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Sensitivity of sulphate aerosol size distributions
and CCN concentrations over North America
to SO,z emissions and H>O, concentrations

K. von Salzen,? H. G. Leighton,! P. A. Ariya,' L. A. Barrie,>* S. L. Gong,?
J.-P. Blanchet,® L. Spacek,® U. Lohmann,® and L. I. Kleinman”

Abstract. To assess the influence of aerosols on climate, the Northern Aerosol
Regional Climate Model (NARCM) is currently being developed. NARCM includes
size-segregated aerosols as prognostic and interactive constituents. In this paper,
the model is being applied to sulphate aerosol over North America during time
periods in July and December 1994. The results give evidence for considerable
regional and seasonal variations in sulphate aerosol size distributions over North
America. Comparisons of the results with different observations yield a reasonably
good agreement in terms of meteorological and physicochemical parameters.
Some of the differences in sulphate concentrations and wet deposition rates can
be attributed to differences in cloud amounts and precipitation between model
results and observations. Indirect tests of the simulated aerosol mass mean
diameters are also encouraging. Additional simulations for hypothetical decreases
in anthropogenic sulphur emissions and increases in hydrogen peroxide (HO3)
background concentrations are performed for the same time periods to study
the responses of concentration, size distribution, and wet deposition of sulphate
aerosol to these changes. Also, responses of cloud condensation nuclei (CCN)
number concentrations are investigated. The simulation results show that sulphate
aerosol concentrations respond almost linearly in both time periods to decreases in
sulphur emissions but that CCN number concentrations respond nonlinearly due to
decreases in sulphate mass mean diameters. Especially for the December period,
increases in hydrogen peroxide background concentrations lead to increases in CCN
number concentrations at critical diameters larger than about 0.07 pm. These
results lead to the hypothesis that increased in-cloud oxidation in convective clouds
due to future increases in oxidant concentrations may produce larger CCN which

eventually can be easily activated in subsequently forming stratiform clouds.
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1. Introduction

The present radiative forcing by anthropogenic sul-
phate aerosol particles represents a perturbation to cli-
mate with a magnitude possibly of the order of the
forcing due to the greenhouse gas accumulation since
preindustrial times, but of opposite sign [Charlson et
al., 1992; Houghton et al., 1996]. Although there is
widespread acknowledgement of the importance of sul-
phate aerosols in radiative forcing of climate and of the
effects of acidic deposition on the environment, rela-
tively little is known about the response of these effects
to changing sulphur oxide (SO,) emissions and oxidant
concentrations.

Whereas emissions of sulphur oxides from North
America have decreased by about 15% from 1970 to
the beginning of the 1990s after several decades of con-
siderable increase [Shannon, 1992; Graedel et al., 1995],
other regions are still experiencing increasing emissions
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[Houghton et al., 1992]. For example, Asian emissions
of SO, are expected to grow from 32 Mt in 1990 to more
than 110 Mt in 2020 if no control measures are taken
[Foell et al., 1995]. The aerosol sulphate concentrations
and deposition fluxes do not necessarily vary in propor-
tion to the SO, emissions. Holland et al. [1999] showed
that the median SO3™ concentrations over the eastern
United States have declined by 26% between 1989 and
1995, which is smaller than the corresponding decline in
median SO, concentrations (35%). At various United
States National Parks in the northwest and east, Fl-
dred and Cahill [1994] observed mean annual increases
in particulate SO;™ concentrations of up to about 3%
from 1982 to 1992 although sulphur emissions have not
increased in these regions during that period.

Nonlinear responses of SO~ concentrations to sul-
phur oxide emissions may be caused by disproportional
changes in in-cloud production of sulphate aerosol. Es-
timated contributions of in-cloud oxidation of SO, to
total sulphate production are about 80 to 90% on
the global scale [Lelieveld and Heintzenberg, 1992] and
about 40 to 70% over the northeastern United States
[Scott, 1982]. In contrast to a linear relationship be-
tween the gas phase SOZ_ production and SO2 concen-
trations [Stockwell and Calvert, 1983; Meagher et al.,
1984], the response of SOi_ in-cloud production may
be less than proportional to reductions of sulphur diox-
ide concentrations. Upon aqueous phase conversion of
SO, to SO3™, the most reactive oxidant (usually hy-
drogen peroxide) can become depleted. Thus the SO~
production may be oxidant-limited, and unreacted SO»
cannot cause further production of SOZ~ as long as ox-
idants remain depleted. Consequently, reductions of
sulphur oxide emissions may not cause equivalent re-
ductions in SO~ production and SO~ wet deposition.
Clark et al. [1987] and Meagher et al. [1990] found
that oxidant limitation effects may be very important
and in-cloud sulphate production over eastern North
America is mainly nonlinear. Results of the Regional
Acid Deposition Model (RADM) showed that for a 50%
decrease in sulphur emissions some regions in eastern
North America may exhibit reductions of annual wet
sulphur deposition of only up to 38%, depending on the
regional sulphur emissions [Dennis et al., 1991].

Another, less well recognized, cause for the observed
nonlinear responses of sulphate to past changes in SO,
emissions is an increased photochemical production of
oxidants due to global and regional increases in CHy,
CO, and NO emissions. For example, ice core sam-
ples drilled at Summit Greenland give evidence for a
60% increase in hydrogen peroxide (H203) concentra-
tions during the last 150 years [Anklin and Bales, 1997].
Thompson et al. [1989] pointed out that H, O, increases
from 1980 to 2030 could be 100% or more in the urban
boundary layer.

Whereas the effects of changing SO, emissions on in-
cloud production and wet deposition of SOZ_ have been
intensely discussed in the 1980s, the responses in terms

VON SALZEN ET AL.: SULPHATE AEROSOL OVER NORTH AMERICA

of SO~ concentrations and aerosol sizes to changing
SO, emissions and oxidant concentrations are not well
understood. The sizes of the aerosol particles have a
strong effect on the total radiation balance, since the
aerosol optical depth and the activation of aerosol par-
ticles to cloud droplets are sensitive to the aerosol size
le.g., Albrecht, 1989; Lelieveld and Heintzenberg, 1992;
Tang, 1997]. Choularton et al. [1998] concluded from
observations in a hill cap cloud that chemical processing
of CCN activated by large updrafts in hill cap clouds
and in convective clouds makes these CCN available for
activation in stratocumulus clouds.

To assess the influence of aerosols on climate, the
Northern Aerosol Regional Climate Model (NARCM)
is being developed. NARCM includes size-segregated
aerosols as prognostic and interactive constituents.
This paper describes the NARCM parameterizations of
aerosol sulphate production by clear-sky homogeneous
nucleation and sulphuric acid (H2SO4) condensation on
preexisting aerosol, and by in-cloud oxidation of SO,.
The model has been applied over eastern North Amer-
ica since the relatively high SO~ concentrations in this
region have a potentially strong effect on the radiation
balance. According to Malm et al. [1994], about two
thirds of the extinction over the eastern United States
can be attributed to sulphate aerosol.

To validate the model, results of 2-week periods in
summer and winter 1994 are being compared with ob-
servations. For the same periods, simulations of the
effects of changing anthropogenic sulphur emissions
and H,O2 concentrations on sulphate aerosol were per-
formed with artificial reductions in anthropogenic SO,
emissions and increases in HyO, concentrations. The
results are discussed with respect to sulphate aerosol
concentrations, size distribution, and wet deposition.
The importance of changes in atmospheric chemistry
on cloud condensation nuclei (CCN) number concen-
trations are also discussed.

2. Northern Aerosol Regional Climate
Model (NARCM)

NARCM is a limited-area model which links existing
and well established climate model approaches with a
comprehensive treatment of aerosols. Simulated aerosol
size distributions are used in on-line calculations of
aerosol optical depth and extinction.

The dynamical kernel of NARCM is identical to the
Canadian Regional Climate Model (CRCM) [Laprise et
al., 1997; Caya and Laprise, 1999]. The model equa-
tions are solved in a fully elastic and nonhydrostatic
mode. For advection of water vapor and tracers, the
semi-Lagrangian method is used [Caya et al., 1995]. In
this paper, the chemical processes are calculated on a
polar-stereographic grid by use of 46 longitude and 36
latitude grid points for a given a horizontal grid spacing
of 145 km at 60°N. The vertical grid is discretised us-
ing terrain-following Gal-Chen coordinates and 22 grid
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points between the surface and the top level at 14 hPa.
The time step of NARCM is 20 min.

The parameterizations of radiation, turbulent dif-
fusion, surface processes, and convective clouds in
NARCM are taken from the General Circulation Model
of the Canadian Centre for Climate Modelling and
Analysis [McFarlane et al., 1992; Verseghy et al., 1993;
Zhang and McFarlane, 1995]. Vertical fluxes of momen-
tum, heat, and moisture due to turbulent processes are
represented using a mixing-length formulation in the
free atmosphere, while those at the surface are calcu-
lated from similarity theory.

Cumulus clouds are represented in NARCM by a bulk
model including the effects of entrainment and detrain-
ment on the updraft and downdraft convective mass
fluxes [Zhang and McFarlane, 1995]. An adjustment
closure for reversible ascents of undiluted air parcels
from subcloud layers based on the convective available
potential energy (CAPE) is used. Although only deep
convection is considered in the parameterization, the
scheme is also applied to shallow convection. Organized
entrainment is assumed to depend on buoyancy, and de-
trainment occurs at cloud top.

Stratiform clouds are included in NARCM by a pa-
rameterization based on Lohmann and Roeckner [1996].
Its main characteristic is the separate treatment of
cloud water and cloud ice as prognostic variables. In
this scheme the bulk microphysics parameterizations
for warm phase processes are adapted from parameter-
izations of the stochastic collection equation [Beheng,
1994], while the parameterizations of the mixed and ice
phases were developed originally for a mesoscale model
[Levkov et al., 1992]. Parameterized microphysical pro-
cesses are condensational growth of cloud droplets, de-
positional growth of ice crystals, homogeneous, hetero-
geneous and contact freezing of cloud droplets, autocon-
version of cloud droplets, aggregation of ice crystals, ac-
cretion of cloud ice and cloud droplets by snow, of cloud
droplets by rain, evaporation of cloud water and rain,
sublimation of cloud ice and snow, and melting of cloud
ice and snow. The number of cloud droplets, which is a
parameter in the autoconversion rate of cloud droplets,
is empirically related to the sulphate aerosol mass in
the current version of NARCM [Boucher and Lohmann,
1995]. In future versions, cloud droplet concentrations
will be linked to the aerosol size distribution.

In the model, SO, is mainly emitted from industrial
sources on the continents. A small fraction of the SO,
may also be produced by gas-phase reactions of hydro-
gen sulfide (H2S) and dimethylsulfide (DMS) from nat-
ural sources with the hydroxyl radical (OH) and the ni-
trate radical (NO3) (L. Spacek et al., NARCM aerosol
model applied to eastern North America LITE shuttle
measurement period, submitted to Journal of Geophys-
ical Research, 1999, hereinafter referred to as Spacek et
al., submitted manuscript, 1999). Details on the treat-
ment of the emissions of these species are given in sec-
tion 3.1.
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Aerosol species included in the model version used in
this study are sulphate and seasalt. For each species,
size distributions with 12 bins (or sections) are used for
the dry aerosol (at 0% relative humidity), with sizes
ranging from D, = 0.01 pm to D, = 41 um. Aerosol
processes considered are homogeneous nucleation, co-
agulation, in-cloud production, condensation of water
vapor and H3SO4 on preexisting aerosol, gravitational
settling, and deposition. These processes, as well as dif-
fusion, advection, and emissions, are calculated on-line
at each model time step. For all chemical and micro-
physical processes, an internally mixed aerosol for sul-
phate and seasalt is assumed in each bin.

In the following sections, different model attributes
of great importance to this study, such as in-cloud pro-
duction of aerosol, gas-to-particle conversion, emissions,
and deposition, are described. For details on the treat-
ment of gas-phase processes, coagulation, meteorologi-
cal processes, and additional model tests, the reader is
referred to Spacek et al. (submitted manuscript, 1999).

2.1. In-Cloud Production of Sulphate

In NARCM the in-cloud oxidation of S(IV) (= SO.,
HSO;3, SO%‘) is parameterized differently for convec-
tive and stratiform clouds. For both cloud types in
the model, oxidation occurs with respect to hydrogen
peroxide and ozone (O3) as oxidants. The availability
of sulphur dioxide and hydrogen peroxide and the im-
pact of ammonia, nitric acid and carbon dioxide on the
in-cloud oxidation rates are explicitly included in the
parameterizations. To increase the model efficiency, a
bulk phase approach has been used instead of a more
accurate but potentially expensive size-dependent ap-
proach to cloud chemistry.

Within the cloudy part of a grid box, the first-order
rate constant (in s~!) of S(IV) oxidation is given by the
following expression:

1 dCsav)

F =
Csavy dt

=F Co, + F>Cuy0,, (1)

where Cs(1v) is the total concentration of S(IV) (gas

" phase plus dissolved), Co, is the total concentration of

ozone, and Cy,0, is the total concentration of hydrogen
peroxide. The effective rate constants F; and F3 in (1)
are given in Appendix A.

To take into account the dependence of the oxidation
rates on the pH, the Ht concentration is calculated from
the ion balance

[HT] + [NHf] = [OH7]+2[S037]+2[S0%7]

+ [HSO; ] + [NO3; ]+ [HCO3], (2)
which is efficiently solved by an iterative calculation
using an adapted version of the approach of Tremblay
and Leighton [1986]. The effects of seasalt and crustal
aerosol on the pH are currently not included in NARCM
but will be included in future model versions.
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Since (1) has been derived for bulk phase concentra-
tions but NARCM simulates size-segregated sulphate
aerosol, a simple approach has been developed to dis-
tribute additional SOi— produced by in-cloud oxidation
over the bins of the activated aerosol. In NARCM the
production of SO3~ within individual cloud droplets of
different size is approximated as a purely volume con-
trolled process. It is assumed that the cloud droplets
have identical chemical compositions and transport lim-
itation effects can be neglected for the gas and aqueous

chemical species. In order to conserve total droplet and .

aerosol number concentrations it is necessary to con-
sider the growth of the activated sulphate aerosol by
in-cloud production of SO2~. Using these assumptions,
the rate constant F; for bin 7 can be approximated as
function of the bulk rate constant F' (see Appendix B):

_ ) Ti—1 _ T;
F=F (m“L 3Api_1 In10  3Ay; ln10> )

with the fractional SO2~ concentration z; = C;/ ;i Ci
in activated bin i. In (3), Agp; is the width of bin
i, with the dimensionless aerosol size given by ¢ =
log(Dg’ry / Dg), where Dgry is the dry particle diameter
(in pm) and DY = 1 um is a reference diameter.

The parameterization of the aerosol activation is de-
scribed by Spacek et al. (submitted manuscript, 1999).
It is based on an empirical relationship between ob-
served cloud droplet number concentrations (CDNC)
and aerosol number concentrations [Martin et al., 1994].
In the cloudy parts of the grid boxes, the critical aerosol
diameter is calculated from the total dry aerosol size
distribution in the grid box, using the assumption that
the concentration of activated aerosol particles is equal
to the concentration of cloud droplets given by the em-
pirical relationship.

Several studies have shown that the simplifying as-
sumption of bulk chemical cloud drop composition may
not be well justified for real clouds in which the pH
may vary as a function of droplet size [e.g., Roelofs,
1992; Gurciullo and Pandis, 1997]. Collett et al. [1994]
showed that about one third of cloud water samples col-
lected from several sites throughout the United States
are believed to have experienced more than 20% en-
hancement in in-cloud oxidation rates compared to
what would have been expected for bulk composition.
They found that errors due to a bulk approach are high
for low oxidant concentrations which is, for example, the
case in winter. On this basis, NARCM may tend to un-
derpredict the in-cloud production of sulphate aerosol.

2.1.1. Stratiform clouds. The parameteriza-
tion of oxidation in subgrid-scale stratiform clouds uses
the common operator splitting technique for trans-
port processes and chemical reactions during the model
time step. Tendencies of S(IV) and SO~ are calcu-
lated for given cloud water mixing ratios and fractional
cloudiness by using the cloud microphysics scheme of
Lohmann and Roeckner [1996]. Concentrations Ct+4¢
within the cloudy parts of the grid cells at the time
t + At are calculated by applying the Euler Backward
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Iterative (EBI) method [e.g., Hertel et al., 1993] which
may be written for S(IV) as

CIHAL = Cf — At FHHALCLrAt (4)
with the internal chemistry time step At and the first-
order rate constant F*+At given by (1). C? is initialized
with the grid cell averaged S(IV) concentrations at the
beginning of each model time step. Owing to the high
accuracy of the EBI method, efficient calculations us-
ing only two subdivisions of the model time step are
achieved.

Sulphate produced in the clouds may eventually be
removed by formation of precipitation. At each time
step, it is assumed that the fraction of activated sul-
phate aerosol removed by this process is equal to the
fraction of condensed water converted into precipita-
tion in the cloudy parts of the grid boxes. Below the
cloud, scavenging of aerosol by rain is parameterized
according to the approach of Slinn [1984].

2.1.2. Convective clouds. The formation of
SOi— in convective clouds may be strongly limited by
the available amounts of S(IV) and oxidants due to in-
sufficient entrainment and high reaction rates within
convective clouds [e.g., Meagher et al., 1990; Laj et al.,
1997]. The effects of entrainment and detrainment on
the balances of water vapor and energy of convective
clouds have been studied extensively and the effects
have been parameterized for subgrid-scale cumulus en-
sembles, but no corresponding parameterization for re-
acting chemical species existed until recently.

Our parameterization of sulphur transport and chem-
istry in convective clouds is based on a simplified version
of the plume ensemble concept proposed by Arakawa
and Schubert [1974]. Corresponding to the parame-
terization of water vapor transport by Zhang and Mc-
Farlane [1995], the effects of convective transport and
chemical reactions on grid cell averaged concentrations
C of reacting chemical species (in molecules per kg air)
are calculated in our parameterization from:

%_f = % |:(Mu ‘+ Md) %‘S— + Dy (Cu - C) ) (5)
where M, is the upward mass flux of the air within the
convective region, M is the respective downward mass
flux, D, is the detrainment rate, and p is the air density
[Lohmann et al., 1999)].

The updraft concentration C,, of each reacting species
in (5) is calculated from a quasi steady state mass bal-
ance within the updraft region. For example, the mass
balance of S(IV) has the form

a—Mé’;ﬂ = E,C—-D,Cy—CoM, foCy

—pbFC,, (6)

where F, is the entrainment rate.
The third term on the right-hand side in (6) repre-
sents transfer of the species from cloud to rain droplets
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according to Feichter et al. [1996]. Co accounts for con-
version of cloud water into rain water [Lord, 1982]. The
fraction fo of S(IV) dissolved in the cloud droplets is
calculated as a function of the pH. For the SO~ mass
balance it is assumed that the sulphate aerosol for parti-
cles with diameters larger than the critical diameter are
completely activated (fo = 1). It should be noted that
the scavenging of sulphate by rain below the cumulus
clouds corresponds to the approach given for stratiform
clouds in section 2.1.1.

The last term in (6) represents the depletion of S(IV)
due to in-cloud oxidation, with F' given by (1) for the
microphysical and chemical parameters of the updrafts.
The fractional cloudiness b is calculated by using the
approach of Xu and Krueger [1991] with a maximum
value of b = 0.25 for deep convection [Slingo, 1987].

For all reactive tracers a discrete version of (6) is
solved by forward integration in the vertical direction at
given entrainment and detrainment rates between cloud
base and cloud top. Due to the nonlinear relationships
between the tracers through the oxidation term, up to
four iterations are performed at each cloudy grid box.
The final solutions of Eq. (6) are subsequently used
to calculate the tendencies in Eq. (5) at the cloudy
grid points using a semi-implicit method [Zhang and
McFarlane, 1995].

2.1.3. Simplifications for nonsulphur species.
In contrast to the aerosol species, SO,, DMS, and H,S,
the concentrations of other chemical species are not ex-
plicitly calculated in NARCM. Instead, grid cell aver-
aged concentrations of the NO3 -species (HNO3+NOj3),
NH{ -species (NH3+NH{), C-species (CO»+HCOy),
and Oj are prescribed as three-dimensional parameters
at each grid point and time step in NARCM and are
used to calculate the pH (equation. (2)) and in-cloud
oxidation rates. For sulphate production in convective
clouds the updraft concentrations of these species are
diagnosed and depend on calculated scavenging, en-
trainment and detrainment rates (compare with equa-
tion (6)). In stratiform clouds the precalculated val-
ues are used without taking into account modifications
by cloud processes in the simulation. This approach is
based on the usual assumption that the effects of en-
trainment, detrainment, scavenging, and chemical pro-
cesses are negligible for the concentrations of these
species in stratiform clouds; that is, there are no sig-
nificant sources or sinks for the species in the clouds.

In NARCM the concentrations of the prescribed
species are provided with a 1-month time resolution
from simulations with two models. The ammonium con-
centrations are from simulations with a global model of
the ammonia cycle [Dentener and Crutzen, 1994]. The
other species (except C-species) are provided by the
global chemical transport model MOZART [Brasseur
et al. 1998].

To include hydrogen peroxide limitation effects on
SOi" production, in-cloud depletion of hydrogen per-
oxide is calculated according to the last term in (1)
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together with (5), (6), and (4). Since an interactive
simulation of the hydrogen peroxide cycle with respect
to photochemistry cannot be realized with sufficient ef-
ficiency in complex aerosol models like NARCM, a sim-
ple forcing term is used at each grid box to take into
account the chemical and physical sources of HyO,:

30}1202

1 —
5t =-- (Cr,0, — Cn,0,) -

(7)

prod

The prescribed background concentration Cy,0, in (7)
is supplied from results of the MOZART model. The
parameter 7 is the timescale of the local H,O5 produc-
tion by photochemical and transport processes in each
grid box.

Simulations of the wintertime H>O, production over
North America in a photochemical box model showed
that production via HO; occurs on a time scale of the
order of a few hours up to 1 day (P. A. Ariya et al.,
Major mechanisms for the production of HO, H,O2, and
organic peroxides during fall and winter: A modeling
study, submitted to Journal of Geophysical Research,
1999, hereinafter referred to as Ariya et al., submitted
manuscript, 1999). Typically, the timescale is shorter in
summer due to higher production rates. However, the
supply of H,O3 is additionally determined by advection
and diffusion processes caused by the local wind fields
and concentration gradients. As an approximation, 7 =
30 min has been chosen in NARCM to account for these
effects. The accuracy of the chosen value can only be
tested by comparisons between modeled and observed
SOJ~ concentrations and wet deposition fluxes since it
is very difficult to derive an optimum value by other
means.

2.2. Clear-Sky Condensation and Nucleation

Under continental and clear-sky conditions in the tro-
posphere, particulate sulphate is predominantly formed
by condensation of gaseous H;SO4 on preexisting
aerosol. Over the ocean, H,SO4 may also condense
on seasalt particles. Another important pathway for
the formation of aerosol sulphate is the binary homo-
geneous nucleation of gaseous H,SO4 and water vapor.
Both processes are strongly coupled in a highly non-
linear way. To take into account the nonlinearity, the
following mass balance for gaseous HSO4 (with Cy,so,
in molecules cm™3) is solved in NARCM:

dCh,s0,
dt

- Z kiond CH2504 = gc knual (CHZSO4)S . (8)

= kso, Con Cso,

The first term on the right-hand side in (8) represents
the production of H,SO4 via gas-phase oxidation of SO,
by the hydroxyl radical (OH) [Stockwell and Calvert,
1983]. In the model, results of the MOZART model are
used for Con [Brasseur et al. 1998]. The rate coefficient
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kso, (in cm®s™1) is calculated according to DeMore et
al. [1992]:

ko M (1+10g2(k0 M/k:m))_1

k502:1+k0M/koo c )

with ko = 3.0 x 10731 (T//300) 733, ke = 1.5 x 10712,
F, = 0.6, and the air density M (in molecules cm™3).

The sum in (8) is over all bins ¢ and represents the
production of SOi“ by condensation of H,SO4. The
rate constants for the individual bins with the bound-
aries @;_1/o and ;41,2 are given by

Pit1/2
qa=2nD D, F(Kn) An(p)dyp ,

Pi—1/2

%
kcon

(9)

with the diffusivity D of H2SO4 in air, the Knudsen
number Kn (i.e., the ratio of the mean free path of sul-
phuric acid in air to the particle radius). The parame-
ter n(p) is the number size distribution of the aerosol.
F(Kn) is a coefficient correcting for free molecular ef-
fects,

_ 1+ Kn

1+ 1.71Kn+ 1.33Kn?’

and A is a coefficient correcting for the interfacial mass
transport limitations described by the accommodation
coefficient a,

F(Kn)

A=[1+133KnF(Kn) (a;? = 1)] 7",
with the accommodation coefficient a, = 0.02 [Russell
et al., 1994].

The last term in (8) is the nucleation term. The ap-
proach used and the parameters g, knuci, and S are
described in detail in Appendix C.

Equation (8) is solved at each model time step by
applying the EBI method described in 2.1.1. The re-
sulting H,SO4 concentrations C’;;;SA& are subsequently
used to solve balance equations for the aerosol number
size distribution and the sulphate aerosol mass size dis-
tribution. Discretisation of the size distributions gives
the following prognostic equations for changes in bin
particle number concentration N; (in particles cm™3)
and sulphate concentration C; due to nucleation and
condensation:

AN;
_AT = 5ij knucl (CﬁtsAé4)S
+Aﬁ1/2 - Aﬁi—l/? ) (10)
ACi 1
At = 51’]‘ gc knuet (Cﬁ:g&)s + kcond CIEI-:SA(t)‘;

+Aic—1/2 - qu/z . (11)
The first terms on the right-hand sides in (10) and (11)
represents the production of new particles by nucleation
in bin i = 1, with é;; being the Kronecker delta and
ji=1 SOi_ production by condensation of H2SOy is
included by the second term on the right hand side of
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(11). The last two terms in (10) and (11) take into
account the growth of particles due to condensation of
H>S04. The calculation of these terms is described in
Appendix D.

The results of (10) are used at each EBI time step to
evaluate n(yp) in the integral (9). A polynomial inter-
polation is used to take into account the shape of the
aerosol number size distribution and the size-dependent
parameters in (9) within the bins which allows accurate
and efficient simulations with relatively few bins [von
Salzen and Schlinzen, 1999b]. The calculation of N;
and C; according to (10) and (11) has the advantage
that particle number and total sulphate mass are both
conserved for H,SO4 condensation which is not neces-
sarily the case in other aerosol growth models [e.g., von
Salzen and Schlinzen, 1999a).

3. Simulation of Sulphate Aerosol Over
North America

The response of sulphate aerosol concentrations and
sizes to changing SO, emissions and H,O» concentra-
tions may strongly depend on the region and the season
owing to regional and seasonal dependencies of the emis-
sions and the physical and chemical processes. Over
North America the efficiency of sulphate production is
higher in summer than in winter due to increased photo-
chemical production of oxidants. However, compared to
clear-sky production of SOi_, the in-cloud aerosol pro-
duction is relatively more important in winter [Roelofs
et al., 1998].

To test the model for North America at two differ-
ent seasons, the model was run for the periods July
17 to 30, 1994, and December 6 to 19, 1994, accord-
ing to the model configuration described in section 2.
The results have been averaged over these periods to
compare model results with meteorological and chem-
ical observations which are available for these periods.
The same periods are subsequently used to study the
sensitivity of the results to an artificial overall decrease
in anthropogenic SO, emissions by 50%. Additionally,
responses to an artificial overall increase in H, O, back-
ground concentrations by 100% are studied. No other
modifications are made in the sensitivity tests.

No single 2-week period can be truly representative
of the season climatology. Nevertheless, to obtain a
rough qualitative assessment of how well the meteo-
rology of these periods corresponds to climatology, we
compared the meteorological situations with mean cli-
matological values for July and December. Results of
the NCEP/NCAR Reanalysis Project [Kalnay et al.,
1996] for the simulation periods and for the climatolog-
ical situations for the years 1961 to 1990 give evidence
for similar pressure systems with low sealevel pressure
over the continent and high pressure over the ocean in
July and high sealevel pressure over the continent in De-
cember. However, the magnitudes and exact locations
of the troughs and ridges are slightly different. The
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bias in ground-level temperature is relatively small with
differences below 1 K for most regions. The amounts
and regional patterns of the precipitation in July show
some characteristic differences. For the eastern United
States the mean precipitation rate during the simula-
tion period is about 50% higher than the climatological
value. However, only small differences in precipitation
rates occur for December (less than 3% difference in the
mean values for the eastern United States).

3.1. Initialization and Boundary Conditions

The simulations include windspeed and size-
dependent emissions of seasalt by the ocean. The ap-
proach and applications have been presented by Gong
et al. [1997a, b].

Anthropogenic emissions of SO, and SO;? are pro-
vided by the GEIA 1985 1-B inventory [ Benkovitz et al.,
1996}, which has two levels and four seasons. For emis-
sions from point sources, the plume rise formulation of
Briggs [1975] is applied to take into account the effects
of atmospheric stability on the effective heights of the
sources. The 1985 emissions are adjusted to account as
well as possible for changes in emissions between 1985
and 1994. The emission scale factor used in the ad-
justment ranges from 0.97 for the southeastern United
States to 0.70 for the northeastern United States. For
Canada, values of the scale factor range from.0.42 for
Ontario to 1.29 for Newfoundland (Spacek et al., sub-
mitted manuscript, 1999).

For natural emissions of HyS the 1°x1° resolution
surface flux inventory of Bates et al. [1992] is used.
For emissions of DMS by the ocean a 1°x1° resolu-
tion oceanic surface concentration inventory [Kettle et
al., 1999] is used to compute the DMS flux by a mass
transfer scheme.

The removal of SO, from the model ground level by
dry deposition is parameterized according to Padro et
al. [1991]. For aerosol particles the approach described
by Gong et al. [1997a] is used. Concentrations of the
" tracers are set to zero at the lateral boundaries and at
the beginning of the simulation. The model spin-up
time before the start of the analyzed simulation periods
is 1 week.

The lateral boundary values for meteorological vari-
ables are provided within a sponge zone at the bound-
aries of the model domain using NMC/NCEP opera-
tional analysis data which are provided every 12 hours
in the model. The sea surface temperatures are ob-
tained from monthly climatological fields.

3.2. Results for Summer 1994

For a comparison of the mean model results dur-
ing the simulation period, mean sealevel pressure, wind
fields, and relative humidity provided by NMC/NCEP
analysis are shown in Figures la and 1c. The corre-
sponding model results are shown in Figures 1b and 1d.
Additionally, Figure 1le shows World Meteorological Or-
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ganization (WMO) observations of mean daily precip-
itation at 910 meteorological stations. The simulated
precipitation rate is shown in Figure 1f. Owing to a
limited number of stations over ocean and over Canada,
the results in Figure le are less reliable in these regions.
Thus the discussion of the model performance focuses
only on the precipitation results over the United States.

The meteorological situation during the period is
characterized by low pressure over the Rocky Mountains
and over the Hudson Bay (Figure 1a). Over the United
States Midwest and eastern North America, westerly
winds prevail while southerly winds are dominant at the
Atlantic coast and over the Gulf of Mexico. As a result
of the transport of marine air masses to southeastern
and eastern North America, the relative humidity ex-
ceeds 80% in some regions (Figure 1c). These regions
are also characterized by high precipitation (Figure 1e).

The mean modeled sealevel pressure field compares
well with the analysis (compare Figure la with Fig-
ure 1b). However, differences in magnitude and direc-
tion of the winds at the Atlantic coast cause too much
inflow of marine air to eastern North America. Differ-
ences between modeled and observed relative humidity
over North America may be in part attributed to an
insufficient spin-up time of the model since the lower
boundary conditions are sensitive to the initial values
of the soil moisture properties which are provided as
climatological means in the simulation (Spacek et al.,
submitted manuscript, 1999). This may also explain
some of the differences between modeled and observed
precipitation. In conclusion, the model tends to under-
predict relative humidity and precipitation over south-
eastern North America.

A comparison of mean modeled concentrations and
observed SO}~ concentrations from the Clean Air Sta-
tus and Trends Network (CASTNet) and the Canadian
Air and Precipitation Monitoring Network (CAPMoN)
shows good agreement (Figures 2a and 2b). The mean
concentrations are 13% lower in the simulation, com-
pared to a mean observed concentration of 6.4 ugm™3.
Additionally, the mean wet deposition is 23% lower
in the model (Figures 2c and 2d). These results give
evidence that the production of sulphate over eastern
North America is slightly underestimated in the simu-
lation.

Differences in the production rates of SO3~ over east-
ern North America are mainly caused by differences in
the meteorological situations between model and obser-
vations. For example, the stronger inflow of relatively
unpolluted marine air at the Atlantic coast in the simu-
lation causes too low SO~ concentrations in this region
compared to the observations. This is also the cause for
the relatively low mean wet deposition of SOi_ in this
region (compare Figures 2c¢ and 2d). The underestima-
tion of wet deposition in the southeastern part of the
model domain is mostly caused by too little modeled
precipitation in this region.
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Figure 1. Comparison of observed (left column) and simulated (right column) meteorological
variables for July 17 to 30, 1994. (a) and (b) Wind fields at the ground level (in ms™!) and
sealevel pressure (in hPa), (c) and (d) relative humidity at the ground level (in %), and (e) and
(f) precipitation (in mmd~*).

In contrast to the good agreement between modeled
and observed SO2™, there are substantial differences
for SO, (Figure 3). The model overpredicts the mean
SO, concentrations at the ground by 185% for east-
ern North America. The overpredictions may give evi-
dence for too strong vertical mixing in the PBL in the
model. Additionally, it is very likely that the differ-

ences result from the relatively low resolution of the
model over the source regions. In the model, sulphur
dioxide may either be emitted into the lowest model
level or into higher model levels, depending on stack
heights, emission rates and the meteorological situation
(section 3.1). Compared to the actual situation with
typically much narrower plumes, the distribution of the
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Figure 2. Comparison of observed (left column) and simulated (right column) sulphate con-
centration and wet deposition for July 17 to 30, 1994. (a) and (b) Sulphate concentrations at
the ground level (in ugm™2) and (c) and (d) sulphate wet deposition (in gha=*d~'). For the
observations the locations of the observation stations are also shown in Figures 2b and 2d.

emissions over the large model grid box volumes rep-
resents an artificial and much too strong mixing of the
sulphur dioxide plumes with ambient air near emission
sources. Thus too much SO, is vertically advected and
diffused from the emission grid box to the ground level.
This causes unrealistic high concentrations in the entire
layer from the ground up to the emission grid box. Al-
though the ground level concentrations are clearly not
realistic, the concentrations further downwind from the
sources and the column integrated concentrations can
be expected to be more reasonable. Results of Karam-
chandani and Peters [1983] and Kasibhatla and Peters
[1990] give evidence that there is in fact need for pa-
rameterizations of subgrid-scale plumes in regional and
global models. However, only relatively few parameter-
izations have been suggested, and they have been ap-
plied to only a very limited number of cases [Seigneur
et al., 1993; Bigalke, 1992].

A major goal of NARCM is to simulate aerosol size
distributions. As an example, Figure 4 shows the av-
erage simulated mass mean diameter of the sulphate
aerosol at the ground. It appears that there are sub-

stantial differences between the results over land and
over sea.

Over land the highest values of the mass mean di-
ameter occur in regions with high SO, emissions and
in regions with high relative humidity and precipita-
tion. The lowest values are predicted over relatively re-
mote regions such as the Rocky Mountains. The spatial
distribution in Figure 4 gives evidence for the impor-
tance of aerosol growth by oxidation of reduced sulphur
species over the source regions and by uptake of water
vapor in regions with high relative humidity. A qualita-
tive comparison of the mass mean diameters over land
with the in-cloud oxidation rates of SO, gives evidence
for a strong correlation between aerosol size and in-
cloud SO;2 production even though in-cloud oxidation
contributes less than 50% to the total SO3~ production
over the United States in this particular simulation (not
shown).

In contrast, the aerosol sizes over the ocean are
mainly determined by clear-sky processes. The mass
mean diameter obtained for the SO3~ size distribution
near the northeastern coast of the United States is sim-
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Figure 3. Comparison of simulated and observed SO
concentrations at the ground level at CASTNet stations
for July 17 to 30, 1994.

ilar to the mass mean diameter obtained for the seasalt
size distribution (Figure 4). The relatively high concen-
trations of sulphate in seasalt containing particles are
caused by efficient uptake of H,SO4 on seasalt aerosol
above the sea surface.

Unfortunately, no observations of particle sizes are
available during the simulation period. Thus the simu-
lation results cannot be tested directly. Instead, model
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results for sulphate aerosol are compared to observed
aerosol number size distributions taken during three
summer experiments at different locations over the east-
ern United States. The first data set was taken during
the PRECP V Experiment which involved 12 flights
during the time period June 2 to 23, 1987, over Ohio
[Kleinman and Daum, 1991a]. The aerosol size distri-
bution was measured with an Active Scattering Aerosol
Spectrometer Probe (ASASP) with 15 size classes be-
tween 0.12 and 2.9 pm particle diameter. The other
data sets were taken during the New York City (NYC)
Urban Plume Experiment from July 1 to 28, 1996 over
New York [Kleinman et al., 2000} and during the South-
ern Oxidants Study (SOS) from June 24 to July 20,
1995, over Tennessee [Hubler et al., 1998]. Data from
15 and 17 flights, respectively, are available for these
two experiments. In both experiments a Passive Cav-
ity Aerosol Spectrometer Probe (PCASP) was used to
sample the aerosol number size distribution between 0.1
and 3.5 pum particle diameter in 15 size classes.

The experimental designs of all three experiments
were to sample over a wide range of conditions so
as to capture the contrast between relatively polluted
episodes and intervening cleaner periods. This strat-
egy and the duration of the sampling periods implies
that the mean results of the experiments can be use-
fully compared to the model results. In detail, com-
parisons of the meteorological situations from results of
the NCEP/NCAR Reanalysis Project for the periods
of the individual experiments and the simulation give
evidence for good agreement in terms of meteorologi-
cal parameters. The periods of the simulation and the
experiments are all characterized by low sea level pres-

Figure 4. Simulated mass mean diameter of sulphate aerosol at the surface for July 17 to 30,

1994 (in nm).
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Figure 5. Comparison of mean simulated and observed
aerosol mass mean diameters in layers ranging from the
ground to 850 hPa (solid markers) and from 850 hPa
to 250 hPa (open markers) at corresponding individ-
ual horizontal model grid points. Results from the New
York City Urban Plume Experiment are marked by tri-
angles, results from the Southern Oxidants Study are
marked by squares, and results from the PRECP V Ex-
periment are marked by circles. The uncertainties in
the PRECP V data due to the unknown heating of the
probe are indicated by error bars.

sure over northeastern Canada and high pressure off the
Atlantic coast. Whereas differences in ground level tem-
peratures are small (i.e., less than 1 K over the eastern
United States), biases in precipitation rates are more
pronounced. Although the maximum in precipitation
is situated over the southeastern United States for all
periods, there are slight differences in the regional dis-
tributions. For example, the reanalysis results give evi-
dence for about one fifth (for the SOS) to one third (for
the PRECP V Experiment) less precipitation for the
eastern United States than in the simulation period.
To compare simulated sulphate mass size distribu-
tions with the observed number size distributions, first
mass size distributions have been calculated from the
observations assuming spherical sulphate particles and
constant aerosol densities throughout the entire range
of considered particle sizes. A particle size range from
0.12 to 1.24 pum has been selected in order to minimize
the influences of aerosol with small sulphate contents on
the results. The individual derived mass size distribu-
tions have been assigned to the nearest horizontal grid
box of the model according to the locations at which
the observations were made during the various flights.
In the vertical direction the values have been grouped
according to two layers, one ranging from the ground to

850 hPa, the other from 850 hPa to 250 hPa. Finally,
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grid cell averaged and layer-averaged values of the de-
rived mass size distributions are used to obtain mass
mean diameters and standard deviations to character-
ize the observed aerosol size distributions and to make
comparisons with model results for individual horizon-
tal grid points and the two layers. Only clear-sky situa-
tions are considered in the comparisons of observations
and model results.

Since heating was applied to the aerosol sampled by
the PCASP, it is assumed that the results are repre-
sentative of a dry aerosol size distribution. However,
it is not clear if sufficient heating to completely dry
the aerosol was applied to the ASASP samples. To es-
timate the uncertainties associated with the unknown
heating in the ASASP, the ASASP results are compared
to both the dry simulated sulphate aerosol and also the
wet aerosol at simulated ambient relative humidity.

Figure 5 shows a comparison of the simulated mass
mean diameters and observations in the two layers. For
the PRECP V Experiment, only results in the upper
layer are shown due to insufficient sampling times in
the lower layer. The results in both layers are simi-
lar in magnitude and variance. In the lower layer the
mean modeled value (238 nm) is 10% smaller than the
observed value (263 nm). In the upper layer the mean
simulated value is 15 to 21% smaller, depending on the
assumption of dry or wet particles in the simulation.

A comparison of the standard deviations of the size
distributions shows that the simulated size distributions
are slightly broader than the observed size distributions
(Figure 6). In the lower layer, the mean standard devi-
ation of the simulated size distributions is 14% higher
than that of the observed ones. In the upper layer, the
difference is 7 to 11%.
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Figure 6. The same as Figure 5 for a comparison of
simulated and observed aerosol standard deviations.
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Figure 7. The same as Figure 1 for aerosol during the time period December 6 to 19, 1994.

There are several possible explanations for the dif-
ferences between simulated sulphate mass mean di-
ameters in NARCM and values derived from observa-
tions of tropospheric aerosols (Spacek et al., submitted
manuscript, 1999). In this particular simulation the
relatively small values of the mass mean diameters can
probably be attributed to the omission of aerosol com-
pounds other than sulphate such as organics. At least
some fraction of the additional aerosol compounds can

be assumed to exist in an internal mixture with sul-
phate. The omission of these compounds in NARCM
means that NARCM tends to underestimate aerosol
sizes in regions where aerosol compounds other than
sulphate are important.

3.3. Results for Winter 1994

Contrary to the meteorological situation during the
July period, the time period December 6 to 9 is char-
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Figure 8. The same as Figure 2 for aerosol during the time period December 6 to 19, 1994.

acterized by high-pressure systems centered over the
Rocky Mountains and adjacent to the Great Lakes (Fig-
ure 7a). Consequently, northerly and northeasterly
winds over the Atlantic coast and in some regions over
eastern North America were analyzed.

The simulation results are in good agreement with
the NMC/NCEP analysis (Figure 7b). Differences in di-
rection and magnitude of the wind are small. However,
there are considerable differences between observed and
modeled relative humidity (Figures 7c and 7d) and pre-
cipitation (Figures 7e and 7f). Whereas high precipita-
tion was observed over the lower United States Midwest,
only very small amounts are simulated in this region.
In contrast, much higher precipitation is simulated over
the United States Northeast compared to the observa-
tions.

Compared to the results for the July period, the SO3~
concentrations are relatively low (Figure 8a). The mean
concentration for all network stations is 2.5 ugm™3.
Relatively low values were also observed for the sul-
phate wet deposition (Figure 8c).

The mean simulated SO;~ concentration at the lo-
cations of the network stations is 46% lower than the
observed value. The location of the concentration max-

imum corresponds well in both results (Figure 8a and
8b). Owing to low network coverage in the United
States Southeast and Midwest, more detailed compar-
isons of the spatial distributions of SO3~ are not very
meaningful. In contrast to the lower simulated mean
SO2™ concentrations, the mean sulphate wet deposi-
tion is overpredicted by 54% in the simulation. These
results suggest that the low SO2~ concentrations in the
simulation may be at least in part caused by too much
SO?}" wet deposition. This is supported by the mean
precipitation at the WMO network stations which is
also 54% higher in the simulation. At least some of
the differences between simulated and observed SO~
wet deposition patterns (Figures 8a and 8b) can be ex-
plained by differences in precipitation (Figure 7e and
7f). Additionally, discrepancies between modeled and
observed concentrations may be caused by differences
in the oxidant concentrations. Comparisons of modeled
H,0; concentrations with observations off the coast of
Asia by Hauglustaine et al. [1998] give evidence for too
low H2O; concentrations in MOZART during fall and
winter. Recent results of box model studies (Ariya et
al., submitted manuscript, 1999) suggest that current
model approaches for H,O» production may be too sim-
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Figure 9. The same as Figure 3 for SO concentrations
during the time period December 6 to 19, 1994.

ple since they do not fully consider ozonolysis reactions.
The results suggest that direct OH and H2O, produc-
tion by ozonolysis of alkenes may serve as the major
tropospheric source of these oxidants during winter and
fall at mid and high latitudes over the continents.

Observed and simulated SO, concentrations are both
higher than in summer (Figure 9). The simulated mean
concentration at all network stations is 53% higher than
the observed value of 7.2 ygm=3.

The SOﬁ_ aerosol particles are larger than during the
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July simulation period (Figure 10). This is primarily
attributable to higher relative humidities during this
period. Compared to July, values of the mass mean di-
ameter of the dry SO;~ aerosol are similar (not shown).

4. Effects of Changing SOz Emissions
and H,O, Concentrations

The simulation results presented in the previous sec-
tion are used to study the effects of relative changes in
SO, emissions and HyO2 background concentrations on
the sulphate aerosol during the simulation time period.
Specifically, the sensitivity of the results to a homo-
geneous decrease in anthropogenic SO, emissions over
land by 50% and to a 100% increase in HoO, back-
ground concentrations is investigated.

The sensitivity studies are idealized in the sense that
they neglect feedbacks of changes in SO» concentrations
on the gas phase production of H,O5. It has been shown
that decreases in SO» concentrations may lead to de-
creases in HyO2 production because the HO, equilib-
rium in the gas phase shifts towards lower HO, radical
concentrations at lower SO, concentrations [Stockwell,
1994]. Small changes in HO5 radical concentrations lead
to larger changes in the rate of H,O; production since
the formation rate of HyO2 depends upon the square of
the HO; concentrations. However, the effects of changes
in SO; concentrations on H, O, concentrations are likely
small in our simulations and can be neglected.

4.1. Results for Summer 1994

Figure 11 shows the relative changes in-sulphate con-
centrations at the surface (Figures 11a and 11b), sul-
phate wet deposition (Figures 11c and 11d), and sul-

Figure 10. The same as Figure 4 for aerosol during the time period December 6 to 19, 1994.



VON SALZEN ET AL.: SULPHATE AEROSOL OVER NORTH AMERICA 9755

/%?/;'//llll/// 7

7
47
7 //A % /

L \(/ T f ) (b)
Y
S o\
@ Lo R
k. =)
4 i)
53 A2 -~
0
%
Q "/ )
3 3
5 4 X
i : i A%
: 2 |\ -

%
= 9%

- 4%4//@ +

N

\\\,
Q

\"

=

\
S

7%

////%///////4 Y iy

\\
\
\\g« N
N fi\';\
\
\
R
R

TN,
:..4\:‘%,

)

Wy 0 7% s 7 2,
e
/ ‘/ A X/ A 3 2 2

V03
, %‘ 292
)
&

222
At
. g

%%
?//;/VZR 3 " 5
s I//r-' ’cj

NG
s E<FN

2,55
Iy =

(6)
l’ "y
%

.
4

Figure 11. Effects of changing SO, emissions (left column) and H5 O background concentrations
(right column) on sulphate aerosol during the time period July 17 to 30, 1994. (a) and (b)
Relative changes (in 5% intervals) of sulphate concentrations at the ground, (c) and (d) sulphate
wet deposition, and (e) and (f) sulphate aerosol mass mean diameter at the ground. Areas with
deviations of less than -50% (Figures 11a and 11c) and deviations of less than 0% (Figures 11b,

11d, 11e, and 11f) are hatched.

phate aerosol mass mean diameter at the surface (Fig-
ures 1le and 11f) due to decreased SO, emissions (left
column in Figure 11) and increased H,O, background
concentrations (right column in Figure 11). The results
in this figure have been smoothed by a nine gridpoint
filter to reduce fluctuations in the results. These fluctu-

ations are mainly caused by local modifications in cloud
cover due to the feedback of aerosol concentrations on
stratiform cloud microphysics (see section 2).

On average, a 50% decrease in SO, emissions results
in an approximately similar response in sulphate con-
centrations (Figure 11a) and a slight nonlinear response
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of sulphate wet deposition (Figure 11c) over land. The
mass mean diameter decreases by about 5 to 10% over
regions with relative abundant sulphate concentrations
(Figure 1le). Over sea the changes are smaller since
emissions of DMS are not modified in the sensitivity
tests.

The approximately linear responses of aerosol concen-
trations and sulphate wet deposition to changes in SO,
emissions give evidence that the in-cloud production of
SOi“ is not significantly limited by insufficient HyO5
concentrations. Changes in aerosol size are caused by
nonlinear decreases in aerosol number concentrations.
‘Owing to disproportional decreases in aerosol nucle-
ation rates, the column integrated aerosol number con-
centration decreases by about 30 to 40% over eastern
North America and by about 10 to 20% over the south-
western United States. Consequently, decreases in the
ratios of aerosol mass to aerosol number concentrations
in the simulation result in a decrease in aerosol par-
ticle sizes over most of North America. Over the sea
surface, increases in sulphate mass mean diameters are
explained by condensation of H,SO4 on seasalt aerosol
which becomes more important at reduced accumula-
tion mode aerosol concentrations due to decreased SO,
emissions.

Changes in HoO» background concentrations have
only relatively small effects on the SO;™ concentrations
at the ground (Figure 11b). The most significant change
is a decrease in sulphate concentrations over the north-
ern part of eastern North America by a few percent.
Figure 11d shows that the sulphate wet deposition also
tends to decrease slightly in this region but tends to in-
crease elsewhere. Similar trends occur for the sulphate
aerosol mass mean diameter (Figure 11f). Changes in
aerosol number concentrations are also less than a few
percent.

The fairly small responses of sulphate wet deposition
to changes in HyO2 background concentrations and the
almost linear responses to changes in SO, emissions
give evidence that the in-cloud production of sulphate
aerosol during the simulation time period is mainly lim-
ited by the available amounts of SO, in the clouds.
In contrast, other studies based on measurements of
SO2 and H; O, concentrations over eastern North Amer-
ica in summer give evidence that limitation of in-cloud
production due to SO, may not be very important in

comparison to limitations due to HyOy [Meagher et al.,
1984; Kleinman and Daum, 1991a). However, as Klein-
man and Daum [1991b] pointed out, SO, concentra-
tions may be considerably less than H,O, concentra-
tions at higher altitudes, and SO limitation at these
altitudes is therefore more important as it is at lower
altitudes. In agreement with the observations, the sim-
ulation results show lower Hy O in-cloud concentrations
at low altitudes compared to SO, and the opposite at
altitudes above about 850 hPa. Additionally, the simu-
lation gives evidence that HO, may be less important
as an oxidant over the source regions than is assumed in
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the observational studies. In the simulation it appears
that the total, column integrated in-cloud oxidation of
SO; by ozone is of similar importance over the source
regions to that by HyO,. This is also true in other re-
gions, where O3 concentrations are high and H»O5 con-
centrations are low compared to average background
concentrations over North America. In the simulation,
more than 50% of the total in-cloud oxidation occurs
in convective clouds, and oxidation in stratiform clouds
appears to be less important due to low stratiform cloud
amounts in the simulation. In the convective updrafts
the SOi“ production by O3 occurs at higher altitudes
than the in-cloud production by H2O> and tends to al-
most completely oxidize the SO, that was not already
oxidized by H2O2 at lower altitudes. The increasing
relative importance of O3 with increasing height can
be in part explained by the decreasing importance of-
H>05 with height due to depletion of H,O, by in-cloud
oxidation and insufficient supply by entrainment. An-
other cause is the simulated increase in cloud water pH
from about 3.5 above ground to about 5 at 200 hPa due
to relatively low SO3~ concentrations and still consid-
erable ammonia concentrations at high altitudes [e.g.,
Dentener and Crutzen, 1994]. Since the oxidation of
SOz by O3 depends strongly on the pH, the oxidation
of SOz by O3 is much more efficient at the high simu-
lated pH values at higher altitudes.

The relatively small decreases in SO~ concentra-
tions, wet deposition, and mass mean diameter over
some regions in eastern North America due to in-
creased H;O» background concentrations are mainly
caused by decreased cloud amounts over these regions
due to feedback of aerosols on stratiform cloud mi-
crophysics. Eventually, changes in stratiform cloud
amounts and precipitation affect in-cloud oxidation in
convective clouds in the simulation. These changes have
only minor effects on the average results since decreases
in cloud amounts and in-cloud oxidation in some regions
are associated with increases in other regions, for exam-
ple, in some parts of the Midwest.

4.2. Results for Winter 1994

A reduction in anthropogenic SO, emissions results
in a similar change in SO}~ concentrations (Figure 12a)
and aerosol number concentrations. However, the SO%~
wet deposition responds in a clearly nonlinear way (Fig-
ure 12c). Reductions of only up to 35% are simu-
lated over the source regions in eastern North Amer-
ica. Changes in the mass mean diameter are small (Fig-
ure 12e).

Although the nonlinear responses of SO~ wet de-
position for eastern North America give evidence for
nonlinear responses of SOZ_ in-cloud production rates,
this hardly effects the SO~ concentrations since the in-
cloud production accounts for less than 50% of the total
SO~ production over the southeastern United States.
In contrast, the contribution of clouds to the total SO}~
production is of the order of 80 to 90% over the North
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Figure 12. The same as Figure 11 for aerosol during the time period December 6 to 19, 1994.
In contrast to Figure 11, a 10% interval is used in Figure 12d.

Atlantic and over Canada in the simulation. Nonlin-
ear responses of the wet deposition are also caused by
changes in critical aerosol diameter between the simu-
lations.

The increases in mass mean diameter in some regions
over eastern North America (Figure 12e) are explained
by the still relatively efficient in-cloud production of

SOZ%~, which decreases only by about 30% in these re-

gions. Comipared to the simulation at higher SO, emis-
sions, the aerosol particles are larger because there are
about 50% fewer particles but only a small reduction in
in-cloud production of SO3~.

A 100% increase in H>O» background concentrations
clearly affects the SO~ concentrations (Figure 12b),
SO3~ wet deposition (Figure 12d), and SO2~ mass
mean diameter (Figure 12f). The increases are caused
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by higher in-cloud production of SOZ‘ over most of
North America. The increases in in-cloud production
of SO3™ are of the order of 60 to 70% in the most
productive regions in eastern North America. The as-
sociated changes in SO3~ concentrations are relatively
small owing to low total in-cloud production over the
southeastern United States and efficient in-cloud scav-
enging of SO3~. Over the ocean, lower concentrations
and wet deposition rates are due to the relatively low
importance of in-cloud production involving H2Os and
due to reductions in SO2 concentrations caused by the
higher in-cloud oxidation rates over land.

Contrary to the summer period, the results for the
responses of SOﬁ' wet deposition to SO, emissions
and H2 O, background concentrations give evidence that
limitations of SOi_ production in clouds by insufficient
H204 concentrations are of similar importance to SO,
concentration limitations. Limitations of the SO~ in-
cloud production due to SO, are considerable in the
simulation results, especially over more remote regions
such as the Rocky Mountains, Canada, and the ocean.

5. Response of CCN Number
Concentrations

Since the optical properties and therefore climate ef-
fects of clouds are linked to CCN number concentra-
tions, an important question is how CCN number con-
centrations respond to changes in emissions and atmo-
spheric chemistry. In particular, the relationship be-
tween sulphate aerosol concentrations and CCN num-
ber concentrations appears to be a source of high un-
certainty in the understanding of climate forcing by
aerosols [Hegg, 1994; Houghton et al., 1996).

To assess the responses of CCN number concen-
trations to changing SO, emissions and HyO; back-
ground concentrations, only the contribution of sul-
phate aerosol to the CCN number concentrations is
considered in this study. For the July and December
periods in 1994, the cumulative CCN number concen-
tration was calculated from integration of the dry sul-
phate size distribution as function of the critical diam-
eter D;‘it. The mean results at 850 hPa within in the
model domain are shown in Figure 13 for three total
particle number concentration categories. In the July
period, 28% of the values fall into the category N <
2500 cm ™3, 48% into the category 2500 cm™3 < N <
4500 cm ™3, and 24% into the category N > 4500 cm 3.
For December the respective values are 60%, 18%, and
22%. From these values and the shapes of the cumu-
lative CCN number concentrations it is apparent that
the CCN number concentrations in December are lower
almost throughout the entire size range from Dg’“ =
0.01 pm to DE™ = 1 um (Figures 13a and 13b).

A decrease in SO, emissions by 50% clearly decreases
the cumulative CCN number concentrations in the July
and December periods (Figures 13c and 13d). It ap-
pears that the decreases can be higher or lower than
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50%, depending on the values of the critical diameter
and the total particle number concentration. Since the
results at N < 2500 cm™3 are less influenced by an-
thropogenic SO, emissions than the results at N >
2500 cm 3, the relative changes in the cumulative CCN

. number concentrations tend to be smaller compared to

the results at higher total particle number concentra-
tions. At N > 2500 cm™3, the largest decreases in July
are slightly greater than 50% at critical diameters larger
than about 0.06 pm. Therefore changes in CCN num-
ber concentrations are similar to or slightly larger than
changes in SO, emissions, although decreases in the to-
tal aerosol number concentrations are less than 30 to
40% (section 4.1). In December, changes in the cumu-
lative CCN number concentrations are also of the order
of 50%. The smallest decrease at about 0.08 ym can
be explained by the fact that the mass mean diame-
ter of the aerosol increases in some regions over eastern
North America mainly due to only modest decreases
in in-cloud SO3~ production rates but an almost lin-
ear decrease in total aerosol number concentration (sec-
tion 4.2). Accordingly, a high correlation of the changes
in cumulative CCN number concentrations at D;‘“ =
0.08 pm and the changes in mass mean diameters was
obtained in a more detailed comparison of the three-
dimensional results (not shown).

A 100% increase in H2 O3 background concentrations
produces similar results for the July and the December
periods (Figures 13e and 13f). Whereas the cumula-
tive CCN number concentrations at the smallest crit-
ical diameters are almost unchanged compared to the
results of the reference simulation, increases occur for
critical diameters larger than about 0.07 pm, especially
in the December period. These results correspond to
the simulated increases in mass mean diameter due to
increased in-cloud oxidation of SO, at increased HyO4
background concentrations during these time periods
(sections 4.1 and 4.2). The larger the critical diame-
ter (i.e., the lower the supersaturation) in a cloud, the
stronger are the increases in CCN number concentra-
tion. However, the increases in the simulations at in-
creased H»O» background concentrations are less than
about 10% at CCN number concentrations more than
10 cm™3. Therefore the changes are only relatively
small in most of the clouds.

It should also be noted that the above discussion de-
pends on the maximum number of cloud droplets in the
simulation, which corresponds to a minimum critical
diameter. Since NARCM uses the parameterization of
Martin et al. [1994], higher cloud droplet number con-
centration than 375 cm™3 cannot occur. This means
that aerosol particles with sizes smaller than the cor-
responding minimum critical diameter are not directly
affected by changes in SO, in-cloud oxidation rates or
scavenging by rain. The maximum concentration of 375
cm~3 results from observations of CDNC in marine stra-
tocumulus clouds over the eastern Pacific, South At-
lantic, subtropical regions of the North Atlantic, and
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the sea areas around the British Isles. The value is
certainly too low for deep convective continental clouds
which are very important in the present simulations. It
can be expected that a more realistic parameterization
of aerosol activation would shift the increases in CCN
number concentrations shown in Figures 13e and 13f
to considerably smaller diameters in the simulations.
On the other hand, observations of cloud droplet num-
ber concentrations and CCN concentrations at Mount
Mitchell in North Carolina in the southeastern United
States by Menon and Sazena [1998] seem to be in good
agreement with the parameterization used in NARCM.

6. Conclusions

Results of simulations of sulphate aerosol size distri-
butions over North America performed for 2-week peri-
ods in July and December 1994 have been presented.
The simulated mass mean diameter of the sulphate
aerosol showed clear regional variations. High values
correspond to regions with efficient aerosol growth by
in-cloud oxidation and condensation of HSO4. The
highest values occur over the major source regions in
eastern North America whereas considerably lower val-
ues occur over the more remote regions in the west. The
sulphate mass mean diameter also depends strongly on
relative humidity, clouds, and the occurance of seasalt
aerosol in the coastal regions within the model domain.
Differences between the simulated mass mean diameters
in July and December are mainly caused by changes in
relative humidity and cloud amounts.

Comparisons of the results for the July and Decem-
ber periods with observations showed that the mean sul-
phate concentrations are slightly underpredicted in July
and more significantly in December. At least part of the
discrepancies can be attributed to differences in relative
humidity and precipitation fields between model results
and observations. Observed mass mean diameters in
three field experiments are about 10 to 20% larger than
the corresponding simulated values. This is likely due
to the omission of aerosol species other than sulphate
and seasalt in the simulation.

The simulation results for July and December were
used in sensitivity studies to assess the responses of sul-
phate aerosol size distributions to artificial decreases in
anthropogenic SO, emissions by 50% and to increases
in H504 background concentrations by 100%. The re-
sults give evidence for limitations of in-cloud production
due to low abundances of in-cloud SO, concentrations
in both time periods. In December, limitations due to
insufficient H,O> concentrations are also important, es-
pecially over the major source regions in eastern North
America. Owing to the relatively low cloud amounts
over the source regions in eastern North America in
both simulations, the clear-sky formation of SO~ is of
higher importance than the in-cloud formation of SO~
in many regions. Mainly as results of SO, limitations
and the low importance of the in-cloud production of
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SOﬁ_, the SOZ' concentrations respond approximately
linearly to changes in SO, emissions, and the responses
to changes in H, O, background concentrations are rel-
atively small.

The mass mean diameters respond clearly to changes
in SO, emissions and HyO» background concentrations.
In response to reduced SO, emissions, the mass mean
diameters decrease by about 10% in July over east-
ern North America. In the same region, increases in
H,0O, background concentrations lead to increases in
mass mean diameters of up to about 15% in Decem-
ber. Whereas increases in mass mean diameters at
higher H,O, background concentrations are explained
by more efficient growth of aerosol by higher in-cloud
production of SO;~, decreases of aerosol sizes at lower
SO, emissions in July are less obvious. The simulation
results showed that the aerosol number concentrations
decrease by less than 50% due to reductions in SO,
emissions. Since the sulphate concentrations decrease
by about 50% at the same time, the mass per aerosol
particle is correspondingly reduced.

Reductions in SO, emissions by 50% result in de-
creases in CCN number concentrations of between
about 30% and 60% for the July period, depending on
the critical diameter. The results for the December pe-
riod are similar. Owing to the significant variations of
the CCN number concentrations with critical diameter,
it appears that previously suggested relationships be-
tween sulphate mass and CCN number concentrations
[Hegg, 1994; Boucher and Lohmann, 1995] are proba-
bly too simple to fully describe changes in CCN num-
ber concentrations due to changes in SO, emissions or
aerosol number concentrations.

In contrast to the effects of changing SO, emissions,
large increases in CCN number concentrations are sim-
ulated at increased H>O, background concentrations
and very large critical diameters (compared to thresh-
old values which are assumed in the parameterization
of aerosol activation in NARCM). However, the in-
creases are less than about 10% for most of the clouds
in the simulations. There is evidence that these in-
creases are underpredicted in the current model ver-
sion of NARCM. The increases are also expected to be
larger on a global scale and under different meteorolog-
ical conditions due to the relatively low in-cloud SO;~
production rates in the present simulations.

The results for the CCN number concentrations lead
to the hypothesis that increased in-cloud oxidation at
high supersaturation (e.g., in convective clouds) due to
increases in oxidant concentrations may produce larger
CCN which eventually can be easily activated at lower
supersaturation (e.g., in stratiform clouds). Such a link-
age between oxidant concentrations and CCN concen-
trations may lead to an additional cooling of the atmo-
sphere in the future since the global concentrations of
O3 and H, 0, are predicted to continue to rise [Thomp-
son et al., 1989]. On the other hand, our results also
suggest that continuing decreases in SO, emissions for
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North America can be expected to lead to regional de-
creases in CCN number concentrations in the future.
Current and future trends of CCN number concentra-
tions clearly depend on a large variety of processes and
emission trends.

Although the simulation results give evidence of a
considerable sensitivity of sulphate aerosol size distri-
butions and CCN number concentrations to changes in
SO, emissions and H»O, background concentrations,
additional studies have to be performed with an im-
proved version of NARCM to assess the importance of
these effects in climate change scenarios. To produce
more realistic aerosol size distributions, NARCM will
be extended in the future to include organic aerosols
and an explicit parameterization of aerosol activation.
Other planned model improvements concern the treat-
ment of oxidant chemistry. The photochemical produc-
tion of H,O5 and Oz will be explicitly included in a
future model version in order to improve the effects of
meteorology, aqueous phase chemistry, and emissions
on oxidant concentrations.

Appendix A: Gas/Droplet Equilibrium

The effective rate constants F; and F3 in (1) are given
by

Fi = Ro, f1,
F, = Ru,0, fa -

(A1)
(A2)
The rate constants Ro, and Ry,0, are calculated ac-

cording to expressions given by Maahs [1983] for O3 and
Martin [1984] for H2O,:

Ro, = {4.4 x 10*" exp(—4131/T)
+2.6 x 10° exp(—966/T) [Ht]™'} (Ms)™*,
Ru,0, = 8 x 10*exp [-3650(1/T — 1/298)]

{0.1+[HT]}™' (Ms)™t.
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In (A1) and (A2) the factors f; and f account for
the partition of the the species between the aqueous
and gaseous phase and depend on the Henry’s law co-
efficients [ Tremblay and Leighton, 1986; Leighton et al.,
1990] of the species:

fi = 7 fso, fo, Ks Kuo ,
fo = v fso, fH,0, Kus Kup ,

where 7 is the dimensionless volume fraction of cloud
liquid water. The parameters fso,, fo,, and fu,0, are
the fractions of the individual species in the gas phase.
They are calculated as functions of the dimensionless
Henry’s law constants Kus, Kno, and Kup:

(A3)
(A4)

fso» = (1+1Kusks) ™, (A5)
fo, = (1+vKno)™ , (A6)
szOz = (1+7FHP)_1 ) (A7)
with
= Kis | Kis Kss
Ks = Kus (1 + —[H+] + —_[H+]2 )

The Henry’s law constants used in (A3) to (A7) are
given in Table Al.

Appendix B: Growth of Sulphate
Aerosol Due to in-Cloud Oxidation

The general equation describing the growth of aerosol
species can be written for bin 7 as

oC;

9 Li+ A1 — Aiqaye,

where I; is a parameter for formation of the species in
bin i, and A;_,/3, Ai;1/2 are parameters for the mass
transfer between adjacent bins due to the growth of the
particles or droplets [e.g., von Salzen and Schlinzen,

Table A1l. Equilibrium Constants Used for the Parameterization of the Cloud Chemistry

Equilibrium Constant?®

Equilibrium Relation Constant Expression K(298) a Unit
SO2(g) + H20(aq) <> SO2(aq) Kus = %%Z(Equ))]] 1.23 3120 %
SO2(aq) +» HY + HSO; Kis = %[;I%T—] 1.7 x 1072 2090 M
HSO; «+ H* + 503~ = % 6.0 x 1078 1120 M
03(g) + H20(ag) ¢ Os(aq) Kuo = [%3(& ‘;’))]] 1.15 x 10~ 2560 atlm
H202(g) + H20(aq) +<> H202(aq) Kup = [—[HH%%Z% 9.7 x 104 6600 %

aValues reported by Chameides [1984]. Constants K(298) and a are in K = K(298) [a (1/T — 1/298)].
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1999a]. The assumption of a purely volume controlled
growth of activated sulphate aerosol due to in-cloud ox-

idation (section 2.1) gives

I =

FC
CSO2— S(IV) »

with the sulphate concentration Csoﬁ“ =3, C; in the
activated aerosol. Simple representations of 4;_;/, and
A;1/2 can be obtained by using upstream differences:

C] -1/2 d‘p

4= Apj_1/2 dt’

,withj=4+£1/2.
To calculate dyp/dt, assume the growth of a single sul-
phate particle by production of additional sulphate due
to in-cloud oxidation. Let m(0) be the mass of the par-
ticle before and m be the mass after the addition of
mass due by in-cloud oxidation. Since

3
= Dr e

m

m(0)  D3(0)

for all particles, it follows that

1 Cso2-
=p0)+ - log| =——— ] .
Finally, calculating dyp/dt at t = 0 and using the mass
balance of sulphur species gives

Cij—12  FCsav

A; =
J CSOE— 3A(Pj-—1/2 In10

,with j=i+1/2.

Appendix C: Parameterization of
Aerosol Nucleation

The nucleation term k,. and the exponent S for
binary homogeneous nucleation of sulphuric acid and
water vapor in (8) are parameterized according to the
approach of Kulmala et al. [1998]. This approach has
been reformulated in order to obtain a simple expression
of the form given in (8). It can easily be shown that the
original approach can be written in this form with

knyel = eXP(bd + C) (CH2504,C)_a ) (Cl)

and the exponent

S =a+0.01025. (C2)

The sulphuric acid concentration Ch,so,,. needed to
produce a nucleation rate of 1 particlescm™3s~! in (C1)
is given (in molecules cm~3) as

CH,504,c = €Xp (—14.5125+40.1335T
—10.5462RH + 1958.4RH/T') ,

where T denotes the temperature (in K) and RH is the
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relative humidity divided by 100%. The parameters a,
b, ¢, and d in (C1) and (C2) are given as

a = 25.1289 —4890.8/T —8.2295-1073TRH ,
b = 7643.3/T —7.2165-10"*T/RH,
c = —1743.3/T,
0.0154RA
= 1 - _0.0415In N,
d 12233 — oo — 0.0415 In
+0.0016 T,

where RA is the relative acidity divided by 100% and
N, is the water vapor concentration (in molecules

-3
cm™?).

Finally, the factor g. in (8) is used to calculate
the number of HSO4 molecules produced per s and
cm? from the nucleation rate kpyc Csto4 (which is in
cm™3s). For completely dry aerosol, g, is given by

3 ﬂ.pgry (Dgry)ii NA
¢ 6 Mu,s0, '

Appendix D: Mass Transfer Between
Adjacent Bins

The terms AN 12 Aﬁ—l/Z’ AC 1/20 and A“Ll/2 in
(11) are calculated using the positive definite advec-
tion scheme of Bott [1989] which can, for example, be
written for AY _1/2 and AC i+1/2 With j =4+ 1/2 and an
arbitrary small constant ¢ as

max(;" 5, 0)
max(I; ;, max(

c_
4y = 7016 (D1)

The parameters I —1/2 and [} j_, /5 in (D1) are given

as
2 o
It I LA (1 _ NEk+1

L, Z (k + 1) 9k+1 [1 (1 20.7) ] ’(D2)
- Ajk Tk

Ly = Z Gz (0] o)
with the Courant number ¢; given by

o 4x 106DDPF(KII)AMHZSO4 ij—l/Z A+AL

CJ - dry 3 dry H2504 »
(Dp™)3 ppY N4 In10 At

(D4)

In (D4), pgry is the dry particle density, N4 is Avo-

gadro’s number, and Mpy,so, is the molar mass of
H2SO04.

The coefficients a;; in (D2) and (D3) are calculated
from the sulphate concentrations in each bin:

ajo Ci_12,
ap = 1/2(C iv172 — Cj- 3/2)
a1 = 1/2( J+1/2—QC] 1/2+C] 3/2)
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