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Abstract. Sulfur chemistry lIas been incorporated in the National Center for
Atmospheric Research Community Climate Model in an internally consisterlt
manner with other parameterizations in the nlodel. The model predicts mixing
ratios of dimethylsulfide (DMS), S02, SO~-, H20 2. Processes tllat control the
mixing ratio of these species include the emissions of DMS aIld S02, transport of
each species, gas- and aqueous-phase chemistry, wet deposition, and dry deposition
of species. Modeled concentrations agree qllite well with observations for DMS
and H20 2, fairly well for S02, and not as well for SO~-. The modeled SO~-

tends to lln(lerestimate observed SO~- at the surface and overestimate observations
in tIle upper troposphere. 'TIle S02 and SO~- species were tagged according to
the chemical production pathway and whether the sulfur was of anthropogenic or
biogenic origin. Although aqueous-phase reactions in cloud accounted for 81% of
the sulfate production rate, only f'.J50-60% of the sulfate burden in the troposphere
was derived from cloud chemistry. Because cloud chenlistry is an important source
of sulfate in the troposphere, the importance of H20 2 concentratioIls and pH values
was investigated. When prescribing H20 2 concentrations to clear-sky values iIlstead

_of predicting 1120 2, the global-averaged, annual-averaged ill-cloud production of
sulfate increased. Setting the pH of the drops to 4.5 also increased the in-cloud
production of slilfate. In both sensitivity simulations, the increased ill-cloud
production of sulfate decreased the burden of sulfate because less S02 was available
for gas-phase conversion, wIlich contributes more efficiently to the troposplleric
sulfate burden than does aqueous-phase conversion.

1. Introduction

Understanding the tropospheric sulfur cycle is impor­
tant because of its contribution to acid rain and its effect
on the Earth's radiation balance. The role of sulfuric
acid in acid rain has been recognized for well over a
hundred years [see Cowling, 1982], but the role of sul­
fate aerosols on the Earth's climate has been -recognized
only somewhat nlore recently [Twomey, 1977, Char"lson
et al., 1987, 1991]. Sulfate aerosols can directly influ­
ence the atmospheric radiation budget by scattering so­
lar radiation. The sulfate aerosols also can indirectly af­
fect the radiation budget through their modification of
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cloud properties. Sulfate aerosols are a source of cloud
condensation nuclei (CCN), and when there are more
CCN, more cloud drops are formed thus increasing the
albedo and lifetime of the cloud [Albrecht, 1989]. Evi­
dence for the indirect effect has been noted in studies
of ship tracks [Radke, 1988, Coakley et ale 1988]. There
has also been evidence of the indirect effect in remote
regions of the world. Hegg et ale [1991a, b] showed cor­
relations of dimethylsulfide (DMS) mixing ratios with
CCN' and cloud droplet concentrations in the northeast
Pacific Ocean. In the Southern Henlisphere, Boers et ale
[1994] showed a relation between the optical depth of
clouds derived from satellite and boundary layer CCN
concentrations over a 10-year period. This extensive pe­
riod allowed seasonal variations of DMS mixing ratios,
CCN concentrations, and cloud optical depth to illus­
trate higher values of these variables in summer when
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warmer temperatures and higher DMS fluxes occur and
lower values in winter.

Numerical models of tropospheric sulfur chemistry
have been used on the mesoscale to examine the cloud
chemistry that creates sulfate [e.g. Tremblay and Leigh­
ton, 1986, Hegg et al., 1989; Chaumerliac et al., 1987J
on the regional scale to examine acid deposition [Chang
et aI., 1987, Venkalram el 01., 1988; Carmichael el 01.,
1986J and recently on the subhemispheric to global scale
to examine the effect of aerosols on climate [Langner
and Rodhe, 1991, Taylor and Penner, 1994; Benko­
vitz et 01., 1994; Pham et al., 1995; Feichler' el aI.,
1996; Chin el 01., 1996; Kasibhatla el 01., 1997; Roelofs
el aI., 1998J. There have been several improvements
in the depietion of the processes contributing to sul­
fate production since the pioneer work of Langner and
Rodhe [1991J. The models have increased the spatial
and temporal resoilltion l have included better param­
eterizations of clouds [Feichler el 01., 1996J, and have
better descriptions of gas-phase reactions [Phom el 01.,
1995, Chin cl 01., 1996; Roelofs ct aI., 1998], aqueous­
phase reactions [Fcichtcr el aI" 1996, Roelofs et 01.,
1998J, wet deposition of sulfur species [Chin el 01., 1996,
Feichlcr el 01., 1996J; and dry deposition [Chin et 01.,
1996, Kosibhatla et al., 1997; Roelofs el al., 1998J. This
study presents results from a three dimensional global
sulfur model that is embedded in the National Cen­
ter for Atmospheric Research (NCAR) Community Cli­
mate Model (CCM). The model described here includes
a state of the art climate model, prediction of hydrogen
peroxide (H2 (),) concentrations in addition to DMS,
sulfur dioxide (S02), and aerosol sulfate (80:-), and a
wet deposition scheme that is based upon local ahun­
dances of a species and the flux of that species down­
ward via precipitation.

The NCAR global sulfur model ha' been used to ex­
amine the influence of sulfate aerosols on the atmo­
spheric radiation budget [Kiehl et aI., 1999J and to de­
scribe the processes that control the aerosol sulfate bur­
den [Rasch el al., this issueJ. Here we present an in­
depth description of the global sulfur modcl, an illustra­
tion of results from a 6-year simulation) an evaluation
of the accuracy of these results, and an examination of
the influence uf cloud chemistry on the aerosol sulfate
burden.

2. Model Description

The model in which the sulfur chemistry is embed­
ded is the NCAR Community Climate Model, Version
3 (CCM3). The CCM3 [Kiehl et aI., 1998J was config­
ured to a T42 grid (2.8° x 2.80 horizontal resolution),
18 vertical levels, which are set on a hybrid-sigma co­
ordinate, from the snrface to the 5 hPa height, and a
centered time step of 20 min. The CCM3 transports
water vapor 1 chemical species; and temperature consis­
tently via a semi-Lagrangian adveetion scheme, a pen­
etrative convection scheme, and a nonlocal planetary

boundary layer transport scheme with a countergradi­
ent term. The cloud fractiou in CeM3 is a function
of the relative humidity, stability, and vertical velocity.
The radiation code distinguishes cloud particle size by
phase and location, where the cloud water drop size is 5
/lm over land and 10 /lm over ocean, the. cloud ice crys­
tal size is between 10 and 30 /lm, and the aerosol optical
depth is set to 0.14 uniformly over the Earth. In the
version of CCM3 used for this study a prognostic cloud
water scheme was employed [Rasch and Kristjansson,
1998] that assumes the cloud drop concentration over
land at low altitudes to be 400 em-3 and the cloud
drop concentration over the ocean and at high altitudes
to be 80 cm-3.

The sulfur chemistry represented in the model in­
dudes emissions, transport, gas and aqueous reactions,
and wet and dry deposition of dimethylsulfide, sul­
fur dioxide, aerosol sulfate, and hydrogen peroxide_
The sulfate aerosols do not interact with other phys­
ical processes depicted in the CCM; thus the aerosol­
climate feedback is not described by these simulations
but rather is diagnosed from the model results [Kiehl
et al., 1999]. Transport processes of trace gases and
aerosols include resolved-scale advection and subgrid­
scale convection and diffusion. The convection in CCM3
is treated using two parameterizations. The Zhang and
McFarlane [1995] parameterization uses bulk plumes
with entrainment and detrainment for the updrafts and
downdrafts that are intended to represent an ensemblr
of deep convective elements. The Hack [1994] param­
eterization represents primarily shallow trade cumuli.
Both parameterlzations transport moisture, heat l and
trace species in an internally consistent fashion. The
convective transport of trace gases and aerosols is per­
formed on the interstitial fraction of these species in the
cloudy volume and the fraction of dissolved material
in the cloud drops that do not undergo microphysical
transformation to precipitation. The gases and aero­
sols inside the cloud drops can be detrained at higher
levels in the model. The processes are calculated using
operator splitting from the n - 1 to n + 1 time level
(i.e.\ a 4Q-min time step), except for the aqueous chem­
istry, which uses a 2-rnin time step during each 40-min
interval.

2.1. Emissions

Emissions of sulfur species in the model include an­
thropogenic emissions of 802 and SO:- and oceanic
emissions ofDM8; volcanic and biomass burning sources
currently are excluded. Anthropogenic emissions were
obtained from the Global Emissions Inventory Activ­
ity (GEIA) emissions inventory [Benkovitz el al., 1996],
which is representative of 1985 emissions. The season­
ally averaged emissions data were provided at the sur­
face and at 100 m and above to accomodate emissions
from industry stacks (Plate 1). The anthropogenic
emissions, whose total glohal emission rate was 67 Tg
8 yr- 1 , were assumed to be 98% by mole 802 and 2%
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SO~-. Since the emissions inventory supplied data at
two levels and the height of the interface between the
bottom two model levels was generally above 100 m (av­
erage height was ",,120 m), we apportioned a fraction of
the emissions data from above 100 m to the bottom
level of the model. The fraction into the bottom level
was determined as

zi(l) - 100

zi(2) - 100'

where zi(l) is the height of the top of the lowest level
of the model and zi(2) is the height of the top of the
second lowest level of the model.

The emissions of DMS were obtained from the bio­
genic sulfur emissions inventory compiled at Brookhaven
National Laboratory that was based on the methodol­
ogy used by Benkovitz et at. [1994J. This method de­
rived sulfur emissions in latitude bands from the work of
Bates et al. [1992] and distributed the emissions across
the latitude band according to ocean color using the
Coastal Zone Color Scanner. DlYfS emissions were ob­
tained from the biogenic emissions data by choosing

biogenic emissions only from the oceans (Plate 1). The
global emission rate from D1fS was 15.5 Tg S yr~l.

2.2. Gas-Phase Reactions

Oxidation of S02 to form sulfate, oxidation of DMS
to form S02, and production and destruction of H,O,
are represented in the model (Table 1). In RI, it is as­
sumed that the S02 + OH reaction is the rate-limiting
step of the multistep process of forming aerosol sulfate.
Concentrations of short-lived radicals OH, N03 , and
H02 are prescribed using three-dimensional, monthly
averaged concent.rations obtained from the Intermedi­
ate Model of Globai Evolution of Species (IMAGES)
[Muller and Brasseur, 1995]. The diurnal variation of
these oxidants is not included in our calculations, but
instead, the diurnally averaged value is used at each
time step. The rate coefficient for (R2) follows Benk­
ovitz et al. [1994J, who followed the work of Yin et al.
[1990a, b]. The rate of H20, photolysis is determined
via a look-up t,able method where the photolysis rate
depends on the dinrnally averaged zenith angle and the
height of the gridpoint, assuming that the albedo for ul-

Table 1. Reactions Included in the Global Sulfur Model

k2~8 Referenceb

Gas ChcmistTy

(R1) SO, + OH + M -, 80;-+ M ko =3.0x 10-31 (,~o)-3.3 NASA97
koo =L5x 10- 1

'

(R2) DMS +OH -+ "SO, + (1 - ,,) MSA c Y90
(R3) DMS + NO, -+ SO, + HNO, LOx 10- 12 500. NASA97
(R4) HO, + HO, -+ H20, + 0, 8.6x 10- 12 -590. NASA97
(R5) H,O, + hv -, 20H see text
(R6) H,O, + OH -+ HO, + H2O L7x 1U-12 160. NASA97

Aqueous Chemistry

(R7) HS03 + H2O, -+ SO;- + 2H++ H,O 2.7x 107 d 4750. HC85
(RS) HS03 + 03 -+ SO;- + H++ 0, 3.7x 10' 5300. HCS5
(R9) SO;- + 03 -+ SO;- + 0, 1.5x 109 52S0. He85

Equilibrium Reactions

(RlO) H,O, (g) ~ H202 (aq) 7.4x 104 -6621. LK86~

(Rll) 03 (g) ~ 0, (aq) 1.15x 10-2 -2560. NBS65~

(RI2) S02 (g) ~ SO, (aq) 1.23 -3120. NBS65~

(R13) 11,803 ~ HS03 + n+ 1.3x 10-2 -2015. MS2~

(R14) HS03 ~ SO'-+ H+ 6.3x 10-8 -1505. MS2~ 3

aUnits for first order reactions are 8- 1, for the second-order ga-s reactions are molecllles- 1 cm3 s-l, for the
third-order gas reactions molecules- 2 cm6 S-l, and for the second-order aqueous reactions are M- 1 S-l. Units
for solubility constants are M atm~l, and units for dissociation constants are M. Reaction rates are of the form
k = k::l98exp[-~(;T 2~8)] unle&<:; otherwise noted.

bNASA97, Demore et al. [1997J; Y90, Yin et al.[1990a, b]; HCB5, Hoffmann and Calverl [19S5]; LK86, Lind
and Kok [19S6]; NBS65, National Bureau of Standards [1965]; and MS2, Maahs [1982].

c _ Te -234/1" +8 46XlO-lOe7230/T +2 68xlO-l0e7810/T
Here k - 1 04x 1011 T+88 1"7460/1"

d H k _ k29SexP[ i(+-alm)][H+J
ele - 1+13[H+]
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traviolet radiation is 0.3. Because R4 is nonlinear and
the diurnally averaged rate of reaction does not equal
the reaction rate of diurnally averaged rIO. mixing ra­
tios, the Ir02 mixing ratios are adjusted by the amount
of daylight at any given latitude. The rates of the snlfur
reactions are determined by the effect.ive first-order rate
coefficient. and using a quasi-steady state approximation
[Hesstvedt et al., I978J. The H20 2 concentration deter­
mined from the gas-phase reactions is calculated using
an Euler forward approximation.

2.3. Aqueous-Phase Reactions

Oxidation of aqueous S02 by 0 3 and H20. to form
502-

4
aerosol is included in the model (Table I). The concen-
trations of Oa are prescribed using three-dimensional,
monthly averaged concentrations obtained from the IM­
AGES model. The pH of the drops is determined di­
agnostically assuming an NIIt to SO~_· molar ratio of
l.0.

[E:l+] = [HSO,,] + [SO~-].

The liquid water content in a grid cell is determined
by combining the resolved-scale cloud water mixing ra­
tio that is predicted, the subgrid-scale deep eonvective
and shallow convective cloud water mixing ratios, and
the resolved-scale rain mixing ratio that is diagnosed
from the precipitation rate using a mass-weighted fall
speed, which is determined assuming a Marshall and
Palmer [1948] size distribution of rain. 502 and H2 0 z
are depleted and SO~- is produced only in the cloudy
region of the grid box. The grid box concentration of
these species is found by multiplying t.he cloudy regiou
concentration times the cloud fraction and the clear air
concentration times the fraction of clear air in the grid
box.

Because the rate of S(IV} (= 502 . H20+ HS03" +
SO~- ) oxidation by 0 3 depends on the pH of the drops,
the aqueous-phase reactions are evaluat.ed using a 2-min
time step with an Euler forward numerical approxima­
tion. At the end of each 2-min t.ime step the hydrogen
ion concentration is recalculated so that the influence
of pH on S(IV} oxidation is captured. Feichter et al.
[1996] used a similar method.

2.4. Wet Deposition

The wet deposition rat.es are calculated separately
for gases and aerosols. Cloud water and rain mixing
ratios from both the resolved clouds and the subgrid­
tlcale clouds are determined for the cloudy volume in
each grid column. For temperatures between _20" and
O°C the cloudy fraction is a mixture of liquid and ice,
where the ice and cloud water mixing ratios are deter­
mined by a linear fit between these two temperatures.
At temperatures below -20°C, only cloud ice eXists, and
at temperatures above ooe, only the liquid phase ex­
ists. For temperatures below 0°e the precipitation is
assumed to be all snow; otherwise, it is assumed to be

rain. Trace gases are scavenged only by the liquid hy­
drometeors, whereas aerosols can also be scavenged by
snow.

The fraction of a trace g&'j that is in the liquid water
is determined through each species' Henry's law coeffi­
cient, which is temperature- and/or pH-dependent. At.
any particular level in the model the flux of the dis­
solved trace gas in the precipit.ation entering the grid
cell from above is found. The trace gas is reequllibrated
with the current modelleve!'s properties. Then the flux
of the dissolved trace gas exit.ing the model level is dLL

termined. The rat.e of wet deposition is found from t.he
flux divergence, maintaining mass conservation.

The wet deposition of aerosols is performed in a shu­
ilar flux method./ Any layer in the model can undergo
both below-c1ond and in-cloud scavenging. The below­
cloud scavenging follows Dana and Hales [1976J and
Balkanski et aI. [1993]. It is assumed that bot.h rain
and snow J which has graupel-like characteristics (and
therefore characteristics similar to rain), scavenge the
aerosol below eloud. Removal is assumed to take place
by a first-order loss process. That is,

LW,bc = O.IPq

where LW,bc is the loss rate by below-cloud scavenging,
0.1 is the collcct.ion efficiency, P is the precipitation flux
expressed in mm h -1, und q is the species mass mix­
ing ratio. For in-cloud scavenging in stratiform clouds
(resolved by the model), 100% of the aerosol mass is
assumed to reside in the cloud water and rain. The
fraction of cloud water that is converted to rain through
coalescence and accretion processes has a proportionate
amount of sulfate aerosol transferred to the precipita­
tion. This fraction of the aerosol is removed through
wet deposition. Wet deposition of aerosols in convective
clouds is determined similarly to the stratiform cloud
seavenging. Evaporation of rain is accounted for in the
wet deposition rate calculation by releasing a propor­
tionate mass of aerosol to the atmosphere (I.e., if 10%
of the precipitation evaporates, then 10% of the sulfate
aerosol is released back to the air). This last assumpt.ion
could lead to an overestimate of sulfate mixing ratios in
the air [Barth et al., 1992J because the number of drops
that completely evaporate (and therefore the amount
of sulfate aerosol released from the drop to the air) is
not necessarily proportional to the mass of rain that
evaporates.

2.5. Dry Deposition

Calculat.ion of dry deposition rates follows that de­
scribed by Benkovitz et al. [1994]. The deposition ve­
locity of S02 is determined following the series resis­
tance method ou lined by Wesely [1989] where the de­
position velocity is inversely proportional to the sum of
the aerodynamic resistance, the resistance to transport
across t.he atmospheric sublayer in contact with surface
elements, and the surface resistance. The aerodynamic
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and sublayer resistances are determined using boundary
layer meteorological parameters. The surface resistance
is found through a parameterization outlined by Wesely
[1989]. Data needed for these calculations include land
use classifications derived from Wilson and HendersQn­
Sellers [I!J85], boundary layer meteorological parame­
ters obtained from the boundary layer parameteriza­
tion in the CGM, surface roughness, and resistances for
various land 'l'e types given by Wesely [1989]. The de­
position velocity of aerosol snlfate is calculated in the
same Illitnner 1lJ5 Benkovilz el al. [1994] and is based
on the inverse of the sum of the aerodynamic and sub­
layer resistances, which depend on micrometeorological
pararnetcrs.

2.6. Initial Conditions and Order of
Calculations

Initially mixing ratios of all the trace species (S02'
SO~-, DMS, and H20 z) are set to zero. Prescribed
species (03 , OH, H02, alid NO,) are set according to
the linearly interpolated concentration for the location
of the grid point and the time of year.

Tbe order of the chemistry calculations is as follows.
The aqueous chemistry is performed after the cloud wa­
ter mixing ratio is determined. The new H2 0 z, S02,
and SO~- concentrations are then used for the gas
chemistry calculations. The modified H202, S02, and
SO~- concentrations then are used in the wet depo­
sition calculation. To reduce any bias introduced by
having the aqueous and gas chemistry calculations oc­
cur before the wet deposition calculation, a toggle was
placed into the code to alternate the order betweeu the
aqueous plus gas chemistry and the wet deposition cal­
culations. After the chemistry and wet deposition are
calculated, transport through subgrid convective cores
is determined for the interstitial fraction of each species
(hecause of their high solubility, sulfate aerosols are not
convectively transported). Because a centered time step
is used, a time filter couples the concentrations from the
odd "nd even time step integrations. Then the emis­
sions and dry deposition calculations are performed.

3. Results

The base simulation, presented in this paper, which
used present-day (1985) emissions, tagged the sulfate
and 802 species according to the chemical production
pathway and whether the sulfur was biogenic or anthro­
pogenic in origin. Other simulations included tagging
the S02 and SO~- by region [Rasch el al., this issue]
and a base simulation that used preindustrial emissions
[Kiehl et al., 1999].

The base simulation was integrated fur 6 years; a
quasi-equilibrium was found from year 2 onward [Rasch
et al., this issue]. Results described in this paper are
average values of years 3~O of the simulation. However,
because the sensitivity simulations presented in section

6 and by Ra.,ch ct ai. [this iss11e] and Kiehl el al. [1999]
illustrate results from just 1 year, year 3 of the sim­
ulation, model results of year 3 are also compared to
monthly mean surface observations and aircraft ohser-­
vatlons. This way the discussion of the sensitivity sim
ulations can be evaluated with the observations.

Plate 1 iHustrates the annual mean sulfur emissions
and annual mean column burdens of 802, n:MS, and
SO~-. The 502 emissions indicate that more 502 is
emitted above 100 m than at the surface and that the
emislJiullS are patchy. The 802 colulIlIl burden shows
that the 502 remains close to the emission regions but
also shows 802 plumes downwind of the emission re­
gions. DMS emissions are also patchy, with the largest
emissions occurriug iu upwelling regions and the south­
ern oceanS. The emissions of DMS are 20% of the
S02 emissions. The column burden of DMS reflects
its emission pattern and is much smaller than the S02
and SO~-column hurden. The SO~- column burden
shows that the greatest amounts of 80;-occur near
the anthropogenic sources but also shows SO~'" residing
throughout the Northern Hemisphere.

Vertical distributions of the annual average, zonal av­
erage mixing ratios of SO;-, S02, H20" and DMS
are shown in Figure L Sulfate exhibits large con­
centrations in the Northern Hemisphere) as expected,
but also significant concentrations in the tropics) which
are vertically fairly homogeneous. This is in contrast
to previous work, which generally showed a depletion
of SO~- in the midtropoophere tropics [Langner and
Rudhe, 1991, Pha", ct aI., 1995, Feichlcr' el al., 1996].
Differences between our results and these previous sim­
ulations likely occur because of differencCIJ in the pa­
rameterizatiolls of convecllve transport and wet depo­
sition of the precursor species between the models. A
comparison of our results to Feichler el al. [1996] shows
that S02 from our model is greater than S02 from Fe­
ichter' et al. [1996] above the 400 hPa level and is less
than S02 from Feichter et al. [1996] below the 7UO hPa
level, indicatiug different vertical transport schemes of
partially solnble species. A large influence of North­
ern Hemisphere S02 is seen throughout the Northern
Hemisphere troposphere and even reaching the tropical
upper troposphere. The annual averaged, zonal aver­
aged H2 0 2 mixing ratios are similar to those shown
by Chin et al. [1996] and Feichter et al. [1996] and
reAect the input. mixing ratioR of H02. The annual
averaged, zonal averaged DMS mixing ratios show the
largest values near the surface in the Southern Hemi­
sphere. Because of the strong DMS source strength
in the Southern Hemisphere, larger valnes of DMS oc­
cur in the Southern Hemisphere rnidtroposphere than
in the Northern Hemisphere. It is evident that HMS is
convectively pumped in the tropics where, in the DMS
emissions inventory used for this study, relatively high
amounts of DMS are emitted especially near the west
eoasts of South America and Africa.
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Figure 1. Zonal-averaged mixing ratios (pmol (mol air)-l) of the annual-averaged (a) SO~- (b)
S02, (c) H20 2 , and (d) DMS.

The distribution of sulfate aero,.';ols varies quite a bit
both temporally and spatially (Plate 2). Most of the
variability occurs near source regions and downstream
from these regions. This is especially true of Europe in
July. The least amount of variability for these 2 months
occurs in remote regions such as northeast of the North
American continent in the Arctic, the equatorial regions
near South Ameriea, and Antarctica.

4. Comparison With Observations

Departures from one-to-one agreement between model
results and observations may arise both from model in­
accuracies and from the fact that the comparison is done
between climatologically driven model results and ob­
servations made at a certain location and time. The
observations were obtained at surface stations) from
balloon-borne aerosol sulfate concentrations, from air­
craft field programs, and from satellite-borne measure­
ments. 502 and SO~- measurements from the surface
stations include the European lVlonit-,oring and Eval­
uation Programme (KNIEP) network in western Eu­
rope and the Eulerian Model Evaluation Field Study
(EMEFS) network in the eastern United States. Other
monitoring stations include locations in the Southern
Hemisphere for D:MS concentrations, locations primar­
ily in the Northern Hemisphere industrial and Arctic re­
gions for 802 concentrations, and locations worldwide
for SO~- concentrations. Observations from the moni­
toring and network stations capture the seasonal trends
of trace species, but individual measurements could

have local effects that are not captured in the context
of a coarse-resolution global model. Furthermore, these
stations do not provide the distribution of a species ver­
tically. The balloon-borne measurements provide long­
term observations of aerosols from the surface to the
stratosphere but only at a single location, near Laramie,
Wyoming, and without attribution to specific chemi­
cal composition. Model results are also compared to
measurements from three Pacific Exploratory Mission
(PEM) aircraft field programs, PEM-West A, PEM­
West B, and PEM-Tropics A. These aircraft data pro­
vide a detailed distribution of the species both vertically
and horizontally, but aircraft observations can only be
made over a short period of time; thus it is never clear
to what extent the measurements are representative of
the region over a longer period of time. Finally, aerosol
measurements from the Stratospheric Aerosol and Gas
Experiment (SAGE) satellite give time and horizontal
distributions) but again, the measurements provide no
chemical identification. Also, the measurements are af­
fected by the presence of clouds, which attenuate the
signal; this can certainly be a problem in regions with
frequent clouds such as the Intertropical Convergencc
Zone.

4.1. Network and Monitoring Stations

Similar to Ka.,ibhatla et at. [1997], we have compared
the Northern Hemisphere winter and summer average
surface mixing ratios of S02 and non-sea-salt sulfate
(nss-SO~-) observed in North America [McNau.ghton
and Vet, 1996] and western Europe for measurements
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taken at surface stations below 500 m above mean sea
level (msl) [Scha1lg et al., 1987J to model resuits of years
3-6 in the model sitnulation. The data included near­
dally measurements of S02 and S01~air concentrations,
rainwater sulfate concentration, and precipitation from
each region. The data were processed according to the
procedure described by Kasibhatla et al. [1997J to a 265­
km grid in each region. Figure 2 illustrates the location

of each point used for comparison. Model results at tbe
surface were interpolated to these locations. In both
Europe and North Aruerica, modeled 802 concentra­
tions agree with observations within a factor of 2 for
both winter and summer seasons (Figure 3). However,
modeled SO~~ concentrations are systematically lower
than the observed concentrations in both regions. K a­
sibhatla et al. [1997] obtained similar results for these
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Figure 2. Location of points used for comparison from the network stations in (a) Europe and
(b) eastern North America.



BARTH ET AL.: SULFUR CHEMISTRY IN THE NCAR CCM 1395

a) Europe
100.0 n-,..,-,..-,,-.,-:"-,,-'-:l7I

SO:! OJF

b) North America
100.0 n-''''-'''-''-''--'-,,-'-:;1/1

10.0

1,0 -

0.'

10.0

1.0

0.1

10.0

O.Oh."'o,"'-..':.Jo.-,.l-J..J
'
.0:-'--'"":OO.70 ':.':.:7..100.0

10.0

1.0

01

10

0.1

0.Q1 !S"'-'--,!-;-'-J..,';;-,--,;+,;.'-'';;;!
0.01 0.1 1.0 10.0 100.0

'00.0 "-"-'-"-"""'-'--'--'-"C7l

O.Oh.!;'Ol;"'--'-;;O.':-,-'-J..,',.;;"O.l-'c;,"*O.;;"0l......';;;!100.0

100.0 "-"-'-"-"-'--'--'-"C7l

1.0

D.'

10.0

1.0

0.1

0.01 ""'-'-::'-:-'--'-c":-'--'-:c::+--':-:C 0
0.01 0.1 1.0 10.0 100.

100.0 "-'-'--'-,,-r-'--'-"'"

10.0

1.0

0.'

1.0

O~l

0·°;'."'01"'--'-:'0.",-'-J..J1.0;;-'--'-;':OO.::'0'-',:7..00.0
0.01 ~...L;!.,-'---'-:'::-,-~;;,-";;;!

0.01 0.1 1.0 10.0 100.0

Observed (nmol (mol airt1)

Figure 3. Observed versus modeled S02 and aerosol sulfate mixing ratios for winter and summer
in (a) Europe and (b) eastern North America. Solid line denotes the one-to-one correspondence
between model and observations; dotted lines denote a foctor of 2 departure. Model resnlts are for
years 3-{j of the simulation. The data from the Eulerian Model Evaluation Field Study (EMEFS)
network in North America were obtained from July 1988 to May 1990 [McNaughton and Vet,
1996]; the data from the European Monitoring and Evaluation ProgTamme (EMEP) network in
Europe were obtained from 1983 to 1992.

two industrial regions and seasons. The discrepancy tion of SO~-was determined from the near-daily mea­
between modeled and observed sulfate could be due to surements of rainwater SO~--concentration and precip­
insufficient conversion of S02 to SO~- predicted by the itation and was processed according to the procedure
model, as S02 appears to be slightly overpredicted by outlined by Kasibhatla et ai. [1997]. Despite the dis­
the model, whereas SO~- is underpredicted. The influ- agreement between model and observations for aerosol
ence of the aqueous chemistry upon the sulfate burden sulfate concentrations the comparison of wet deposition
is discussed in section 6. The measured wet deposi- rates of sulfur agree within a factor of 2 for both winter
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and summer in both regions except for eight sites in the
eastern United Stat.cs during summer (Figure 4).

Similar to Chin et al. [1996J, we have compared model
results to observations of DMS at remote monitoring
stations (Figure 5). Modeled monthly mean DMS
concentrations are higher than measured DMS (by as
much as a factor of 5), but the modeled DMS exhibits
a seasonal trend that is shuilar to the observed trend.
The overpredietion of DMS by the model may be due

400
Amsterdam Island 388, 78E

..-..
~ 300

C-
o.--- 200

(J)

::2
1000

0
JFMAMJJASOND

to uncertainties in the DMS emissions inventory, espe­
cially for the locations of these two monitoring stations,
which are in high DMS emission regions. Another pos­
sible reason that DMS is overpredicted by the model
at these two locations is that DMS could be reacting
with atomic chlorine derived from methylhalides [Keene
et al., 1996], a reaction that is not represented in this
model. The importance of thcse reactions has not suffi­
ciently been tested, although Chin et al. [1996J obtained

Cape Grim, Tasmania 428, 14SE

300

oL.-';J-;F"'MHA"MH-J-'iJ:--'Al-S'HO:-:N7"D*""

Figure 5. Montbly averaged DMS mixing ratio as a function of month at Amsterdam Island
and Cape Grim. Open squares are t,he model results for years 3-6 of the simulation, open
circles arc the model results for year 3 of the simulation, and solid squares are the observations.
Measurements of DMS were measured daily at Amsterdam Island [Nguyen et al., 1992J for more
tban 4 years in the mid and late 1980s and were measured weekly at Cape Grim [Ayers et al.,
1991J from November 1988 to May 1990.
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Figure 6. ~1onthly averaged S02 mixing Ti1.t;io as a function of month at 12 different monitoring
stations. Open squares are the model results for years 3 n 6 of the simulation, open circles are the
model results for year 3 of the simnlation, and solid squares are the observations. Measurements
were obtained at EMEP locations from 1986 to 1992 [Schaug et al., 1987], at sites in the United
States from May 1980 to August 1981 [Shaw and Paur, 1983], at Cree Lake, Canada, from 1982
to 1988 [Barrie and Bottenheim, 19901, at Bear Island, Norway, from October 1978 to September
1981 [Heintzenberg and Larssen, 1983], and at Amsterdam Island from March 1989 to January
1991 [Nguyen et al., 1992].

good agreement with observations when they employed
an additional (unknown) chemical sink for DMS in their
model.

802 mixing ratios measured at locations in both re­
mote and industrial regions are used to evaluate mod­
eled S02 mixing ratios. In the northeru midlatitudes
the monthly mean S02 mixing ratios from the model
agree well with the obscrvations (Figure 6). However,
for stations in Scandinavia and Canada tbe agreement
betwecn obscrvations and model results is poorer. Gen­
erally, summertime values agree well, whereas in win­
tertime the model overpredicts the 802 mixing ratios.

This suggests either that transport of S02 to the Arctic
and Subarctic is too large or that the sinks of S02 arc
not properly captured for the Arctic and Subarctic. At
Amsterdanl Island l model results agree with observa­
tions during all the months except December and Jan­
uary, when the observations are much greater than the
model results. When juxtaposed with the DMS mea­
surements and model results at Amsterdam Island, it
appears that the model predicts the correct amount of
S02 whcn DMS is grcatcr than observations and that
the model predicts too little S02 wben DMS is the same
as observations. If the model is occurately depicting
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Figure 7a. Monthly averaged sulfate mixing ratio as a function of month at monitoring stations
in Europe and the United States. Open squares are the model results for years 3-6 of the
simulation, open circles are the model results for year 3 of the simulation, and solid squares are
the observations. Measurements of Ilon-sea-salt (nos)-SO~_· from EMEP sites in Europe froIll
1986 to 1992 [Schaug et al., 1987], from Whiteface Mountain, New York, from 1975 to 1988, from
Albany, New York, from July 1983 to February 1985, and from Mayville, New York, from 1981
to 1988 [Husain and Dutkiewicz, 1990], and from sites in Ohio, Indiana, and Kentucky from May
1980 to August 1981 [Shaw and Paur, 1983] are used for sites in the midlatitudes of Europe and
the United States.

DMS chemistry, this comparison of modeled DMS and
S02 to observed values suggests that there may be a
sink of DMS that does not fonn S02'

Similar to Chin et al. [1996], we have compared our
model results of SO~~ to obsen'ations from monitoring
stations in Europe and the United States, in the Arc­
tic and Subarctic, and in oceanic and Antarctic regions.
In the United States, monthly mean SO~~ mixing ra­
tios agree well with observations but are substantially
less than observations at locations in Europe especially
in winter (Figure 7aJ. Althou~h modeled S02 agrees
fairly well with observations at these stations (Figure
6), the underprediction of SO;-in Europe could be due
to underestimating the conversion of S02 to SO~~, be­
cause a 1·-2 nmol mol- 1 decmase in 802 would still
result in fairly good agreement between modeled and
observed S02 and would increase modeled SO~-mixing
ratios to values that were ohserved. However, the sinks
of SO;-cannot be excluded as a possible explanation
for underprcdicting SO~-in industrial Europe. These

sinks could be either wet deposition or transport out of
the boundary layer. The wet deposition of total sulfur,
which mostly is SO~~ in our model [Ra.,ch et al., this is­
sue], could explain some of the discrepancy for Langen­
brugge in winter and summer and llimitz llJld lspra in
winter because the modeled wet deposition for these two
locations overestimates the observed wet deposition by
fadors of 1.3-2.6. However, this certainly is not enou~h
to account for the factor 5 difference in surface mix­
in~ ratio; thus transport out of the bottom model level
must also account for the discrepancy between modeled
and observed SO~~ at the European sites.

Measurements of nss-SO~-are used for comparison
to modeled SO~-at high latitude sites (Figure 7b). In
Norway the model appears to exhibit a -similar sea­
sonal trend as the observations hut underestimates the
magnitude of the mixing ratios. Furthermore, there ap­
pears to be no correlation of the underestiInation of
modeled SO~·- with the comparable estimation of mod­
eled S02 (Figure 6) for these Norwegian stations. AI-
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Figure 7b~ Monthly averaged sulfate mixing ratio as a function of month at Arctic and Subarctic
monitoring stations. Open squares are the model results for years 3-~6 of the simulation, open
cirdes are the model results for year 3 of the simulation, and solid squares are the observations.
Measurements of nss-SO~- are ohtaiued from EMEP sites in Norway and Russia from 1986
to 1992 [Schau.Q et 01., 1987], from Bear Island, Norway, from 1978 to 1981 [Heintzcnber.Q and
Larssen, 1983], from Alert, Canada, from 1980 to 1990 [Li and Barrie, 1993], from Mould Bay
and Igloolik, Canada, from 1979 to 1980 [Barrie et al., 1989], from Heimaey, Iceland, from 1987
to 1993 [Prospero et 01., 1995, Chin et 01., 1996], and from Cree Lake, Canada, from 1982 to 1988
[Bame and Bottenheim, 1990].

though modeled S02 mixing ratios are greater than ob­
served at Jergul, Norway, the modeled SO~- mixing
ratios are either comparable or underestimate observed
SO~- mixing ratios. This would indicate that for these
Norwegian siles the conversion of 802 to SO~-is pos­
sihly underestimated, that wet deposition of SO~- is
too great, or that transport out o[ the boundary layer
is too large in the description of the model. In sum­
mer, modeled sulfur wet deposition at Jergul, Norway,
and .Ianiskoski, Russia, agree well with observed sulfur
wet deposition (and the modeled and observed snm­
mer SO~- mixing ratio agree fairly well). In winter
the modeled sulfur wet deposition is mnch greater tban
observed (2.4 times greater at Jergul; 8 times greater
at Janiskoski). This overestimation could acconnt for
the underestimation of surface SO~- mixing ratios by
the model in the Subarctic. In Canada the high con­
centrations of SO~- in springtime are not evident from
the model simulation. Without measurements of S02
or wet deposition of sulfur it is difficult to assess why

modeled SO~- is much less than observed in spring­
time. Da.•toor and Pudykiewicz [1996] compared their
modeled SO~- to observations in Canada. Their model,
which was driven by observed meteorological variables,
captured the springtime ruaxilllUUl 'uf SO~- at Alert.
Modeled S02 from Da,st001' and Pudykiewicz [1996] alw
shows a large t:lpringtirne maximum at Alert. OUf mod­
eled S02 at Alert also exhibits a maximum in spring,
but the magnitude is much smaller than that found by
Dastoor and Pudykiewicz (1996]. This indicates that
the source of SO~- in our model is not strong enough
in northern Canada in springtime. Because there are no
local anthropogenic sonrces of 802 , the likely reason for
underestimating springtime SO~- at Alert is that th"
transport of S02 and SO~-isnot accurately represented
in this region.

Measurements of nss-SO~-are used [or comparison to
modeled SO~-at oceanic and Antarctic sites. At mon­
itoring stations loeated in the oceanic regions of the
world, modeled aerosol sulfate concentrations are gen-
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Figure 7c. 1.1onthly averaged sulfate mixing ratio as a function of month at oceanic and Antarc­
tic monitoring stations. Open squares are the model results for years 3~6 of the simulation, open
circles are the model results for year 3 of the simulation, and solid squares are the observations.
Open nablas for Cape Grim are years 3-6 modeled mixing ratios of biogenic sulfate. Measure­
ments of SO~- are obtained from Mace Head, Ireland, and Bermuda from 1988 to 1993 and
Barbados from 1984 to 1993 [Galloway et al., 1993, Chin et al., 1996], from Midway Island
and Oahu from 1981 to 1993 and Fanning Island from 1981 to 1987 [Savoie et al., 1989, Chin
et at., 1996], from American Samoa from 1983 to 1985 [Savoie et at., 1994], from New Caledonia
from 1983 to 1985 and Norfolk lBland from 1983 to 1990 [Savoie et at., 1989, Chin et al., 1996],
from Cape Grim from 1976 to 1984 and 1988 to 1990 [Ayers et al., 1986, 1991J, from Palmer,
Antarctica, from 1990 to 1991 and Mawson, Antarctica, from 1987 to 1991 [Savoie et al., 1993J.

erally less than observations, by as much as a factor of 6
(Figure 7c). Without measurements of DMS or S02 it
is difficult to assess if the sources of SO~- ,,",count for
this underestimation. Model results indicate that the
801- found at these locations was produced primarily
through in-cloud oxidation and that north of 200 N the
SO~-is primarily of anthropogenic origin. Because mea­
surements at Cape Grim, Tasmania, were restricted to
marine air masses [Ayers et al., 19861, the SO~- de-

rived froln biogenic sources is also plotted in Figure
7c. The agreement between measurements and mod­
eled biogenic SO~- at Cape Grim is greatly improved,
although the modeled biogenic SO~ does not exhibit
80 strong a seasonal cycle as the measurements. Nlost
remote locations do not show strong seasonal trends in
SO~- concentrations; this behavior is captured by the
modeL At Bermnda and Barbados the model results
indicate a small seasonal trend similar to the observa-
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4.2. Balloon-Borne Measurements of Sulfate
Aerosols
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Figure 9. Monthly averaged sulfate column loading at
Laramie, Wyoming. Open symbols are the model results,
and closed symbols are the observations [Hofmann, 1993J.
Triangles denote the column loading from 2.5 to 5 km above
sea level, and circles denote the column loading from 5 to 10
km above sea leveL

4.3. Aircraft Profiles of Prognosed Species

Vertical profiles of H202. DlVlS, 502, and SO~- from
the PEM-West A and B missions and the PEM-Tropics
A mission were compared to result.s from years 3-0 of
the model integration for the same regions (Figures 10­
13). The measurements were grouped into regions so
that three to four llights of data, which reflect a more
representative measurement of the region and time of
year, can be bet.ter compared to monthly mean model
results from the entire region of observation (denoted
in Figures 10-13). The grid points of the model that
lie within each region were averaged to find a repre­
sentative value of the obserV"dtion region. The monthly
average of each species was used to obtain a temporal
representation of the measurement period.

Despite the simple manner by which H20 2 is pre­
dicted in the model, namely that HzOz is generated
from diurnally averaged HO z concentrations and that
the model parameterization does not take into account
cloud effects on H20 2 photolysis frequencies, the model
results for the Pacific region arc typically within 50% of
observations (Figure 10). Although the model overes­
timates H2 0 2 concentrations in the western Pacific in
February and March, the modeled values are within a

sulfate loading. These mass loadings of sulfuric acid
aerosols are compared in Figure 9 to modeled sulfate
mass loadings from years 3-0 of the integration. The
observations and model result.s were separated into two
layers, the lower layer from 2.5 to 5 km and an upper
layer from 5 to 10 km. SO;- loadings in the model ex­
hibit seasonal patterns similar to the observations, but
are somewhat lower than the observations throughollt
the year, partially because of other types of aerosols
included in the measurements.

Mauna Loa 19.5N, 155.5W, 3.4 km
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Figure 8. Monthly averaged sulfate mixing ratio in free
tropospheric air at Mauna Loa Observatory. Open squares
are the model results for years 3-<5 of the simulation, and
open circles are the model results for year 3 of the simula­
tion. Solid triangles are averages of the daily measurements
for which all four criteria (downslope winds, low condensa­
tion nuclei concentrations, low dew point, and low variabil­
ity in CO2 ) were met. Solid squares are the measurements
for which three of the four criteria were met (B. Huebert,
personal communication, 1998).

Hofmann [1993] assumed that the 2G-year monthly
averaged, balloon-borne measurements of aerosol back­
scatter were of aerosols composed of 75% H2S04 (the
rest being water). Because the atmospheric aerosol con­
sists of different substances (e.g., sulfate, mineral dust,
and carbon aerosols), the concentrations derived from
the measured aerosol backscatter may overestimate the

tions, but the trend from the model'is much weaker than
that seen in the observations. In Antarctica the mouel
shows no seasonal trend, whereas the observations show
an increase in sulfate during summer that is likely due
to DMS chemistry.

Free tropospheric SO~- mixing ratios obtained at
Mauna Loa Observatory, averaged over 10 years of mea­
surements (B. Huebert, personal communication, 1998)
are generally lower than model results interpolated to
the Mauna Loa location (Figure 8). This is especially
true in June, July, and August for which the model
shows that the sulfate originated from the North Amer­
ican continent, most likely the southwestern United
States or northern Mexico (Plate 1). This plume from
the North American continent travels west-southwest at
2-4 km in elevation, essentially the height of the Mauna
Loa Observatory. The accuracy of the meteorological
conditions in the model that produce the plume over
the eastern Pacific from the North American continent
is not certain. Therefore this SO~- plume, evident in
the model results, may not be reaL
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Figure 10. H20, mixing ratio versus height for the (a) Pacific Exploratory Mission (PEM)-West
A, (b) PEM-West B, and (c) PEM-Tropics A research intensives, Monthly mean model results
averaged over the observation region are indicated for years 3-6 (solid lines) and year 3 (dashed
lines). Dotted lines arc the minimum and maximum monthly mean mixing ratios from years
3-6 found in the observation region, Mean (pluses), mediau (crosses), 10th and 90th percentiles
(bars) of the measurements from aircraft flights [Heikes et a!., 1996, O'Sullivan et al., 1999] are
indicated for every .'i0 hPa, Dates indicate the time period of observation and ndpts indicates
the number of measurement points,

factor of 3 of the observations, Generally, the range of
model values envelopes the means and medians of the
observations in the Pacific Basin. Comparisons (not
shown) of measured H2 0, concentrations in the north­
east United States ['n-emmel et al., 1994], Switzerland
[Dammen et al., 1995], and Saxony, Germany [Gnauk
et ai" 1997], to model results show good agreement in
the boundary layer and free troposphere, It appears
that H20 2 is predicted fairly well by the model in both
remote and antbropogenically influenced regions,

In both observations and model results the verti­
cal distribution of DMS in the Pacific region gener­
ally shows a high concentration near the surface, where
DMS is emitted from the oceans, and low concentra­
tions above the boundary layer (Figure 11), Because of
the low solubility of DMS, it can be found in fairly high

concentrations in the upper troposphere after convec­
tive activity. ThLo; is seen in the me..asurements near
Japan during PEM-West A, The model results indi­
cate convective activity in the PEM-West region during
February and March, which is reflected to a small degree
in the measurements. Overall, there is good agreement
between measurements and model results for DMS in
the Pacific Basin,

The agreement between model results and observa­
tions of the vertical distribution of S02 is variable (Fig­
ure 12). Results in the PEM-Tropics region are in good
agreement with observations, but in the the PEM-West
region, observations and the model results indicate a
large amount of variability, and it is difficult to assess
how well model mmlts replicate observdtions. In the
middle to upper troposphere, modeled SO, is in near
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Figure 11. DMS mixing ratio versus height for the (a) PEM·West A, (b) PEM-West E, and (c)
PEM-Tropics A research intensives. Monthly mean model results averaged over the observation
region are indicated for years 3-6 (solid lines) and year 3 (dashed lines). Dotted lines are the
minimum and maximum monthly mean mixing ratios from years 3-6 found in the observation
region. Mean (pluses), median (crosses), 10th and 90th percentiles (bars) of the measurements
from aircraft flights [Thornton et al., 1996, 1997, 1999 J are indicated for every 50 hPa. Dates
indicate the time period of observation and ndpts indicates the number of measurement points.

agreernerit or underestimates observed 802 • Gm! et aI.
[1997J found that most of the S02 in the middle to up­
per troposphere was derived from volcanic emissions.
Thus including volcanic emissions of S02 in this model
would probably lead to modeled 502 values that are
much larger than observed.

The variability of aerosol sulfate concentrations in
both observations and model results is even more pro­
nounced (Figure 13) than that of 802 concentrations.
The model results show SO~~ concentrations in the Pa­
cific region to be the same order of magnitude as the ob­
servations, but generally, the agreement between obser­
vations and model results of SO~- is rather poor. Above
the 400 hPa level the model tends to overestimate
SO~- mixing ratios, indicating that either the source
of SO~m to the upper troposphere (through transport
processes) or the removal of so~m from the upper tropo-

sphere (through scavenging or sedimentation procesRp.s)
may not be properly represented- in our model. Chin
et al. [1996], who performed a similar comparison for
the PEM-West A region, found somewhat better agree­
ment between their modeled and observed sulfate con­
centrations.

4.4. Satellite Measurements

Measurements from the SAGE satellite [Kent et al.,
1994J were constructed as the average of the background
aerosol for years 1984·-1991. The background aerosol
was determined by fitting an exponential curve to the
aerosol concentration following the El Chichon eruption
and then subtracting this from the original time series
of aerosol data [Kent et al., 1995]. These background
aerosol concentrations have been compared to modeled



1404 BARTH ET AL.: SULFUR CHEMISTRY IN THE NCAR CCM

-90
180 -90 0 90 180

kW

0 10 50 100 500 1000 1500

o

90
a)

-90

o 10 20 30 50 70 80 90

o

-9~ -9080 -90 0 90 180 180 -90 0 90 180
Prescribed H202

90
b) b)

0 0

180

90
a)

Difference

c)

o

180 -90 o 90 180

90
c)

o

-9~8<=0""'--'--9-0~~0-~90~-"-'='180

£1#11
35 40 45 50 55 60 65 70 -2500-200 -100 -1 1 100 200 500

Plate 3. Annual-averaged column burden of sulfate
produced (a) through gas-phase reaction ("mol m~2)

and (b) through aqueous-phase reaction. (c) Percent of
the total sulfate column (sum of sulfate derived from
primary emissions, gas-phase reaction, and aqueous­
phase reaction) that is produced through aqueous-phase
reaction.

Plate 4. The annual-averaged vertical integral of the
aqueous sink of H20 2 (pmol m~2 S~I) for the simula­
tion in which (a) H2 0 2 mixing ratios were allowed to be
depleted and (b) H20 2 mixing ratios were prescribed by
the Intermediate Model of Global Evolution of Species
(IMAGES) model. (c) The results of the second simu­
lation subtracted from those of ttl(; finst.
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Figure 12. S02 mixing ratio versus height for the (a) PEM-West A, (b) PEM-West B, and (c)
PEM-Tropics A research intensives. Monthly mean model resnlts averaged over the observation
region are indicated for years 3-6 (solid lines) and year 3 (dashed lines). Dotted lines are the
minimum and maximum monthly mean mixing ratios from years 3-6 found in the observation
region. Mean (pluses), median (crosses), 10th and 90th percentiles (bars) of the measurements
from aircraft flights [Thornton et al., 1996, 1997, 1999] are indicated for every 50 hPa. Dates
indicate the time period of observation and ndpts indicates the number of IIwasurement points.

sulfate aerosols from years 3-6 of the integration. Figure
14 illustrates a latitude versus height cross section of
the annual average aerosol background concentration in
the upper troposphere (7.5-15 km). SAGE measures to­
tal ""rosol and thus may overestimate sulfate loadings
in the upper troposphere. The SAGE measurements
show in the tropics small concentrations of aerosol)
which increase in concentration progressively toward
the poles. Kent et al. [1995] found a springtime max­
imum at latitudes north of 20o N. They attribute this
maximum hetween 20° and 400 N to dnst and biomass
burning aerosols. North of 40o N, they attribute the
high concentrations to anthropogenic sources. However,
this region exhibits downward transport of volcanic
aerosol also; thus a small fraction of ""rosols from the
stratosphere likely resides in the midlatitude to pole-

ward upper troposphere. Model results are less than
the aerosol concentrations observed by SAGE; how­
ever l stratospheric sources (carbonyl sulfide and vol­
canic eruptions) of SO~- , dust, or aerosols from biomass
burning are not included in the model.

4.5. Summary of Cornp:arisons

Overall, the model results for H20 2 showed good
agreement with observations. DMS values predicted by
the model were greater than those observed at monitor~
ing stations located in high emissions areas, but good
agreement was found with results from three aircraft
missions in the Pacific Basin, The agreement between
observations and model results for S02 and SO;~ were
good at some locations but rather poor at other lo­
cations. Reasons for discrepancies could be omission
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Figure 13. Sulfate mixing ratio ver,u, height for the (a) PEM-West A, PEM·West B, and (c)
PENl-Tropics A research intensives. Nlonthly mean model results averaged over the observation
region are indicated for years 3-6 (solid lines) and year 3 (dashed lines). Dotted lines are the
minimum and maximum monthly mean mixing ratios from years 3-6 found in the observation
region. Mean (pluses), median (crosses), 10th and 90th percentiles (bars) of the measurernents
from aircraft flights [Dibb et al., 1996, 1997, 1999 J are indicated for every 50 hPa. Dates indicate
the time period of observation and ndpts indicates the number of measurernent points.

of other chemical reactions especially in industrial re­
gions and the neglect of carbonyl sulfide and volcanic
emissions, which contribute to the stratospheric and
upper tropospheric sulfate loading [Gmf et al., 1997J.
Driving the sulfur model with observed winds, such as
with the Model of Atmmpheric Transport and Chem­
istry (MATCH) [Rasch et al., 1997], and comparing the
model results to measurements for specific time peri­
ods would provide a more meaningful evaluation of the
model.

5. Contribution of Sources to Sulfate

Following Benkovitz et at. [1994J, we have Lagged the
802 and SO~m predicted in the model according to the
chemicalpruces" that generated S02 or SO~-. Results

of the annual-averaged tagged sulfate from years 3-6 of
the model integration are shown and discussed.

In the global budget of aerosol sulfate, 81% of the an­
nual mean sulfate product.ion rate, where anthropogenic
emissions, ga..s-phase reactions, and aqueous-phase re­
actions contribute to the total sulfate produetion rate,
was through aqueous-phase conversion of S(IV) to sui·
fate [Rasch et aI" this issue]. However, only 50% of the
global annual mean aerosol sulfate burden was produced
through the aqueous-phase reactions. This difference
can be explained by the fact that a greater proportion
of sulfate produced from aqueous-phase rmtction than
sulfate produced from gas-phase reaction is rapidly re­
moved by wet deposition. As seen in the so~m col­
umn burdens (Plate 3), the locatioIl of sulfate produced
thruugh the aqueous and gas phases varies, The culuIIlIl
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in sulfur chemistry models. The liquid water content
of the cloud water and rain, the ozone and hydrogen
peroxide concentrations in the aqueous phase, and the
pH of the drops are the important parameters in the
aquCQus-phaseproduction of sulfate. The sensitivities
of the sulfate burden to ozone concentrations and to
liquid water contents are not examined as there is little
influence of sulfur chemistry on ozone concentrations
like there is on H20 2 concentrations, and therefore a
strong sensitivity is not expected. Furthermore, it is
difficult to alter the cloud water and rain mixing ratios
in a climate model without altering other thermody­
namic variables that could also affect the sulfur chem­
istry. H20 2 can be substantially affected by the sulfur
chemistry. Acid deposition studies determined that for
anthropogenically influenced regions the extent of S02
conversion to SO~- can be limited by the available ox­
idants. Thus, in these regions during cloud events the
H202 concentrations can be nearly completely depleted.
To account for depleted H20, concentrations, we pre­
dicted H20, mixing ratios. To test the effect of using
prescribed H2 O2 values rather than predicted values, a
sensitivity study was performed. In section 6.1, results
of this sensitivity simulation are compared to the base
simulation.

Figure 14. Annual-averaged zonal mean concentra­
tion versus height for (a) the background aerosol from
Stratospheric Aerosol and Gas Experiment (SAGE)
[Kent et al., 1994] and (b) sulfate from the model.

6. Influence of Aqueous Chemistry

In the Northern Hemisphere industrial regions the
primary contributor to the total sulfate is sulfate de­
rived from aqueous-phase chemistry (Plate 3). Thus
the formation of sulfate aerosols through aqueous chL'In­
istry is an important process to parameterize accurately
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Figure 15. Zonal mean of the annually averaged sul­
fate mixing ratio (pmol mol-I) produced (a) through
gas-phase reaction and (b) through aqueous-phase reac­
tion. (c) Percent of the total zonal mean sulfate burden
that is produced through aqueous chemistry.
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burden of sulfate produced through the gas phase is
greatest in the central United States and in the Mediter­
ranean Sea region, whereas the column burden of sulfate
produced through the aqueous phase is greatest over
eastern Asia. The contribution of aqueous chemistry to
the percent of the total sulfate (sum of the sulfate de­
rived from primary emissions, gas-phase reactions, and
aqueous-phase reactions) occurs primarily near regions
of high sulfur emissions and frequent cloud occurrence
(Indonesia and in the poleward midlatitudes). The
zonal mean, annual-averaged sulfate (Figure 15) shows
that sulfate produced through aqueous-phase oxidation
resides mainly in and downwind of midlatitude storm­
tracks, whereas much of the sulfate produced from gas­
phase oxidation resides mainly in drier locations (lIpper
troposphere and northern subtropics).
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Figure 16. H2 0, (thick solid line) and 502 (dashed line) mixing ratios as a function of time at
a single grid point (29.3°N, 121°E, 0.64 km altitude) in the Community Climate Model (CCM).
These mixing ratios represent values for both clear-sky and doudy regions of the grid cell and for
the sum of the gas-phase and aqueous-phase concentrations. The dotted line is the liquid water
content, indicating cloud events. The thin solid line is the S(IV) + H2 0 2 aqueous-phase reaction
rate.

The rate of the S(IV) + 0 3 aqueous reaction is pH
dependent. At low pH the reaction rate is very slow,
whereas at pH values above 5 the raLe is fast. To ac­
count for the influence of a strong acid (SO~-) pro­
duced in the oxidation of 502 on the rate of subsequent
aqueous-phase reactions, the cloud water and rain pH
is diagnosed at each tiIne step of the aqueous chemistry.
To test the sensitivity of this approach 1 a simulation was
performed in which the pH was set to 4.5. Results of
this simulation compared to the base run are discussed
in section 6.2.

6.1. Sensitivity to H 2 0.

To determine how long it takes H2 0 2 concentra­
tions to recover to precloud concentrations after a cloud
event, we performed box model calculations for as-day
integration under high- and low- 502 and NOT condi­
tions. The box model contains gas- and aqueous-phase
reactions describing the diurnally varying chemistry of
DMS, SO" NOx , CH4 , and 0 3 • A cloud with a 0.2 g
kg-! cloud water mixing ratio was imposed from 0500
to lOOO LT on the first day of integration. The results
showed that H2 0 2 concentrations decreased rapidly be­
cause of in-cloud conversion of S(IV) to S(VI) and recov­
ered to pre-cloud concentrations 2 days after the cloud
event. Certainly, clouds can exist for 5 hours or morc,
but a parcel of air docs not remain in the cloud for that
extensive period of time as is implied in a box model.
Thus examination of grid points in the global model

was dOlle to determine the recovery time of H2 0 Z to
photochemical equilibrium.

As an example of what is occurring in CCM3 with
sulfur chcrnistry, a situation was found where clear sky
initially occurred followed by clouds, with in-cloud ox­
idation of S(IV), and subsequent return to clear sky.
The liquid water content, the concentrations of H2 0 2

and 502, and the S(IV) + IIzOz reaction rate through
these events are shown in Figure 16. The liquid wa­
ter content indicates the oecurrence of douds at this
location. H202 and S02 were destroyed by aqueous re­
action from hours 1 to 6 and then from hours 8 to 16.
Clouds were absent at this grid point for 7 hours start­
ing at hour 16. Nearly 70% of the H2 0 z concentration
was depleted during the first doud event. Gas-phase
production of H2 0 2 was nearly constant at 0.14 ppb
h··!, and gas-phase destruction of H2 0 2 was fairly con­
stant at 0.05 ppb h-l During the 2 hours of clear
sky, mostly advection and some chemical production of
H2 0? occurred, bringing the concentration to 80% of
its initial value. During the second clond event, H2 O2

again was depleted but only by ~12%. The H2 0 2 con­
centration returned to its initial value after the 7 hours
of clear sky. This recovery can be attributed mainly to
gas-phase production, but advection also plays a role
in restoring the H2 0 2 mixing ratios. Again, after hour
23, H2 0 2 was destroyed hy aqueous-phase reaction, and
during this 25-hour pcriod 1 H'102 concentrations were
appreciably below values in cloud-free air. From the
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Table 2. Global Sulfate Budget for Year 3 of the Simulatiou

Base Run Prescribed H.02 pH = 4.5

Source, Tg S yel 54.9 60.4 55.2
Primary Emissions, % 2.4 2.1 2.4
Gas-Phase Oxidation, % 16.8 12.3 15.4
In-cloud Oxidation, % 80.8 85.6 82.2

S(IV) + H20 2, % 65.1 79.5 68.8
S(IV) + 0 3 , % 15.7 6.1 13.4

Dry Deposition, % 6.7 6.5 6.5
Wet Deposition, % 93.3 93.5 93.5

Lifetime, days 3.8 3.2 3.6
Burden, Tg S 0.57 0.53 0.55
From gas-phase 47 42 46

reaction, %
From aqueous-phase 51 56 52

reaction, %
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box model calculations and examining a grid point in
the global model where clouds occurred, it is evident
that after cloud events, H20, concentrations slowly in­
crease to their photochemical clear-sky values. For the
CCM, which uses a 20-min time step, it is therefore
necessary to resolve H2 0 2 concentrations.

To examine the effect of using H2 0:? concentrations
that are depleted by chemical reaction versus those
that were prescrihed from monthly mean values that
were determined from a gas-phase-only chemical trans­
port model (IMAGES), a sensitivity simulation was per­
formed. A comparison of the annual-averaged H2 0 z
concentration at levels below 2 km showed that H, O2

from IMAGES model output was less than that pre­
dicted by our model from 300 S to 40o N, but from 500 N
and northward, H20. from IMAGES was greater than
that predicted by our modeL The difference in the
northern latitudes can be particularly important for sul­
fate production in Europe and downwind of European
sources. The column integral of the annual-averaged
aqueous-phase S(IV) + H,Oz reaction rate for the sim­
ulation with the prescribed H20, concentrations, which
are not depleted by aqueous reaction with S02, was
greater in industrial regions of the world compared
to the base simulation where H20, depletion was ac­
counted for (Plate 4). If H.O. is not allowed to be
depleted, the in-cloud oxidation of S(IV) by H.O. in­
creases, as is found in the model results. As a fur­
ther consequence, the rate of the S(IV) + 0 3 reaction
is substantially less in the simulation with prescribed
H2 0 2 concentrations compared to the ba.'3c simulation.
The total aqueous-phase SO~~ production rate shows
morc aqueous-phase sulfate production in the simula­
tion where H2 0 2 was prf'n'lcribed than in the simulation
where H2 0, was prognosed because the rate of S(IV)

reaction with H2 0 2 is pH-independent and faster thau
the S(IV) + 0 3 reaction for the pH rauge simulated in
the model.

The sulfate column burden from the simulation where
H2 0 2 is prescribed is less than the column burden from
the base simulation (Plate 5). When H20. concentra­
tions are prescribed, more in-cloud production occurs
(Table 2), and therefore more sulfate is scavenged by
precipitation. When H20 2 is allowed to be depleted,
more gas-phase production of sulfate occurs (Table 2),
allowing sulfate to be produced where it is less suscepti­
ble to scavenging. Consequently, the global sulfate bur­
den has a larger contribution from SO~- derived from
gas-phase reaction for the simulation where H2 0 2 is al­
lowed to be depleted (Table 2).

Decreases in aqueous-phase production ofsulfate yield
small decreases iu the SO~- burden derived from in­
cloud production and relatively larger incre<\ses in the
SO~- burden derived from gas-phase reaction. Evi­
dence for this is seen in Plate 6, in which more SO~- is
present at low altitudes, where in-cloud production
domlIl<\tes, for the simulation where H20 2 is prescribed.
At higher altitudes, where g<\s-phase production dom­
inates, more SO~~ is found from the sirrmlation where
H20. is allowed to be depleted. From Table 2 it is
seen that prescribing the H20. mixing ratios reduces
the global burden of sulfate by 7%, but Plates 5 and
6 show that prescribiug the H.O2 mixing ratios has a
larger effect in industrial regions. Therefore the distri­
lmtion of sulfate is sensitive to the method of the H2 0 2

parameterization, but the global burden of sulfate is
relatively insensitive to this parameterization.

Uoelofs at al. [1998] performed a similar budget anal­
ysis for simulations with fh02 calculated on-line and
off-line of their sulfur chemistry and mek'Orology model.
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They found for the fE'gion north of 300 N that in-cloud
oxidation of SO, accounted for 78% of the SO~- source
when H20 2 was calculated on-line, for 87% of the SO~­
sOurce when H20 2 was prescribed from an off-line model,
and for 86% of the SO~- source when H20 2 was pre­
scribed from the on-line model. They also found that
the SO, burden was largest for the simulation where
H202 was calculated on-line and that the SO~- burden
in the region examined was essentially the same for aU
three simulations. This supports OUf conclusion that
over a large region the method of H20 2 parameteriza­
tion is not important to the amount of sulfate residing
in the troposphere.

6.2. Sensitivity to pH

To determine the sensitivity of the sulfate burden to
the pH of cloud water and rain used in the model cal­
culations, we perfonned a second sensitivity simulation
in which the pH was prescribed to a value of 4.5 instead
of being evaluated from the dissolved SO~- and S02
concentration. At pH 4.5 the rate of the S(IV) +
0 3 reaction is much greater in the industrial regions of
the world compared to the base simulation (Plate 7).
Note also that the S(IV) + 0 3 reaction rate at pH =
4.5 is less in regions away from industrial regions than
when pH is diagnosed. This changed reaction rate, in
turn, affects the total aqueous-phase production rate
in a similar manner. Because of the reason mentioned
above, there is a small decrease in the sulfntc column
burden in regions downwind of eaStern Europe in the
simulation where pH = 4.5 compared to the base sim­
ulation. Plate 8 shows that increased in-cloud pro­
duction of sulfate due to a constant pH increases the
snlfate burden at low altitudes, but because less S02
is available for ga~-phase reaction, there is a smaller
burden of SO~- in the middle and upper troposphere,
leading to an overall smaller sulfate burden. There is
a small change in the partitioning between SO~ de­
rived from ga&-phase reaction and SO~- derived from
aqueous"phase reaction (Table 2). As can be seen in Ta­
hIe 2, the global sulfate burden is nffected by <4% by
prescribing the pH of the liquid hydrometeors. Thus. in
a glohal sense, prescribing the pH of the cloud and rain
is sufficient for determining the sulfate burden, but lo­
cally, especially in anthropogenically influenced regions
such as the eastern United St.ates and eastern Europe,
the sulfate burden is sensitive to the pH of the cloud
and rain drops.

7. Summary

Sulfur chemistry has been incorporated in the CCM3
in a manner that is internally consistent with other pa­
ramet.erizatiollB in the model, most. importantly with
the parameterizations of the liquid water content and
precipitation, which govern the aqueous-phase fonna­
tion of sulfate and the removal of sulfate. The model

predicts the concentrations of DMS, S02, 80;-, and
H2O2. Sources and sinks represent.ed in the descrip­
tion of the sulfur cycle include emissions of DM8 and
anthropogenic sulfur, gas-phase oxidation of DMS and
S02, gas-phase production and destruction of H20"
aqueous-phase oxidation of S(IV) by H20 2 and 0 3 , dry
deposition of H20 2, S02, and aerosol sulfate, and wet
deposit.ion of H20 2, S02, and aerosol sulfate. Mod­
eled mixing ratios of H,Oz and DMS agree quite _ll
with observations of these species that were measured
in the Pacific Basin. Modeled mixing ratios of S02
agree reasonably with observations at various locations
throughout the world but showed soine overprediction
in anthropogenically influenced regions. Modeled mix­
ing ratios of aerosol sulfate agreed fairly well with ohser­
vations in remote regions of the world bnt had distinct
differences with observations in anthropogenically influ­
enced regions and in the Arctic. In general, the simu­
lation tended to underpredict sulfate concentrations at
the surface and overpredict sulfate nloft. These discrep­
ancies may he due to the chemistry being represented
inaccurately or to the transport (especially in the polar
regions).

Features of the base model simulation include S02
and 80;- t.agged by anthropogenic and biogenic sources
and by SO~- tagged by its productiou mechanism. Al­
though the rate of the in-cloud oxidation accounts for
81% of the total sulfate production (sum of anthro­
pogenic emissions, gas-phase reaction, and aqueous­
phase reaction), sulfate that was produced by in-cloud
oxidation of S(IV) accounts for only about half of the
global sulfat.e hurden. This situation is explained by
rapid wet deposition removal of SO~- that recently had
been produced in the cloud water and rain. Sulfate gen­
erated by aqueous-phase reaction accounted for 50-90%
of the total annual-averaged aerosol sulfate in the lower
troposphere, whereas sulfate generated by gas-phase re­
action was predominant. in the upper troposphere.

Because in-cloud oxidation of S(IV) is the primary
mechaniBIll for producing aerosol sulfate in the lower
troposphere, it is LTitical to represent this process accu­
rately in models. The factors to which aqueous-phnse
sulfur chemistry can be seusitive are the cloud and rain
liquid water contents, the 0 3 and H,02 concentrations,
and the pH of cloud water and rain. Globally, the
sulfate burden is not sensitive to the method used in
representing H20, concentrations, but regionally, the
sulfate burden is sensitive to the method. The global
sulfate burden decreased by only 7% (up to 12% in the
northern midlatitudes) when the S(IV) + H20 2 reac­
tion rate increased by 34%. When in-cloud oxidation
of S(IV) was increased, less S02 was available for gas­
phase oxidation. This. in turn, decreased the burden
of sulfate, particularly, in the middle and upper tropo­
sphere, The annual-nveraged global sulfate burden was
relatively insensitive to the pH of the cloud water and
rain. The global sulfate burden decreased by 3.5% when
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the aqueous-phase production rate of sulfate increased
by 2.5% when the pH was fixed at 4.5. In regions influ­
enced by industrial emissions the sulfate column burden
decreased by up to 10% when the pH was fixed at 4.5.
Both sensitivity simulations indicate that decreased in­
cloud sulfate production tended to increase sulfate con·
centrations aloft and decrease sulfate concentrations at
the surface. Surface sulfate predicted in the sensitivity
simulations bad similar concentrations as the base shn­
ulation and therefore also underpredicted observations.

Possible improvements in parameterization of the sul­
fur chemistry in the CCM3 include using an improved
DMS emissions inventory, additional volcanic emissions
of 802 , additional 502 reactions, an improved treat­
ment of DMS chemistry, and an improved represen­
tation of aerosol composition in which the NHt to
SO~- ratio would vary depending on the NHs coneen
tration at each grid point location. The current ver
sion of the model predicts only the mass of SO~- and
docs not include any representation of the size of the
SO~- or other physical properties that are critical to
determining properties of the clouds or radiation. To
calculate the radiative effect of the sulfate aerosol pre­
dicted by this model, Kiehl et al. [1999] used simple
parameterizatiolls to determine the size of the particles
and cloud drops. Future applications of this model in·
clude allowing the sulfate aerosols to interact with the
radiation and cloud microphysics for understanding the
implications to the distribution of clouds, to the preCip­
itation, and to the climate. Alternative anthropogenic
sulfur emissions will be examined to determine the effect
on the climate and cloud properties. The sulfur chem­
istry described will he incorporated in a model that is
driven by observationally derived meteorological data
[Rasch et al., 1997J to compare model results with ob­
servations and to help analyze field program measure­
ments.
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