arctic of about 70 mg N m? yr’ and a maximum in
central and southern Europe of about 980 mg N m? yr™.

The STOCHEM model includes the scavenging of gaseous ammonia into cloud
droplets and its reaction in cloud droplets to form ammonium sulphate which is
then removed into rain by in-cloud scavenging. The resulting wet NH_
deposition field is shown in Figure 9b. Again, it shows many of the features
found in the observations, with minimum values in the arctic and maximum
values in central Europe. However, calculated values grossly underestimate the
observations. The area-weighted mean wet NH, deposition in the observations
is about 440 mg N m™ yr' with the model calculated values about a factor of six
below this value. For the central England grid square, the STOCHEM model
gives a wet deposition load of 120 mg N m™ yr’. The model wet NH_ budget for
the UK amounts to about 36 thousand tonnes N yr' compared with the
estimated budgets of 138 and 94 thousand tonnes yr' from the precitpitation
network (RGAR 1997) and from the EMEP model (Barrett and Berge 1996),
respectively.

On the basis of the site-by-site and budget comparisons for wet reduced
nitrogen deposition, it would appear that the STOCHEM model estimates are
about a factor of three to five too low. The model is therefore catching some but
not all of the important features that control the wet reduced nitrogen
deposition budgets for the UK and Europe. Clearly, further work is required on
the formation of ammonium sulphate aerosol and its wet scavenging.

Future Acid Deposition in the 2015 Scenario Cases

Figures 10a and b present the total sulphur deposition maps, respectively, for
the 2015-MFR and 2015-Low_VOC scenario cases. These maps show that a
substantial reduction in sulphur deposition is anticipated by the year 2015,
compared with the present day situation as seen in Figure 7. The model mean
total sulphur deposition for 1992 emissions was about 560 mg S m™* yr' and is
estimated to fall to about 140 mg S m™? yr' by 2015. This decrease in total
sulphur deposition amounts to a decrease of a factor of four, which is
significantly smaller that the factor of 10 decrease in SO, emissions assumed in
the scenario cases. There is little difference in total sulphur deposition between
the two 2015 scenario variants in Figures 10a and b.
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In the 1992 scenario case, the integrated sulphur deposition over the European
study region in Figure 7, amounted to about 9.9 million tonnes S yr?, for an
area of 17.6 million km®. This integrated deposition corresponds approximately
to about one half of the European emission, with the remainder of the
European emissions being available for long range transport and ultimately
deposited in the Arctic and Atlantic Oceans and across the continents of Asia
and Africa. In the 2015 scenario cases, integrated sulphur deposition amounts
to about 2.5 million tonnes S yr”, which is slightly greater than the European
emissions of 2 million tonnes S yr™. Under these conditions, almost all of the
SO, emitted over Europe is deposited there, together with a small net import of
sulphur from North America and Asia by for long range transport.

Clearly, as the global tropospheric oxidant concentrations rise over the period
from 1992 to 2015, total sulphur deposition loads over central Europe are
expected to fall slower than SO, emissions. This is because, all things being
equal, more oxidation can occur and less so less sulphur is available for long
range transport. Reductions in sulphur deposition loads to sensitive ecosystems
may not fall directly in line with the fall in European SO, emissions, as
assumed in integrated assessment models (Amann et al. 1997).

The wet NO, deposition maps for the 2015-MFR and 2015-low_VOC scenario
cases are presented in Figures 11a and b. These maps show that a small but
significant reduction in wet NOy depoisition is anticipated by the year 2015,
compared with the present dat siutation shown in Figure 8. The model mean
wet NO, dep051t10n is anticipated to fall from about 59 mg N m® yr’ in 1992 to
about 38 mg N m? yr?! in the 2015-MFR scenario case and to 45 mg N m*? yr*
in the 2015-Low VOC case, respectively. The reductions in wet NO, deposition
between 1992 and 2015 correspond to reductions of between 36% and 24%,
respectively, compared to the NO_ emissions reductions of 60% in the scenario.
It appears that wet NO, deposition loads are expected to fall significantly
slower than NO_ emissions as the concentrations of tropospheric oxidants rise
in the future.

The integrated wet NO, deposition in Flgure 8 for the 1992 model calculations
amounted to about 1 ml]hon tonnes N yr, or about 13% of the total European
NOx emissions. In the year 2015, the mtegrated wet NO, deposition represents
22% and 26%, respectively, of the European NO_ emlssmns in the 2015-MFR
and 2015-Low_VOC scenario cases. Clearly, as Wlth sulphur, wet NO,
deposition loads are likely to fall somewhat slower than NO_ emlssmns over the
European region between 1992 and 2015.

5. Photochemical Oxidant Formation in North-west Europe in the
STOCHEM Model

Present Day Observed and Calculated Ozone Distributions Across Europe
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Ozone concentrations at rural monitoring sites in north-west Europe tend to
show higher values in the spring and summer months compared with autumn
and winter months. Peak ozone concentrations also tend to be higher in central
Europe compared with those reported in the northern or western fringes. The
World Health Organisation have recommended an air quality critieria value for
ozone of 60 ppb, maximum 8-hour mean concentration, not to be exceeded more
than once per year (WHO 1996). 1t is likely that during 1995, this level was
exceeded at almost all of the rural European ozone monitoring sites, except
those in the arctic fringes of northern Europe. Some of these facets can be seen
in Figure 12a which plots a contour map through the 95-percentile hourly mean
ozone concentrations reported during April to September 1995 for the 96 EMEP
ozone monitoring stations (Hjellbrekke 1997). The 95-percentile hourly value is
the 219th highest ranked hourly ozone value reported during the six month
period. It represents a level which is indicative of the general frequency and
intensity of photochemical ozone episodes observed in that year.

The 95-percentile hourly ozone levels reach a maximum of just over 70 ppb in
Italy. Levels are above 65 ppb across a wide area of central Europe covering the
Alps, much of Germany and Italy and extending eastwards into the Former
Republic of Yugoslavia and the Czech and Slovak Republics. The 60 ppb
contour divides the United Kingdom through Midlands and separates central
Europe from Scandinavia and from the Russian Federation. The 50 ppb contour
includes much of the European arctic.

The monthly mean ozone concentrations for Europe from STOCHEM generally
peak during July and so July concentrations are a reasonable guide to the
maximum ozone concentrations found over Europe, see Figure 12b. Since
STOCHEM cannot resolve the shallow nocturnal boundary layers which are
often seen at night over rural areas during summertime, it is unable to
reproduce the marked diurnal variations observed in rural ozone monitoring
records. However, STOCHEM should be able to reproduce the mid-afternoon
ozone concentrations when convection is at its most efficient and surface ozone
concentrations are representative of those found in a considerable depth of the
lower atmosphere. Mean ozone concentrations for the lowest layer of
STOCHEM at 550 metres should therefore be directly comparable with the
mid-afternoon maximum surface ozone concentrations and considerably higher
than the observed mean surface ozone concentrations which are strongly
influenced by nighttime values, depleted by dry deposition under shallow
nocturnal inversion layers.

The monthly mean surface layer ozone distribution for July from STOCHEM in
Figure 12b shows many features in common with the 95-percentile hourly mean
ozone observations from the EMEP network in Figure 12a. The low arctic
values are reproduced by STOCHEM, together with the dividing lines across
the United Kingdom and through Scandinavia. The maximum over Italy is also
reproduced in STOCHEM but on an altogether larger scale which includes
much of the Balkans and southern Europe. There are too few ozone monitoring
sites in southern Europe and the Balkans to attribute any particular
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significance to the apparent overestimation of the observed ozone
concentrations in south east Europe.

Whilst peak hourly ozone concentrations or some suitable percentile, have a
certain simplicity, this simplicity is not always an advantage in choosing ozone
indicators for use in developing air quality policies. The World Health
Organisation, for example, have preferred to develop air quality guidelines for
ozone based on 8-hourly mean ozone concentrations. However, 8-hourly mean
concentrations cannot easily be incorporated into integrated assessment
models. It has therefore been proposed that, for the purposes of integrated
assessment modelling, the AOT,, concept is employed as a surrogate for the 8-
hourly mean exposure measure (Bull and Krzyzanowski 1997). AOT, values in
ppb hours are calculated from hourly ozone records by summing all the
concentration exceedances above a 60 ppb threshold, throughout a six-month
period. Figure 13a presents a scatter plot of AOT, values in ppb hours for each
of the 96 EMEP ozone monitoring sites against their respective 95-percentile
hourly mean ozone concentrations. This scatter plot was then used to convert
the ozone concentrations from STOCHEM into AOT,, values, directly.

The observed and model calculated European distributions of AOT, are plotted
out in Figures 14a and b, repectively. These maps show many features in
common, including the maximum values in central Europe and the steep
gradients towards the arctic. However, because of the steepening relationship
between AOT,, and 95-percentile with increasing ozone levels, there is a
tendency for the model to overestimate AOT,, levels.

Whilst the high percentiles of the hourly mean ozone concentrations are a
useful indicator of the frequency and intensity of photochemical episodes and
hence of the importance of the ozone exposures to human health, there are
other important environmental impacts of ozone (WHO 1987). To gauge the
significance of ozone and its impacts on crops and vegetation, critical levels
have been defined for ozone in terms of the accumulated time that ozone
concentrations are above a particular threshold concentration (Karenlampi and
Skarby 1996). Considering commercial crops such as wheat, then a critical level
for ozone can be defined in terms of a threshold concentration of 40 ppb and the
accumulated exposure, AOT,,, above this level of 3000 ppb hours during
daylight and the growing season, May to July inclusive. For forests, the critical
level is defined with the same 40 ppb threshold but with an accumulated
exposure, AOT,,, of 10 000 ppb hours during all hours and the whole
summertime period.

Ozone critical levels for crops are exceeded throughout Europe in all but the
arctic regions. The critical levels for forests are only exceeded in central and
southern Europe, with a dividing line skirting southern England, including
Denmark and southern Sweden and then dividing the Russian Federation.
Because of the strong overlap between the two exceeded regions, further
consideration need only be given to the AOT,, for crops.
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By plotting out the AOT,, crops levels against the 95-percentile hourly mean
ozone concentrations for the 96 EMEP ozone monitoring sites, see Figure 13b,
it is possible to construct a relationship between the quantities that can be
used to convert the model ozone concentrations into AOT,, values. The observed
AOT,, distribution obtained from the EMEP network is shown in Figure 15a
and can be compared directly with the model results in Figure 15b. Again,
there are many striking similarities between the observed and model calculated
maps.

Ozone Distributions in the Year 2015

Figures 16a-d map the changes in the July ozone distribution across Europe for
the four 2015 scenario cases. In the base case, maximum ozone concentrations
were just under 76 ppb with the 50 ppb contour passing through the arctic
regions and up the Atlantic coast fringes of Europe. Most of Great Britain lies
between the 50 and 60 ppb contours. In the 2015-IS92a business-as-usual case,
the maximum concentrations increase to 86 ppb and most of Great Britain
moves up to between the 60 and 70 ppb contours. This increase is almost, but
not quite, removed in the 2015-CRP scenario case, where the maximum value
calculated is 77 ppb. In the 2015-MFR scenario case, the 60 ppb contour moves
off Great Britain and the maximum concentrations in Europe fall to just under
70 ppb. The WHO air quality standard of 60 ppb maximum 8-hour mean
concentration (WHO 1996) is likely to be exceeded throughout much of
continental Europe, although it is unlikely to be exceeded in the United
Kingdom and Scandinavia. In the 2015-Low_VOC scenario case, the 60 ppb
contour moves into eastern Europe and all of north-west Europe remains below
the WHO air quality standard.

The maps of AOT60 in 2015 in Figures 17a-d show similar behaviour to that of
the peak ozone concentrations. There is a substantial increase in AOTj,
exposures anticipated between the 1992 and the year 2015. This increase is
reduced somewhat in the 2015-CRP and 2015-MFR scenario cases but it is not
removed completely. Only in the 2015-Low_VOC scenario case are all AOT,
exposures reduced to zero and the WHO air quality standard met across
Europe.

Whereas the target of achieving AOT,, exposures of zero appears feasible in
Figures 17a-d, the target of reducing AOT,, exposures to reach the ozone
critical level of 3000 ppb hours appears infeasible in Figures 18a-d. As shown
in Figure 18d, with maximum feasible reductions in SO, and NO_ and with
complete curtailment of man-made VOC and CO emissions in Europe, AOT,,
exposures still exceed 3000 ppb hours over much of north-west and central
Europe. Only the UK, Ireland, Portugal and Norway have substantial areas
where the ozone critical level is not exceeded. This situation in 2015 is caused
by the global growth in man-made methane, NO_ and carbon monoxide
emissions leading to increased baseline tropospheric ozone concentrations.
These increased baseline concentrations approach so closely to the AOT,,
threshold concentration, that regional photochemical ozone production can still
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lead to exceedance of ozone critical levels despite large reductions in European
NO, emissions. Action on the global scale to control ozone precursor emissions
will be required if ozone critical levels are to be reached in the year 2015.

Model Results for Ozone in the United Kingdom

For the central England grid square, Figure 19 compares the seasonal cycles as
observed by the UK rural ozone monitoring network during 1995 (Broughton et
al. 1997) and calculated in STOCHEM. The observed values plotted for each
month are the maximum hourly mean ozone concentrations reported for the
nine monitoring sites within the 5° x 5° grid square. The model values shown
are the monthly mean ozone concentrations. There appears to be an excellent
correspondance between the model and the observation for all except the
summer months May to August inclusive. During this latter period,
photochemical episodes exert a marked influence on the maximium hourly
ozone concentrations recorded during 1995. Such episodes will not be
reproduced in the model climatology.

Figure 19 illustrates how ozone levels are anticipated to increase between 1992
and 2015 and how this increase is diminished by the current reduction plans
for NO, and SO, emissions in north America and Europe. Maximum feasible
reductions of NO_ and SO, emissions in Europe bring UK ozone levels in the
year 2015 below their 1992 levels. However, internationally-accepted health
protection guidelines set at 60 ppb are still likely to be exceeded. Only with
maximum feasible SO, and NO_ emission reductions and a curtailment of man-
made VOC and CO emissions (2015-Low_VOC scenario case), do ozone levels
remain below health-based air quality guidelines.

6. DISCUSSIONS AND CONCLUSIONS

In this study, a global 3-D Lagrangian chemistry model (STOCHEM) is applied
to the formation of tropospheric oxidants and their influence on the regional
scale formation and transport of photochemical ozone and on the deposition of
acidic species. We show here how, without simultaneous action on the global
scale to control methane and other tropospheric ozone precursors,
concentrations of tropospheric oxidants will increase in future years.

Tropospheric hydroxyl radical concentrations increase globally by about 2.5%
between 1992 and 2015 in the IS92a 'business-as-usual' scenario of the IPCC.
This concentration increase appears to be driven by a complex interaction
between the separate trends for methane and carbon monoxide which act to
decrease OH concentrations and trends for NO_ and ozone which act to increase
OH concentrations.

Globally, the ozone burden increases by about 10% between 1992 and 2015 and
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the mean surface concentration increases by about 3 ppb, taking the mean
concentration up to just under 37 ppb. Surface ozone concentrations may be up
to 10 ppb higher during summertime over the polluted northern hemisphere
continental regions.

The global sulphur cycle has already been heavily influenced by human
activities with man-made SO, sources now dominating over the oxidation of
dimethyl sulphide by a factor of about 6. The lifetime of sulphur dioxide is just
under 2 days with dry and wet deposition roughly comparable removal
processes. The global burdens of sulphur dioxide and sulphate aerosols are
closely similar although the sulphate aerosol lifetime is just under 4 days. Wet
deposition is by far the dominant removal process for sulphate aerosol.

On the European scale, STOCHEM gives an excellent account of the major
features of spatial pattern of sulphur deposition in comparison with the
observations from the EMEP network. Dry deposition is overestimated and wet
deposition underestimated by roughly similar magnitudes, leaving total
deposition within +- 30% of the observations. Wet deposition of oxidised and
reduced nitrogen compounds are significantly underestimated and further work
is required to improve the treatment of the wet scavenging of nitrogen
compounds.

As the global tropospheric oxidant concentrations rise over the period from
1992 through to 2015, sulphur deposition loads are anticipated to fall slower
than SO, emissions. This is because, all things being equal, more oxidation of
the sulphur can occur increasing local deposition and decreasing long range
transport. Reductions in sulphur deposition to remote and sensitive ecosystems
may not fall directly in line with the fall in European SO, emissions.

STOCHEM generates a particularly realistic picture of the distribution of ozone
concentrations across Europe compared with the observations from the EMEP
monitoring network. By the year 2015, peak ozone concentrations are
anticipated to increase throughout Europe by about 10 ppb, during
summertime and in the IS92a 'business-as-usual' scenario. The increase in
ozone concentrations is diminished dramatically by the current reductions
plans for NO, and SO, emissions in both Europe and north America. However,
maximum feasible reductions for NO_ and SO, in Europe are not enough to
keep future peak ozone levels below internationally-accepted environmental
criteria. Only with additional stringent reductions in European VOC and CO
emissions, can health-based air quality guidelines for ozone be met
satisfactorily throughout Europe. However, action will be required on the global
scale to control ozone precursor emissions if ozone critical levels set to protect
crops, are to be reached in the year 2015 within Europe.
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TABLE 1. List of species in the STOCHEM model.

Simple reactive atoms and free radicals

0'D
0°P
OH

NO,
HO,

Tropospheric source gases

NO
NO,
Co
CH,

H,

S0,
(CHy),S
NH,

Secondary pollutants

N,O,
HCHO
Os
HNO,

H,0,

peroxy nitric acid

sulphate aerosol

ammonium sulphate aerosol
nitrate aerosol

organic nitrogen-containing aerosol
dimethyl sulphoxide

methane sulphonic acid

dimethyl sulphone

Organic Compounds

CH,OH
C,H,

C,Hg

CsH,

CsH,
CH,COCH,
C4H 10

C5H8
toluene
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o-xylene

Secondary Organic Pollutants

CH,CHO

PAN

CH,O00H

C,H.OOH

C,;H,O0H

C,H,O0H

isoprene hydroperoxide
methyl vinyl ketone hydroperoxide
CH,COC,H,
CH3COCHO

CHOCHO
CHOC(CH3)=CHCHO
CH2=CHCOCH3

Reactive organic intermediates and free radicals

CH,0,

C.H.O,

CH,COO,

C,H,0,

CH,COCH,0,

CH,0,

CH,;COCH(0O,)CH,
CH,0,CH,O0H
CH,CHO,CH,OH

toluene peroxy

o-xylene peroxy
methylmaleic dialdehyde peroxy
isoprene peroxy

methyl vinyl ketone peroxy
nitrato acetaldehyde
nitrato proprionaldehyde
nitrato isoprene aldehyde
CH, 00

methyl sulphoxide radical
methyl sulphonate radical
dimethyl sulphone peroxy
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TABLE 1. List of species in the STOCHEM model.

Simple reactive atoms and free radicals

0'D
O°P
OH

NO,
HO,

Tropospheric source gases

NO
NO,
CO
CH,

H,

S0,
(CHy),S
NH,

Secondary pollutants

N, O,
HCHO
O,
HNO,

H,0,

peroxy nitric acid

sulphate aerosol

ammonium sulphate aerosol
nitrate aerosol

organic nitrogen-containing aerosol
dimethyl sulphoxide

methane sulphonic acid

dimethyl sulphone

Organic Compounds

CH,OH
C,H,

C,Hg

CsHyg

CsH,
CH,COCH,
CH,,

C5H8
toluene
o-xylene




Secondary Organic Pollutants

CH,CHO

PAN

CH,O0H

C,H,O0H

C,H,O0H

C,H,O00H

isoprene hydroperoxide

methyl vinyl ketone hydroperoxide

CH,COC,H,
CH3COCHO
CHOCHO
CHOC(CH3)=CHCHO
CH2=CHCOCHS3

Reactive organic intermediates and free radicals

CH,0,

CHLD.

CH,COO,

CH.0,

CH,COCH,0,

CH,0,

CH,COCH(O,)CH,
CH,0,CH,OH
CH,CHO,CH,OH

toluene peroxy

o-xylene peroxy
methylmaleic dialdehyde peroxy
isoprene peroxy

methyl vinyl ketone peroxy
nitrato acetaldehyde
nitrato proprionaldehyde
nitrato isoprene aldehyde
CH,00

methyl sulphoxide radical
methyl sulphonate radical
dimethyl sulphone peroxy
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TABLE 3. Global emissions of the major tropospheric trace gases in 1992 and
2015 in the various scenario cases.

Scenario 1992 2015 2015 2015
case base case 1S92a CRP MFR
Tg yr!
NO,, fuel 21.0 30.45 24.0 929 1
combustion
NO,, biomass 8.0 8.8 8.8 8.8
burning
CO, fuel 425.0 488.8 395.0 395.0
combustion
CO, biomass 500.0 550.0 550.0 550.0
burning
CH,, human 155.0 186.0 186.0 186.0
activities
CH,, biomass 40.0 44.0 44.0 44.0
burning
VOC, human 100% 120% 120% ' 120%
activities
SO, fuel 65.1 87.9 = B78 58.6
combustion
SO,, biomass 22 2.4 2.4 2.4
burning
NH,, human 371 44.5 445 44 5
activities
NH, biomass 5.9 6.5 6.5 6.5
burning
Notes:

a. CRP: current reduction plans, that is, NO, and SO, emissions for the UN
ECE region, calculated on the basis of the policies that Government's have
agreed (United Nations 1996).

b. MFR: the reference scenario of IIASA for the UN ECE region, calculated on
the basis of the NO, and SO, emission controls which are technically feasible
for the year 2010 (Amann et al. 1997).
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TABLE 4. Annual budgets and inventories for the major tropospheric free
radical species in 1992 and 2015.

Scenario 1992 2015 2015 2015
case base case 1S92a CRP MFR

Free Radical Inventories, annually averaged over the entire model domain in
10*° molecules.

| on 4.129 4.222 4.218 4.197
| HO2 326.9 338.1 335.5 333.7
CH,0, 189.1 208.2 205.0 204.8
RO, 286.5 306.1 300.9 302.3

Annual mean tropospheric OH concentration, 10° molecule cm™ .

u OH 0.540 0.552 0.551 0.549 “

Free radical budget terms, annually averaged over the entire model domain in
10* molecules.

'new OH' 56.0 60.9 60.2 60.1
sources
OH to HO, & 98.6 109.4 109.4 106.4
RO,
HO,& RO, to 60.2 55.5 53.6 53.0
I OH
'new HO, & 46.6 53.3 51.3 50.7
RO,' sources
'new OH' 6.5 7.1 6.8 6.7
sinks
‘new HO, & 96.3 107.3 104.9 104.3
RO,' sinks
Notes:

a. several significant figures are presented, not because of intrinsic precision,
but merely to show up the small differences.

b. the expressions 'new sources' and 'new sinks' are used to distinguish those
processes which merely recycle the radicals continuously from those which
generate or destroy them permanently.




TABLE 5. Annual budgets for ozone in the years 1992 and 2015 integrated over
the entire model domain.

Scenario 1992 2015 2015 2015
case base case 1S92a CRP MFR

Ozone production terms, Tg yr.

strat. influx | 652 652 652 652
NO+HO, 2910 3288 3165 3127
NO+CH,0, 791 929 919 911
NO+RO, 695 743 736 732
Total 5049 5613 5474 5423

Ozone destruction terms, Tg yr’

O'D+H,0 1839 2006 1981 1973
0,+0H 325 362 353 348
O HO, 989 1127 1095 1089
0,+HC 109 113 113 113
deposition 1559 1723 1682 1660
other losses 213 267 235 226
Total 5036 5599 5460 5410




TABLE 6. Annual sulphur budgets and inventories for the years 1992 and 2015
integrated over the entire model domain.

Sulphur dioxide budgets, Tg yr’!

Scenario 1992 2015 2015 2015
case base case 1S92a CRP Low_VOC
Source terms
SO, emission | 76.2 99.2 76.5 66.8
DMS oxidn j i e 11.6 11.6 11.6
Total source 87.9 110.7 88.1 78.4
Sink terms
SO, + OH 12.9 16.7 13.2 12.1
SO, aq oxidn | 25.8 30.5 275 18.1
SO, dry depn | 24.0 31.7 23.8 20.3
SO, wet dep 25.2 319 23.7 19.9
Total sink 87.9 110.8 88.2 78.5
Sulphur dioxide inventory, Tg
Inventory, 0.439 0.544 0.413 0.361
Tg
Sulphur dioxide loss lifetime, days
Lifetime, 1.82 1.79 1.71 1.68

days




Sulphate aerosol budgets, Tg yr*

Scenario 1992 2015 2015 2015
case base case 1S92a CRP Low_VOC

Source terms

SO, + OH 12.9 16.7 13.3 12.1
DMS oxidn 0.3 0.4 0.4 0.4
SO, aq oxid 25.8 30.5 27.5 18.1
Total source | 39.1 47.6 41.1 38.6
Sink terms
SO, dry depn | 4.5 5.6 4.7 4.4
SO, wet dep | 34.6 42.1 36.4 34.3
Total sink 39.1 47.7 419 38.6

Sulphate aerosol inventory, Tg

Inventory, 0.441 0.545 0.441 0.412
Tg

Sulphate aerosol loss lifetimes, days

Lifetime, 4.11 4.17 3.91 3.89
days




Captions to the Figures

Figure 1. The monthly mean distribution of the mixing ratios of the hydroxyl
radical in the model surface layer for a) July 1992 and b) July 2015 and c) their
differences.

Figure 2. The monthly mean distribution of surface ozone concentrations for a)
July 1992 and b) July 2015 and c) their differences.

Figure 3. The monthly mean distribution of surface ozone concentrations for a)
January 1992 and b) January 2015 and c) their differences.

Figure 4. The global distribution of a) the dry deposited sulphur fluxes and the
wet deposited fluxes of b) sulphuric acid, b) ammonium sulphate and ¢) nitrate
for 1992 emissions.

Figure 5. The European dry sulphur deposition field, based on a) 1994 EMEP
observations and b) STOCHEM for 1992 emissions.

Figure 6. The European wet sulphur deposition field, based on a) 1994 EMEP
observations and b) STOCHEM for 1992 emissions.

Figure 7. The European total sulphur deposition field, based on a) 1994 EMEP
observations and b) STOCHEM for 1992 emissions.

Figure 8. The European wet oxidised nitrogen deposition field, based on a) 1994
EMEP observations and b) STOCHEM for 1992 emissions.

Figure 9. The European wet reduced nitrogen deposition field, based on a) 1994
EMEP observations and b) STOCHEM for 1992 emissions.

Figure 10. Total sulphur deposition in the a). 2015-MFR and b). 2015-Low_VOC
scenario cases.

Figure 11. Wet NO, deposition in the a). 2015-MFR and b). 2015-Low_VOC
scenario cases.

Figure 12. The distribution of ozone across Europe as indicated by a) the EMEP
95-percentile hourly mean ozone concentrations for April to September 1995
and b) the mean monthly concentrations from STOCHEM for July.

Figure 13. Scatter plots of a). AOT60 and b). AOT40 crops against the 95-
percentile hourly mean ozone concentrations from April to September 1995 for
the 96 EMEP monitoring network sites.

Figure 14. The European AOT,, ozone distribution based on a) 1995 EMEP
observations and b) STOCHEM for 1992 emissions.



Figure 15. The European AOT,, ozone distribution based on a) 1995 EMEP
observations and b) STOCHEM for 1992 emissions.

Figure 16. Ozone distributions for July across Europe calculated for a-d) 2015
scenario cases.

Figure 17. Distributions of AOT,, exposures across Europe calculated for a-d)
2015 scenario cases.

Figure 18. Distributions of AOT,, crops across Europe calculated for a-d) 2015
scenario cases.

Figure 19. Seasonal variations in STOCHEM model ozone concentrations for
central England and the observed maximum hourly mean ozone concentrations
reported for nine rural monitoring sites.



Figure 1. The monthly mean distribution of the mixing ratios of the hydroxyl

radical in the model surface layer for a) July 1992 and b) July 2015 and c¢) their
differences.
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Figure 2. The monthly mean distribution of surface ozone con
July 1992 and b) July 2015 and c) their differences.
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Figure 3. The monthly mean distribution of surface ozone concentrations for a)
January 1992 and b) January 2015 and c) their differences.

03 surfoce Januory 1992

180 150W 120 0w 60W 30w ) 30€ 60E 90E 120€ 150€ 180
Eto: 0.95 (ppb) Meon = 27.4719

03 surface Jonuary 2015

03 surfoce differences Jonuary 2015-1992

180 150W 1200 20w 60W 30w o 30€ 60€ 90€ 120€ 150€ 180




| o BEE
¥/89'€2 = UBs\ (4w) G6°0 ‘Bl
08130SB0Z130630930€ 0 AMOSMOIMOBAOZIOS 108

00€ 0s ol 1% 0

£69€¥€ = Ues\ (Jw) G670 ‘Bl
08130SH802130630930€ 0 MOEMOSMOBAOZMNOS 108+
S06

S09
So€

1k gl S bW

00€ 0S 0l e 0
Gpe8'2e = ues|\ (Jw) G6°0 Bl
08130SH0Z130630930€ 0 MOEMOSMOBAOZNOS 1081

AN/ gw/ S bW dep 1M yOSEYHN ¢66 1

00€ 0S 0t 13 0

¥S8E vy = Ues\ (Jw) G6°0 813

0813058021306 30930€ 0 MOEMOSWVOBAOZNOS 108
. S06

e 4 A e |

~Ik/ 2w/ S buw dap AIp 20S 2661

'SUOTSSTW ZEET I0F

9jexjtu (0 pue o9jeydins wnruowwe (q ‘proe sunydns (q jo sexnfy pejisodep jom
9y} pue saxn[y anydns pejsodep Axp 9y3 (B JO UONqLUSIP [BQO[S Y], ' IS



Latitude

Figure 5. The European dry sulphur deposition field, based on a) 1994 EMEP

observations and b) STOCHEM for 1992 emissions.
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Figure 6. The European wet sulphur deposition field, based on a) 1994 EMEP

observations and b) STOCHEM for 1992 emissions.
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Figure 7. The European total sulphur deposition field, based on a) 1994 EMEP
observations and b) STOCHEM for 1992 emissions.
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Figure 8. The European wet oxidised nitrogen deposition field, based on a) 1994
EMEP observations and b) STOCHEM for 1992 emissions.
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Figure 9. The European wet reduced nitrogen deposition field, based on a) 1994

EMEP observations and b) STOCHEM for 1992 emissions.
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Figure 10. Total sulphur deposition in the a). 2015-MFR and b). 2015-Low_VOC
scenario cases.
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Figure 11. Wet NO, deposition in the a). 2015-MFR and b). 2015-Low_VOC
scenario cases.
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Figure 12. The distribution of ozone across Europe as indicated by a) the EMEP
95-percentile hourly mean ozone concentrations for April to September 1995
and b) the mean monthly concentrations from STOCHEM for July.
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AOTS0 , ppb hours

AOT40 crops , ppb hours

Figure 13. Scatter plots of a). AOT60 and b). AOT40 crops against the 95-
percentile hourly mean ozone concentrations from April to September 1995 for
the 96 EMEP monitoring network sites.
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Figure 14. The European AOT, ozone distribution based on a) 1995 EMEP

observations and b) STOCHEM for 1992 emissions.
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Figure 15. The European AOT,, ozone distribution based on a) 1995 EMEP
observations and b) STOCHEM for 1992 emissions.
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